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INTRODUCTION	
	

Diatoms	 are	 unicellular	 photosynthetic	 eukaryotes	 that	 can	 be	 found	 in	 all	 wet	

environments,	 from	 freshwater	 to	marine	 ecosystems,	 including	 brackish	waters,	 and	

extended	to	sea	ice	and	terrestrial	soil(Armbrust,	2009).	One	of	their	characteristics	is	the	

presence	 of	 a	 silicified	 cell	 wall	 (the	 “frustule”)	 surrounding	 the	 cell,	 giving	 them	 a	

diversity	of	beautiful	shapes	(Babenko	et	al.,	2022).	Although	microscopic,	diatoms	are	

major	primary	producers	in	the	ocean	and	have	tremendous	roles	in	the	cycle	of	carbon,	

silica	and	nutrients.	

In	 the	 last	 20	 years,	 the	 availability	 of	 genomic	 information	 and	 genetic	 resources	 in	

model	species	such	as	Thalassiosira	pseudonana	and	Phaeodactylum	tricornutum,	started	

to	unravel	the	molecular	secret	of	diatoms	and	unlock	diatom	potential	for	biotechnology	

application.	

As	 photosynthetic	 organisms,	 light	 is	 for	 diatoms	 both	 a	 source	 of	 energy	 and	 of	

information	 about	 their	 surrounding	 environment.	 Light	 in	 the	 open	 ocean	 is	 blue-

enriched	due	to	the	absorption	of	red	and	longer	wavelengths	by	water;	in	more	turbid	

waters	(coastal	regions	for	example),	blue	is	absorbed	by	other	components	and	the	light	

field	 is	 enriched	 in	 green	 light.	 Light	 shapes	 different	 aspects	 of	 diatom	 life,	 such	 as	

photosynthetic	acclimation,	cell	cycle	control,	sexual	reproduction	and	movement.	These	

traits	 are	 controlled	 by	 light-driven	 processes	 such	 as	 photosynthesis	 and	

photoperception,	 through	 specialized	 proteins	 that	 absorb	 light.	 Genomic	 studies	

revealed	 that	 diatoms	 possess	 different	 types	 of	 photoreceptors:	 blue	 light	 sensing	

Aureochromes	and	cryptochrome-like	proteins,	putative	green-sensing	rhodopsins,	but	

also	red/far-red	sensing	phytochromes,	which	is	surprising	given	the	light	environment	

diatom	live	in.	
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Recent	functional	investigation	showed	that	diatoms	phytochromes	(DPH)	are	bona	fide	

red/far-red	photoreceptors	in	vitro,	and	regulate	gene	expression	in	response	to	far-red	

light	 in	 the	model	 diatom	Phaeodactylum	 tricornutum.	 Despite	 the	 availability	 of	 DPH	

knockout	 in	 P.	 tricornutum,	 the	 physiological	 function	 of	 this	 photoreceptor	 is	 still	

unknown.	

My	PhD	work	was	designed	to	get	insights	into	the	role	and	significance	of	DPH	for	diatom	

life	in	the	marine	environment.	To	address	this	question,	different	research	approaches	

were	developed.	By	combining	bioinformatics,	mathematical	modeling	of	environmental	

light	and	DPH	response	to	it,	experimental	approaches	of	genetics	and	biochemistry	on	

molecular	model	diatoms,	this	work	has	provided	a	much	complete	view	of	DPH	action	in	

diatoms.		

	

DIATOM	ROLES	IN	THE	BIOGEOCHEMICAL	CYCLES	OF	CARBON	AND	SILICA	

	

70%	of	our	planet's	surface	is	covered	by	ocean.	Marine	ecosystems	contribute	to	about	

50	Gt	of	net	 carbon	 fixation	 (GtC)	per	year,	which	 is	 equivalent	 to	 the	 contribution	of	

terrestrial	ecosystems	(Field	et	al.,	1998).	If	the	contribution	of	land	and	sea	in	the	global	

primary	production	is	roughly	equal,	primary	produced	biomass	is	drastically	different	

(Bar-On	et	al.,	2018).	Indeed,	primary	producers	represent	450	Gt	C	on	land,	sustaining	

20GtC	of	consumers	biomass,	while	in	the	marine	environment	there	is	1	GtC	of	primary	

producers	 and	 5	 GtC	 of	 consumers	 (Bar-On	 et	 al.,	 2018).	 This	 reversed	 pyramid	 is	

explained	by	the	high	turnover	rate	of	fixed	carbon	in	the	marine	environment,	and	high	

efficiency	 in	 the	 transfer	 to	higher	 trophic	 levels.	 Indeed,	marine	 fixed	carbon	can	 fuel	

higher	 trophic	 levels	with	 high	 efficiency	 (10%	of	 the	 energy	 is	 transferred	 to	 higher	

trophic	levels	in	the	ocean,	compared	to	1%	in	terrestrial	environments	(Trebilco	et	al.,	

2013),	or	exported	to	the	depth,	where	it	can	be	re-mineralized	as	CO2	or	be	buried	in	the	

sediments	for	geological	times	if	reaches	the	bathypelagic	layer.	

Among	phytoplankton	(marine	primary	producers),	diatoms	play	an	important	role.	They	

are	considered	as	responsible	for	40%	of	marine	primary	production	(Nelson	et	al.,	1995)	
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and	constitute	about	40%	of	the	particulate	organic	carbon	that	can	be	exported	to	the	

depth	(Jin	et	al.,	2006).	This	is	due	to	their	high	sinking	rate,	which	is	linked	to	the	diatom’s	

large	size	and	silicified	cell	wall,	and	to	their	tendency	to	from	aggregates	(Sarthou	et	al.,	

2005).	However,	large	variations	in	cell	size	and	silicification	(Si/C	ratio)	exists	both	in	

different	diatom	species	and	in	different	environmental	conditions,	and	all	diatoms	do	not	

contribute	 to	 the	 carbon	 export	 in	 the	 same	 way	 (reviewed	 in	 Tréguer	 et	 al.,	 2017).	

Numerical	models	predicting	carbon	export	in	the	ocean	have	to	take	into	account	this	

heterogeneity	and	the	wide	diatom	diversity	 in	the	ocean	(Malviya	et	al.,	2016).	These	

models	are	complex	and	difficult	to	accurately	parameterize,	and	the	exact	contribution	

of	diatoms	to	biological	pump	(export	of	carbon	to	the	depth)	remains	to	be	quantified	

(Tréguer	et	al.,	2017).	The	role	of	nanoplanktonic	diatoms,	which	are	difficult	to	observe	

due	 to	 their	small	 size	 (<5µm),	 is	gaining	 interest,	and	 there	 is	evidence	 that	although	

small,	these	diatoms	contribute	to	the	export	of	carbon	(Leblanc	et	al.,	2018).	

As	the	main	silicified	organism	in	the	ocean,	diatoms	also	play	a	tremendous	role	in	the	

cycle	of	silica	(Si),	which	is	linked	to	the	cycle	of	carbon	and	nitrogen	in	the	ocean	

(Tréguer	and	De	La	Rocha,	2013).	Diatom	fix	240	Tmoles	per	year	of	dissolved	Si	in	their	

frustule,	of	which	6.5	Tmoles	are	buried	into	the	sediments	(Struyf	et	al.,	2009).	

Diatoms	as	primary	producers	thus	play	a	tremendous	role	in	the	marine	trophic	chain,	

and	their	silica	cell	wall	gives	them	important	roles	in	the	ocean	biogeochemical	cycles.	

	

DIATOM	ORIGIN	AND	EVOLUTION	

Diatoms	belong	to	the	Stramenopile,	Alveaota,	Rhizaria	(SAR)	eukaryotic	lineage	(Burki	

et	al.,	2020).	The	branching	of	SAR	compared	to	other	major	eukaryotic	lineages	is	still	

uncertain	(Fig.	1).	Inside	the	SAR	supergroup,	diatoms	belong	to	the	Stramenopile	group,	

and	more	precisely	to	the	Ochrophyta	clade,	which	are	photosynthetic	Stramenopiles.	In	

addition	 to	 diatoms,	 this	 clade	 includes	 a	 large	 diversity	 of	 ecologically	 important	

organisms,	especially	in	marine	environments:	multicellular	brown	algae,	which	are	the	

main	primary	producers	in	tidal	and	sub-tidal	regions	(next	to	the	shores)(Bringloe	et	al.,	

2020),	 Chrysophytes,	 that	 show	 a	 variability	 of	 trophic	 modes	 and	 can	 be	 important	
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origin	 (Keeling,	 2013).	 Higher	 order	 endosymbiosis	 events	 also	 exist	 especially	 in	

dinoflagellates	(Alveolate).	Different	eukaryotic	lineages	carry	a	plastid	of	red	algal	origin,	

such	 as	 Cryptophytes,	 Haptophytes	 and	 Ochrophytes.	 Plastid	 phylogenies	 placed	 red-

origin	 plastids	 of	 these	 algae	 as	 a	 single	 clade,	 which	 led	 to	 the	 idea	 that	 secondary	

endosymbiosis	 of	 a	 red	 algae	 chloroplast	 is	 a	 single	 event	 that	 led	 to	 the	 different	

eukaryotic	 lineages	 with	 red	 alga	 chloroplasts	 (Cryptophytes,	 Haptophytes	 and	

Ochrophytes;	 this	 is	 the	 chromalveolate	 hypothesis)	 (Keeling,	 2013).	 However,	 large-

scale	 hosts	 phylogenies	 place	 the	 different	 eukaryotic	 hosts	 on	 different	 eukaryotic	

branches,	and	the	support	for	this	hypothesis	has	diminished	(Burki	et	al.,	2016;	Burki	et	

al.,	 2020).	 One	 hypothesis	 could	 be	 that	 the	 red-alga	 derived	 plastid	 from	 different	

eukaryotic	branches	 is	 the	result	of	 independent	symbiosis	of	 closely	 related	red	alga.	

Alternative	hypotheses	to	conciliate	plastid	and	host	phylogenies	proposed	that	a	single	

secondary	endosymbiotic	event	(a	cryptophyte	associating	with	a	red	alga)	was	followed	

by	 higher	 order	 endosymbiosis	 events	 (the	 ancestor	 of	 Ochrophyta	 adopting	 a	

Cryptophyte,	 followed	 by	 the	 ancestor	 of	 haptophyte	 adopting	 an	 early	 Ochrophyte,	

although	the	order	is	not	clearly	established):	this	is	the	“Cryptophyte	first”	hypothesis	

(Stiller	et	al.,	2014).	

In	Ochrophyta,	the	early	events	leading	to	plastid	acquisition	are	not	clearly	established,	

but	 there	 is	 a	 common	 agreement	 that	 these	 algae	 are	 the	 result	 from	 a	 single	

endosymbiosis	event,	giving	rise	to	their	plastid	of	ultimate	red	alga	origin	(red	dot	 in	

Fig.1B)	(Stiller	et	al.,	2014;	Burki	et	al.,	2016;	Dorrell	et	al.,	2017;	Strassert	et	al.,	2021;	

Azuma	et	al.,	2022;	Dorrell	et	al.,	2022).	

Diatoms,	 and	 Ochrophyta	 in	 general,	 possess	 plastid-localized	 proteins,	 which	 are	

encoded	by	genes	of	red	algal	origin	 in	 the	nucleus;	 these	are	supposed	to	result	 from	

endosymbiotic	gene	transfer	from	the	red	alga	symbiont	to	the	host.	In	addition,	diatoms	

possess	a	number	of	genes	(about	2%	of	Phaeodactylum	triconutum	genes)	of	green	algal	

origin,	addressed	or	not	to	the	chloroplast.	This	could	be	the	remains	of	an	association	

with	a	green	algae	preceding	the	establishment	of	the	endosymbiosis	with	the	red	algae,	

that	gave	rise	to	the	actual	chloroplast	(Moustafa	et	al.,	2009).	Diatoms	also	have	genes	of	

bacterial	 origin	 (2.3%	 in	 Phaeodactylum	 tricornutum),	 supposed	 to	 be	 the	 result	 of	

horizontal	 gene	 transfer.	 Diatom	 genomes	 are	 thus	 a	 mosaic	 of	 genes	 from	 different	
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fossil	 records	 from	180	million	years	ago	(Ma)	 in	 the	 Jurassic	period,	but	some	report	

earlier	rise	of	diatoms	after	the	Permian-Triassic	mass	extinction	crisis	(250Ma)	(Sims	et	

al.,	2006;	Sorhannus,	2007).	First	diatoms	were	radial	 centric	diatoms,	and	diversified	

during	the	Cretaceous.	Multipolar	centric,	then	araphid	Pennate	diatoms	appear	during	

the	Cretaceous;	the	apparition	of	raphid	penates	is	dated	from	the	late	Cretaceous.	This	

group	 diversified	 rapidly	 and	 nowadays,	 raphid	 pennate	 species	 outnumber	 araphid	

pennate	and	centric	species	combined	(Nakov	et	al.,	2018).	

Diatoms	are	today	a	major	lineage	of	photosynthetic	eukaryotes,	and	they	are	considered	

to	be	the	most	species-rich	clade	of	algae	(Kooistra	et	al.,	2007;	Mann	and	Vanormelingen,	

2013;	Nakov	et	al.,	2018).	They	come	in	a	diversity	of	size	and	beautiful	shapes	(Fig.	2)	

and	occupy	a	wide	range	of	ecological	niches	in	the	contemporary	ocean	(Malviya	et	al.,	

2016).		

	

LIFE	IN	THE	OCEAN:	CHARACTERISTICS	OF	THE	DIATOM	ENVIRONMENT	

Phytoplankton	 growth	 is	 essentially	 controlled	 by	 light	 and	 nutrient	 availability	

(nitrogen,	 phosphorous,	 silica	 and	 iron,	 but	 also	 vitamin	B12),	 plus	 eventually	 by	CO2	

concentration	 and	 temperature.	 Diatoms	 have	 colonized	 very	 different	 environmental	

niches	and	can	display	different	adaptive	strategies.	

DIATOMS	IN	THE	WATER	COLUMN:	PLANKTONIC	LIFESTYLE	

Diatoms	can	have	a	planktonic	lifestyle,	i.e.	drifting	in	fresh	or	salted	water.	I	will	describe	

here	the	global	framework	to	understand	phytoplankton	life	in	the	oceans.	In	the	water	

column,	light	and	nutrients	usually	show	opposite	gradients	with	depth:	light	is	high	at	

the	surface	and	decreases	exponentially	with	depth;	nutrients	are	low	at	the	surface	and	

high	 at	 depth	 (Fig.	 3A).	 The	 “euphotic	 zone”	 defines	 the	 upper	 ocean	 layer	 that	 is	

illuminated	(usually	defined	as	the	water	layer	where	light	intensity	is	higher	than	1%	of	

the	surface	light	intensity)	and	where	photosynthesis	can	take	place.		

In	parallel,	temperature	is	usually	high	at	the	surface	and	decreases	at	depth	(Fig.	3).	In	a	

water	column	with	no	or	little	turbulence,	the	nutrients	in	the	photic	zone	will	be	depleted	
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by	 phytoplankton	 growth	 and	 exported	 to	 the	 depth	 due	 to	 dead	 cells	 sinking.	

Phytoplankton	growth	is	then	nutrient-limited,	and	this	can	results	in	a	“deep	chlorophyll	

maximum”	 (DCM),	 with	 a	 higher	 phytoplankton	 concentration	 at	 a	 depth	 reflecting	 a	

trade	off	between	light	and	nutrient	requirements	(Fig.	3A)	(Mann	and	Lazier,	2006).	This	

situation	is	common	all	year	long	in	Tropical	regions	and	in	late	summer	in	temperate	

waters.	In	temperate	regions,	seasonal	variation	will	change	the	vertical	structure	of	the	

water	column.	In	winter,	the	upper	oceanic	layer	is	mixed	to	an	important	depth	due	to	

high	 turbulence	 (wind	 at	 the	 surface,	 storms)	 and	 nutrients	 from	 deeper	 waters	 are	

brought	back	 to	 the	 surface	 (Fig.	 3B).	 In	 this	upper	mixed	 layer,	 the	physico-chemical	

parameters	 of	 the	 water	 are	 homogenous	 (temperature,	 density,	 nutrient	

concentration)(Mann	and	Lazier,	2006).	However,	light	is	in	general	lower	in	winter,	for	

astronomic	reasons	(shorter	photoperiod	and	lower	sun	angles,	so	a	lower	light	intensity)	

and	if	the	mixed	layer	is	deeper	than	the	photic	zone,	cells	are	periodically	taken	to	the	

darker	deep	waters	out	of	the	photic	zone.	Phytoplankton	growth	is	therefore	considered	

to	be	 light-limited.	 In	spring,	 light	 limitation	 is	alleviated	either	by	 the	 increase	 in	day	

length	 and	 light	 intensity	 and/or	by	 the	mixed	 layer	 thinning	 that	 allows	 cells	 to	 stay	

longer	in	the	photic	zone.	Nutrients	are	still	high	for	the	winter	mixing	events,	and	usually	

sustain	spring	blooms.	Later	 in	the	season,	 increase	 in	temperature	will	cause	thermal	

stratification	 of	 the	 water	 column.	 In	 the	 photic	 zone,	 nutrients	 are	 quickly	 used	 for	

phytoplankton	growth;	some	of	it	may	be	recycled	with	in	photic	zone	though	grazers	ad	

cell	lysis,	but	sinking	of	dead	cells	(eventually	in	aggregates	and	fecal	pellets	from	grazers)	

will	export	nutrients	to	the	deep	and	deplete	the	upper	layer.	Low	mixing	prevents	the	

replenishment	 of	 nutrient	 stock	 at	 the	 surface	 and	 subsurface	 or	 deep	 chlorophyll	

maximum	can	appear	 in	these	conditions	(Fig	3B)	(Mann	and	Lazier,	2006).	Finally,	 in	

autumn,	the	deepening	of	the	mixer	layer	can	sustain	fall	bloom	in	some	regions.		

Some	marine	 environments	 show	 specificities	 that	 differentiate	 them	 from	 the	 global	

model	presented	above.	In	upwelling	region,	wind-induced	currents	cause	nutrient-rich	

water	from	the	deep	to	arise	to	the	surface	(Mann	and	Lazier,	2006).	Coastal	regions	are	
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Diatoms	are	usually	considered	to	thrive	in	high	nutrient,	highly	mixed	environments	(i.e.	

“spring-like”	waters)	(Margalef,	1978).	Indeed,	they	often	dominate	the	spring	bloom	and	

they	are	thought	to	be	well	adapted	to	these	highly	variable	environments	(especially	to	

light	variations	with	mixing	(Lavaud	et	al.,	2007;	Lavaud	and	Lepetit,	2013)).	However,	

diatoms	are	found	in	all	marine	regions,	including	tropical	regions	(Malviya	et	al.,	2016).	

A	recent	review	highlighted	possible	adaptation	strategies	to	stratified	water	columns	in	

diatoms	(Kemp	and	Villareal,	2018).	Indeed,	diatom	can	be	a	major	contributor	of	the	DCM	

in	 stratified	 waters	 by	 adapting	 to	 low	 light	 levels	 (“shade	 flora”	 (Kemp	 et	 al.,	 2000;	

Goldman	 and	McGillicuddy,	 2003)),	 but	 also	 by	 regulating	 their	 buoyancy	 to	 perform	

vertical	migration	to	acquire	nutrient	at	depth	and	return	to	the	near	surface	at	a	speed	

up	to	7m/h	(Moore	and	Villareal,	1996;	Singler	and	Villareal,	2005).	In	addition,	diatoms	

are	able	to	store	nutrients,	including	nitrate,	in	their						vacuoles,	allowing	them	to	store	

nutrients	 during	 sporadic	 mixing	 events	 and	 to	 divide	 at	 higher	 rates	 than	 their	

competitors	in	nutrient	scarce	conditions	(Dortch	et	al.,	1984;	Behrenfeld	et	al.,	2021).	

Diatoms	 also	 possess	 a	 complete	 urea	 cycle,	 allowing	 them	 to	 rapidly	 recover	 from	

nutrient	starvation	(Allen	et	al.,	2011).	Finally,	diatom-diazotroph	association	fuel	diatom	

and	 phytoplankton	 community	 with	 newly	 fixed	 nitrogen,	 and	 alleviates	 nitrogen	

limitation	(Singler	and	Villareal,	2005;	Foster	et	al.,	2011).	

	

DIATOMS	IN	MARINE	SEDIMENTS:	BENTHIC	ORGANISMS	

The	benthic	zone	is	the	bottom	layer	of	a	water	body,	including	the	sediment	surface	and	

its	first	centimeters.	More	generally,	we	call	“benthic”	any	algae	growing	on	a	substrate	

(organic	 or	 not).	 This	 can	 include	 very	 different	 environments,	 as	 tidal	mudflats,	 surf	

beaches,	 coral	 reefs,	 coastal	 sediments	or	organic	 surfaces	 such	as	 sea	 turtle	 shells	 or	

macroalgae	blades.	Benthic	diatoms	play	major	roles	in	this	ecosystem:	they	are	primary	

producers	at	the	base	of	the	trophic	chain,	they	mediate	exchanges	at	the	sediment-water	

interface,	and	they	have	major	roles	in	stabilizing	the	sediments	through	the	secretion	of	

Extracellular	 Polymeric	 Substances	 (EPS)	 (Underwood	 and	 Kromkamp,	 1999;	

Middelburg	et	al.,	2000;	Serôdio	and	Catarino,	2000;	Underwood	and	Paterson,	2003).						
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able	to	move	toward	light,	or	away	from	it,	 to	 find	optimal	 light	conditions	to	perform	

photosynthesis	(Fig.	4A).	In	dense	photosynthetic	communities,	photosynthesis	activity	

depletes	inorganic	carbon	stocks	and	micromigration	can	allow	alternate	between	high	

light/low	DIC	surface	and	low	light/high	DIC	subsurface	environment,	with	continuous	

replacements	of	the	cells	at	the	surface	(Consalvey	et	al.,	2004;	Vieira	et	al.,	2016;	Marques	

da	Silva	et	al.,	2017).	Deeper	migratory	patterns	(at	the	mm	scale)	are	also	controlled	by	

diurnal	light	rhythms	(up	during	the	light	phase)	and	tidal	rhythms	(up	during	low	tide,	

burial	 before	 tidal	 inundation).	 These	 rhythms	 can	 persist	 in	 continuous	 condition,	

highlighting	an	endogenous	control	of	 the	 timing	of	 this	behavior	 (Palmer	and	Round,	

1967;	Barnett	et	al.,	2020).	However,	in	the	dark	diatoms	have	to	adapt	their	metabolism:	

they	can	grow	heterotrophically	(Lewin	and	Lewin,	1960)	and	in	anoxic	sediments,	they	

can	also	perform	nitrate	respiration	based	on	intracellular	stored	nitrates	(Kamp	et	al.,	

2011;	Merz	et	al.,	2021).	

In	sediments	with	larger	grain	size,	epipellic	and	epipsammic	species	can	co-exist	(Fig.	

4B).	Light	penetrates	deeper	(see	also	next	paragraph)	and	epipsammic	diatoms	(that	do	

not	migrate)	adapt	to	high	light	through	physiological	photoprotective	mechanisms,	as	

opposed	to	“behavioral”	mechanisms	such	as	downward	migration	of	epipellic	diatoms	

(Cartaxana	et	al.,	2011;	Barnett	et	al.,	2015).	When	photosynthetic	organisms	density	is	

high,	 as	 occurs	 in	 biofilms,	 the	 community	 can	 self-organize	 in	 layers	 (niche	

differentiation).	Benthic	diatoms	usually	compose	the	uppermost	layer,	with	green	algae	

and	cyanobacteria	underneath.	Anoxygenic	phototrophs	such	as	green	and	purple	sulfur	

bacteria	 can	 be	 found	 bellow	 the	 cyanobacteria,	 where	 O2	 is	 depleted	 and	 H2S	

concentrations	are	high	(Stal	et	al.,	1985;	Stal	et	al.,	2019).	
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optimize	their	growth	(Aumack	et	al.,	2014).	Diatoms	use	EPS	secretion	and	ice-binding	

proteins	to	protect	themselves	from	low	temperature	and	adhere	and	migrate	on	ice.	

	

THE	PECULIARITY	OF	LIGHT	IN	AQUATIC	ENVIRONEMENTS	

The	light	field	is	defined	both	by	light	intensity	and	light	spectral	quality.	In	terrestrial	

environments,	the	light	field	depends	on	cloud	cover,	time	of	day,	time	of	year,	latitude	

and	 shade	 (notably	 by	 other	 photosynthetic	 organisms).	 In	 aquatic	 environments,	 an	

additional	dimension	has	to	be	considered:	depth.	

LIGHT	IN	THE	WATERCOLUMN	

As	already	mentioned	before,	light	intensity	decreases	with	depth	in	the	water	column.	

The	main	physical	processes	determining	the	underwater	light	field	are	absorption	and	

scattering,	which	will	both	reduce	the	light	intensity.	Major	light-absorbing	components	

in	 aquatic	 environments	 are	 water,	 Colored	 Dissolved	 Organic	 Matter	 (CDOM)	 and	

particulate	matter	as	inanimate	particles	and	phytoplankton	(Kirk,	2011).	

Water	molecules	themselves	absorb	light	and	can	contribute	to	an	important	part	of	light	

absorption	 coefficient	 of	 natural	 waters	 (it	 can	 represent	 68%	 of	 the	 absorption	 of	

Photosynthetically	Active	Radiations,	PAR).	The	absorption	spectra	of	pure	water	(Fig.	6)	

show	high	absorption	in	the	long	wavelength	part	of	the	light	spectrum	(above	500	nm).	

Salts	present	 in	seawater	have	negligible	effect	on	 light	attenuation.	CDOM,	also	called	

gilvin	or	yellow	substance,	derives	from	the	decomposition	of	organic	matter.	In	coastal	

regions,	 CDOM	 is	 a	 major	 component	 of	 light	 absorption	 coefficient,	 while	 it	 is	 less	

concentrated	 in	clear	oceanic	waters.	Source	of	CDOM	is	 terrestrial	organic	matter	(or	

resuspended	organic	matter	from	sediments).	CDOM	absorbs	mainly	in	the	blue,	with	an	

exponential	decrease	towards	longer	wavelengths	(Fig.	6b	and	c).	
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is	 roughly	 neutral	 towards	 wavelengths,	 with	 a	 slight	 attenuation	 towards	 long	

wavelengths.	

Marine	waters	can	be	classified	based	on	their	optical	properties	(Morel	et	al.,	2006).	Case	

I	waters	are	oceanic	waters,	where	optical	properties	are	directly	linked	to	phytoplankton	

abundance.	Coastal	waters	with	limited	terrigenous	inputs	can	also	be	considered	as	case	

I	waters.	At	 low	phytoplankton	concentration,	 i.e.	 in	oligotrophic	waters,	absorption	of	

long	wavelengths	by	water	will	result	in	blue-enriched	light	field	at	depth	(Fig.	6a).	Case	

II	waters	are	waters	for	which	resuspended	sediments	and	dissolved	organic	matter	(for	

example	 from	 river	 discharge)	 are	 important	 contributors	 to	 the	 optical	 properties.	

Absorption	in	the	blue	is	very	high	in	these	waters,	resulting	in	green-shifted	light	fields.	

(Fig.	6b).	In	some	extremely	turbid	ecosystems,	absorption	of	blue	and	red	can	lead	to	a	

red-enriched	light	field	(Fig.	6c).	

LIGHT	IN	SEDIMENTS	AND	BIOFILMS	

Less	is	known	on	light	attenuation	in	marine	sediments	compared	to	light	in	the	water	

column.	The	main	protagonists	involved	in	light	attenuation	are	mineral	particles	(sand,	

silt,	mud)	and	organic	matter	(living	particulate	and	dissolved)	(Cartaxana	et	al.,	2016b).	

Here,	 water	 absorption	 is	 negligible	 compared	 to	 the	 other	 actors,	 but	 water	 is	 an	

important	component	as	wet	sediments	scatter	light	less	than	dry	sediments	and	light	will	

penetrate	deeper	in	wet	sand	(Kühl	and	Jorgensen,	1994).	Both	absorption	and	scattering	

are	more	intense	than	in	the	water	column	due	to	the	high	density	of	sediment	particles	

and	algae	living	in	it,	and	the	depth	of	the	“photic	zone”	is	limited	to	a	few	mm	(Fig.	4).	

The	size	of	the	mineral	particles	is	crucial	in	sediment	light	attenuation	(Kühl	et	al.,	1994),	

through	effect	on	scattering.	Indeed,	small	particle	size	scatter	 light	more	compared	to	

coarse	grains.	Light	attenuation	by	sand	is	higher	in	the	blue	(maximum	around	450nm),	

and	decreases	 toward	 longer	wavelengths.	Presence	of	organic	matter	and	microalgae	

will	increase	light	attenuation	in	the	blue	range,	with	also	a	peak	around	680nm	due	to	

chlorophyll	 absorption	 (Haardt	 H,	 Nielsen	 Gae,	 1980;	 Kühl	 and	 Jorgensen,	 1994).	 In	

biofilms,	i.e.	very	dense	communities	of	microorganisms,	the	layers	of	different	organisms	

will	 also	 change	 the	 attenuation	 coefficient	with	 depth	 due	 to	 their	 different	 pigment	
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CELLULAR	ASPECTS	OF	DIATOM	LIFE	AND	THEIR	REGULATION	BY	LIGHT		

LIFE	CYCLE	

All	diatom	species	sequenced	so	far	are	thought	to	be	diploid	in	their	vegetative	states	

and	divide	mitotically	during	the	major	part	of	their	life	cycle	(Falciatore	et	al.,	2020).	

Diatoms	have	a	“bloom	and	burst”	life	cycle,	with	periods	of	intense	replication	when	the	

environmental	conditions	are	favorable.	The	bloom's	dynamics	are	not	fully	understood,	

and	the	bloom’s	demise	can	be	due	to	different	parameters	(not	mutually	exclusive),	for	

example	nutrient	depletion,	grazing	pressure,	or	pathogen	attack	(Behrenfeld	et	al.,	

2021).	

Some	diatoms	can	form	resting	stages	to	survive	unfavorable	environmental	conditions	

and	resume	growth	when	better	conditions	are	met.	The	cues	that	trigger	resting	stage	

formation	are	not	clear	for	all	species,	but	high	cell	density	and	nitrogen	limitation	are	

suspected	(McQuoid	and	Hobson,	1996;	Pelusi	et	al.,	2020).	Two	types	of	resting	stages	

can	exist:	 resting	spores,	which	are	morphologically	different	 from	vegetative	growing	

cells,	 and	 resting	 cells.	 Both	 have	 a	 reduced	metabolism,	 and	 resting	 cells	 are	 able	 to	

successfully	 germinate	 after	 centuries	 (Skeletonema	marinoi	 (Harnstrom	et	 al.,	 2011))	

and	 even	millennia	 (Chaetoceros	 muelleri	 (Sanyal	 et	 al.,	 2021))	 in	 sediments.	 Resting	

stages	are	important	in	diatom	species	succession,	and	resting	stage	stocks	accumulated	

in	 sediments	 can	 form	 a	 reservoir	 of	 viable	 cells,	 seeding	 blooms	 in	 spring	 in	 coastal	

regions	(Eilertsen	et	al.,	1995)	

Some	aspects	of	the	diatom	life	cycles	are	shaped	by	their	silica	cell	wall,	the	frustule.	The	

frustule	is	made	of	two	pieces	that	fit	together	like	a	Petri	dish	and	encapsulate	the	cell.	

The	two	pieces,	also	called	theca,	are	slightly	different	in	size:	the	larger	one	(like	the	Petri	

dish	lid)	is	called	the	epitheca,	and	the	smaller	one	is	the	hypotheca.	Due	to	this	rigid	silica	

cell	wall,	daughter	cells	following	mitotic	division	are	different	(see	Fig.	8).	One	inherited	

the	epitheca	and	will	result	in	cell	size	comparable	with	the	mother	cell,	while	the	cell	that	

inherited	the	small	hypotheca	will	form	a	new	hypotheca	inside	the	maternally	inherited	

one	(using	it	as	a	template),	resulting	in	smaller	cell	size.	This	results	in	size	reduction	

with	mitotic	division,	which	can	end	with	cell	death	if	the	cell	size	becomes	too	small	to	
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to	 predominantly	 reproduce	 asexually	 in	 the	 lab	 and	 are	 rarely	 used	 to	 study	 sexual	

reproduction	(one	exception	is	the	study	by	Moore	et	al.,	2017).	Other	species	have	arisen	

as	model	species	for	sexual	reproduction,	mainly	the	pennate	species	Seminavis	robusta	

and	Pseudo-nitzschia	multistriata.	

Numerous	 studies	 reported	 the	 effect	 of	 light	 on	 the	 diatom	 life	 cycle.	 Blue	 light	 is	

especially	efficient	in	controlling	mitotic	cell	cycle	progression	in	P.	tricornutum	through	

blue	 light	photoreceptor-mediated	control	of	cyclin	expression	(Huysman	et	al.,	2013).	

Resting	spore	germination	 is	sensitive	to	photoperiod	(Eilertsen	et	al.,	1995)	and	 light	

quality,	 especially	 to	 blue	 light	 (Skeletonema	 costatum,	 Thalassiosira	 minima,	 and	

Chaetoceros	 sp,	 (Shikata	 et	 al.,	 2009))	 and	 blue	 and	 red	 light	 through	 photosynthesis	

activity	 in	Leptocylindrus	 danicus	 (Shikata	 et	 al.,	 2011).	 Finally,	 sexual	 reproduction	 is	

controlled	by	red	and	far-red	light	in	the	diatom	Stephanopyxis	palmeria	in	a	reversible	

manner	(induction	by	red	light,	repression	by	far-red	light	applied	after	red	light)	(Ren	et	

al.,	 2008).	 Red	 light	 also	 triggers	 sexual	 reproduction	 in	 the	 pennate	 diatom	 Haslea	

ostreicola	(Mouget	et	al.,	2009),	but	in	Seminavis	robusta,	blue	light	is	the	more	efficient	

waveband	(Bilcke	et	al.,	2021).	Light	intensity	also	matters:	in	Seminavis	robusta,	higher	

reproduction	rate	occurs	at	the	lowest	intensity	tested	(4µmol	photons/m2/s,	Bilcke	et	

al.,	 2021)	 and	 in	 Thalassiosira	 weissflogii	 a	 period	 of	 darkness	 and/or	 low	 light	 are	

necessary	to	trigger	sexual	reproduction	(Armbrust,	1990).	

	

PHOTOSYNTHESIS	

As	mentioned	earlier,	there	is	a	common	agreement	that	diatom	chloroplasts	arose	from	

red	algae.	Most	of	the	components	of	oxygenic	photosynthesis	are	conserved	in	diatoms,	

but	 they	 also	 possess	 unique	 features	 linked	 to	 their	 complex	 evolutionary	 history	

(Büchel	et	al.,	2022).		

The	 chloroplasts	 possess	 a	 network	 of	 membranes	 containing	 the	 photosynthetic	

apparatus:	the	thylakoids.	Photosynthesis	takes	place	in	2	phases:	the	“light	reactions”,	

where	 light	 energy	 is	 harvested	 and	 transformed	 into	 chemical	 energy,	 and	 the	

“biochemical	 reactions”,	 when	 this	 chemical	 energy	 is	 used	 to	 fix	 carbon	 (CO2).	 The	
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photosynthetic	 chain	 in	 the	 thylakoids	 carries	 out	 the	 light	 reactions	 (Fig.	 9).	 Protein	

complexes	 are	 embedded	 in	 the	 thylakoid	 membrane:	 photosystems	 (PS)	 I	 and	 II,	

cytochrome	 b6f	 complexes	 and	 ATP	 synthase.	 Photosystems	 are	 composed	 of	 core	

reaction	centers	containing	a	special	pair	of	chlorophyll	a	and	Light	harvesting	complexes	

(LHC)	containing	pigments.	Light	is	absorbed	by	pigments	in	the	LHC	or	directly	by	the	2	

chlorophylls	in	the	reaction	centers	and	light	energy	transferred	to	the	reaction	centers	

where	charge	separation	occurs.	This	fuels	a	flow	of	electrons	in	the	photosynthetic	chain	

from	water	(H2O,	with	production	of	O2)	to	NADP+,	producing	reducing	power	in	the	form	

of	 NADPH.	 The	 electron	 flow	 also	 allows	 the	 build-up	 a	 proton	 gradient	 across	 the	

thylakoid	membrane.	The	return	of	H+	from	the	lumen	to	the	stroma	fuels	the	production	

of	ATP	by	the	ATP	synthase.		

Compared	 to	 the	 green	 algae	 and	 plants,	 diatom-specificity	 contributing	 to	 the	 light	

reactions	are	notably	the	spatial	organization	of	protein	complexes	in	the	plastid	and	the	

protein	and	pigment	content	(Büchel	et	al.,	2022).	Diatom	chloroplasts	are	embedded	in	

4	membranes,	and	their	thylakoids	are	organized	in	stacks	of	3	thylakoids	(Fig.	9),	and	the	

different	 complexes	are	heterogeneously	 localized:	PSI	are	 rather	 in	 the	 stroma-facing	

membranes,	while	PSII	are	enriched	in	the	core	of	the	stacked	membranes,	facing	other	

thylakoid	 membranes.	 ATP	 synthase	 is	 in	 the	 outer,	 stroma-facing	 membranes.	 This	

organization	can	change	with	light	conditions	(see	also	below).	

The	 light	harvesting	 complexes	of	diatoms	differ	 from	other	eukaryotes	 (Büchel	 et	 al.,	

2022).	LHC	proteins	can	be	grouped	in	3	main	families:	LHCF,	the	major	LHC	group;	LHCR,	

associated	with	PSI	and	related	to	red	alga	LCFs;	and	LHCX,	that	are	of	supposed	green	

alga	origin	and	are	involved	in	photoprotection.	In	addition	to	chlorophyll	a,	LHCs	bind	

chlorophyll	c	and	fucoxanthins.	This	carotenoid	pigment	is	specific	for	Ochrophyta	and	

gives	these	algae	their	brownish	color.		
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hallmarks	 for	 cells	 grown	 in	 red	 light	 (Fujita	 and	 Ohki,	 2004;	 Herbstová	 et	 al.,	 2015;	

Herbstová	et	al.,	2017).	In	P.	tricornutum	and	Nitzschia	closterium,	cells	grown	in	red	light	

showed	 a	 fluorescence	 spectra	 peak	 in	 FR	 light,	 associated	 with	 the	 presence	 of	 a	

specialized	 LHC	 in	 P.	 tricornutum,	 Lhcf15	 (for	 more	 details,	 see	 chapter	 3).	 A	 re-

organization	 of	 the	 photosynthetic	 complexes	 in	 the	 thylakoid	 membrane	 was	 also	

described	(Bína	et	al.,	2016),	with	a	stronger	spatial	heterogeneity.	Schellenberg	Costa	

and	 coauthors	 (Schellenberger	 Costa	 et	 al.,	 2013)	 compared	 chloroplast	 membrane	

proteins	 of	P.	 tricornutum	 cells	 grown	 under	 blue	 or	 red	 light	 and	 identified	 proteins	

specific	for	the	different	light	conditions	(10	upregulated	in	blue	light	and	linked	to	high	

light	acclimation,	4	upregulated	in	red	light	including	Lhcf15).	Transcriptomic	responses	

to	changes	in	light	quality,	although	at	high	intensity,	go	in	the	same	direction,	with	an	

induction	of	many	LHCF	and	LHCR	genes	in	green	and	red,	while	blue	light	induced	LHCX	

genes	and	genes	involved	PSII	repair	(Valle	et	al.,	2014).	

Fixation	of	CO2	by	Rubisco	in	the	Calvin-Benson-Bassham	cycle	is	the	biochemical	phase	

of	photosynthesis.	However,	in	aquatic	environments,	CO2	concentrations	are	very	low,	

as	CO2	dissolved	in	H2CO2,	which	dissociates	in	HCO3-.	The	majority	Dissolved	Inorganic	

Carbon	(DIC)	in	water	is	in	the	form	of	HCO3-,	which	cannot	cross	membranes,	while	CO2	

can.	Diatoms	have	developed	efficient	Carbon	Concentration	Mechanisms	(CCM)	to	cope	

with	the	low	CO2	concentration	in	water	(Kroth	and	Matsuda,	2022).	These	algae	possess	

several	HCO3-	transporters,	some	of	which	can	pump	HCO3-	inside	the	cell,	and	carbonic	

anhydrases	converting	HCO3-	to	CO2	and	vice-versa	in	the	different	compartments.	Some	

of	these	enzymes	are	thought	to	be	secreted	and	convert	HCO3-	to	CO2	at	the	cell	surface.	

CO2	passively	crosses	the	plasma	membrane	and	is	converted	to	HCO3-	in	the	cytosol,	to	

which	we	 should	 add	HCO3-	 actively	 pumped	 at	 the	 plasma	membrane.	 HCO3-	 is	 then	

transported	inside	the	chloroplast	by	unidentified	transporters,	to	the	stroma	where	it	is	

transformed	back	into	CO2	in	the	vicinity	of	RubisCO.	This	CCM	is	an	important	mechanism	

for	 diatoms	 in	 the	 wild,	 as	 mining	 surface	 seawater	 metagenomes	 and	

metatranscriptomes	 revealed	 an	 important	 number	 of	 carbonic	 anhydrase	 transcripts	

(Pierella	Karlusich	et	al.,	2021).	Some	studies	showed	that	some	diatoms	possess	genes	

homologs	to	genes	involved	in	the	C4	mechanisms	from	plant,	but	functional		studies	of	

these	genes	did	not	confirm	the	occurrence	of	this	process	(Haimovich-Dayan	et	al.,	2013),	
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and	mining	 environmental	 data	 showed	 that	 these	 genes	 rarely	 co-occur,	 limiting	 the	

possible	involvement	of	C4	in	the	environment	(Pierella	Karlusich	et	al.,	2021).	

	

DIATOM	MOTILITY	

Pennate	raphid	diatoms	are	able	to	glide	on	surface	at	high	speed	(up	to	25µm/s).	Not	

much	 is	 known	 about	 the	mechanisms	 of	 diatom	motility,	 but	 it	 involves	 secretion	 of	

mucilage	through	the	raphe	(Poulsen	et	al.,	2022).	Current	models	involve	the	secretion	

of	mucilage	via	the	Golgi	and	transport	of	vesicles	to	the	plasma	membrane.	Extracellular	

mucilage	is	linked	via	transmembrane	proteins	to	myosin	motors,	themselves	connected	

to	actin	filaments.	Myosin	action	builds	a	force	along	the	actin	filaments,	which	pushes	the	

cell	in	the	opposite	direction.	

Diatom	movement	is	tightly	controlled,	especially	by	light.	We	already	underlined	diatom	

movements	 in	 sediments.	 In	 natural	 communities,	 blue	 light	 is	 the	 most	 efficient	

waveband	 to	 trigger	 positive	 phototaxy	 (Barnett	 et	 al.,	 2020).	 Numerous	 studies	 on	

monocultures	in	laboratory	conditions	showed	the	effects	of	different	wavebands:	cells	

are	in	general	more	attracted	by	blue	light	(Craticula	sp,	Pinnularia	sp,	Nitzschia	sp	(Cohn	

and	Weitzell,	1996);	Nitzschia	communis	(Nultsch,	1971),	Nitzschia	perminuta	(McLachlan	

et	al.,	2009))	and	repelled	by	red	(Nultsch,	1971;	Cohn	and	Weitzell,	1996),	but	this	 is	

intensity-	 and	 strain-dependent.	 In	 addition,	 changes	 in	 illumination	 can	 change	 the	

direction	or	the	speed	of	the	movement.	Finally,	the	tip	of	the	cell	seems	to	be	the	site	of	

light	perception	(Cohn	et	al.,	1999),	and	further	signaling	events	involve	calcium	release	

from	intracellular	socks	(Mclachlan	et	al.,	2012).	

	

LIGHT	SENSING		

Light	 is	 an	 essential	 source	 of	 information	 for	 organisms	 on	 Earth.	 All	 organisms	

(photosynthetic	or	not)	possess	specialized	proteins	called	photoreceptors	that	perceive	

light	and	mediate	the	response	to	this	environmental	cue.	These	proteins	usually	bind	a	

pigment	 (also	 called	 chromophore)	 that	 enables	 them	 to	 absorb	 light	 at	 specific	
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wavelengths	(Möglich	et	al.,	2010).	Upon	light	absorption,	changes	in	the	chromophore	

conformation	 impact	 protein	 conformation,	 changing	 its	 activity	 (protein-protein	

interaction,	phosphorylation	or	other	enzymatic	activity	for	example).	This	will	activate	

specific	signaling	cascade(s)	leading	to	the	biological	responses.	

A	 photoreceptor	 typically	 displays	 several	 protein	 domains	 or	 modules	 that	 mediate	

different	 part	 of	 the	 photoreceptors	 function:	 light-sensing	 domains	 and	 signal	

transduction	effector	domains.	Different	classes	of	light-sensing	domains	are	known,	with	

different	 chromophores	 and	 light	 sensing	 properties.	 Three	 types	 of	 blue-light	

photoreceptors	bind	flavin	chromophores:	photoreceptors	with	a	Light-Oxygen	Voltage	

(LOV)	 domain,	 which	 bind	 FMN,	 sensors	 of	 Blue	 Light	 Using	 FAD	 (BLUF)	 and	

cryptochromes,	 which	 bind	 FAD.	 Other	 photoreceptors	 detect	 blue	 light	 via	 the	 4-

hydroxycinnamic	chromophore	and	are	called	Photoactive	Yellow	Protein	(PYP),	while	

the	UVB	photoreceptor	UVR8	perceives	light	through	absorption	by	tryptophan	residues.	

Rhodopsins	perceive	blue	and	green	 lights	 through	a	 retinal	 chromophore,	 and	 finally	

phytochromes	perceive	red	and	far-red	lights	with	a	bilin	chromophore.	The	combination	

of	the	same	type	of	photosensing	domain	with	different	effector	domains	leads	to	protein	

with	different	functions.	As	example	(see	also	below),	the	LOV-based	photosensors	are	

found	in	combination	with	a	variety	of	effector	domains	across	the	three	kingdoms	of	life	

(Glantz	et	al.,	2016).	

Land	plants	and	green	algae	possess	examples	of	5	of	the	above	mentioned	photoreceptor	

types	 (no	 homologs	 of	 PYP	 or	 BLUF	 have	 been	 reported	 in	 Viridiplantae	 so	 far).	

Cryptochromes,	which	are	photoreceptors	known	across	all	eukaryotes,	are	found	in	land	

plant	 and	 green	 algae.	 UVR8	 photosensors	 are	 thought	 to	 be	 restricted	 to	 the	 green	

lineage.	 LOV	 domains	 exist	 in	 combination	 with	 a	 serine/threonine	 kinase	 domain	

(phototropins),	F-box	domain	and	Keltch	repeat	(Zeitlupe	family),	PAS	domain	(PAS/LOV	

in	 land	 plants),	 Histidine	 kinase	 domain	 (LOV-HK	 from	 Ostreoccocus	 and	 other	

mameliophyceae),	 but	 also	 in	 combination	 with	 other	 photosensory	 domain	 like	

phytochrome	photosensory	module	(neochromes	ferns	and	mosses).	Different	types	of	

rhodopsins	 also	 exist	 in	 the	 green	 algae	 Chlamydomonas	 reinhardtii,	 while	 the	

phytochromes	photoreceptors	are	conserved	in	land	plants	but	not	in	all	green	algae.	
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Exploration	of	diatom	genomes	has	led	to	the	discovery	of	many	putative	photoreceptors	

in	these	organisms	(Jaubert	et	al.,	2017).	Some	are	classical	photoreceptors	known	from	

bacteria,	 land	 plant	 or	 animals,	 while	 others	 show	 unique	 domain	 combinations.	

Photoreceptor	 types	 in	 diatoms	 include	 cryptochromes,	 LOV-based	 aureochromes,	

rhodopsins	 and	 phytochromes.	 No	 homologs	 of	 the	 plant	 phototropins	 have	 been	

identified	 in	 diatoms.	 Although	 first	 identified	 in	 P.	 tricornutum	 (Bowler	 et	 al.,	 2008;	

Djouani-Tahri	 et	 al.,	 2011),	 close	 examination	 of	 the	 putative	 LOV-HK	 homologs	 in	

diatoms	 showed	 that	 they	 lack	 the	 critical	 amino	 acids	 for	 interaction	 with	 the	

chromophore.	 Diatoms	 have	 genes	with	 similarity	 to	UVR8,	 but	 these	 lack	 the	 critical	

tryptophans	involved	in	light	sensing	and	are	thus	not	considered	as	UVB	photoreceptors	

(Fernández	et	al.,	2016).		

In	 the	 following	 section,	 I	 will	 describe	 the	 current	 knowledge	 on	 the	 diatom	

photoreceptors,	with	a	particular	focus	on	phytochromes,	which	represent	the	main	topic	

of	my	PhD.	Some	paragraphs	 (Cryptochromes,	Aureochromes	and	Rhodopsins	section,	

marked	with	*)	have	been	extracted	from	a	recently	review	published	in	the	“Molecular	

Life	of	Diatom	book”,	that	I	co-authored	(Jaubert	et	al,	2022).	The	full	chapter	is	available	

at	the	end	of	this	manuscript,	in	the	annex	section.	Additional	information	on	new	diatom	

photoreceptors	and	their	distribution	are	described	in	the	result	session	(Chapter	1).	

DIATOM	PHOTORECEPTORS		

Aureochromes	*	

The	aureochromes	(AUREOs)	are	unique	blue	light	photoreceptors	that	possess	both	an	

FMN-binding	 light-oxygen-and-voltage	(LOV)	domain	(Crosson	et	al.	2003),	and	a	bZIP	

domain	typical	for	bZIP	transcription	factors	(TFs)	(Dröge-Laser	et	al.	2018)	(Fig.	1).	The	

blue	 light	phototropin	photoreceptors	of	green	algae	and	plants	also	possess	 two	LOV	

domains,	but	utilize	a	serine/threonine	(Ser/Thr)	kinase	domain	for	signal	transduction	

instead	 (Christie	 2007).	 AUREOs	 were	 originally	 discovered	 in	 the	 xanthophyte	 alga	

Vaucheria	frigida	in	2007	(Takahashi	et	al.	2007).	Their	name	refers	to	“aurum”	(Latin	for	

gold),	 because	 of	 the	 golden-brownish	 colour	 of	most	 stramenopiles.	 Takahashi	 et	 al.	

(2007)	 identified	two	orthologs	 in	V.	 frigida,	VfAUREO1,	and	VfAUREO2.	Using	an	RNA	
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interference	approach	 to	 silence	 these	 two	genes	 individually,	 they	demonstrated	 that	

both	 AUREOs	 are	 involved	 in	 the	 regulation	 of	 photomorphic	 responses.	 Meanwhile,	

AUREOs	have	been	identified	in	other	stramenopiles	(Ishikawa	et	al.	2009;	Jungandreas	

et	 al.	 2014)	 and	 in	 a	 raphidophyte	 (Ji	 et	 al.	 2017),	 but	 not	 in	 non-photosynthetic	

oomycetes	(Kroth	et	al.	2017).	AUREOs	are	not	present	in	red	algae,	which	are	considered	

to	represent	the	endosymbiotic	ancestors	of	stramenopile	plastids	(Archibald	2015).	This	

indicates	 that	 the	ancestral	AUREO	gene	with	 its	unique	combination	of	LOV	and	bZIP	

domains	 may	 have	 been	 provided	 either	 by	 the	 putative	 host	 cell	 of	 the	 secondary	

endosymbiosis	event,	or	that	it	evolved	very	early	within	the	stramenopiles,	possibly	via	

domain	shuffling	(Di	Roberto	and	Peisajovich	2014).		

Stramenopile	 AUREOs	 differ	 in	 their	 structures.	 While	 AUREO1	 proteins	 possess	 the	

typical	LOV	domain,	AUREO2	proteins	have	a	mutation	within	 the	LOV	domain,	which	

prevents	non-covalent	binding	of	flavin	needed	for	light	absorbance	in	the	blue	range.	The	

reason	 is	 a	 steric	 hindrance	 from	 a	 methionine	 residue	 within	 the	 binding	 cavity	

(Banerjee	et	al.	2016a).	AUREO2,	therefore,	is	not	a	real	photoreceptor,	but	could	still	be	

involved	in	light	regulation,	e.g.	by	forming	a	dimer	with	a	light-sensing	AUREO1	protein.	

In	reciprocal	experiments,	genetic	modification	of	AUREO2	from	P.	tricornutum-restored	

flavin	 binding	 (Serif	 2017),	 while	 introducing	 a	 point	 mutation	 at	 the	 same	 site	 in	

PtAUREO1a,	led	to	loss	of	flavin	binding	(Banerjee	et	al.	2016a).	Based	on	this	distinction	

and	on	phylogenetic	analyses,	aureochromes	in	diatoms	and	other	organisms	have	been	

classified	as	either	AUREO1-type	(a/b/c	etc.)	or	as	AUREO2	(Schellenberger	Costa	et	al.	

2013b).	 The	 algae	 studied	 so	 far	 all	 possess	 one	 AUREO2	 protein	 and	 one	 or	 more	

AUREO1	isoforms	(Table	2).		

Blue	light	absorption,	both	in	aureochromes	and	phototropins,	causes	the	formation	of	an	

adduct	between	the	flavin	and	a	nearby	cysteine	within	a	few	microseconds,	starting	the	

signalling	 cascade	 (Toyooka	 et	 al.	 2011;	Kerruth	 et	 al.	 2014).	The	domain	 topology	of	

AUREOs	is	inverted	as	compared	to	most	other	characterized	LOV	proteins	because	the	

sensory	domain	of	AUREOs	is	at	the	C-terminus	of	the	receptor.	The	Jα	helix	of	the	AUREO-

LOV	 domain	 allosterically	 regulates	 the	 fold	 of	 the	 N-terminally	 flanking	 A’α	 helix	

(Herman	and	Kottke	2015).	Subsequent	unfolding	of	the	A’α	helix	exposes	a	high	affinity	

dimerization	site	and	enables	the	formation	of	the	light	state	dimer	of	LOV	(Herman	et	al.	
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by	up-	or	down-regulating	75%	of	the	genes,	while	this	massive	change	in	gene	expression	

is	 mostly	 inhibited	 in	 PtAUREO1a	 knockout	 strains	 (Mann	 et	 al.	 2020).	 PtAUREO1a,	

therefore,	 must	 have	 a	 specific	 function	 in	 cellular	 regulation	 that	 cannot	 be	

complemented	by	other	AUREOs.	This	raises	the	question	of	how	a	single	photoreceptor	

can	affect	such	a	large	number	of	genes.	Possibly,	a	cascade	of	TF	transduces	the	initial	

response	of	PtAUREO1a	 to	blue	 light.	This	 is	 supported	by	 findings	 that	 the	 transcript	

abundance	of	a	 large	number	of	diatom	TFs	and	photoreceptors	(Rayko	et	al.	2010)	 is	

strongly	 and	 rapidly	 affected	 by	 blue	 light	 in	 wild-type	 cells,	 but	 not	 in	 PtAUREO1a	

knockout	 mutants	 (Mann	 et	 al.	 2020).	 When	 common	 gene	 expression	 patterns	 are	

analyzed,	the	aureochromes	are	placed	in	different	clusters	(Ait-Mohamed	et	al.	2020),	

supporting	the	idea	that	AUREO1	isoforms	may	have	different	roles.	There	also	is	some	

evidence	that	AUREOs	might	be	involved	in	regulation	of	the	diel	cycle	and	the	expression	

of	some	AUREOs	follows	a	different	diurnal	pattern	(Banerjee	et	al.	2016b).	The	diurnal	

rhythmic	expression	of	PtAUREO1a	and	1c	can	still	be	detected	when	the	cells	are	kept	in	

the	 dark,	 while	 PtAUREO1b	 expression	 appears	 to	 be	 light	 activated,	 and	 PtAUREO2	

oscillates	 only	 weakly	 throughout	 the	 day.	 The	 recently	 discovered	 diatom	 clock	

component	RITMO1/PtbHLH1a	(Annunziata	et	al.	2019)	is	strongly	induced	by	blue	light	

in	wild-type	cells,	but	not	in	the	PtAUREO1a	mutant,	indicating	that	PtAUREO1a	might	be	

involved	in	triggering	the	diatom	clock	in	response	to	blue	light.		

	

Cryptochrome/Photolyase	Family	*	

The	 cryptochrome/photolyase	 family	 proteins	 (CPFs)	 are	 widespread	 blue	 light-

absorbing	flavoproteins	with	similar	primary	sequences,	but	very	diverse	functions.	Most	

CPFs	 non-covalently	 bind	 a	 flavin	 adenine	 dinucleotide	 (FAD)	 cofactor	 as	 a	 specific	

prosthetic	chromophore.	Other	chromophores	such	as	5,10-methenyltetrahydrofolic	acid	

(MTHF),	 8-hydroxy-5-deazaflavin,	 or	 flavin-mononucleotide	 (FMN)	 may	 also	 be	

associated	with	some	CPFs	as	 light	antennae	(Essen	et	al.	2017).	CPF	members	have	a	

characteristic	 conserved	 photolyase-related	 (PHR)	 domain,	 but	 amino	 and	 carboxy	

terminal	extensions	are	highly	variable	in	both	length	and	primary	sequence.	Photolyases	

(PL)	 are	 blue	 light-activated	 enzymes	 repairing	 UV-induced	 DNA	 lesions,	 such	 as	
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cyclobutane	pyrimidine	dimer	(CPD	PL)	or	(6-4)	pyrimidine-pyrimidone	photoproducts.	

The	cryptochromes	(CRY)	of	plants	and	some	insects	do	not	have	any	DNA	repair	activity,	

but	are	either	blue	light	photoreceptors	or	light-independent	components	of	the	central	

circadian	oscillator	(Chaves	et	al.	2011).	The	activation	of	light-dependent	CRY	has	been	

well	studied.	The	photoperception	process	starts	with	a	very	fast	photoinduced	reduction	

of	 FAD.	 This	 redox-	 and	 light-dependent	 change	 at	 the	 core	 of	 the	 protein	 leads	 to	

conformational	 changes,	 allowing	 specific	 interactions	 with	 other	 protein	 partners.	

Globally,	 both	 light-	 dependent	 and	 -independent	 CRY,	 are	 involved	 in	 transcriptional	

regulation,	 respectively,	 by	 inhibiting	 transcriptional	 repressors	 or	 by	 inactivating	

transcription.		

Phylogenetic	relationships	in	the	CPF	family	helped	to	identify	five	major	super-	classes	

(sc)	which	do	not	necessarily	converge	functionally.	For	instance,	sc1	includes	(6-4)	PLs	

but	 also	 light-dependent	 animal	 CRYs	 and	 light-independent	 CRYs	 involved	 in	 the	

transcription/translation	 feedback	 loop	 of	 the	 circadian	 clock.	 Class	 I	 and	 III	 CPD	

photolyases	group	also	together	phylogenetically	with	proteins	with	different	functions	

such	as	 light	dependent	plant	photoreceptor	CRY	and	plant-	 like	photoreceptor	CRY	in	

sc3,	but	are	separate	from	class	II	CPD	photolyases	which	are	all	found	in	sc4.	The	last	two	

super-classes	(sc2	and	sc5)	include	all	CRY-DASH	(named	after	Drosophila,	Arabidopsis,	

Synechocystis,	Human)	and	the	proteobacterial	PL/CRYs	(Fortunato	et	al.	2015;	Ozturk	

2017).	 A	 surprising	 result	 from	 genome	 sequence	 analyses	 was	 that	 diatoms	 do	 not	

possess	canonical	plant	CRY	photoreceptors,	even	though	blue	light	is	preponderant	in	

the	ocean	and	CRY	regulate	so	many	physiological	processes	in	plants.	However,	further	

genomic	and	functional	investigations	in	diatoms	revealed	novel	CPF	variants,	including	

the	 animal-like	 CPF1	 and	 plant-like	 CRYs	 (CryP)	 (see	 below)	 and	 several	 DASH	 CRYs	

(Table	2).	The	biological	 function	of	Cry	DASH	 is	not	yet	clearly	defined	 in	diatoms	or	

indeed	 in	 other	 organisms,	 but	 several	 studies	 suggest	 that	 they	might	 have	 a	 single-

stranded	 DNA	 CPD	 PL	 activity,	 a	 signalling	 role,	 or	 be	 involved	 in	 the	 regulation	 of	

metabolism,	consistent	with	their	organellar	localization	(Kleine	et	al.	2003;	Froehlich	et	

al.	2010).		

Only	 two	diatom	CPFs	 have	 been	 characterized	 in	 detail	 to	 date:	 CPF1	 and	CryP	 of	 P.	

tricornutum	 (Fig.	 1b).	 Initially	 discovered	 in	 diatoms,	 these	 proteins	 are	 extensively	
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was	identified	as	a	blue	 light	regulator	of	 light	harvesting	proteins	directly	 involved	in	

photoprotection	 (LHCX)	 (Juhas	 et	 al.	 2014).	 However,	 subsequent	 analyses	 of	

transcriptional	responses	to	illumination	by	blue	light	after	prolonged	dark,	revealed	that	

gene	expression	was	already	deregulated	in	the	dark	in	CryP	knockdown	lines	compared	

to	wild	type	(König	et	al.	2017).	Therefore,	despite	the	presence	of	chromophores,	CryP	

may	not	be	a	major	blue	light	photoreceptor	but	rather	a	component	involved	in	the	global	

modulation	of	transcription,	requiring	other	blue	light	photoreceptors	to	signal	the	light	

responses.		

	

Rhodopsins	*	

These	 light-sensing	 integral	 membrane	 proteins	 found	 in	 Archaea,	 bacteria,	 and	

eukaryotes	share	a	topology	of	seven	transmembrane	alpha	helices	within	which	a	retinal	

chromophore	is	covalently	bound	(Ernst	et	al.	2014).	Rhodopsins	exhibit	a	wide	variety	

of	spectral	tuning	in	the	blue-green	part	of	the	spectrum	depending	on	the	nature	of	a	few	

influential	 amino	 acids	 interacting	 with	 the	 retinal	 (Man	 2003;	 Ernst	 et	 al.	 2014).	

Rhodopsins	function	as	light-driven	ion	pumps,	ion	channels,	or	light	sensors	(Grote	et	al.	

2014).	The	discovery	that	H+-pump	rhodopsin	converts	light	into	ATP	has	challenged	the	

assumed	monopoly	of	photosynthesis	as	a	phototrophy-enabling	mechanism	(Béjà	et	al.	

2001;	 Finkel	 et	 al.	 2013).	 Recently,	 a	 distinct	 group	 of	 microbial	 rhodopsins,	 the	

heliorhodopsins,	 has	 been	 identified	 after	 analysing	 environmental	 genomic	 samples	

(Pushkarev	et	al.	2018).	Heliorhodopsins	do	not	have	the	capacity	for	light-triggered	ion	

transport	but	they	do	have	a	long	photocycle,	suggesting	that	they	could	act	as	signalling	

photoreceptors	(Pushkarev	et	al.	2018).	H+-pump	rhodopsins	and	heliorhodopsins	are	

present	 in	 bacteria,	 Archaea,	 and	 algae	 and	 are	 highly	 represented	 in	 environmental	

genomic	data	(Pushkarev	et	al.	2018;	Coesel	et	al.	2021).		

Diatom	rhodopsin-like	sequences	falling	into	the	H+-pump	group,	based	on	conservation	

of	key	amino	acids	and	phylogeny,	were	first	identified	in	the	transcriptome	of	Pseudo-

nitzschia	granii	 (Marchetti	et	al.	2012),	 then	 in	 those	of	other	species	 (Marchetti	et	al.	

2015),	and	in	the	genome	of	F.	cylindrus	(Mock	et	al.	2017)	(Table	2).	Because	P.	granii	

rhodopsin-like	 transcripts	 are	 highly	 abundant	 in	 low	 iron	 conditions,	 it	 has	 been	
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hypothesized	 that	 this	 proteorhodopsin-like	 protein	 could	 be	 involved	 in	 energy	

production	under	conditions	of	iron	deficiency	that	affect	photosynthesis	(Marchetti	et	al.	

2012).	It	is	noteworthy	that	a	gene	homologous	to	heliorhodopsin	has	been	identified	in	

the	 genomes	 of	 P.	 tricornutum	 and	 other	 pennate	 diatoms,	 but	 not	 in	 centric	 ones	

(Pushkarev	 et	 al.	 2018)	 (Table	 2).	 G-protein-coupled	 receptor	 rhodopsin-like	 genes,	

homologs	of	receptors	that	transduce	a	wide	range	of	stimuli	including	light,	hormones,	

volatile	molecules,	glycoproteins,	nucleotides,	and	chemokines	in	eukaryotes	(Costanzi	et	

al.	2009),	have	also	been	identified	 in	various	diatom	genomes	(Port	et	al.	2013),	with	

evidence	 of	 expansion	 of	 this	 gene	 family	 in	 some	 species	 (Osuna-Cruz	 et	 al.	 2020).	

However,	 information	 about	 the	 spectral	 and	 functional	 properties	 of	 these	 and	other	

diatom	 rhodopsins	 is	 still	 lacking,	 so	 their	 function	 as	 light	 sensors	 remains	 to	 be	

established.		

PHYTOCHROMES	

Phytochromes	 are	 known	 for	 more	 than	 60	 years	 as	 master	 regulators	 of	 plant	

photomorphogenesis,	where	they	controls	germination,	de-etiolation,	shade	avoidance,	

stomatal	development,	entrainment	of	the	circadian	clock,	and	flowering	(non	exhaustive	

list!)	in	response	to	light	and	to	the	ratio	of	red	to	far-red	wavelengths	(Franklin	and	Quail,	

2010).	 These	 photoreceptors	 were	 subsequently	 found	 in	 other	 organisms,	

photosynthetic	or	not:	prokaryotes	such	as	cyanobacteria	and	anoxygenic	photosynthetic	

bacteria,	 but	 also	 non-photosynthetic	 bacteria;	 photosynthetic	 eukaryotes	 such	 as	

glaucophyta	 and	 prasinophyte	 (primary	 endosymbiosis)	 or	 cryptophytes	 and	

ochrophytes	 (secondary	 endosymbiosis),	 and	 heterotrophic	 eukaryotes	 such	 as	 Fungi	

(Rockwell	and	Lagarias,	2020).	Evolutionary,	phytochromes	are	thought	to	originate	from	

bacteria	 (Rockwell	 and	 Lagarias,	 2020),	 and	 transferred	 to	 eukaryotes	 at	 least	 twice	

independently.	 Indeed,	 phytochrome	 phylogenetic	 studies	 showed	 that	 plant	

phytochromes	 form	 a	 large	 and	 robust	 clade,	 sister	 to	 prasinophyte,	 glaucophyte	 and	

cryptophyte	phytochromes	(“Eukaryotic	phytochrome	type	1”	in	Fig	11)	while	Fungi	and	

Stramenopile	phytochromes	form	an	independent	clade	(“Eukaryotic	phytochrome	type	

2”	in	Fig	11).	Phytochromes	from	the	eukaryotic	type	1	clade	have	been	proposed	to	arise	

from	endosymbiotic	gene	transfer	from	cyanobacteria	(Kooß	and	Lamparter,	2017),	but	

other	 studies	 resolve	 cyanobacterial	 phytochrome	 as	 an	 independent	 clade	 within	
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proteobacterial	and	fungal	phytochromes	for	examples	(Bhoo	et	al.,	2001;	Karniol	et	al.,	

2005;	Blumenstein	et	al.,	2005)	or	more	reduced	bilins,	such	as	phytochromobilin	(plants)	

or	phycocyanobilin	(streptophyte	algae	and	cyanobacteria	(Rockwell	et	al.,	2014;	Hughes	

et	al.,	1999).	Heme	oxygenase	is	the	enzyme	necessary	to	produce	BV	from	heme,	while	

other	enzymes	(Bilin	Reductases)	are	required	to	produce	the	other	chromophores.	Light	

absorption	triggers	photoisomerization	of	the	bilin	around	a	double	bound,	from	E	to	Z	

conformation	or	vice	versa.	Phytochromes	exist	 in	two	states,	a	red	absorbing	form	Pr	

with	the	chromophore	in	the	Z	conformation	(in	canonical	plant	phytochromes),	and	a	

far-red	 absorbing	 form	 Pfr,	 bound	 to	 chromophore	 in	 E	 conformation(Rüdiger	 and	

Thümmler,	1994).	Absorption	of	red	(R)	light	light	by	Pr	will	trigger	the	Prà	Pfr	reaction,	

and	absorption	of	 far-red	(FR)	by	Pfr	will	 trigger	to	PfràPr	reaction	(Fig.	12A).	 In	the	

absence	of	light,	some	phytochromes	will	revert	to	its	most	stable	form:	this	is	called	the	

dark	 or	 thermal	 reversion	 (Mancinelli,	 1994).	 The	 dark	 state	 can	 be	 Pr	 (in	 canonical	

phytochromes)	 or	 Pfr	 (bathyphytochromes).	 The	 equilibrium	 between	 the	 two	 forms	

depends	on	the	 light	environment,	presence	and	binding	of	partners,	 temperature	and	

dark	reversion	rate.	In	addition,	phytochromes	work	as	dimers	in	vivo	(Klose	et	al.,	2015;	

Brockmann	et	al.,	1987)	

Plant	phytochromes	

Land	plant	possess	variable	copy	number	of	phytochrome	genes,	which	regulate	different	

aspects	of	morphogenesis	both	in	redundant	and	specific	manners	(Franklin	and	Quail,	

2010;	Legris	et	al.,	2019).	Seed	plants	possess	3	conserved	types	of	phytochromes:	PhyA,	

PhyB	and	PhyC.	In	the	model	plant	Arabidopsis	thaliana,	subsequent	duplication	of	PhyB	

gave	rise	to	PhyE,	found	in	all	Angiosperms,	and	PhyD,	which	is	specific	for	Brassicaceae	

(Mathews	and	McBreen,	2008).	Phytochrome	responses	were	 first	classified	as	Type	I,	

represented	by	PhyA	responses,	and	Type	II.	Type	I	responses	are	also	called	Very	Low	

Fluence	 Responses,	 and	 function	 as	 a	 light-	 but	 not	 wavelength-sensitive	 response	

(Shinomura	 et	 al.,	 1996).	 Indeed,	 PhyA	 rapidly	 converts	 from	 Pr	 to	 Pfr	 upon	 light	

illumination	 of	 any	 wavelength,	 but	 is	 very	 unstable	 and	 degraded;	 this	 response	 is	

irreversible.	PhyA	also	mediates	High	Irradiance	Responses,	which	require	long	exposure	

to	high	light	intensities.	Type	II	responses,	or	Low	Fluence	Responses,	are	the	classical	

phytochrome	responses:	they	are	induced	by	a	pulse	of	red	light,	show	R/FR	reversibility,	
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sensitivity	to	the	R/FR	ratio	and	follow	the	reciprocity	law,	i.e	the	amplitude	of	response	

observed	is	a	 function	of	the	total	amount	of	photon	received	(Time	of	exposure*Light	

intensity)	(Mancinelli,	1994).	In	addition,	the	rate	of	photoconversion	and	dark	reversion	

is	 affected	 by	 ambient	 temperature,	 and	 phytochromes	 are	 involved	 in	 temperature	

sensing	 in	 plants	 (Jung	 et	 al.,	 2016;	 Legris	 et	 al.,	 2016).	 Structural	 and	 biochemical	

differences	 (thermal	 reversion)	 could	 explain	 the	 differences	 between	 phytochrome	

responses	(Legris	et	al.,	2019;	Burgie	et	al.,	2021).	

Plant	phytochromes	bind	phytochromoblin	as	chromophore	with	a	cysteine	in	their	GAF	

domain,	and	their	output	module	is	composed	of	2	PAS	domains	and	a	Histidine-Kinase	

Related	domain	(HRKD)	(Fig.	12B).	Upon	light	exposure,	phytochrome	is	shuttled	to	the	

nucleus	 and	 interacts	 with	 Phytochrome	 Interacting	 Factors	 (PIF),	 which	 are	 bHLH	

transcription	 factors.	 PIF	 will	 be	 phosphorylated,	 ubiquitinated	 and	 addressed	 to	 the	

proteasome	for	degradation	(See	Fig.	12	for	more	details	on	the	phytochrome	signaling	

cascade	 in	 plants).	 Whether	 all	 the	 phytochrome	 HRKD	 has	 a	 serine/threonine	

phosphorylation	activity	is	debated	(Boylan	and	Quail,	1996;	Shin	et	al.,	2016;	Ni	et	al.,	

2017;	Li	et	al.,	2022).	
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B.	In	bacteria,	phytochromes	such	as	RpBphP4	function	as	two-component	systems,	and	will	phosphorylate	

a	response	regulator	domain	(left).	However,	it	has	been	shown	recently	that	some	phytochromes	can	work	

as	 phophatase	 (Deinococcus	 radiodurans	 DraBphP,	 middle)	 (Multamäki	 et	 al.,	 2021).	 Other	

bacteriophytochromes	possess	a	REC	domain	fused	at	their	C-terminal,	suggesting	that	the	signalisation	

cascade	thus	requires	an	additional	phosphorelay	(Hpt	protein,	right).	C.	 In	Fungi,	 the	signaling	cascade	

seem	to	begin	as	a	two	component	system.	In	the	dark	YdpA,	an	Hpt	protein,	is	phosphorylated	and	keeps	

Sska	(REC)	inactive.	Upon	illumination,	YpdA	dephosphorylates	(YpdA	interacts	with	FphA,	but	the	light-

dependency	is	unknown).	SskA	will	interact	with	SskB,	the	first	component	of	a	MAPKinase	cascade,	which	

ends	 with	 the	 phosphorylation	 of	 SakA.	 SakA	 will	 be	 shuttled	 to	 the	 nucleus,	 where	 it	 will	 activates	

transcription	factors	(AtfA).	FphA	has	also	been	shown	to	interact	with	LreB	and	VeA	which	are	invlovled	

in	blue-light	signalling,	and	to	have	an	impact	on	histone	acetylation,	potentially	regulating	gene	expression.	

Bacterial	phytochromes	

Bacterial	phytochromes	show	variations	both	in	the	PCM	and	in	the	OM	(Auldridge	and	

Forest,	2011)	(Fig.	11).	Most	bacterial	phytochromes	have	the	PAS-GAF-PHY	architecture,	

but	some	lack	the	PAS,	like	Cph2	from	the	cyanobacteria	Synechocystis,	and	others	only	

have	 the	GAF	domain	 (Cyanobacteriochromes,	CBCR)	 (Fig	12).	Bacteria	phytochromes	

use	biliverdin	as	a	chromophore,	bound	at	the	N-terminal	extremity	(Bhoo	et	al.,	2001),	

while	 cyanobacteria	 phytochromes	 and	 CBCR	 use	 phycocyanobilin	 bound	 to	 the	 GAF	

domain	(Yeh	et	al.,	1997;	Hughes	et	al.,	1997).	Additional	variation	of	the	PCM	includes	

the	presence	of	a	PYP	(Photoactive	Yellow	Protein)	upstream	of	the	PCM;	this	additional	

domain	 binds	 another	 chromophore	 (p-hydrocinnamic	 acid)	 and	 absorbs	 blue	 light,	

conferring	new	 light-sensing	properties	 to	 these	 chimeric	 photoreceptors.	 The	Output	

module	 is	 a	 typical	 two-component	 system	 domain,	 with	 histidine	 kinase	 eventually	

followed	 by	 a	 response	 regulator	 domain.	 This	 system	 is	 a	 phosphorelay-signaling	

cascade,	with	ATP-dependent	phosphorylation	of	a	Histidine	residue	in	the	HK	domain;	

the	 phosphate	 group	 is	 then	 transferred	 to	 an	 aspartate	 in	 a	 response	 regulator	 (RR)	

protein	(Yeh	et	al.,	1997;	Giraud	et	al.,	2005)	(Fig.	12).	Phosphorylation	of	the	RR	affects	

its	 activity	 (usually,	 DNA	 binding	 and	 transcription	 regulation).	 Bacteriophytochrome	

genes	are	often	part	of	operon	containing	also	heme	oxygenase	for	BV	production	and	

response	regulator	genes,	and	sometimes	also	the	phytochromes-regulated	(Bhoo	et	al.,	

2001;	Giraud	et	al.,	2002;	Lamparter	et	al.,	2002).	Other	output	architecture	exists,	but	

their	signaling	mechanisms	have	not	been	elucidated.	
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Different	 aspects	 of	 bacterial	 physiology	 can	 be	 regulated	 by	 phytochromes.	 In	

cyanobacteria,	 one	 major	 response	 is	 complementary	 chromatic	 adaptation	 (CCA)	

(reviewed	 in	Wiltbank	 and	 Kehoe,	 2019).	 CCA	 is	 the	 process	 by	which	 cyanobacteria	

remodel	 their	 light	 harvesting	 machinery	 (phycobilisomes)	 to	 optimize	 their	 light	

harvesting	capacity	according	to	the	incoming	light	quality	(Grossman,	2003).	Different	

types	of	CCA	exist,	regulated	by	CBCR	(	Kehoe	and	Grossman,	1996).	CBCR	can	have	very	

different	absorption	spectra,	enabling	the	detection	of	green,	teal,	yellow	and	red	light	for	

example	 (Wiltbank	 and	 Kehoe,	 2019).	 A	 special	 case	 of	 CCA,	 far-red	 light	

photoacclimation,	 is	 regulated	 by	 a	 phytochrome	with	 red/far-red	 absorption	 spectra	

(Gan	et	al.,	2014;	Gan	and	Bryant,	2015).	

Anoxygenic	 photosynthetic	 bacteria	 also	 use	 phytochrome	 to	 regulate	 their	

photosynthetic	apparatus	(Giraud	et	al.,	2002;	Giraud	et	al.,	2005;	Jaubert	et	al.,	2007).	

Phytochromes	 control	 both	 photosystem	 and	 light	 harvesting	 complexes	 synthesis,	 in	

response	to	far-red	light	in	Rhodopseudomonas	palustris	and	Bradyrhizobium	sp.	In	some	

Rps.	 palustris	 strains,	 some	 phytochromes	 have	 lost	 their	 light-sensing	 abilities,	 but	

mediate	the	response	to	redox	conditions	(Vuillet	et	al.,	2007).	

In	non-photosynthetic	bacteria,	the	physiological	role	of	phytochromes	is	less	known.	In	

Agrobacterium	fabrum,	recent	studies	showed	that	2	phytochromes	(Agp1	and	Agp2)	are	

involved	in	the	control	of	conjugation	and	plant	infection	(Bai	et	al.,	2016;	Xue	et	al.,	2021).	

In	the	non-photosynthetic	bacteria	Deinococcus	radiodurans,	phytochrome	regulates	the	

synthesis	of	carotenoid	pigment	that	protects	the	bacteria	during	growth	under	high	light	

(Davis	 et	 al.,	 1999).	 Recently,	 bacteriophytochrome	 from	 a	 deep-sea	 bacterium	

Croceicoccus	 marinus	 was	 proposed	 to	 promote	 growth	 in	 infra-red	 (940nm)	 by	

modulating	the	cell’s	metabolism	(Liu	et	al.,	2021).	

Fungal	phytochromes	

Phytochromes	 seem	 to	 be	 widespread	 in	 Fungi,	 at	 least	 in	 Ascomycota	 (Schumacher,	

2017).	 Their	 structure	 is	 close	 to	 Bacteriophytchromes	 (Fig.	 12B),	 but	with	 a	 long	N-

terminus	extension,	and	they	bind	biliverdin	as	chromophore.	 In	the	model	Aspergillus	

nidulans,	 the	 phytochrome	 FphA	 has	 a	 red/far-red	 absorption	 spectra	 and	 represses	
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sexual	reproduction	in	red	light	(Blumenstein	et	al.,	2005).	It	is	localized	in	the	cytoplasm	

and	 signals	 through	 interaction	 with	 the	 phosphotransfer	 protein	 YdpA,	 as	 a	 two-

component	phosphorylation	relay,	followed	by	the	HOG	(high	osmolarity	glycerol)	MAP	

kinase	cascade	and	activation	of	transcription	factors	(Yu	et	al.,	2016)	(Fig.	12C).	FphA	

also	interacts	with	blue-light	photoreceptors	and	with	chromatin	modification	complexes	

(Purschwitz	et	al.,	2009;	Hedtke	et	al.,	2015).	Recombinant	FphA	shows	no	dark	reversion	

in	vitro	 (Consiglieri	et	al.,	2019),	but	 it	was	suggested	 that	FphA	 is	also	a	 temperature	

sensor	in	Fungi	(Yu	et	al.,	2019).	

Algal	phytochromes	

Phytochromes	 have	 been	 found	 in	 many	 marine	 algae,	 and	 their	 characterization	 is	

gaining	interest	in	recent	years	(Duanmu	et	al.,	2014;	Rockwell	et	al.,	2014).	Duanmu	et	

al.	 (2014)	showed	that	phytochrome	from	the	green	algae	Micromonas	pusilla	 (marine	

prasinophyte)	 is	 shuttled	 to	 the	nucleus	during	 the	 light	period,	 suggesting	 conserved	

mechanism	with	 land	 plant	 phytochromes.	 However,	 this	 phytochrome	 exhibits	 light-

induced	 auto-phosphorylation	 activity	 (probably	 histidine	 kinase).	 This	 phytochrome	

and	other	prasinophyte	phytochromes	(Dolichomastix	tenuilepis,	Tetraselmis	astigmatica,	

N	pyriformis,	Prasinoderma	coloniale)	bind	phycocyanobilin	and	show	variation	of	their	

absorption	spectra,	from	red/far-red	(648/734nm,	T.astigmatica)	to	absorption	spectra	

shifted	towards	shorter	wavelength,	i.e.,	orange/far-red	(586-614/690-718	nm)	(Fig.	13)	

(Rockwell	 et	 al.,	 2014).	 This	 shift	 towards	 shorter	 wavelength	 is	 supposed	 to	 be	 an	

adaptation	 of	 phytochrome	 absorption	 spectra	 towards	 light	 abundant	 in	 the	 aquatic	

environment,	i.e.	spectral	tuning	(fig	13).	Other	algal	phytochromes	have	been	spectrally	

characterized:	 2	 phytochromes	 from	 glaucophytes,	 showing	 peculiar	 absorption	

properties	 and	 photocycle	 with	 blue/red	 absorption	 shifts;	 Ectocarpus	 siliculosus	

phytochrome	 1	 (brown	 algae),	 which	 binds	 phytochromobilin	 and	 has	 a	 red/green	

photocycle.	These	variations	in	absorption	spectra	are	once	again	discussed	in	the	scope	

of	 spectral	 tuning,	 considering	 that	 phytochromes	 in	 aquatic	 environments	 are	 tuned	

towards	blue	and	green	wavelengths	(Fig.	13)	(Rockwell	et	al.,	2014))	
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unknown.	In	vitro	both	Pt	and	Tp	DPH	show	no	dark	reversion,	but	PtDPH	has	been	shown	

to	auto-phosphorylate	in	response	to	FR	light,	suggesting	a	phosphorylation	cascade	as	in	

two-component	 systems.	 No	 homologs	 of	 PIFs	 have	 been	 found	 in	 diatom	 genomes,	

suggesting	different	phytochrome	signalization	pathway.	

Hypotheses	have	been	made	concerning	the	light	that	could	be	perceived	by	DPH	in	the	

marine	environment	(Fortunato	et	al.,	2016).	DPH	could	sense	direct	solar	R	and	FR	light,	

but	this	would	be	limited	to	the	first	meters	of	the	water	column,	which	leads	to	the	idea	

that	DPH	could	be	a	surface	sensor.	Alternatively,	DPH	could	sense	R	and	FR	photons	from	

fluorescence	of	photosynthetic	organisms;	in	that	case,	DPH	could	perceive	changes	in	its	

own	 chloroplast	 photosynthetic	 activity,	 or	 light	 from	 surrounding	 photosynthetic	

organisms.	This	could	bring	 information	on	cell	density	 in	an	algal	bloom	for	example.	

However,	 it	was	 underlined	 that	 below	 the	 first	meters	 the	 R/FR	 light	 ratio	 is	 rather	

constant	 in	 the	marine	 environment,	 and	 thus	 DPH	 activity	 is	 probably	 not	 based	 on	

sensing	this	waveband	ratio.	

	

MODEL	SPECIES	AND	GENETIC	TOOLS	

	

THE	 GROWING	 NUMBER	 OF	 DIATOM	 GENOMES,	 TRANSCRIPTOMES	 AND	

META-DATA	

The	 first	 diatom	 genome	 to	 be	 sequenced	was	 the	 one	 from	 the	 cosmopolitan	 centric	

diatom	T.	pseudonana	(Armbrust	et	al.,	2004).	Whole-genome	sequence	of	a	second	model	

diatom,	 P.	 tricornutum	 soon	 followed	 (Bowler	 et	 al.,	 2008).	 These	 species	 were	 also	

chosen	 because	 they	were	 amenable	 to	 genetic	 transformation	 and	 show	 fast	 growth	

under	laboratory	conditions.	Both	their	genomes	are	relatively	small	(32.1	and	27.4	Mb	

for	T.	pseudonana	and	P.	tricornutum,	respectively)	with	11776	and	12177	coding	genes,	

respectively.	 Some	 peculiarities	 of	 diatoms	 already	 arose	 from	 the	 analysis	 of	 their	

genomes:	the	presence	of	red	and	green	algal	genes,	an	 important	number	of	bacterial	

genes	 from	horizontal	 gene	 transfer,	 in	 addition	 to	 species-specific	 genes.	Even	 today,	
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unpublished	but	available	at	 the	end	of	 this	manuscript).	 In	another	project,	PhaeoNet	

integrated	Pt	RNASeq	data	to	provide	co-expression	analyses	(Ait-Mohamed	et	al.,	2020).	

Comparative	 genomics	 platform	 PLAZA	 Diatom	 is	 available	 to	 compare	 gene	 families	

across	diatom	genomes	(Osuna-Cruz	et	al.,	2020).		

Table	2	Sequenced	genomes	of	pennate	diatoms	

Pennate	species	 Reference	and	interest	

Phaeodactylum	tricorntutum	
(Bowler	et	al.,	2008),	first	pennate	genome;	model	

species	

Pseudo-nitzschia	multiseries	 harmful	algal	blooms	

Pseudo-nitzschia	multistriata	 (Basu	et	al.,	2017),	sexual	reproduction	

Fragilariopsis	cylindrus	 (Mock	et	al.,	2017),	adaptation	of	polar	regions	

Fistulifera	solaris	 (Tanaka	et	al.,	2015),	biofuel	production	

Seminavis	robusta	 (Osuna-Cruz	et	al.,	2020),	first	benthic	diatom	

Synedra	acus	(Fragilaria	

radians)	

(Galachyants	et	al.,	2015),	araphid	pennate,	

freshwater	

Nitzschia	inconspicua	
(Oliver	et	al.,	2021),	biofuels	and	bioproducts;	

suitable	for	large	scale	aquaculture	

Amphora	coffeaeformis,	

Cylindrotheca	fusiformis,	

Halamphora,	sp	(2	strains),	

Navicula	incerta,	Navicula	

pelliculosa	

(Nelson	et	al.,	2021),	large	sequencing	project	to	get	

insights	from	diverse	microalgae,	with	a	focus	on	the	

role	of	viruses	in	algal	evolution	

Haslea	ostrearia	
(Gabed	et	al.,	2022)	Unique	marenine	pigment	

production,	epiphytic	diatom	

Genomic	data	are	growing,	but	transcriptome	resources	are	still	the	reference	for	many	

diatom	species.	The	MMETSP	 (Marine	Microbial	Eukaryote	Transcriptome	Sequencing	

Project)	gathered	data	from	411	microalgal	strains	including	92	diatoms	(Keeling	et	al.,	

2014).	This	valuable	resource	was	re-assembled	three	times	(Johnson	et	al.,	2019;	Guita	

Niang	et	al.,	2020;	Van	Vlierberghe	et	al.,	2021)	to	produce	robust	and	clean	(from	bacteria	

contamination	notably)	references	with	the	latest	bioinformatics	tools.	



53	

	

Lately,	 a	 new	 type	 of	 genetic	 data	 arose:	 environmental	 genomics.	 The	 massive	

sequencing	 of	 complete	 communities	 allowed	 the	 assembly	 of	 expressed	 transcripts	

forming	atlas	of	expressed	genes,	and	metagenomes-assembled	genomes	and	sequencing	

of	single	cells	allowed	the	assembly	of	genomes	of	uncultured	organisms.	However,	the	

annotation	and	use	of	these	data	depends	on	our	understanding	of	lab	strains	(ie	genomes	

and	 MMETSP	 transcriptomes).	 The	 main	 contributions	 to	 these	 types	 of	 data	 (for	

eukaryotes)	 are	 the	 Tara	 expeditions:	Tara	 Oceans	 and	Tara	 Oceans	 Arctic	 circle,	 for	

which	data	are	already	available	(Carradec	et	al.,	2018;	Seeleuthner	et	al.,	2018;	Delmont	

et	al.,	2020);	data	from	other	expeditions	(Pacific	Ocean,	Mediterranean	Sea)	are	on	their	

way.	Sampling	was	performed	with	a	repetitive	protocol	that	allows	sample	comparison,	

and	a	 lot	of	other	data	are	available	 (HPLC,	physico-chemical	parameters	of	 the	water	

column	 (optics,	 nutrient,	 carbon	 chemistry)	 to	 link	 genetics	 data	 to	 environmental	

conditions.	Another	project	recently	made	public	is	the	Sea	of	Change	project	(Martin	et	

al.,	2021).	

MOLECULAR	MODEL	SPECIES	

As	the	first	diatoms	whose	genome	was	sequenced,	T.	pseudonana	and	P.	tricornutum	are	

the	most	 studied	diatoms	 in	molecular	 studies.	Both	 species	are	 small	 (10µm)	marine	

diatoms,	 isolated	 from	 coastal	waters,	 close	 to	 estuaries.	 Some	 studies	 suggest	 that	T.	

pseudonana	 is	 in	 fact	 a	 freshwater	 species	 that	 re-colonized	 marine	 environments	

(Alverson	et	al.,	2011).	In	the	ocean,	the	Thalassiossira	genera	is	one	of	the	most	abundant	

diatom	genera	(Malviya	et	al.,	2016).	P.	tricornutum	is	not	an	abundant	species	in	the	open	

ocean,	but	several	strains	were	isolated	from	coasts	around	the	world	(De	Martino	et	al.,	

2007),	 suggesting	 a	 widespread	 distribution.	 This	 species	 has	 the	 unique	 feature	 of	

existing	3	distinct	morphotypes,	oval,	elongated	and	triradiate,	and	is	able	to	shift	from	

one	morphotype	to	the	other	depending	on	the	strain	and	the	environmental	conditions.	

P.tricornutum	 is	 though	 be	 a	 benthic	 diatom	 in	 its	 oval	 form,	 and	 planktonic	 in	 its	

triradiate	and	elongated	forms.	Contrary	to	other	diatoms,	P.	tricornutum	does	not	have	a	

strict	 requirement	 for	 silica	 and	 its	 cell	 wall	 is	 only	 poorly	 silicified.	 Sequencing	 of	

ecotypes	 in	both	T.	pseudonana	and	P.	 tricornutum	 (Koester	et	al.,	2007;	Rastogi	et	al.,	

2019)	 unveiled	 their	 dominant	 reproduction	 mechanisms	 (sexual	 for	 T.	 pseudonana,	
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asexual	 for	 P.	 tricornutum)	 through	 population	 genetics,	 and	 allow	 the	 study	 of	 gene	

polymorphisms,	eventually	linked	to	adaptation	to	specific	environmental	conditions.	

	

GENETIC	ENGINEERING		

Genetic	 transformation	 has	 been	 set	 up	 for	 the	 model	 species	 T.	 pseudonana	 and	 P.	

tricornutum	(Apt	et	al.,	1996;	Falciatore	et	al.,	1999;	Poulsen	et	al.,	2006),	and	also	 for	

other	sequenced	diatom	species	(Moosburner	et	al.,	2022).	The	first	successful	method	to	

transform	diatom	was	by	biolistic	transformation,	with	the	delivery	of	a	DNA	vector	on	

gold	or	 tungsten	beads.	The	 insertion	of	 the	vector	 into	diatom	genomes	 is	 stable	but	

random,	 and	 often	 in	 multiple	 copies,	 and	 this	 can	 lead	 to	 the	 random	 disruption	 of	

nuclear	genes	and	variable	levels	of	expression	of	the	transgene	(George	et	al.,	2020).	DNA	

can	also	be	introduced	by	electroporation	(Falciatore	et	al.,	2020).	

Lately,	 the	 use	 of	 a	 yeast	 derived	 sequence	 allowed	 the	 design	 of	 an	 episome	 for	 the	

delivery	of	genetic	material	by	bacterial	conjugation	(Karas	et	al.,	2015).	In	most	of	the	

cases,	the	plasmid	is	not	integrated	into	the	genome	but	maintained	as	an	episome.	Some	

variations	 of	 expression	 within	 a	 clone	 are	 observed,	 but	 expression	 is	 comparable	

between	clones	(George	et	al.,	2020).	Antibiotic	selection	has	to	be	maintained	to	keep	the	

episome,	and	without	selection,	the	episome	is	loss.	As	consequence,	this	method	can	be	

used	 for	 transient	 expression	 of	 deleterious	 transgenes	 and	 a	 more	 homogenous	

expression	between	independent	transgenic	lines.	

First	modulations	of	gene	in	diatoms	by	reverse	genetic	approaches	were	done	in	diatoms	

by	 gene	 overexpression.	 Several	 plasmids	were	 designed	with	 different	 promoters	 to	

allow	high	expression	of	the	transgene	in	the	cell	(reviewed	in	(Falciatore	et	al.,	2020).	

Down	 regulation	 of	 a	 gene	was	 also	 achieved	 by	 gene	 silencing	 (De	 Riso	 et	 al.,	 2009;	

Shrestha	 and	 Hildebrand,	 2015).	 However,	 gene	 silencing	 is	 not	 fully	 controlled	 in	

diatoms	 and	 does	 not	 always	 determine	 clear	 reduction	 of	 expression	 of	 the	 targeted	

genes	(De	Riso	et	al.,	2009;	Shrestha	and	Hildebrand,	2015).	Genome	editing	techniques	

were	 recently	 developed,	 first	 with	 TALEN	 (Transcription	 activation	 Like	 Effector	

Nuclease)(Daboussi	 et	 al.,	 2014),	 and	 more	 recently	 with	 the	 CRISPR–Cas9	 method	
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(Hopes	et	al.,	2016;	Nymark	et	al.,	2016).	Genome	editing	is	achieved	by	introducing	in	

diatom	a	vector	containing	the	Cas9-coding	gene	and	guide	RNA	genes,	that	have	to	be	

expressed	 in	 the	 cell,	 either	 by	 biolistic	 transformation	 and	 vector	 integration	 or	 as	

episome	(Hopes	et	al.,	2016;	Nymark	et	al.,	2016;	Sharma	et	al.,	2018).	The	Cas9	can	also	

be	 directly	 delivered	 as	 ribonucleoproteins	 and	 introduced	 into	 the	 cell	 by	 biolistics,	

resulting	in	DNA-free	edition	of	the	genome	(Serif	et	al.,	2018).	

Finally,	plastid	transformation	has	been	reported	in	P.	tricornutum	(Materna	et	al.,	2009;	

Xie	et	al.,	2014),	which	should	enable	the	study	of	chloroplast-encoded	genes.	

	

OBJECTIVE	OF	THE	THESIS	

Light	 regulates	 different	 aspects	 of	 diatom	 life.	 Accordingly,	 diatoms	possess	 different	

photoreceptors	 that	 are	 involved	 in	 light	 regulation,	 including	 a	 plethora	 of	 blue	 light	

photoreceptors,	 but	 also	 red/far	 red	 light	 photoreceptors,	 the	 diatom	 phytochromes	

(DPH).		

At	the	time	I	joined	this	project,	new	information	on	some	photoreceptors	identified	in	

the	genomes	of	some	diatom	species	began	to	emerge	(Jaubert	et	al.,	2017).	Particularly,	

the	discovery	of	a	red	and	far-red	light	photoreceptor	in	diatom	model	species,	using	far-

red	light	as	an	active	signal,	was	particularly	surprising,	as	aquatic	environments	are	less	

transparent	than	the	atmosphere	to	these	radiations	(Fortunato	et	al.,	2016).	However,	a	

complete	information	on	the	full	possible	photoreceptors	repertoire	in	diatoms	was	still	

lacking,	which	seemed	particularly	relevant	given	the	enormous	diversity	of	diatoms	and	

their	complex	evolution.	Therefore	during	my	PhD	training,	I	addressed	several	questions,	

and	their	results	are	described	in	different	chapters	of	this	thesis:	

What	is	the	repertoire	of	diatom	(and	more	largely	Ochrophyta)	photoreceptors?	Can	we	

link	 this	 repertoire	 to	 the	 algae	 environment?	What	 is	 the	 evolutionary	 origin	 of	 these	

photoreceptors,	considering	the	complex	history	of	Ochrophyta?	And	more	specifically,	what	

is	the	origin	of	diatom	phytochromes?	
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In	 chapter	 1,	 to	 draft	 an	 answer	 to	 these	 questions,	 I	 gathered	 data	 from	Ochrophyta	

genomes	and	transcriptomes	and	started	looking	for	known	photoreceptor	domains.	The	

resulting	 data	 showed	 that	 some	 photoreceptor	 types	 are	 conserved	 in	 Ochrophyta	

(aureochromes,	 a	 group	 of	 stramenopile-specific	 LOV-based	 sensors,	 and	

cryptochromes),	 while	 others	 are	 restricted	 to	 some	 algal	 groups	 only.	 Diatoms	 in	

particular	show	a	duplication	of	several	cryptochrome-like	proteins,	some	of	which	might	

be	new	photosensors.	Phytochromes	and	rhodopsins	probably	evolved	from	horizontal	

gene	transfer,	possibly	through	viral	infection.		Although	the	evolutionary	origin	of	diatom	

photoreceptors	 has	 not	 been	 resolved	 yet,	 this	 study	 has	 provided	 comprehensive	

information	 on	 the	 photoreceptor	 repertoire	 in	 Ochrophyta,	 which	 is	 the	 subject	 of	 a	

manuscript,	in	preparation.			

Still	very	little	is	known	about	phytochrome	action	in	diatoms.	To	gain	insights	into	the	

physiological	function	of	DPH	and	its	relevance	for	diatom	life	in	the	oceans,	I	addressed	

in	the	second	chapter	the	following	question:	

What	is	the	light	phytochrome	responds	to	in	the	marine	environment	known	to	lack	red	and	

far-red	lights?	Do	different	phytochromes	of	different	diatom	species	have	the	same	spectral	

properties?	Where	the	diatom	containing	phytochrome	 lives?	What	 is	 the	contribution	of	

phytochrome	to	the	diatom	life?			

In	Chapter	2,	I	combined	studies	in	the	lab	to	establish	the	in	vivo	action	spectra	of	DPH	in	

Phaeodactylum	 tricornutum	 to	 projection	 of	 DPH	 activity	 in	 modeled	 and	 measured	

marine	light	fields.	This	showed	that	blue	light	is	the	prominent	waveband	favoring	DPH	

activation	 in	 the	 marine	 environment,	 and	 red,	 as	 well	 as	 green	 lights,	 act	 mostly	 in	

reverting	blue	 light	 activation.	 I	 confirmed	 the	presence	 of	DPH	 in	 the	 open	ocean	by	

taking	advantage	of	the	Tara	oceans	data	(Carradec	et	al.,	2018),	and	by	characterizing	

novel	DPH	from	different	species	and	environmental	sequences,	I	showed	these	DPH	are	

mostly	 from	 centric	 diatoms	 and	 are	 shared	 very	 conserved	 light-sensing	 properties.		

Overall,	these	results	provide	completely	novel	insights	both	for	DPH	functioning	and	its	

putative	 role	 in	marine	diatoms.	We	hope	 to	publish	 these	 results	 very	 soon	after	 the	

defense.	



57	

	

As	 this	 study	 showed	 the	quasi-absence	of	pennate	diatom	phytochromes	 in	 the	open	

ocean,	we	considered	the	possibility	that	DPH	presence	in	pennate	diatom	is	associated	

to	the	distribution	of	some	of	these	species	in	the	benthic	environment.			

Is	there	a	link	between	DPH	and	the	light	field	in	benthic	environments?	

As	noticed	in	chapter	1,	many	pennate	diatoms	have	several	copies	of	DPH	genes	and	are	

mostly	 benthic.	 I	 therefore	 also	 explored	 the	 photosensing	 properties	 of	 the	 DPH	

homologs	in	the	benthic	diatom	Amphora	coffeaeformis.	I	successfully	cloned	3	of	these	

DPHs	and	showed	that	they	all	possess	a	red-far	red	light	spectra	but	with	variations	of	

the	absorption	maxima	and	of	the	photocycle.	To	get	insights	into	the	function	of	these	

DPH,	 we	 explored	 the	 response	 of	 P.tricornutum	 and	 other	 pennate	 diatoms	 to	 red-

enriched	light	field	like	the	ones	occurring	in	sediments,	and	showed	the	involvement	of	

DPH	in	acclimation	to	red	light.	

Finally,	as	underlined	in	this	introduction,	knowledge	on	the	DPH	transduction	cascade	is	

missing,	and	the	integration	of	this	bacteriophytochrome	in	a	eukaryote	is	a	puzzle.	In	the	

last	chapter,	I	addressed	the	following	question:	

Who	are	the	actors	of	the	different	DPH	signaling	steps?	

I	started	the	in	vitro	characterization	of	P.tricornutum	chromophore-producing	enzymes,	

i.e	heme	oxygenase	and	putative	biliverdin	reductases.	I	also	addressed	the	question	of	

DPH	localization	in	vivo,	and	identify	the	first	component	of	its	signaling	cascade	by	Yeast	

Two	Hybrid.	We	noticed	that	other	factors,	such	as	cell	density	in	the	culture	and	agitation,	

also	regulate	DPH-regulated	genes,	suggesting	that	these	genes	are	the	targets	of	signaling	

networks	integrating	several	environmental	cues.	

I	 will	 discuss	 the	 results	 obtained	 in	 these	 different	 chapters	 as	 a	 whole	 in	 a	 final	

conclusion.	
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CHAPTER	1:	PHOTORECEPTORS	
REPERTOIRE	AND	DISTRIBUTION	IN	
OCHROPHYTA	
	

Carole	Duchêne,	Jean-Pierre	Bouly,	Angela	Falciatore,	Marianne	Jaubert	

CNRS,	Sorbonne	Université,	Institut	de	Biologie	Physico-Chimique,	Laboratoire	de	Biologie	du	chloroplaste	

et	perception	de	la	lumière	chez	les	microalgues,	UMR7141,	F-75005	Paris,	France	

	

	

With	 the	 rapidly	 increasing	 genomic	 resources	 for	 diatoms	 (genomes	 and	

transcriptomes),	 it	 was	 timely	 to	 systematically	mine	 for	 their	 photoreceptor	 content	

using	the	different	characteristic	domains	of	these	proteins.		

Some	 very	 basic	 questions	 can	 be	 asked,	 such	 as	 inventorying	 the	 different	 known	

photoreceptors	types	that	are	found	in	this	eukaryotic	branch.	As	this	has	only	little	been	

addressed,	we	expect	to	find	new	photoreceptors.	Expending	more	widely	this	analysis	to	

the	Ochrophytes	allowed	to	determine	what	part	of	this	repertoire	is	specific	to	diatoms,	

or	specific	to	some	other	ochrophyte	lineages,	and	what	is	shared	among	Ochrophyta.	As	

light	fields	can	be	highly	different	in	aquatic	environments,	it	would	be	interesting,	when	

possible,	 to	 link	 the	 photoreceptor	 repertoire	 of	 an	 algal	 group	 to	 its	 ecological	 niche	

(oceanic,	freshwater,	brackish),	as	well	as	their	lifestyle	(planktonic,	benthic)	or	trophic	

characteristics	(obligate	phototroph,	mixotroph,	heterotroph).		
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My	 contribution	 to	 this	 study	 consisted	 in	 gathering	 the	 available	 genomes	 and	

transcritpomes	 sequences,	 performing	 HMM	 search	 to	 look	 for	 photoreceptors	 light-

sensing	domains,	and	Sequence	Similarity	Networks.	I	performed	simple	phylogenies,	to	

approach	the	question	of	the	evolutionary	origins	of	the	different	photoreceptors.	When	

needed,	I	ran	additional	analyses,	except	the	homology	modelling.		

	 	

	 	

	

Manuscript	in	preparation	
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PHOTORECEPTORS	 REPERTOIRE	 AND	
DISTRIBUTION	IN	OCHROPHYTA	
	

Carole	Duchêne,	Jean-Pierre	Bouly,	Angela	Falciatore,	Marianne	Jaubert	

CNRS,	Sorbonne	Université,	Institut	de	Biologie	Physico-Chimique,	Laboratoire	de	Biologie	du	chloroplaste	

et	perception	de	la	lumière	chez	les	microalgues,	UMR7141,	F-75005	Paris,	Franc	

	

ABSTRACT	

Ochrophyta	 are	 a	 diverse	 class	 of	 photosynthetic	 eukaryotic	 algae	 resulting	 from	

secondary	 endosymbiosis	 and	 including	 ecologically	 important	 groups,	 such	 as	 the	

unicellular	diatoms	and	the	multicellular	brown	algae.	Light	regulates	many	aspects	of	the	

life	of	 these	organisms,	 likely	 through	photoreceptor-mediated	signalling	mechanisms.	

Photoreceptor	proteins	have	been	identified	in	the	genomes	of	model	microalgal	species,	

but	 the	 amount	 of	 genomic	 and	 transcriptomic	 data	 from	 marine	 phytoplankton	

organisms	is	rapidly	increasing,	allowing	a	more	complete	exploration	of	their	occurrence	

and	possible	diversification.	Using	a	large	genome	and	transcriptome	dataset,	we	provide	

here	a	detailed	repertoire	of	the	different	photoreceptors	classes	of	Ochrophyta:	the	light-

oxygen-voltage	(LOV)-based	sensors,	cryptochromes,	rhodopsins	and	phytochromes.	We	

show	 different	 distribution	 patterns,	 with	 some	 photoreceptors	 conserved	 across	

Ochrophyta	 (aureochromes,	 a	 new	 group	 of	 LOV	 photosensing	 protein	 or	 some	

cryptochrome/photolyase	 family	 members),	 but	 also	 families	 specific	 to	 some	 algal	

groups	 (some	 LOV-based	 photoreceptors,	 diatom-specific	 duplication	 of	

cryptochrome/photolyase	 family	 members),	 while	 other	 photoreceptors	 are	 sparsely	

distributed	 in	 Ochrophyta	 (phytochrome	 and	 rhodopsin),	 likely	 the	 result	 of	 various	

horizontal	gene	transfer	events.	Hence,	it	appears	that	Ochrophyta	have	evolved	different	

sets	of	photoreceptors,	most	likely	contributing	to	their	adaptation	to	specific	ecological	

niches.	
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INTRODUCTION	
	

Light	 is	 essential	 for	 life	 on	 Earth,	 both	 as	 a	 primary	 source	 of	 energy	 for	

phototrophs,	but	also	as	a	source	of	 information	for	most	organisms,	shaping	different	

aspects	of	their	physiology	and	life	cycle.	Accordingly,	organisms	have	evolved	biological	

mechanisms	to	perceive	and	respond	to	light	(in	colors	and	intensity)	that	suit	different	

ecological	 niches	 (Björn,	 2015).	 Light	 is	 absorbed	 by	 specific	 proteins	 called	

photoreceptors,	 which	 usually	 contain	 a	 chromophore	 molecule	 that	 gives	

photoreceptors	 their	 light-sensing	 properties	 (Möglich	 et	 al.,	 2010).	 Following	 light	

absorption,	changes	in	the	chromophore	conformation	are	reflected	in	in	the	structural	

changes	of	the	protein,	triggering	signaling	cascade(s)	leading	to	cellular	response.	

Known	 types	 of	 photoreceptors	 can	 be	 classified	 based	 on	 their	 light-sensing	

abilities	and	the	nature	of	the	chromophore	they	bind	(Möglich	et	al.,	2010).	Most	UV-A-

Blue	light	photoreceptors	use	flavin-based	chromophores	to	perceive	light.	Flavin-based	

photoreceptors	can	be	subdivided	in	three	categories.	Cryptochrome	photoreceptors	are	

known	in	all	kingdoms	of	life	(Bacteria,	Archaea	and	Eukaryotes).	They	are	part	of	a	larger	

protein	 family	 called	 Cryptochrome/Photolyase	 Family	 (CPF)	 also	 including	 DNA	

photolyases	 (blue-light	 activated	 enzymes	 that	 repair	 UV-B	 DNA	 damage	 such	 as	

cyclobutane	pyrimidine	(CPD)	dimer	or	6-4	pyrimidine-pyrimidone	photoproducts),	Cry-

DASH	for	which	single	and	double	strand	DNA	repair,	and	photoreceptors	activities	have	

been	associated	in	a	taxa-dependent	manner	(Kiontke	et	al.,	2020),	and	light-insensitive	

transcription	repressors	 (animal	 type	 II	 cryptochrome)	 (For	 review	see	 (Chaves	et	al.,	

2011)).	 These	 proteins	 usually	 contain	 a	 non-covalently	 bound	 Flavin	 Adenine	

Dinucleotide	(FAD)	as	cofactor,	and	eventually	additional	antenna	chromophores	(Essen	

et	 al.,	 2017).	 Other	 important	 flavin-blue	 light	 photoreceptors	 include	 LOV-based	

photoreceptors.	LOV	(Light-Oxygen-Voltage)	domain,	a	subclass	of	Per	ARNT	Sim	(PAS)	

super	 family	 domain,	 binds	 flavin	 mononucleotide	 (FMN),	 and	 can	 be	 found	 in	
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combination	with	different	effector	domains	in	all	kingdoms	of	Life	(Krauss	et	al.,	2009;	

Losi	and	Gärtner,	2012;	Glantz	et	al.,	2016).	The	diversity	of	effector	domains	associated	

with	a	similar	sensing	domain	allows	modularity	and	customized	biological	response.	To	

illustrate	this	aspect,	one	can	consider	the	typical	LOV-containing	photoreceptors	such	as	

phototropins	(green	 lineage	specific	photoreceptors),	with	2	consecutive	LOV	domains	

associated	with	serine/threonine	kinase	(Christie,	2007),	helmchrome	proteins	coupling	

two	LOV	domain	and	a	Regulator	of	G	protein	Signaling	(RGS)	in	tandem	(Fu	et	al.,	2016)	

or	 aureochromes	 (stramenopiles	 specific)	 that	 combine	 a	 LOV-domain	 with	 a	 DNA-

binding	bZIP	domain,	thus	being	a	blue-light-driven	transcription	factor	(Takahashi	et	al.,	

2007;	Kroth	et	al.,	2017).	Last	flavin-based	group	of	blue-light	photoreceptors	are	BLUF	

sensors	(Blue	Light	Using	Flavin),	which	are	essentially	known	in	Bacteria	but	also	found	

in	several	Euglenozoa	(Gomelsky	and	Klug,	2002;	Iseki	et	al.,	2002;	Masuda	and	Bauer,	

2002).		

PYP	 (Photoactive	 Yellow	 Protein)	 also	 absorbs	 blue	 light	 but	 binds	 4-

hydroxycinnamic	acid	as	chromophore.	However,	it	has	only	been	reported	in	bacteria	so	

far	(Meyer	et	al.,	2012).	

Plant	UV-B	light	photoreceptors,	UVR-8,	do	not	bind	an	additional	chromophore	as	

their	photosensing	properties	are	based	on	light	absorption	by	the	amino	acid	tryptophan	

in	the	protein	itself.	Study	of	the	phylogeny	of	these	photoreceptors	suggests	that	these	

are	present	in	Viridiplantae	only	(Fernández	et	al.,	2016).		

Phytochromes	 are	 typically	 red/far-red	 light	 sensors	 that	 contain	 covalently	

attached	bilin	derivatives	as	chromophore	to	perceive	light	(Rockwell	et	al.,	2006).	They	

are	 known	 in	 bacteria	 and	 eukaryotes,	 and	 are	 typically	 composed	 of	 a	 photosensory	

module	 (PSM)	 containing	 the	PAS,	GAF	and	PHY	domains,	 followed	by	highly	variable	

output	modules	 (for	 review	 see	 Rockwell	 et	 al,	 2006;	 (Rockwell	 and	 Lagarias,	 2020).	

Eukaryotic	 phytochromes	 form	 two	 separate	 branches	 on	 a	 phylogenetic	 tree,	 one	

containing	 Archaeplastida	 and	 Cryptophyta	 phytochromes	 while	 the	 other	 contains	

fungal	 and	 Stramenopile	 phytochromes	 (Duanmu	 et	 al.,	 2014;	 Fortunato	 et	 al.,	 2016).	

Bacterial	phytochromes	branch	in	between	these	two	groups,	and	the	origin	of	eukaryote	

phytochrome	is	a	debated	issue	(Duanmu	et	al.,	2014;	Li	et	al.,	2015;	Kooß	and	Lamparter,	
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2017).	 Cyanobacteria	 possess	 an	 additional	 group	 of	 specific	 phytochrome-related	

photoreceptors	 (Cyanobacteriohromes,	 CBCR),	which	only	 require	 a	bilin-binding	GAF	

domain,	 and	 show	 a	 wide	 variation	 of	 absorption	 spectra	 reflecting	 potential	 light	

environments	adaptation(Ikeuchi	and	Ishizuka,	2008).	

All	photoreceptors	characterized	and	mentioned	above	are	intracellular	or	plasma	

membrane-associated.	Rhodopsins	on	the	other	hand	are	multi-pass	membrane	proteins.	

They	contain	7	trans-membrane	helices	and	bind	a	retinal	chromophore	giving	them	the	

ability	 to	 sense	 green	 and	 blue	 light.	 Rhodopsins	 are	 classified	 in	 2	 groups,	microbial	

rhodopsins	(type	I)	and	animal	rhodopsins	(type	II),	that	do	not	share	strong	sequence	

homology	(Ernst	et	al.,	2014).	Animal	rhodopsins	(opsins)	are	part	of	a	wider	group	of	

membrane	proteins	 also	 containing	 chemical	 receptors	 (G	protein	 coupled	 receptors).	

Microbial	rhodopsins	can	mainly	have	two	biological	roles,	a	bioenergetic	one	with	the	

use	of	light	as	source	of	energy	(through	the	generation	of	an	electrochemical	gradient)	

or	a	photosensory	function	that	uses	light	as	source	of	signal.	Several	chemical	activities	

can	be	associated	with	the	light	perception	properties	such	as	ion	transport	(H+,	Na+,	Cl-

)	associated	with	the	two	biological	functions	(bioenergetics	roles	or	photoperception),	

light-induced	enzymes	(photoperception).	The	recently	discovered	heliorhodopsins	have	

no	 ion	transport	activity	and	no	effector	domain,	and	their	 function	remains	unknown	

(Pushkarev	et	al.,	2018)	(For	review	see	(Rozenberg	et	al.,	2021)).	

Finally,	if	different	photosensory	protein	domains	can	be	combined	with	diverse	

effector	domains,	 combinations	of	photosensing	domains	have	also	been	uncovered	 in	

recent	years,	giving	rise	to	proteins	with	new	light-sensing	abilities.	Examples	of	chimeric	

photoreceptors	 are	 present	 in	 bacteria,	 with	 Ppr,	 a	 chimeric	 photoreceptor	 from	 R.	

centenum	 in	 which	 a	 Photoactive	 Yellow	 Protein	 is	 fused	 at	 amino-terminal	 of	 a	

phytochrome	(PYP+PHY)	(Jiang	et	al.,	1999),	in	ferns	with	neochrome,	an	association	of	

LOV	(amino-terminal)	and	phytochrome	domains	(LOV	+	PHY)	(Kawai	et	al.,	2003),	or	in	

green	algae	with	the	dualchrome	a	recently	characterized	photoreceptor	composed	of	a	

cryptochrome	and	a	phytochrome		(CRY+PHY)	(Makita	et	al.,	2021).	

In	aquatic	environments,	photoperception	raises	different	challenges.	Underwater	

light	field	varies	with	depth,	due	to	the	wavelength-dependent	absorption	properties	of	
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water,	 and	 the	 content	 in	 suspended	 particulate	 material	 (such	 phytoplankton	 and	

mineral)	and	coloured	dissolved	organic	matter	(Kirk,	2011)(Kirk,	1994;	Mobley,	1994).	

This	 provides	 a	 full	 variety	 of	 photic	 niches	 from	 solar	 spectra	 at	 the	 surface,	 to	

blue/green	 light	 in	 clear	 oceanic	 waters	 or	 red-enriched	 light	 field	 in	 turbid	 waters.	

Photoreceptor-like	sequences	from	marine	microalgae	have	been	recently	identified	by	

omics	approaches	but	their	physiological	properties	have	been	characterized	on	a	very	

few	of	 them	 (Jaubert	 et	 al.,	 2017;	Petroutsos,	 2017).	 Initial	 studies	have	 revealed	 that	

some	algal	photoreceptors	are	similar	 to	 those	known	in	plants	but	new	variants	with	

different	spectral	tuning	and	algal-specific	light	sensors	have	also	been	found,	changing	

current	 views	 and	 perspectives	 on	 how	 photoreceptor	 structure	 and	 function	 have	

diversified	in	phototrophs	experiencing	different	environmental	conditions	(for	review	

(Jaubert	et	al.,	2017).	Stramenopiles	are	a	class	of	eukaryotes	containing	a	large	number	

of	photosynthetic	algae	(Ochrophyta)	that	are	of	ecological	importance,	especially	in	the	

marine	environment	(de	Vargas	et	al.,	2015).	Ochrophyta	are	a	monophyletic	clade	and	

include	 a	 diversity	 of	 organisms,	 from	 the	 unicellular	 diatoms	 which	 are	 important	

primary	producers	in	the	open	ocean,	to	the	brown	algae	kelp	forest	in	the	coastal	regions	

(Dorrell	 et	 al.,	 2022).	Moreover,	beyond	different	potential	 adaptation	 to	 specific	 light	

environments,	 Ochrophyta	 can	 have	 different	 trophic	 modes:	 photoautotrophy,	

mixotrophy	and	heterotrophy	(some	genus	have	to	potential	for	both	auto-	and	hetero-

trophy,	while	a	few	of	them	have	completely	loss	their	photosynthetic	abilities)(Beisser	

et	al.,	2017;	Onyshchenko	et	al.,	2019;	Kamikawa	et	al.,	2021;	Onyshchenko	et	al.,	2021).	

These	algae	result	 from	secondary	endosymbiosis	of	a	red	algae,	and	their	genome	(at	

least	in	diatoms)	contains	red	algal	genes	transferred	from	the	rhodophyte	symbiont	to	

its	host,	but	also	genes	of	green	algal	origins	suggesting	previous	association	with	a	green	

algae(Dorrell	et	al.,	2022).	Horizontal	gene	transfer	from	bacteria	also	occurred	at	a	high	

rate	 in	 Ochrophyta,	 and	 their	 genome	 is	 often	 considered	 as	 an	 evolutionary	 mosaic	

(Dorrell	et	al.,	2021).	There	are	initial	evidences	that	this	branch	of	Eukaryotes	harbors	

specific	types	of	photoreceptors,	such	as	aureochromes	(bZIP-LOV	photoreceptor)	(Kroth	

et	al.,	2017),	but		there	is	currently	no	global	view	of	the	light	sensing	capabilities	of	these	

organisms.	With	the	increasing	number	of	omics	data	(genomics,	transcriptomics)	from	

marine	phytoplankton,	Ochrophyta	thus	appear	especially	interesting	from	an	ecological	
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and	evolutionary	point	of	view	to	deeply	explore	marine	photoreceptors	and	get	novel	

insights	on	the	relevance	of	light	sensing	for	life	in	aquatic	environments.		

To	this	aim,	in	this	work	we	gathered	genetic	data	(transcriptome	and	genomes)	

from	different	Ochrophyta	to	explore	diversity	and	distribution	of	photoreceptors	in	this	

branch	 of	 the	 eukaryotic	 Tree	 of	 Life.	 We	 focused	 on	 LOV-containing	 proteins,	

cryptochromes,	phytochromes	and	microbial	rhodopsins	as	no	UVR8-,	BLUF-	or	PYP-like	

photoreceptors	have	been	identified.	Even	if	the	physiological	roles	of	photosensing	have	

not	 	 been	 assessed,	 we	 uncover	 new	 LOV-containing	 proteins	 with	 original	 domain	

association	as	well	as	a	potential	new	cryptochrome	sub-family.	Moreover,	while	some	

photoreceptors	are	ubiquitous	into	Ochrophyta,	some	appear	phyla-specific.	Hypotheses	

on	the	acquisition	of	some	photoreceptors	in	Ochrophyta	are	also	discussed.		

	

RESULTS	AND	DISCUSSION	

	

DATASET	AND	CONSERVATION	OF	PHOTORECEPTORS	

We	 gathered	 nearly	 9	 million	 genes	 from	 69	 Stramenopiles	 genomes	 and	 260	

transcriptomes	available	on	a	variety	of	platforms	(NCBI,	JGI,	MetDB,	private	repository,	

see	 Supp.Data	 1	 for	 full	 description	 of	 the	 dataset).	 Among	 this	 dataset,	we	 used	 276	

Ochrophyta	datasets,	 to	which	we	added	33	genomes	 from	Oomycota	 (sister	 group	of	

Ochrophyta)	 and	 20	 genomes	 and	 transcriptomes	Bigyra	 (sister	 group	 of	 Gyrista,	 (i.e.	

Ochrophyta	+	Oomycota)	to	try	to	infer	the	origins	of	the	different	photoreceptors	in	this	

group	of	eukaryotes.	As	diatoms	(Bacillaryophyta)	are	one	of	the	most	studied	groups,	

they	 represent	 the	 majority	 of	 the	 organisms	 in	 our	 dataset	 (44%	 (147/329)	 of	 the	

transcriptomes	and	genomes).	Most	of	the	Ochrophyta	studied	here	are	phototrophs,	with	

the	notable	exception	of	some	Chrysophyceae	species	(12	species,	but	for	some	the	exact	

trophic	mode	is	not	known)	and	one	diatom	strain	(Nitzschia	sp)	which	are	heterotrophs	

(photosynthesis	 loss).	Moreover,	 one	 diatom	 strain	 (the	 diatom	 Fragilaria	 accus)	 and	

some	Chrysophyta	are	known	to	live	in	freshwater,	the	others	being	marine	or	brackish.	
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	A	very	contrasted	picture	emerges	regarding	the	photoreceptor	domain	content	among	

the	different	Ochrophyta	groups	(Fig.1).	Indeed,	some	photoreceptors	appear	ubiquitous	

in	 Ochrophyta	 such	 as	 aureochromes	 and	 Cry-DASH	 cryptochromes,	 while	 others	

(helmchromes,	rhodopsins,	phytochromes)	are	sparsely	distributed	on	the	Ochrophyta	

species	tree.	Interestingly,	genomes	of	Oomycetes,	sister	group	of	Ochrophyta,	exhibit	no	

CPF	of	the	6-4	photolyase	class	and	no	aureochrome	and	other	LOV-based	sensors,	while	

Bigyra	also	have	some	of	the	Cry-DASH	class,	and	some	LOV-based	photoreceptors	of	the	

aureochrome	family,	suggesting	a	particularly	rich	content	in	photoreceptors	amongst	the	

Ochrophyta.	It	 is	to	note	that	regarding	the	transcriptomes	data,	some	photoreceptor’s	

domain	 types	 may	 not	 have	 been	 detected	 in	 this	 dataset	 because	 they	 were	 not	

expressed.	 On	 the	 other	 hand,	 some	 species	 appear	with	 high	 copy	 numbers	 of	 some	

genes,	 possibly	 due	 to	 assembly	 problems.	 For	 example,	 manual	 examination	 of	

phytochrome	 sequences	 showed	 that	 some	 truncated	 sequences,	 when	 put	 together,	

allow	 the	 reconstruction	 of	 a	 single	 photoreceptor.	 This	manual	 examination	was	 not	

done	for	all	photoreceptor	types,	so	the	copy	numbers	are	to	consider	with	care.	Details	

of	each	type	of	photoreceptors	are	presented	in	the	following	sections.	

	

LOV-BASED	PHOTOSENSING:	UBIQUITOUS	AND	SPECIFIC	FAMILIES	

LOV-domain	 model	 was	 designed	 with	 reference	 sequences	 from	 Glantz	 et	 al.,	 2016.	

Search	 for	 this	domain	 in	 the	 stramenopile	database	 resulted	 in	5800	 sequences	with	

LOV-domain	hits.	

Conserved	amino	acids	defined	to	be	necessary	for	the	photochemical	activity	have	been	

used	as	functional	criteria	(Glantz	et	al.,	2016).	More	precisely	the	conservation	of	highly	

conserved	 FMN	 binding	motif	 (GRNCRFLQ),	 especially	 the	 Cys	 involved	 in	 the	 adduct	

formation	with	FMN	was	verified.	As	shown	by	a	representative	alignment	of	the	different	

sub-groups	of	LOV-domain	(FigS2A),	a	strong	conservation	of	the	amino	acids	involved	in	

FMN	binding	is	observed,	suggesting	these	proteins	might	be	functional	even	if	specific	

substitution	 affecting	 photochemicals	 properties	 cannot	 be	 excluded.	 Moreover,	 the	

presence	of	other	associated	protein	domains	was	examined.	To	classify	these	genes,	we	

first	conducted	a	SSN	using	the	full	length	sequences,	including	reference	sequences	from	
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plants,	fungi,	bacteria	and	other	algae	(sequences	from	Glantz,	2016),	with	an	alignment	

score	of	40	allowing	separation	of	proteins	with	less	than	45	%	identity.	This	resulted	in	

a	separation	of	proteins,	with	3	sub-groups	containing	no	stramenopile	sequences	but	

only	reference	sequences	from	plants	with	the	Adagio/Zeitlupe	sub-group,	and	two	sub-

groups	of	fungal	proteins	including	White	Collar	and	Vivid	proteins.	These	groups	were	

removed	for	further	analysis,	allowing	the	identification	of	6	sub-groups	(alpha,	gamma,	

zeta,	 theta,	 Stramenopile	 LOV	 sub-group	 and	 one	 larger	 group,	 FigS2B)	 containing	

Stramenopile	sequences	and	carrying	the	LOV-FMN	binding	motif	(FigS2A).	

3	small	sub-groups	(of	10	to	40	sequences)	contained	only	sequences	of	one	alga	type	

(alpha:	Phaeophyceae,	gamma:	Pelagophytes,	theta:	pennate	diatoms)	(FigS2).	Zeta	sub-

group	contained	a	mix	of	different	algae	sequences,	including	reference	sequences	from	

Glaucophytes.		

One	 sub-group	 contained	 130	 sequences	 from	 stramenopiles	 only	 and	 will	 be	 called	

Stramenopile-specific	LOV	sub-group	(Fig1	and	S2).		

Last,	 one	 large	 sub-group	 contained	 more	 than	 4000	 proteins	 including	 reference	

sequences	 from	Viridiplantae,	 aureochromes	and	helmchromes	 from	Ochrophyta.	This	

group	was	further	subjected	to	a	second,	more	stringent	SSN	step	with	an	alignment	score	

of	 60	 allowing	 separation	 of	 Viridiplantae	 and	 Ochrophyta	 photoreceptors	 (FigS2C;	

named	SSN60_group1	to	5	in	FigS3).	

Except	for	aureochromes	and	Stramenopile-specific	LOV	proteins,	each	of	the	resulting	

groups	seem	to	be	restricted	to	one	branch	on	the	Ochrophyta	species	tree	(examples	of	

the	small	sub-groups	mentioned	above,	see	also	below	and	FigS3).	The	SSN	approach	used	

here	does	not	enable	us	to	decipher	the	relations	between	groups,	and	we	would	need	to	

perform	 cautious	 phylogeny	 on	 the	 LOV-domain(s)	 to	 decipher	 the	 origin	 and	

evolutionary	 path	 of	 LOV-based	 photoreceptors.	 This	 analysis	 with	 2	 sequential	 SSN	

resulted	in	13	LOV	subgroups	that	will	be	discussed	below.	
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Aureochromes:	ubiquitous	blue-light	photoreceptors	in	Ochrophyta	

Proteins	possessing	bZIP	domains	and	grouping	with	characterized	aureochromes	in	SSN	

were	 annotated	 as	 aureochromes.	 These	 photoreceptors	 were	 first	 identified	 in	 the	

multicellular	xanthophyte	Vaucheria	frigida	as	photomorphogenesis	regulators,	and	were	

recently	 shown	 to	 be	 master	 regulators	 of	 blue-light	 responses	 in	 the	 model	 diatom	

Phaeodactylum	tricornutum	(Mann	et	al.,	2020).	These	proteins	have	been	identified	in	all	

Ochrophytes,	 some	Bygira,	but	not	 in	Oomycetes	as	previously	described	(Kroth	et	al.,	

2017).	

Previous	work	distinguished	different	 groups	of	 aureochromes,	 named	 from	V.	 frigida	

auerochromes:	“group	1”	and	“group	2”	(Takahashi	et	al.,	2007;	Schellenberger	Costa	et	

al.,	 2013).	 Based	 on	 functional	 characterization,	 both	 group	 2	 aureochromes	 from	 V.	

frigida	 and	P.	 tricornutum,	 are	 not	 able	 to	 bind	 the	 flavin	 chromophore	 and	 thus	 not	

considered			as	bona	fide	blue	light	photoreceptors	(Takahashi	et	al.,	2007;	Banerjee	et	al.,	

2016).	To	explore	whether	these	two	proteins	might	reflect	all	type	2	aureochrome,	we	

looked	 at	 the	 conservation	 of	 a	 methionine	 in	 position	 M301,	 replacing	 a	 Valine	 in	

PtAureo1a	(V253)	and	shown	to	impair	FMN	binding	in	PtAureo2	(Banerjee	et	al.,	2016).	

In	 our	 alignment	 of	 type	 2	 sequences,	 this	 position	 was	 occupied	 by	 a	 cysteine	 in	

VfAureo2,	but	other	proteins	had	a	Valine	or	an	Isoleucine,	suggesting	that	some	of	the	

group	2	aureochromes	 from	our	dataset	could	be	 functional	photoreceptors	 in	several	

organisms	(FigS2A).	It	has	also	to	be	noted	that	differences	in	the	bZIP	DNA	binding	site	

were	also	observed	between	group	1	and	group	2	aureochromes	suggesting	different	DNA	

binding	abilities	(FigS4B).	

We	made	phylogenetic	tree	of	the	different	aureochromes	found	in	our	data	(Fig.2	A,	see	

FigS4	for	the	unrooted	tree).	The	sequences	branched	per	“Aureotype”	with	three	main	

branches:	type	2,	type	1a,	and	type	1b	and	c.	Type	1b	and	c	are	close	to	each	other,	forming	

a	clade	named	1b/c.	On	each	branch,	sequences	form	clades	by	algal	group,	suggesting	

ancient	multiplication	and	further	evolution	within	the	different	species.	Interestingly,	in	

our	data,	all	groups	of	algae	have	a	copy	of	“type	2”	aureochrome,	one	or	more	copies	of	

“type	1a”	and	one	or	more	copies	of	“type	b/c”	(Fig.2	A).	As	example,	 in	 the	species	V.	

littorea,	in	addition	to	type	2	and	type	1a,	we	report	a	third	aureochrome	of	type1	b/c	(see	
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red	arrows	 in	Fig2A)	while	 in	V.	 frigida,	 the	species	 in	which	aureochromes	were	 first	

discovered,	 only	 one	 of	 each	 type	 1	 and	 type	 2	 aureochrome	 has	 been	 characterized	

(Takahashi	et	al.,	2007;	Ishikawa	et	al.,	2009).	Interestingly,	we	also	found	aureochrome	

in	 heterotrophic	 species	 such	 as	 Chrysophyceae,	 and	 the	 diatom	 that	 has	 lost	

photosynthetic	 capacity	 (Nitzschia	 sp	 in	 our	 study)	 as	 already	 reported	 for	Nitzschia	

putrida,	another	heterotroph	diatom	genome	(Kamikawa	et	al.,	2021).		

Compared	to	diatoms,	which	all	seem	to	have	one	type	2	and	three	type	1	(1a,	1b,	1c),	

Pelagophyte,	Dictyophytes	and	Chrysophyte	have	only	two	copies	of	type	1	(1a-like	and	

1b/c	like).	Phaeophyceae	show	expansion	of	this	family	with	5	or	6	aureochromes,	with	

two	potential	type	2,	one	being	a	small	group	containing	phaeophyceae	sequences	close	

to	 Ectocarpus	 siliculosus	 (Esil)Aureo4	 and	 branching	 at	 the	 base	 of	 the	 type	 2	

aureochrome;	 two	 type	 1a	 (see	 sister	 Phaeophyceae	 branches	 in	 the	 1a	 branch,	 also	

named	 EsilAureo1	 and	 EsilAureo3	 in	 Ectocarpus	 siliculosus	 annotation),	 one	 sister	 to	

diatom	type	1b	(also	named	EsilAureo	5)	and	one	close	to	diatom	type	1c	(not	found	in	

Ectocarpus	siliculosus,	but	found	in	the	other	Ectocarpus	strain	in	our	dataset).	Whether	

all	Phaeophyceae	possess	all	6	types	of	aureochromes	has	not	been	investigated	in	detail,	

but	could	be	linked	to	the	evolution	of	multicellularity.		

Here,	 we	 show	 that	 these	 photoreceptors	 are	 ubiquitous	 within	 Ochrophyta,	 but	 not	

found	 in	 Oomycetes.	 Type	 2,	 1a	 and	 1b/c	 thus	 seem	 common	 aureochrome	 types	 in	

Ochrophyta,	 suggesting	 that	 this	multiplication	was	 already	 present	 in	 their	 ancestor,	

while	 multiplication	 further	 occurred	 in	 brown	 algae	 and	 diatoms.	 Moreover,	 the	

presence	 of	 aureochromes	 in	 4	 species	 of	 Cafeteria/Halocafeteria	 genus,	 belonging	 to	

Bigyra	 clade,	 suggests	 that	 this	 photoreceptor	 might	 have	 originated	 in	 the	 common	

ancestor	 to	 Bigyra	 and	 Ochrophyta,	 with	 a	 loss	 in	 Oomycetes.	 Alternatively,	 this	

photoreceptor	 could	 have	 been	 transferred	 to	 Cafeteria	 after	 their	 divergence	 from	

Oomycetes	and	Ochrophyta.	The	exact	evolutionary	relations	between	these	groups	need	

to	be	further	examined.	Moreover,	as	the	tree	presented	here	is	rooted	with	Cafeteria’s	

Aureochrome,	this	might	not	be	the	appropriate	outgroup	to	infer	evolutionary	history	

(See	FigS4	for	the	unrooted	tree,	which	shows	the	same	topology).	
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tricornutum,	Names	are	annotated	according	the	P.	tricornutum	annotation	(DiatomAureo	1a,	b,	c	and	2)	or	

Ectocarpus	 species	 (Phaeophyceae	 «	Phaeo	»Aureo1	 to	 6).	 Red	 arrows	 indicate	 Vaucheria	 littorea	

aureochromes.	B.	Unrooted	phylogenetic	tree	of	the	new	group	of	LOV-based	photoreceptors	that	seems	to	

be	widespread	in	Ochrophyta	(full	length	protein	was	used).	In	both	trees,	the	colors	of	the	taxa	correspond	

to	the	algal	groups	to	which	the	genes	belong	(Vaucheria	and	Eustigmatophytes	on	black),	and	purple	circles	

on	the	branches	indicate	local-bootstraps	support	>0.7	

	

A	new	group	of	LOV-based	photoreceptors	widespread	among	Ochrophyta	

A	group	of	LOV	domain-containing	proteins	was	identified	in	Ochrophyta	from	SSN.	These	

short	proteins	(on	average	190	amino	acids	long)	are	all	made	of	a	single	LOV	domain	(Fig	

S3B)	with	a	conserved	chromophore	binding	site	(FigS2A).	The	LOV	domain	is	present	

after	64	amino	acids	(on	average),	which	might	recall	the	structure	of	the	Vivid	proteins	

in	Fungi	(Yu	and	Fischer,	2018).	

These	 proteins	 are	 present	 in	 a	 large	 number	 of	 species	 (3rd	 circle	 in	 Fig1,	 see	 also	

FigS3A):	 diatoms,	 brown	 algae	 and	 Raphidophyceae,	 but	 absent	 in	 Pelagophytes	 and	

Dictyophytes	 branches.	 This	 might	 suggest	 a	 common	 origin	 of	 this	 putative	

photoreceptor	in	the	ancestor	of	diatoms,	brown	algae	and	Raphidophyceae,	with	a	loss	

in	 the	 Pelagophyte/Dictyophyte	 branch.	 Phylogenetically	 (Fig2B),	 these	 proteins	 form	

separate	branches	according	 to	species,	with	2	groups	of	diatom	genes.	Some	diatoms	

such	as	Thalassiosira	oceanica	possess	genes	in	both	branches,	but	one	branch	contains	

mostly	genes	from	Thalassiosirale	species.	

	

Other	LOV-based:	Branch-specific	specialization?	

As	indicated	above,	SSN	analysis	allowed	us	to	identify	several	interesting	groups	of	LOV	

domain-containing	proteins,	 found	 restricted	 to	 some	Ochrophyta	 groups	 (Fig.	 S2	 and	

FigS3).		

The	“Alpha”	sub-group,	identified	in	the	first	SSN	(alignment	score	40)	contains	sequences	

from	Phaeophyceae	and	from	Vaucheria	(closely	related	to	Phaeophyceae).	Most	of	these	

sequences	possess	a	PAS_9	(PF13426)	domain,	 followed	by	the	LOV	domain	with	FMN	
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binding	site,	an	architecture	common	in	all	three	domains	of	life	(Glantz	et	al.,	2016),	and	

suggested	to	have	photoperception	roles	in	Arabidopsis	thaliana	(Ogura	et	al.,	2008).	

The	“Gamma	 ''	 sub-group,	 restricted	 to	Pelagophytes,	 contains	proteins	with	a	 long	N-

terminal	 region	 followed	 by	 the	 LOV	domain.	No	 known	 conserved	 domains	 could	 be	

identified	in	this	N-terminal	region.	

The	Zeta	sub-group	encompasses	a	mix	of	proteins	from	Labyrinthulomycetes	(Bigyra),	

from	one	diatom	species	(Odontella	aurita)	and	reference	sequences	from	Glaucophytes	

and	Chlorophytes	(Glantz	et	al.,	2016).	From	the	Interpro	database,	this	architecture	is	

also	known	in	two	proteins	from	Rhizaria.	These	proteins	possessed	GTP	cyclohydrolase	

II	domain,	which	is	involved	in	riboflavin	biosynthesis	(Ren	et	al.,	2005).		

An	important	group	of	LOV-based	proteins	for	which	experimental	studies	exist	are	the	

helmchromes	(Fu	et	al.,	2016),	which	contain	PAS_9	and	RGS	domains	(Regulator	of	G	

protein	Signaling).	These	proteins	are	thought	to	be	involved	in	phototaxis	of	flagellated	

cells,	 and	 are	 detected	 by	 immunofluorescence	 in	 the	 flagella	 of	 sperm	 cells	 in	 some	

Phaeophyceae	 and	 in	 the	 flagella	 of	 some	 Chrysophyceae.	 Here,	 these	 photoreceptors	

were	 not	 found	 ubiquitously	 in	 Ochrophyta:	 they	 are	 present	 in	 some	 branches	 of	

Chrysophyceae,	Phaeophyceae,	Pelagophytes	and	Dictyophytes,	but	they	are	absent	from	

diatoms	and	from	Raphidophytes.	Our	distribution	of	helmchrome	in	Ochrophyta	agrees	

with	 experimental	 data	 detecting	 the	 presence	 of	 this	 protein	 in	 Phaeophyceae	 and	

Chrysophyceae	 (Fu	 et	 al.,	 2016),	 and	 also	 with	 the	 presence	 of	 helmchromes	 in	

Pelagophytes	 and	 Dictyophytes	 reported	 recently	 (Coesel	 et	 al.,	 2021).	 The	 domain	

architecture	 of	 these	 helmchromes	 is	 RGS-LOV-PAS9-RGS-LOV-PAS9,	 although	

sometimes	sequences	are	too	short	to	span	all	the	domains.	Fungi	also	possess	RGS-LOV	

domain	proteins	of	unknown	function,	which	form	a	separate	group	in	a	phylogenetic	tree	

with	helmchromes	(FigS4),	suggesting	independent	evolution.	Interestingly,	these	fungal	

proteins	are	recruited	to	the	plasma	membrane	upon	blue-light	illumination	(Glantz	et	al.,	

2016;	Glantz	et	al.,	2018),	suggesting	that	helmchromes	could	perform	their	photosensing	

function	through	the	same	type	of	mechanisms.		

Although	 concerning	 only	 a	 few	 diatom	 strains,	 some	 proteins	 showed	 new	 domain	

association	 such	 as	LOV	domains	 fused	 to	CAP-GLY	 (Cytoskeleton	Associated	Proteins	
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with	glycine-rich	domain),	which	might	bind	the	microtubules	(Weisbrich	et	al.,	2007)	

(FigS3).	In	the	Interpro	database,	this	structure	was	not	reported	for	species	other	than	

diatoms,	 suggesting	 that	 this	 new	LOV	protein	 class	 is	 specific	 for	 diatoms.	 This	 is	 an	

interesting	 domain	 combination,	 as	 such	 proteins	 could	 regulate	 light-induced	

intracellular	movements	of	organelles	in	the	absence	of	phototropins,	which	are	known	

to	regulate	plastid	movement	in	Viridiplantae	(Christie,	2007).	

Finally,	by	looking	for	LOV	domain-based	photoreceptors,	we	identified	a	wide	variety	of	

proteins,	 from	 the	 ubiquitous	 photoreceptor	 aureochromes	 to	 novel	 putative	

photoreceptor	 families	 restricted	 to	 some	 species	 only.	 Eukaryotic	 LOV-containing	

proteins	 are	 thought	 to	 have	 evolved	 from	 bacterial	 gene	 transfer,	 either	 through	

endosymbiotic	gene	transfer	from	the	mitochondria	(plant	phototropins	and	fungal	LOV-

photoreceptors)	 or	 from	 the	 chloroplast	 (plant	 Zeitlupe)	 (Krauss	 et	 al.,	 2009).	 This	

hypothesis	has	been	challenged	for	the	origin	of	Zetilupe,	but	plant	phototropins	remain	

a	sister	group	to	alpha-proteobacteria	LOV	proteins	in	more	recent	analyses	(Losi	et	al.,	

2015).	 Aureochromes	 group	 close	 to	 the	 plant	 phototropins	 (Ishikawa	 et	 al.,	 2009;	

Djouani-Tahri	et	al.,	2011),	suggesting	common	origin.	However,	independent	horizontal	

gene	 transfer	 (HGT)	 is	 possible	 for	 the	 other	 LOV	photoreceptors	 identified	 here.	 For	

example,	the	LOV-HK	photoreceptors	from	the	green	algae	Ostreococcus	and	Micromonas	

are	closer	to	bacterial	genes	than	to	phototropins,	suggesting	more	recent	horizontal	gene	

transfer	 from	 bacteria	 (Djouani-Tahri	 et	 al.,	 2011).	 The	 origin	 of	 the	 LOV	 domains	 in	

Ochrophyta	 (common	 origin	 with	 plant	 phototropins	 vs	 independent	 HGT),	 and	 the	

possible	 domain	 shuffling	 events	 (Di	 Roberto	 and	 Peisajovich,	 2014),	 will	 need	 to	 be	

further	analyzed	with	phylogenetic	studies	of	the	LOV	domain	only.	In	addition,	we	found	

here	 new	 eukaryotic	 representatives	 of	 LOV-based	 photoreceptors,	 particularly	

represented	 in	 Dictyophyceae	 and	 Pelagophyceae	 (FigS3),	 that	 might	 be	 included	 in	

broader	studies	on	the	origin	of	LOV	domain	in	Eukaryotes.	
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THE	 CRYPTOCHROME	 PHOTOLYASE	 FAMILY:	 CONSERVED	 BUT	 DIVERSE	

BIOCHEMICAL	FUNCTION	

CPFs	constitute	a	large	group	of	flavoproteins	with	an	impressive	diversification	(Chaves	

et	 al.,	 2011;	 Fortunato	 et	 al.,	 2015).	 CPF	 proteins	 share	 a	 common	 domain	 called	

Photolyase	Homology	Region	(PHR)	but	are	associated	with	a	multitude	of	functions.	CPF	

can	be	phylogenetically	separated	into	5	different	superclasses	regrouping	proteins	with	

different	functions	:	(i)	the	bacterial	Fes-BCP	or	Cry-Pro	class,	(ii)	the	6-4	photolyase	class	

including	 animal	 light-dependent	 and	 light-independent	 cryptochromes,	 (iii)	 the	 class	

I/III		CPD	photolyases	including	the	plants	cryptochromes	(photoreceptor)	and	plant-like	

cryptochromes,	 (iv)	 	 the	 class	 II	 CPD	 photolyases,	 and	 (v)	 Cry-DASH	 (Drosophila	

Arabidopsis	Synechococcus	Homo)	class.	Due	to	the	large	diversity	among	the	different	

members	 of	 this	 family,	 CPF	 domain	 architectures	 alone	 did	 not	 lead	 to	 sufficient	

information	for	a	functional	prediction	(i.e.,	photolyase	vs	blue	light	photoreceptors	and	

light-independent	 transcriptional	 regulation).	 Therefore,	 several	 criteria	 such	 as	 SSN,	

phylogenetic	 tree,	 or	 biochemical	 information	 need	 to	 be	 used	 and	 combined	 to	 give	

insights	into	the	possible	function	of	these	proteins.	A	new	functional	classification	of	this	

protein	 family	 based	 on	 the	 use	 of	 computational	 multiple	 profile	 models	 has	 been	

recently	 proposed	 (Vicedomini	 et	 al.,	 2022).	 The	 model	 diatom	 Phaeodactylum	

tricornutum	possesses	7	CPF	members:	PtCPF1,	a	6-4	photolyase	with	gene	regulation	

activity	 (Coesel	 et	 al.,	 2009),	 PtCryP,	 a	 plant-like	 cryptochrome	 having	 a	 role	 in	 gene	

expression	regulation	(Juhas	et	al.,	2014;	König	et	al.,	2017),	PtCPF2	and	4	belonging	to	

the	Cry-DASH	sub-family,	two	class	II	CPD,	PtCPD3	and	PtCPD4,	and	PtCPD1,	a	NCRY	(New	

CRY)	protein	which	might	represent	a	new	class	of	light	photosensing	protein	(Emmerich	

et	al.,	2020;	Vicedomini	et	al.,	2022).		

We	 tested	 several	 HMM	 domain	 models	 (FAD	 binding	 domain	 7-PF03441,	 DNA	

photolyase-PF00875,	and	custom	model	using	COG0415	sequences	from	the	conserved	

protein	domain	family	PHRB).		Only	the	one	using	COG0415	sequences	could	recognize	

all	7	members	of	the	CPF	family	in	the	model	diatom	Phaeodactylum	and	was	further	used	

for	the	search	in	our	database.	The	resulting	SSN	of	the	dataset	(1830	sequences	including	

references)	separated	proteins	into	13	groups	(FigS5)	when	applying	an	alignment	score	

of	90.	
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Interestingly,	sub-classes	containing	only	diatoms	and	Bolidophyceae	sequences	(group	

1	and	2)	and	a	mix	of	stramenopile	ones	(group	3	to	5)	did	not	group	with	other	known	

sequences,	even	with	lower	alignment	scores	(FigS5).	Reconstruction	of	a	phylogenetic	

tree	agreeing	with	the	SSN	(Fig3),	placed	group	1	and	2	close	to	Plant-like	Cryptochrome	

including	 PtCryP	 (Juhas	 et	 al.,	 2014),	 and	 these	 were	 further	 named	 “CryP2a”	 and	

“CryP2b”.		

Group	3	to	5	form	an	independent	clade.	All	sequences	in	this	clade	had	DNA	photolyase	

domain	(PF00875)	followed	by	alpha	beta	hydrolase	6	domain	(PF12697),	and	most	of	

them	are	possibly	addressed	to	the	chloroplast	based	on	HECTAR	prediction	(Gschloessl	

et	al.,	2008)	(FigS5A).	Mining	other	proteins	showing	this	structure	on	Interpro	retrieved	

unreviewed	proteins	from	land	plants	and	green	algae	(Viridiplantae).	This	observation	

was	already	done	in	a	work	on	photolyases	by	Emmerich	et	al,	2020.	As	these	proteins	did	

not	possess	FAD	binding	domain,	they	are	unlikely	to	function	as	photoreceptors.		

CPF	from	the	6-4	photolyases,	Cry-DASH	class	and	class	II	CPD	photolyase	sub-families	

are	present	in	all	Ochrophyta	and	Bigyra	(see	Fig1	and	S5).	However,	Oomycetes	lack	Cry-

DASH	as	already	observed	in	some	fungi	such	as	Aspergillus	nidulans	(Schumacher,	2017;	

Corrochano,	 2019).	 Plant-like	 cryptochromes	 group	 is	 more	 sparsely	 distributed	 but	

appears	 conserved	 in	 diatoms.	 Interestingly	 duplication	 of	 Plant-like	 cryptochromes,	

CRY-DASH	and	class	II	CPD	photolyase	seems	to	be	uniquely	found	in	diatoms	and	in	their	

sister	 group,	 the	 bolidophyceae,	 suggesting	 duplication	 occurred	 in	 their	 common	

ancestor.	 Last,	 NCRY	 proteins	 are	 only	 found	 in	 diatoms,	 Bolidophyeae	 and	

Raphidophyceae.	
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Looking	 more	 in	 detail	 the	 Class	 II-like	 photolyase	 CPD,	 duplication	 seems	 to	 have	

occurred	in	Chlorophyta	and	Diatoms,	forming	a	sister	clade	to	the	main	CPD	photolyase	

class	II	branch	(Fig3,	FigS6).	Due	to	a	strong	divergence	of	the	primary	sequence,	multi	

sequence	alignment	 and	homology	modeling	of	 the	 structure	did	not	 allow	 to	 identify	

active	 sites	 of	 photolyase	 activity.	 However,	 while	 25%	 of	 the	 diatom	 class	 II	 CPD	

photolyases	 are	 predicted	 to	 be	 addressed	 to	 organelles	 (22/87	diatom	proteins	with	

mito/chloro/signalP	prediction),	the	duplicated	Class	II	CPD	photolyase	in	diatoms	do	not	

seem	to	be	addressed	to	the	organelles	(0	mito/chloro/signalP	prediction	with	HECTAR)	

(FigS5).	These	results,	in	agreement	with	functional	characterization	of	PHR1	and	PHR2	

in	 Chlamydomonas	 and	 PiPhr1	 and	 PiPhr2,	 from	 the	 antarctic	 diatom	Phaeodactylum	

tricornutum	 ICE-Hand	 suggest	 that	 only	 diatoms	 and	 Chlorophytes	may	 have	 specific	

nuclear	and	chloroplast-targeted	double	strand	CPD	DNA	photolyase	activity	(Small	and	

Greimann,	1977;	Petersen	et	al.,	1999;	An	et	al.,	2021).	

Similar	 results	 have	 been	 observed	 with	 CRY-DASH	 proteins	 whose	 function	 is	 still	

unclear	 (ssDNA	photolyase	or	 light	 sensors).	We	clearly	distinguished	2	clades	of	Cry-

DASH	in	Ochrophyta,	one		CRY-DASH-like	clade	containing	only	diatoms	and	another	one	

containing	sequences	from	all	Ochrophyta	(Fig3,	FigS7).	This	includes	a	diatom	clade,	a	

brown	 algae	 clade,	 then	 a	 group	 with	 mixed	 Pelagophytes,	 Dictyophytes	 and	

Raphidophytes.	 Cry-DASH	proteins	 have	 been	 found	 to	 be	 localized	 in	 chloroplasts	 or	

mitochondria	 in	many	 organisms.	 Here,	 44%	 of	 the	 diatom	 CRY-DASH	 proteins	 were	

predicted	to	be	addressed	to	organelles	(PtCPF2	group),	while	only	16%	of	the	diatom	

CRY-DASH-like	 ones	 were	 (PtCPF4	 group,	 FigS5).	 This	 might	 also	 suggest	 cellular	

compartmentalization	 and	possible	 functional	 specialization.	 Interestingly,	 like	 for	 the	

class	 II	CPD	photolyases,	duplication	also	occurred	 in	Chlorophyta,	 and	 the	duplicated	

Chlorophyta	genes	are	on	the	same	branch	as	CRY-DASH-like	diatom	genes.		

Only	 one	 gene	 copy	 of	 the	 6-4	 photolyase	 class	 has	 been	 identified	 in	 Ochrophyta,	 a	

potential	 common	 feature	 to	 photosynthetic	 organisms,	 but	 this	 was	 also	 the	 case	 in	

Bigyra.	 The	 Ochrophyta	 6-4	 photolyases	 form	 a	 clade	 with	 a	 Chrysophyceae,	 a	

Phaeophyceae	and	2	diatom	clades	(one	sister	to	Phaeophyceae,	the	other	basal	to	these),	

while	 Oomycete	 proteins	 group	 close	 to	 Viridiplantae	 (Fig3,	 FigS8).	 In	 Phytophtora	

species	 in	particular,	we	could	 identify	up	 to	3	copies	(FigS8).	As	 in	 insects,	 this	could	
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mean	sub-functionalization	of	the	different	copies	with	either	6-4	photolyase	activity	or	

cryptochrome	functions.	To	support	this	idea,	we	calculated	the	isoelectric	point	(pI)	of	

the	 6-4	 photolyase	 family	 members	 from	 oomycetes,	 considering	 that	 proteins	 with	

different	pI	might	have	different	functions	(Kiraga	et	al.,	2007;	Mohanta	et	al.,	2019).	Most	

photoreceptors	of	the	CPF	family	(animal	or	plant)	are	characterized	by	an	acidic	pI.	We	

found	that	the	3	groups	of	oomycota	sequences	have	different	pI:	mean±sd	of	5.37±0.44	

for	group	CPF1aa,	7.3±0.99	(CPF1ab)	and	6.05±0.8	(CPF1b,	FigS8B).	Moreover,	CPF	with	

photoreceptor	functions	potentially	exhibit	a	C-terminal	extension,	a	feature	found	in	at	

least	 two	 copies	 of	 the	 proteins	 present	 in	 Oomycetes.	 Indeed,	 the	 DNA	 photolyase	

domain	 starts	 at	 position	105	 (±11)	 for	 CPF1aa,	 position	3	 (except	 one	 sequence)	 for	

CPF1ab	and	position	96(±23)	for	CPF1b.	This	suggests	at	least	two	different	functions	are	

carried	 by	 these	 proteins,	 and	 that	 CPF1aa	 probably	 are	 photoreceptors.	 Although	

speculative,	 it	would	also	seem	surprising	 that	multiple	proteins	with	a	DNA	repair	of	

pyrimidine–pyrimidone	(6–4)	photoproducts	which	represent	only		∼20%	of	the	DNA	UV	

damage,	would	have	been	kept	in	Oomycetes	while	no	CPD	photolyase	has	been	detected,	

suggesting	that	at	least	one	of	these	oomycetes	6-4	photolyase	family	members	might	be	

a	photoreceptor.	

Plant-like	 Cryptochromes	 are	 the	 CPF	 that	 branch	 closest	 to	 the	 plant	 blue	 light	

photoreceptor	 cryptochromes	 (Fig.	 3,	 S9	 and	 (Juhas	 et	 al.,	 2014)).	 In	 the	 diatom	 P.	

tricornutum,	both	CryP	knock-down	and	knock-out	lines	showed	that	this	protein	has	a	

role	in	gene	expression	regulation	(Juhas	et	al.,	2014;	König	et	al.,	2017).	Two	groups	of	

stramenopile	sequences	can	be	distinguished	from	the	SSN	and	on	the	phylogenetic	tree,	

forming	 2	 sister	 clades	 (named	 CryP1	 and	 CryP2)	 themselves	 sisters	 to	 plant	

cryptochromes.	CryP1	group	contains	a	few	sequences	from	Raphidophyta,	Pelagophytes	

and	Dictyophytes	but	mostly	diatom	ones,	with	the	representative	PtCryP.	CryP2	group	

contains	only	diatom	and	Bolidophyte	sequences,	including	the	“CryP-like”	sequence	from	

the	model	diatom	Thalassiosira	pseudonana.	Most	diatoms	have	a	gene	from	each	group,	

such	 as	 Thalassiosira	 oceanica	 or	 Navicula	 sp	 (FigS9).	 Moreover,	 the	 CryP2	 itself	 is	

separated	 into	2	 groups	 (in	 both	 SSN	 and	phylogenetictree),	 called	CryP2	 a	 and	b.	 By	

looking	for	different	biochemical	properties	and	different	FAD	fixation	sites,	CryP1	has	a	

much	 higher	 average	 pI	 (8.2±1.13	 for	 CryP1	 compared	 to	 6.09±0.7	 for	 CryP2,	 FigS9)	
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suggesting	that	CryP1	and	CryP2	would	bear	different	functions.	Sequences	of	the	FAD	

binding	sites	show	also	some	differences	between	CryP1,	CryP2a	and	b	(FigS10A)	and	

structure	reconstruction	on	Swiss-model	for	one	of	each	CryP	sub-families	members	gave	

slightly	different	 results	 suggesting	also	different	photochemical	properties	 (FigS10B).	

Overall,	in	Ochrophyta,	we	have	seen	duplication	in	diatoms	into	two	sub-family	(CryP1	

and	 CryP2)	 probably	 associated	 with	 neofunctionalization	 of	 putative	 new	 light	

photosensors.	

Finally,	the	last	class	is	the	NCRY,	with	PtCPD1	as	diatom	representative.	Its	position	in	

the	phylogenetic	tree	is	not	clear,	either	linked	with	the	CRY-DASH	or	the	CPD	photolyase	

class	 I	 family	 in	 different	 studies	 (Lucas-Lledo	 and	 Lynch,	 2009;	 Oliveri	 et	 al.,	 2014;	

Fortunato	et	al.,	2016;	Vicedomini	et	al.,	2022).	This	gene	was	found	mostly	in	diatoms,	

with	a	few	sequences	from	Phaeophyceae	and	Raphidophyceae.	This	group	was	identified	

by	SSN	by	Emmerich	2020,	but	only	one	functional	study	exists.	Experimental	approaches	

on	 NCRY	 from	 Vibrio	 cholera	 have	 shown	 that	 this	 protein	 was	 able	 to	 bind	 FAD	 as	

chromophore	but	was	 lacking	photolyase	activity.	 In	addition,	an	 in	silico	model	of	 the	

NCRY	sequences	 showed	 that	 it	presents	a	unique	FAD	active	 site,	 the	absence	of	 few	

amino	 acids	 involved	 in	 CPD	 interactions,	 and	 the	 presence	 of	 a	 C-terminal	 extension	

(Vicedomini	et	al.,	2022).	All	these	characters	support	the	existence	of	a	novel	functional	

class	within	the	CPF,	with	new	photochemical	properties	in	diatoms.		

Here	 we	 showed	 that	 Cry-DASH	 and	 (6-4)	 photolyases	 are	 well	 conserved	 amongst	

ochrophyta,	while	there	is	an	expansion	of	the	different	CPF	families	in	diatoms	(NCRY,	

CRY-DASH-like,	CPD	Photolyase-like	class	II,	and	CRYP2)	(FigS5).	Given	the	complexity	of	

the	CPF,	we	cannot	decipher	whether	these	are	photoreceptors	but	members	of	CryP2	

group	might	be	good	candidates	as	new	photosensible	proteins.	

	

RHODOPSINS:	DIVERSITY	AND	SPARSE	DISTRIBUTION	

	

We	 found	 3	 types	 of	 rhodopsins	 in	 Ochrophytes:	 proteorhodospins,	 histidine	 kinase	

rhodopsins	 (HK	 rhodopsins)	 and	 heliorhodopsins	 (Fig.	 S11,	 S12	 and	 4).	 All	 proteins	
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reported	 here	 (86	 proteins)	 have	 at	 least	 5	 trans-membrane	 helices	 as	 predicted	 by	

TMHMM,	and	were	separated	by	SSN.	

As	already	reported	before,	some	diatoms	possess	Proteorhodopsins	that	may	function	

as	proton	pumps	using	 light	 to	produce	ATP.	 It	has	been	proposed	that	 these	proteins	

could	 therefore	 have	 a	 bioenergetic	 role,	 particularly	 useful	 in	 iron-limited	 oceanic	

regions		(Marchetti	et	al.,	2012;	Marchetti	et	al.,	2015).	We	found	in	our	dataset	a	similar	

distribution	of	Proteorhodopsins	as	reported	in	Marchetti	et	al,	2015,	with	the	presence	

of	 this	 family	 in	 diatoms	 (with	 only	 a	 few	 additional	 new	 diatom	 sequences	 from	

species	not	included	in	preivous	analyses),	in	Cryptophytes	and	in	Haptophytes	(Fig	S12).	

Within	this	family,	some	Proteorhodopins	are	known	to	show	spectral	tuning,	at	least	in	

bacteria:	their	absorption	spectra	is	shifted	towards	blue	if	a	glutamine	is	at	position	106	

(of	the	gamma-proteobacteria	rhodopsin	isolated	at	the	Hawaii	Ocean	Time	series	station,	

Uniprot	reference	Q9AFF7)	(Man,	2003).	Here	all	diatom	sequences	had	a	 leucine	or	a	

methionine	at	this	position,	suggesting	green-absorbing	spectra.	

A	group	of	Ochrophyta	rhodopsins	possessed	additional	signaling	domains,	with	HATPase	

and	Response	Regulator	domains	(HK	rhodopsins).	HK	rhodopsins	are	reported	here	in	

Raphidophytes	and	Pelagophyte,	and	have	been	previously	described	in	green	algae	as	

Chlamydomonas	reinhardtii,	where	it	seems	to	work	as	a	UV/BL	photoreceptor	(Luck	et	

al.,	 2012).	 However,	 its	 biological	 function	 in	 green	 algae	 remains	 unknown.	

Phylogenetically,	Stramenopile	enzyme	rhodopsins	 form	a	clade	grouped	with	enzyme	

rhodopsins	 from	 other	 marine	 phytoplankton	 groups	 (Emiliana	 huxleii	

Coccolithophyceae,	 Cryptophytes	 and	 Mameliophyceae)	 (Fig4A).	 The	 sequences	 from	

green	algae	Chlamydomonales,	including	C.	reinhardtii	histidine	kinase	rhodopsin	1,	are	

sister	to	this	group.	
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We	also	studied	the	presence	of	heliorhodopsins,	which	has	been	identified	in	a	functional	

screen	 of	 environmental	 sequences	 and	 has	 already	 been	 found	 in	 P.	 tricornutum	

(Pushkarev	et	al,	2018).	Heliorhodpsins	have	a	slow	photocycle,	suggesting	that	it	would	

function	 as	 photoreceptor	 (Pushkarev	 et	 al.,	 2018).	 The	 majority	 of	 stramenopile	

heliorhodopsins	 identified	 here	 groups	 with	 other	 eukaryotes	 rhodopsins	 (Fig4B),	

including	 Chlorophyta,	 Glaucophyta	 and	Euglenozoa	 sequences.	Within	 this	 branch,	 at	

least	3	groups	of	diatom	heliorhodopsins	are	 found.	A	 few	stramenopile	heliorhopsins	

group	with	Fungi	or	Haptophyte.	We	underline	that	at	the	base	of	the	clade	containing	

haptophyte	sequences,	2	sequences	come	from	Haptophyta	viruses,	suggesting	horizontal	

transfer	of	heliorhodopsin	gene	between	viruses	and	their	host.	

	

PHYTOCHROMES:	 CONSERVED	 BACTERIAL	 PHYTOCHROME	 (BPHP)-LIKE	

STRUCTURE	BUT	SPARSE	CONSERVATION		

The	photosensing	module	of	phytochrome	is	composed	of	three	domains	including	the	

specific	PHY	domain	which	connects	 the	chromophore	binding	domains	PAS-GAF	with	

the	 output	 module.	 Search	 for	 Pfam	 PHY	 domain	 (PF00360)	 resulted	 in	 proteins	 all	

showing	the	same	domain	architecture	(except	for	one	brown	alga	Cladosiphon	sequence,	

and	some	sequences	that	are	truncated):	(PAS)-GAF-PHY-HisKA-HATPase-(REC),	which	

represents	 the	 structure	of	bacteriophytochromes.	Full	 length	 sequences	were	aligned	

and	 used	 to	 design	 stramenopiles-	 and	 phytochrome-specific	 domain	models	 for	 each	

domain	except	 for	 the	PAS	domain,	which	has	been	 found	not	well-conserved	 in	some	

diatoms	(Fortunato	et	al.,	2016).	These	Stramenopile-	and	phytochrome-specific	models	

were	used	in	combination	with	SSN	to	identify	truncated	sequences.	The	presence	of	the	

conserved	cysteine	residue	involved	in	the	linkage	of	the	bilin	chromophore	was	verified.	

Most	 of	 the	 proteins	 had	 the	 Cys	 residue	 at	 the	 N-terminal	 extremity	 of	 the	 protein,	

conserved	with	the	chromophore-binding	cysteine	in	bacteriophytochromes,	but	brown	

algae	and	some	phytochromes	from	the	diatom	Amphora	coffeaeformis	also	possessed	an	

additional	 cysteine	 in	 the	GAF	domain,	 involved	 in	 chromophore	binding	 in	plant	 and	

cyanobacteria	phytochromes	(Rockwell	et	al.,	2014;	Fortunato	et	al.,	2016).	In	addition,	

we	 noticed	 that	 Chrysophyte	 sequences	 (Ochromonas	 species)	 only	 possessed	 the	





86	

	

species	that	are	paraphyletic,	branching	as	sister	groups	basal	to	pennate.	Bolidophyceae	

form	the	sister	group	to	all	diatoms	(Kooistra	and	Medlin,	1996;	Kessenich	et	al.,	2014),	

but	 in	 our	 search	 of	 phytochrome,	 Bolidophyceae	 do	 not	 possess	 any	 phytochromes.	

Brown	algae	diverged	much	earlier	in	the	history	of	Ochrophyta.	Pennate	phytochrome	

sequences	form	a	monophyletic	clade,	sister	to	chrysophyceae	and	multicellular	brown	

algae	 phytochromes;	 the	 resulting	 group	 (pennate-brown	 algae-chrysophyceae)	 being	

sister	to	centric	phytochromes.		Interestingly,	some	sequences	from	brown	algae	viruses	

are	 branching	 just	 outside	 the	 Pennate+brown	 algae+chrysophyceae	 group	 (see	 red	

background	 in	Fig5).	This	 latter	point	could	suggest	 that	virus-mediated	gene	 transfer	

may	have	also	contributed	to	phytochrome	evolution	amongst	ochrophytes.	The	ancestor	

of	pennate	and	centric	diatom	could	have	acquired	phytochrome,	which	then	diverged	

into	centric	and	pennate	branches.	Brown	algae	and	chrysophyceae	would	have	acquired	

phytochromes	from	a	pennate	species,	possibly	through	viral	horizontal	gene	transfer.	

Another	interesting	point	is	the	phytochrome	copy	number	(FigS11).	From	first	studies	

(Fortunato	et	al.,	2016)	and	further	investigation	of	this	omic	dataset,	it	is	clear	that	not	

all	Ochrophyta	possess	a	phytochrome	gene.	Even	in	diatoms,	within	both	the	pennate	

and	centric	diatoms,	there	are	species	which	do	not	possess	this	putative	photoreceptor.	

At	present,	we	have	not	been	able	to	find	a	clear	explanation	linking	the	presence/absence	

of	 the	 phytochrome	 and	 the	 species	 that	 possess	 it.	Multiplication	 seems	 also	 to	 have	

occurred	several	times	in	different	algal	lineages.	In	the	centric	diatoms,	there	seem	to	be	

only	 one	 phytochrome	 gene	 copy,	 while	 pennate	 species	 have	 up	 to	 4	 different	

phytochromes	 suggesting	 that	 gene	 duplication	 occurred	 after	 separation	 between	

centric	 and	 pennate	 diatoms.	 Moreover,	 brown	 algae	 and	 Raphidophyceae	 also	 have	

several	 phytochrome	 genes	 (Fig5,	 FigS13).	 As	 suggested	 already	by	 previous	 analyses	

(Fortunato	et	al.,	2016;	Osuna-Cruz	et	al.,	2020),	it	seems	that	gene	duplication	occurred	

in	 benthic	 species	 preferentially	 (Seminavis	 and	 Amphora	 especially).	 Because	 these	

environments	 are	 heterogeneous,	 characterized	 by	 sharp	 and	 sometimes	 dynamic	

gradients	of	 light,	oxygen,	nutrient	availability,	 and	redox	state	(Stockdale	et	al.,	2009;	

Cartaxana	 et	 al.,	 2016;	 Marques	 da	 Silva	 et	 al.,	 2017),	 it	 is	 possible	 to	 speculate	 that	

phytochrome	 gene	 duplication	 represented	 an	 adaptation	 to	 thrive	 in	 this	 complex	

environments.	Considering	the	huge	biodiversity	of	diatoms	and	the	important	amount	of	
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novel	information	deriving	from	environmental	genomics,	it	will	be	interesting	to	further	

investigate	phytochrome	distribution	in	different	diatom	species,	and	try	to	associate	it	

to	their	environmental	distribution	and	diversity	of	life	style	and	strategies.		

The	 origin	 of	 stramenopile	 phytochromes	 remains	 puzzling.	When	 compared	 to	 other	

phytochromes,	 there	 is	 clearly	 a	 stramenopile	 specific	 phytochrome	 branch,	 sister	 to	

fungal	 phytochromes,	 but	 separated	 from	 other	 eukaryotic	 algal	 phytochromes	

(Archaeplastida	 and	Cryptophyceae)	by	bacterial	 phytochromes.	This	would	 suggest	 a	

common	 origin	 for	 stramenopile	 phytochrome.	 However,	 within	 the	 stramenopile	

phytochromes,	 the	 phytochrome	 phylogenetic	 tree	 does	 not	 follow	 the	 phylogenetic	

species	 tree.	 One	 possibility	 could	 be	 acquisition	 of	 phytochrome	 in	 one	 ochrophyta	

species,	then	within-ochrophyta	horizontal	gene	transfer	through	viral	infection.	

	

CONCLUSIONS	

In	 this	 study,	 we	 have	 addressed	 the	 presence	 of	 different	 photoreceptors	 types	 in	

Ochrophyta.	 We	 have	 shown	 that	 the	 LOV-based	 photosensing	 seems	 to	 be	 very	

important	 in	 this	 eukaryote	 branch,	 with	 Aureochrome	 photoreceptors	 present	 in	 all	

Ochrophyta.	Moreover,	we	also	discover	a	Stramenopile-specific	group	containing	a	single	

LOV	 domain	 as	 potential	 ubiquitous	 photoreceptors	 in	 diatoms,	 while	 phyla-specific	

proteins	 appeared	 in	 some	 algal	 groups.	 However,	 whether	 all	 these	 photoreceptors	

evolved	from	a	unique	ancestral	protein	has	not	been	assessed	here,	but	could	be	done	in	

an	other	study	 focusing	on	 the	phylogeny	of	 the	LOV	domain.	We	also	uncovered	new	

domain	combinations,	for	example	with	cytoskeleton-interacting	domains,	with	possibly	

new	functions	for	LOV-based	photoreceptors.	Members	of	the	cryptochrome-photolyase	

family	are	also	present	in	all	species	studied	here,	and	among	Ochrophyta,	diatoms	show	

gene	multiplication	in	several	CPF	classes	(CryP,	Cry-DASH	and	class	II	CPD	photolyase).	

In	particular,	we	have	been	able	to	show	a	multiplication	of	Plant-like	cryptochrome	in	

diatoms	 with	 the	 potential	 presence	 of	 new	 photoreceptors	 (CRYP2)	 and	 duplication	

associated	with	 potential	 specific	 subcellular	 localization	 (Cry-DASH	 and	 class	 II	 CPD	

photolyase).	
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The	 conservation	 of	 phytochromes	 and	 rhodopsins	 is	 much	 more	 sparse	 on	 the	

Ochrophyta	species	tree.	Interestingly,	each	of	these	proteins	can	be	found	in	giant	virus	

genomes	(phycodnaviridae).	There	are	several	arguments	in	favor	of	a	viral	transfer	for	

both	 rhodopsins	 and	 phytochromes.	 Rhodopsins	 are	 found	 in	 algal	 viruses,	 including	

Chlorophyta	and	coccolithophore	viruses,	and	transfer	of	rhodopsin	genes	between	virus	

and	host	have	been	demonstrated	in	other	algae	(Needham	et	al.,	2019;	Rozenberg	et	al.,	

2020).	 For	 phytochromes,	 the	 presence	 of	 a	 copy	 of	 a	 giant	 phycodnavirus	 genome	

carrying	a	phytochrome	in	the	Ectocarpus	genome	is	a	good	argument	for	virus-mediated	

horizontal	 gene	 transfer	 (Cock	 et	 al.,	 2010).	 Giant	 phycodnavirus	 are	 known	 to	 infect	

brown	algae	(McKeown	et	al.,	2017),	raphidophytes	(Ogura	et	al.,	2016)	and	pelagophytes	

(Moniruzzaman	et	al.,	2014),	and	have	been	suggested	to	infect	chrysophytes	too	(Endo,	

2020),	but	not	diatoms.	These	can	be	infected	by	small	ssDNA	and	ssRNA	viruses,	but	the	

giant	phycodnaviridae	are	thought	to	be	too	big	to	get	through	the	pores	of	the	frustule	

(Tomaru	 and	 Nagasaki,	 2011).	 Interestingly,	 if	 we	 focus	 on	 pennate	 diatom	

phytochromes,	 we	 can	 see	 that	 these	 genes	 are	 sparsely	 distributed	 on	 the	 diatom	

phylogenetic	tree,	but	the	genes	form	a	clade	on	a	phytochrome	phylogenetic	tree.	This	

could	mean	 that	 the	 ancestor	 of	 pennate	 diatoms	had	 a	 phytochrome,	 but	 that	 it	was	

repeatedly	 lost	 in	 the	 current	 lineages.	 However,	 we	 also	 noticed	 that	 some	 pennate	

diatoms	 that	 carry	 phytochrome	 are	 benthic	 species,	 living	 in	 dense	 sea	 floor	

communities,	where	viral	pressure	is	high	(Stal	et	al.,	2019;	McMinn	et	al.,	2020).	Viral-

mediated	gene	transfer	could	therefore	be	very	successful	in	this	environment,	and	bring	

phytochrome	and	heliorhodopsin	genes	to	these	species.	On	this	basis,	one	can	infer	that	

pennate	diatom	phytochromes	form	a	clade	not	because	they	come	from	the	same	diatom	

ancestor,	but	because	these	diatoms	share	the	same	environment	and	are	infected	by	the	

same	viruses.	Mining	the	available	giant	DNA	virus	databases	(Moniruzzaman	et	al.,	2020;	

Schulz	 et	 al.,	 2020)	 for	 rhodopsins	 and	 phytochromes	 genes	 and	 comparing	 them	 to	

Ochrophyta	genes	will	be	the	next	step	in	this	analysis.		

Our	database	is	composed	of	a	wide	range	of	Ochrophyta	species.	Because	our	search	is	

based	on	known	characterized	photoreceptors	domains,	 it	 is	 nearly	 certain	 that	 other	

photoreceptors	 types	 exist	 and	 could	 be	 identified	 by	 enriching	 this	 search	 with	

additional	genomic	data	now	available	from	algae	(Nelson	et	al.,	2021),	or	environmental	
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sequences	derived	from	meta-omic	data	and	single	cell	genomes	(Carradec	et	al.,	2018;	

Delmont	 et	 al.,	 2020).	 It	 would	 be	 also	 interesting	 to	 add	 to	 this	 search	 dinotoms	

(dinoflagellates	 that	 possess	 a	 chloroplast	 of	 diatom	 origin)	 to	 identify	 conserved	

photoreceptors	and	eventual	 transfers	 from	diatoms	to	the	dinoflagellate	host	genome	

(Hehenberger	 et	 al.,	 2016).	 Finally,	 it	would	 be	 informative	 to	 look	more	 into	 species	

characteristics	 of	 the	 different	 ochrophyta	 groups	 possessing	 different	 photoreceptor	

classes,	such	as	trophic	mode	and	habitat	(freshwater	or	marine,	planktonic	or	benthic),	

and	identify	putative	blind	spots	in	our	analysis.		

Finally,	representing	the	first	comprehensive	study	of	the	photoreceptor	repertoire	in	an	

important	 group	 of	 eukaryotes	 that	 have	 so	 far	 been	 largely	 ignored	 in	 photobiology	

research,	this	study	provides	important	support	for	the	discovery	of	new	photosensitive	

proteins	 and	 for	 the	 study	 of	 their	 evolution	 and	 functional	 diversification	 in	 aquatic	

environments.		

	

MATERIAL	AND	METHODS:		

	

Database:		

All	transcriptome	and	genome	resources	used	in	this	analysis	are	listed	in	Supplementary	

Data	1.	We	used	only	genomes	with	protein	predictions	and	assembled	transcriptomes.	

Protein	prediction	was	performed	with	Transdecoder	(version	5.5.0,	default	settings)	on	

assembled	transcriptomes	if	needed.		

Photoreceptor	search	(summarized	in	Table1):	

We	used	the	hmmsearch	algorithm	(HMMER	3.2.1)	to	retrieve	candidate	sequences.	HMM	

model	details	are	as	follow:		

LOV:	the	LOV	domain	is	recognized	by	the	PAS_9	model	in	Pfam	(PF13426),	however	this	

model	also	recognizes	other	domains	(lacking	the	flavin	binding	site	notably).	To	define	a	

specific	LOV	domain	signature,	we	aligned	all	LOV-containing	sequences	from	Glantz	et	
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al,	2016	to	the	PAS_9	model	with	hmmalign	(--trim	option)	and	constructed	LOV	hmm	

profile	with	hmmbuild.	

CPF:	We	tested	Pfam	models	PF	and	PF	models	 ,	but	a	custom	model	recognized	more	

sequences.	This	custom	model	was	built	by	aligning	reference	sequences	from	COG0415	

(ncbi	conserved	domain	database)	with	mafft	(v7.247)	and	built	with	hmmbuild.	

Rhodopsins:	 Pfam	 models	 PF01036	 (bac-rhodopsin)	 and	 PF18761	 (heliorhodopsins)	

have	been	used.	

Phytochromes:	 Pfam	 model	 PF00360	 (PHY)	 has	 been	 used	 to	 retrieve	 full	 length	

sequences,	 as	 defined	 by	 sequences	 with	 GAF	 and	 REC	 domains,	 aligned	with	mafft).	

Alignment	of	the	full-length	sequence	has	been	used	to	build	stramenopile	specific	models	

for	each	domain	(GAF,	PHY,	HisKA,	HATPase,	REC).	

Table	1.	Details	of	the	parameters	and	reference	sequences	used	in	our	photoreceptor	search	

Candidate	 sequences	 were	 clustered	 at	 90%	 identity	 with	 Cdhit	 (http://weizhong-

lab.ucsd.edu/cdhit-web-server/cgi-bin/index.cgi)	and	submitted	to	Sequence	similarity	

network	(SSN)	at	EFI/EST	(https://efi.igb.illinois.edu/efi-est/,	fasta	option)	(Zallot	et	al.,	

2019).	SSN	alignment	scores	were	chosen	to	separate	proteins	at	about	40%	identity	and	

Photoreceptor	
type	 HMM	domain	

SSN	
alignment	

score	
Reference	sequences	

LOV	 custom	(PF13426	and	reference	
sequences	from	Glantz	2016)	

40	and	60	
(Glantz	et	al.,	2016)	and	

haptophyte	RGS-LOV	sequences	
reported	by	(Coesel	et	al.,	2021)	

CPF	
custom	(alignment	of	the	

COG0415	sequences	from	ncbi	
conserved	domain	database	

90	 (Vicedomini	et	al.,	2022)	

Rhodopsins	 PF01036	(bac-rhodopsin)	and	
PF18761	(heliorhodopsins)	

20	

(Govorunova	et	al.,	2017;	
Pushkarev	et	al.,	2018)	enriched	in	

eukaryotic	sequences	from	
Interpro	for	the	phylogenetic	trees	

Phytochromes	
PF00360	and	custom	from	
Stramenopiles	sequences	 80	 (Fortunato	et	al.,	2016)	
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the	 score	 has	 been	 increased	 if	 necessary.	We	 proceeded	with	 trial	 and	 error	 to	 find	

optimal	alignment	scores.	

Reference	 sequences	were	 added	 to	 the	 SSN	 (see	 Table1)	 to	 help	 to	 visualize	 known	

photoreceptor	types.	

Other	domain	examination	and	sequence	visualization	was	done	in	CLCworkbench	8.0.1	

(Pfam	database	version	33,	built-in	hmmer	algorithm	version	3.1b1).	

	

Phylogenetic	reconstruction:		

Alignment	of	selected	proteins	was	done	with	muscle	(v3.8.31),	except	 for	CPF,	where	

sequences	were	aligned	to	a	reference	alignment	of	the	DNA	photolyase	and	FAD-binding	

domains	with	hmmalign	with	the	--trim	option.	Alignements	were	trimmed	with	trimAL	

(v1.2)	(80%	conservation),	and	tree	was	reconstructed	with	FastTree	(Price	et	al.,	2010)	

(version	2.1.11),	default	mode	(JTT+CAT;	local	support	values:	Shimodaira-Hasegawa	test	

with	1000	resampling).	

For	species	phylogeny,	we	used	the	mutligene	method	from	Dorell	et	al,	2021:	63	genes	

from	Phaeodactulym	tricornutum	were	used	as	blastp	queries	to	identify	homologs	in	each	

strain	 of	 our	 database	 (best	 blast	 hit	 for	 each	 strain	 was	 used).	 Genes	 were	 aligned	

individually	with	mafft,	trimmed	with	trimAL	(-gt	0.2)	and	alignments	concatenated.	Tree	

was	reconstructed	with	FastTree.	

Trees	were	visualized	with	iTOL	v6	(https://itol.embl.de,	(Letunic	and	Bork,	2021).	

	

Complementary	analyses:	

Sequences	 logos	 (aureochromes	 binding	 site	 and	 CryP	 family)	 were	 done	 at	

https://weblogo.berkeley.edu/logo.cgi.	 Protein	 targeting	 predictions	 were	 done	 with	

HECTAR	 (Gschloessl	 et	 al.,	 2008),	 diatom	 sequences	 only,	 at	 http://www.sb-

roscoff.fr/hectar/.	 Isoelectric	 points	 were	 calculated	 with	 the	 online	 tool	 IPC2	

((Kozlowski,	 2021),	 http://ipc2.mimuw.edu.pl).	 Transmembrane	 prediction	 for	 the	
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rhodopsins	 were	 done	 with	 TMHMM	 2.0	 at	

https://services.healthtech.dtu.dk/service.php?TMHMM-2.0.	

Structure	 homology	modelisation	was	 performed	with	 SwissProt	 ((Waterhouse	 et	 al.,	

2018),	https://swissmodel.expasy.org	).	
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Phytochrome	photoreceptors	from	T.pseudonana	and	P.tricornutum	display	a	red/far-red	

absorption	 spectra,	which	 led	 to	 complex	hypotheses	 concerning	 the	 light	 source	 that	

could	modulate	DPH	activity	in	the	ocean,	given	the	poor	abundance	of	these	wavelengths	

in	 this	 environment.	 To	 get	 insights	 into	 the	 function	 DPH	 could	 play,	 we	 wanted	 to	

determine	the	conditions	in	which	DPH	can	be	active	in	the	environment,	we	aborded	the	

questions	by	different	approaches.	On	one	side,	we	determined	the	action	spectra	of	the	

DPH	from	the	model	diatom	Phaeodactylum	tricornutum	thanks	to	the	use	of	a	reporter	
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system	in	which	the	fluorescent	reporter	eYFP	is	under	the	control	of	a	DPH-regulated	

promoter	 in	 P.tricornutum,	 allowing	 to	 build	 a	 mathematical	 model	 describing	 DPH	

activity	in	a	given	light	field.	On	the	other	side,	we	investigated	in	which	environment	are	

found	DPH-containing	diatoms,	which	could	explain	the	adaptive	value	that	could	confer	

DPH	activity.	For	this,	we	collaborated	with	Chris	Bowler	and	Juan	Pierella	Karlusich	to	

dig	 into	 the	 Tara	 Oceans	 resources.	 Both	 approaches	 brought	 complementary	 and	

convergent	information	toward	the	environmental	impact	on	DPH	activity.	

In	this	study,	I	realized	the	wide	majority	of	the	work,	from	the	setting	of	the	experimental	

conditions	to	the	realization	of	fluence	response	curves	of	the	action	spectra,	expression	

analysis	 of	 different	 DPH-regulateed	 genes,	 and	 the	 mathematical	 modeling	 of	 DPH	

activity	based	on	already	established	equations,	using	different	light	field	I	modeled	or	

environmental	 data	 provided	 by	 Maurizio	 Ribera	 d’Alcala.	 I	 analyzed	 the	 sequences	

retrieved	from	the	Marine	Atlas	for	Tara	Oceans	Unigenes	(MATOU)	and	quantified	their	

respective	abundance,	and	characterization	of	novel	DPH	recombinant	proteins.	

	

Manuscript	in	preparation		

	 	



121	

	

MARINE	 DIATOM	 PHYTOCHROMES	 ARE	 SENSORS	 OF	
DEPTH	 AND	 PHYTOPLANKTON	 CONCENTRATION	
THROUGH	 SENSING	 OF	 UNDERWATER	 LIGHT	 FIELD	
VARIATIONS		
	

Carole	Duchêne1,	Jean-Pierre	Bouly1,	Juan	Pierella	Karlusich2,	Julien	Sellès1,	Chris	Bowler2,	

Maurizio	Ribera	d’Alcalà3,	Angela	Falciatore1,	Marianne	Jaubert1	

1.	 CNRS,	 Sorbonne	 Université,	 Institut	 de	 Biologie	 Physico-Chimique,	 Laboratoire	 de	 Biologie	 du	

chloroplaste	et	perception	de	la	lumière	chez	les	microalgues,	UMR7141,	F-75005	Paris,	France		

2.	Ecole	Normale	Supérieure,	PSL	Research	University,	Institut	de	Biologie	de	l’Ecole	Normale	Supérieure,	

CNRS	UMR	8197,	INSERM	U1024,	F-75005	Paris,	France	

3.	Stazione	Zoologica	Anton	Dohrn,	80121	Naples,	Italy	

	

ABSTRACT		

Aquatic	environments	are	more	penetrative	to	blue	and	green	wavelengths	while	red	and	

far-red	ones	are	rapidly	attenuated.	So	marine	organisms	are	expected	to	have	adapted	

their	 photosensing	 capabilities	 to	 the	 most	 abundant	 wavebands.	 However,	 marine	

diatoms	 possess	 photoreceptors	 of	 the	 phytochrome	 family	 (DPH)	 that	 respond	 to	

red/far-red	light.	To	shed	light	on	this	puzzling	evidence,	we	set	up	a	reporter	system	in	

the	model	diatom	Phaeodactylum	tricornutum	to	determine	the	action	spectra	of	PtDPH	

activity.	We	assessed	that	this	photoreceptor	responds,	effectively,	not	only	to	red	and	

far-red	bands,	but	also	to	blue	and	green	lights.	Projecting	PtDPH	capability,	quantified	by	

the	 photochemical	 parameters	 determined	 in	 vivo,	 in	 different	 ocean	 light	 fields,	 we	

determined	 that,	 counterintuitively,	 PtDPH	 activity	 increases	 with	 depth,	 while	 being	

sensitive	 to	 the	 concentration	 of	 optically	 active	 components,	 as	 phytoplankton	

concentration.	We	then	investigated	the	occurrence	of	DPH	in	situ,	using	the	ocean	wide	

data	set	from	the	Tara	Oceans	expedition,	and	found	that	DPH	containing,	and	expressing,	

diatoms	 were	 almost	 exclusively	 present	 in	 temperate	 and	 polar	 regions,	 which	

experience	 high	 annual	 variability	 in	 phytoplankton	 abundance	 and	 a	 variable	
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photoperiod.	 We	 expanded	 the	 number	 of	 characterized	 DPH	 family	 members	 with	

sequences	found	to	be	abundant	in	the	open	ocean.	We	found	that	their	photochemical	

properties	are	strongly	conserved	and	similar	to	those	of	PtDPH,	and	that	they	show	a	

similar	activation	pattern	 in	 the	environment.	Overall,	 these	 results	 set	 a	milestone	 in	

marine	photoreception,	showing	light	sensitivity	of	DPH	along	the	whole	photic	zone,	and	

open	new	perspectives	both	for	DPH	functioning	and	putative	role	in	marine	diatoms.	

Keywords:	Phytochrome,	diatoms,	light	sensing,	oceans	

	

INTRODUCTION	

	

For	 photosynthetic	 organisms,	 the	 perception	 of	 their	 light	 environment	 is	 crucial	 for	

multiple	 aspects	 of	 their	 life,	 from	 the	 regulation	 of	 photosynthesis	 to	 cellular	 and	

developmental	 processes	 such	 as	 acclimation,	 adjustment	 or	 synchronization	 of	

physiology	 and	 metabolism	 (Briggs	 and	 Spudich,	 2005).	 Photosensing	 relies	 on	

photoreceptor	proteins	that	perceive	particular	bands	of	the	light	spectrum	(Möglich	et	

al,	2010).	Among	them,	the	phytochromes	are	red/far-red	light	sensing	proteins,	present	

in	terrestrial	plants	but	also	in	photosynthetic	and	non-photosynthetic	bacteria,	fungi	and	

diverse	 algae	 such	 as	 streptophytes,	 prasinophytes,	 glaucophytes,	 cryptophytes	 and	

heterokonts	(Butler	et	al,	1959;	Hughes	et	al,	1997;	Yeh	et	al.,	1997;	Bhoo	et	al,	2001;	

Giraud	et	al,	2002;	Blumenstein	et	al,	2005;	Froehlich	et	al,	2005;	Falciatore	and	Bowler,	

2005;	 Rockwell	 et	 al,	 2014).	 Phytochromes	 are	 characterized	 by	 their	 ability	 to	

photoreversibly	convert	between	an	active	and	an	inactive	state:	upon	the	perception	of	

red	light,	the	red-absorbing	form	Pr	switches	to	a	far-red	absorbing	form,	Pfr,	which	can	

subsequently	revert	back	into	the	Pr	form	upon	far-red	light	(Butler	et	al,	1959).	Thus,	the	

activity	level	of	phytochrome	is	related	to	the	photoequilibrium	formed	upon	a	given	light	

exposure	 (Morgan	 and	 Smith,	 1976).	 A	 well-known	 example	 of	 phytochrome	

photoequilibrium	dependent	response	in	plants	is	the	perception	of	the	low	R/FR	ratio	

under	a	canopy,	allowing	 the	detection	of	neighbors	 (i.e.,	 competing	phototrophs)	and	

mediating	shade	avoidance	responses	(Casal,	2012).	The	photoequilibrium	state	as	well	



123	

	

as	the	phototransformation	rates	between	the	two	forms	can	be	predicted	mathematically	

at	any	wavelength,	based	on	the	phytochrome	photoconversion	cross	sections	(sl)	(that	

depend	on	the	quantum	yield	of	photoconversion	(f)	and	the	extinction	coefficient	of	each	

form	 (el)),	 and	 the	 spectral	 fluence	 rate	 of	 a	 light	 source	 (Butler,	 1972).	 These	

photochemical	 properties	 can	 be	 estimated	 from	 measurements	 made	 in	 vitro	 on	

recombinant	phytochromes	(Giraud	et	al,	2010)	but	also	 in	vivo	 (Schmidt	et	al.,	1973).	

However,	the	determination	of	action	spectra	for	specific	biological	responses	that	reflect	

phototransformation	 reactions	 (Hartmann	 1966,	 Beggs,	 1981,	 Shinomura	 et	 al,	 1996)	

have	shown	some	differences	between	in	vitro	and	in	vivo	approaches	due	to	distortions	

of	 the	 light	 transmitted	 within	 cells	 (Kazarinova-Fukshansky,1985; Kusuma,	 2021)	

or/and	 biological	 events	 acting	 downstream	 of	 phytochrome	 photochemical	 reactions	

(Klose,	2015;	Olson,	2017).	

Phytochromes	 are	 dimeric	 chromoproteins	which	 sense	 light	 via	 heme-derived	 linear	

tetrapyrroles	as	chromophore	(Quail,	1991;	Rockwell	et	al,	2006).	These	chromophores	

covalently	bind	to	a	conserved	cysteine	residue	in	the	N-terminal	photosensory	module	

(PSM),	 composed	 of	 PAS	 (Per-Arnt-Sim),	 GAF	 (cGMP	 phosphodiesterase/	 adenylyl	

cyclase/FhlA)	 and	 PHY	 (phytochrome-specific)	 domains	 (Montgomery	 and	 Lagarias,	

2002;	Karniol	et	al,	2005;	Lamparter	et	al,	2002,	Blumenstein	et	al,	2005).	Upon	excitation	

by	 light,	 changes	 in	 the	 chromophore	 generate	 protein	 conformational	 changes	which	

activate	 a	 more	 diversified	 C-terminal	 output	 module	 initiating	 a	 signaling	 cascade	

(Rockwell	and	Lagarias,	2006).			

	 The	 presence	 of	 phytochromes	 in	marine	 phytoplankton	was	 quite	 unexpected	

because	 water	 differentially	 absorbs	 light	 bands	 in	 a	 manner	 inconsistent	 with	

phytochrome	activation.	For	example,	light	intensity	decreases	exponentially	with	depth,	

and	short	(UV)	and	long	(red	and	far-red)	wavelengths	of	the	spectra	are	attenuated	more	

strongly	than	green	and	blue	wavelengths	(Mobley,	1994).	Additionally,	the	presence	of	

other	components	in	the	seawater,	such	as	phytoplankton,	and	their	pigments,	inorganic	

particles	and	colored	dissolved	organic	matter	(CDOM)	also	alter	the	light	field	because	

they	absorb	and/or	scatter	specific	wavelengths	depending	on	their	bioptical	properties	

(Kirk,	2011).	These	properties	give	rise	to	a	strong	vertical	structuring	of	light	in	the	ocean	
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with	a	continuum	of	spectra,	going	from	a	high	intensity	solar	spectrum	near	the	surface	

to	a	dim	blue-green	light	field	at	depth,	therefore	progressively	deprived	of	the	red-far	

red	band.	Absorption	spectra	variations	have	been	shown	for	some	algal	phytochromes	

from	 prasinophytes,	 glaucophytes	 and	 brown	 algae,	 that	 are	 tuned	 to	 the	 shorter	

wavelengths	that	are	more	abundant	in	the	water	column,	with	orange-yellow/far-red,	

red/blue	or	 far-red/green	photocycles,	 respectively,	which	has	been	 interpreted	as	an	

adaptive	spectral	tuning	of	the	photoreceptors	(Rockwell	et	al,	2014).		

Among	marine	phytoplankton,	diatoms	are	one	of	the	most	abundant	and	diverse	groups,	

and	are	considered	responsible	for	about	20%	of	the	primary	production	on	Earth	(Field	

et	 al,	 1998;	 Malviya	 et	 al,	 2016;	 Pierella	 Karlusich	 et	 al,	 2020).	 These	 secondary	

endosymbiosis-derived	 microalgae	 have	 been	 able	 to	 colonize	 very	 different	 aquatic	

niches.	They	particularly	thrive	in	turbulent	environments	(Margalef,	1978;	Esposito	et	

al,	2009),	that	can	imply	drastic	variations	in	light	conditions,	both	in	term	of	intensity	

and	 quality.	 Diatoms	 exhibit	 a	 palette	 of	 photoreceptors	 including	 blue	 light	

photoreceptors	of	the	Cryptochrome/photolyase	family	(CPF),	the	stramenopile-specific	

Aureochrome	 family,	 and	 putative	 green	 light	 photoreceptors	 of	 the	 Heliorhodopsin	

family	(Jaubert	et	al,	2022).	Some	diatoms	also	possess	phytochromes	(DPH),	similar	to	

the	bacterial	class,	with	a	conserved	photosensory	module	followed	by	an	output	domain	

composed	of	an	histidine	kinase/ATPase	and	REC	(response	receiver)	domains	(Bowler	

et	al,	2008;	Fortunato	et	al,	2016).	

The	DPH	 from	 the	model	 diatom	 species	Thalassiosira	 pseudonana	 (TpDPH),	 from	 the	

centric	group,	and	Phaeodactylum	tricornutum	(PtDPH),	 from	the	pennate	group,	were	

both	shown	to	be	able	to	bind	as	chromophore	biliverdin	(BV),	the	bilin	bound	to	bacterial	

and	fungal	phytochromes	(Bhoo	et	al,	2001;	Blumenstein	et	al,	2005).	TpDPH	and	PtDPH	

both	display	absorption	spectra	of	the	Pr	and	Pfr	maximally	peaking	at	686	and	700,	and	

764	 et	 750	 nm,	 respectively,	 which	 are	 red-shifted	 in	 respect	 to	 canonical	 plant	

phytochromes	and	other	algal	phytochromes	(Fortunato	et	al,	2016).		

Attempts	to	understand	the	function	of	this	photoreceptor	in	P.	tricornutum	showed	that	

exposure	to	far-red	light	leads	to	expression	changes	of	a	set	of	genes.	These	patterns	are	

lost	in	PtDPH	knockout	(KO)	mutants.	Most	of	these	genes	are	of	unknown	function,	or	
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encoding	proteins	involved	in	transcriptional	regulation	and	signaling	(Fortunato	et	al,	

2016).	 Hypotheses	 have	 been	 proposed	 about	 a	 role	 of	 these	 phytochromes	 as	 depth	

sensors,	given	 the	 light	spectrum	differences	along	 the	water	column,	or	as	sensors	of	

phototrophic	 cells	 in	 the	 surroundings,	 during	 algal	 blooms	 in	 particular,	 through	 the	

sensing	 of	 chloroplast	 fluorescence	 (Fortunato	 et	 al,	 2016).	 However,	 up	 to	 now,	 the	

physiological	function	algal	phytochrome	remains	a	mystery,	and	the	presence	of	red/far-

red	 photoreceptors	 in	 marine	 diatoms	 that	 are	 exposed	 to	 a	 mostly	 blue-green	 light	

environment	is	still	puzzling.	

In	this	work	we	went	beyond	the	bias	of	DPH	being	activated	only	in	the	red-far	red	bands	

and	explored	over	the	whole	spectrum	the	response	of	this	unique	photoreceptor.	

We	first	characterized	the	in	vivo	sensing	properties	of	PtDPH,	using	an	ad	hoc	designed	

reporter	 system	 which	 allowed	 to	 monitor	 and	 quantify	 PtDPH	 activation	 in	 P.	

tricornutum	over	all	the	wavelength	range	available	in	the	ocean	surface	layer.	We	then	

modeled	the	PtDPH	activation	state	 in	various	computed	or	real	marine	 light	 fields,	 to	

infer	its	in	situ	response.	We	additionally	investigated	the	occurrence	and	distribution	of	

DPH	in	Tara	Oceans	expedition	data,	characterized	photochemical	properties	of	a	suite	of	

novel	 DPHs	 from	 different	 ecological	 niches	 and	 different	 taxa,	 and	 verified	 similar	

properties	 of	 those	 of	 the	 model	 systems	 previously	 analyzed.	 In	 brief,	 the	 interplay	

between	the	varying	underwater	light	field	and	the	highly	specific	spectral	properties	of	

DPH	produces	an	unique	vertical	pattern	in	the	photoreceptor	response.	Altogether,	these	

results	 permit	 new	perspectives	 both	 for	DPH	 functioning	 and	 for	 its	 putative	 role	 in	

marine	diatom	biology.		

	

RESULTS		

	

In	vivo	action	spectra	of	DPH	

To	 monitor	 DPH	 activity	 in	 vivo,	 we	 introduced	 in	 wild-type	 (WT)	 and	 KO-PtDPH	 P.	

tricornutum	 strains	 the	 coding	 sequence	 of	 the	 enhanced	 Yellow	 Fluorescent	 Protein	
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(eYFP)	 under	 the	 control	 from	 a	 promoter	 of	 a	 PtDPH-regulated	 gene	 (Hsf4.6a)	

(ProHSF4.6a::YFP	WT	and	ProHSF4.6a::YFP	KO,	respectively)	(Fortunato	et	al.	2016)(Fig.	

1A).	Reporter	strains	were	grown	in	continuous	green	light	to	avoid	diurnal	regulation	

and	because	green	light	is	the	least	absorbed	by	PtDPH	in	vitro.		

Figure	1.	PtDPH	activity	reporter	system	and	experimental	conditions.	A.	Schematic	illustration	the	PtDPH	
activity	 reporter	 system.	 B.	 Kinetics	 of	 the	 eYFP	 induction	 in	 different	 reporter	 strain	 backgrounds:	 P.	
tricornutum	wild-type	(WT),	knockout	PtDPH	mutants	(KO),	or	non	mutated	cells	originated	from	the	same	
transformed	colony	than	the	KO	(WT	(Tc)(Transformation	control)).	Cells	were	grown	in	continuous	green	
light	 (22	 μmoles	 of	 photon/m2/sec)	 and	 exposed	 for	 10	 min	 to	 800-nm	 far-red	 light	 (15	 μmoles	 of	
photon/m2/sec)	 at	 t0	 then	 left	 in	 the	 dark	 («10min	 far-red	»)	 up	 to	 9	 h	 post-irradiation,	 or	 directly	
transferred	 from	 green	 to	 darkness	 («	Dark	»).	 eYFP	 signals	 were	 measured	 by	 flow	 cytometry	 and	
normalized	to	t0.		

To	 verify	 the	 PtDPH-dependent	 control	 of	 reporter	 gene	 expression,	 ProHSF4.6a::YFP	

WT,	ProHSF4.6a::YFP	WT	(Tc)	(transformation	control,	i.e.,	cells	originated	from	the	same	

transformed	 colony	 than	 its	 corresponding	KO	but	not	 having	undergone	PtDPH	gene	

editing	 as	 described	 in	 Fortunato	 et	 al,	 (2016)),	 and	 ProHSF4.6a::YFP	 KO	 lines	 were	

submitted	or	not	to	a	far-red	(800	nm)	light	exposure	of	15	μmoles	of	photon/m2/sec	for	

10	minutes	and	then	left	in	the	dark.	The	YPF	signal	was	measured	by	flow	cytometry	at	

different	 time	points.	As	shown	 in	Fig.	1B,	YFP	signal	 increased	over	6h	 in	 the	dark	 in	

ProHSF4.6a::YFP	WT	and	remained	constant	up	to	9h	post-irradiation.	On	the	contrary,	it	

remained	at	a	basal	level	when	the	ProHSF4.6a::YFP	WT	lines	were	not	exposed	to	far-red	

light	 over	 the	 same	 period.	 Moreover,	 eYFP	 induction	 was	 not	 observed	 in	

ProHSF4.6a::YFP	KO	lines	submitted	to	the	same	far-red	light	exposure	(Fig.	1B).	These	

results	 indicate	 that	 our	 reporter	 system	 specifically	 reports	 DPH-	 and	 FR-	 light-

dependent	inductions,	and	is	thus	suitable	for	the	characterization	of		in	vivo	DPH	activity.		

Light

Pfr Pr

ProHsf4.6a YFP TerLhcf1

A B Strain background 
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Using	the	same	experimental	setup	as	described	above,	fluence	rate	response	curves	were	

then	 generated	 from	 reporter	 lines	 submitted	 for	 10	 min	 to	 a	 gradient	 of	 different	

monochromatic	lights	(Fig.	S1A)	from	the	far-red	to	violet-blue	regions	(850,	810,	765,	

740,	730,	470,	430	and	405	nm	(Fig.	S1B)).	As	shown	in	Fig.	2A,	for	all	the	colors	tested,	

the	curves	exhibited	the	same	sigmoidal	shape,	with	no	response	measured	at	the	lowest	

light	intensities,	followed	by	a	log-linear	phase	as	intensity	increases,	before	reaching	a	

plateau	when	light	intensity	is	saturating	(Fig.	2A).	Notably,	photoinduction	of	YFP	was	

effective	in	the	blue	band	and	even	up	to	850	nm,	a	wavelength	at	which	the	recombinant	

PtDPH	protein	barely	absorbs.	These	responses	were	all	DPH–dependent,	as	the	reporter	

ProHSF4.6a::YFP	 KO	 lines	 showed	 no	 induction	 of	 YFP	 at	 any	 wavelength	 (Fig.	 S2).	

Furthermore,	the	same	fluence	rate	response	curves	performed	with	the	light-regulated	

promoter	 LHCF2	 and	 the	 constitutive	 promoter	 H4	 (Siaut	 et	 al,	 2007),	 showed	 no	

wavelength-	or	 intensity-dependent	 induction	(Fig.	S2).	The	 induction	of	expression	 in	

saturating	blue	as	well	as	in	far-red	light	was	also	verified	by	RT-qPCR	for	HSF4.6a	and	

other	 PtDPH-regulated	 genes	 previously	 identified	 in	 Fortunato	 et	 al	 (2016)	

(Phatr3_J15138,	 Phatr3_J46431,	 Phatr3_J18096,	 Phatr3_J45662)	 (Fig.	 S3).	 On	 the	

contrary,	no	induction	occurred	in	PtDPH	KO	lines.	This	loss	of	induction	by	blue	light	in	

the	KO	lines	was	shown	to	be	specifically	regulated	by	PtDPH	because	blue	light-mediated	

induction	 of	 expression	 of	 the	 Phatr3_J18180	 gene	 (encoding	 LHCR7	 fucoxanthin	

chlorophyll	 a/c	 light-harvesting	 protein	 and	 not	 found	 regulated	 by	 PtDPH),	was	 still	

observed	in	KO	as	well	as	in	WT	lines	(Fig.	S3).	

The	log	linear	phase	of	each	curve	occurs	at	different	intensities	depending	on	the	light	

used.	 It	 extends	 to	 the	 far-red	 (765nm)	 from	 0.1	 to	 10	 µmol	 photon/m2/s,	 with	 an	

intensity	 needed	 to	 reach	 half	 the	 maximum	 YFP	 (I1/2)	 of	 1.47	 μmol	 photon/m2/s.	

Surprisingly,	 the	 log	 linear	phase	in	blue	(430	nm)	is	shifted	to	 lower	intensities,	 from	

0.01	to	1	μmol	photon/m2/s,	with	an	I1/2	of	0.3	μmol	photon/m2/s	while	PtDPH	absorbs	

less	in	the	blue	than	in	the	far-red	light.		
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The	 levels	 of	 YFP	 reached	 by	 the	 ProHSF4.6a::YFP	 WT	 lines	 in	 saturating	 light	 are	

different	for	each	wavelength	(Fig.	2A).	These	levels	plotted	as	a	function	of	wavelengths	

fit	with	 the	ratio	of	absorbance	of	Pfr	compared	to	Pr	(Fig.	2B).	This	suggests	 that	 the	

observed	responses	are	primarily	regulated	by	PtDPH	under	our	conditions,	and	that	the	

level	 of	 YFP	under	 a	 given	 light	 reflects	 the	 photoequilibrium	between	 the	 active	 and	

inactive	forms	of	PtDPH	 in	vivo.	Fluence	rate	response	curves	for	the	 inhibition	of	YPF	

induction	were	also	generated,	by	exposing	reporter	strains	first	to	10	min	of	saturating	

far-red	 light	 (800nm)	 followed	 by	 10	 min	 of	 an	 intensity	 gradient	 of	 5	 different	

monochromatic	 LEDs	 (730,	 690,	 630,	 520,	 405	 nm	 (Fig.	 S1B))	 (Fig.	 2C).	 For	 all	 these	

wavelengths,	 the	 same	 sigmoidal-shaped	 fluence	 rate	 response	 curves,	 in	 an	 opposite	

orientation	 to	 the	 induction	 experiments,	were	 obtained,	 clearly	 showing	 that	 PtDPH-

activated	 responses	 can	 be	 photoreversed	 by	 red,	 but	 also	 by	 green	 and	 violet	

wavelengths	(Fig.	2C).		

Altogether,	these	results	indicate	that,	in	vivo,	PtDPH	is	a	photoreversible	photoreceptor,	

not	only	sensitive	to	red	and	far-red	light	but	also	effectively	responding	to	blue	and	green	

wavelengths.	This	implies	that	the	integration	of	the	full	absorption	spectra	of	PtDPH	as	

well	as	its	photoreversibility	properties	are	necessary	to	fully	understand	the	activation	

of	DPH	in	an	highly	variable	light	field	strongly	dependent	on	depth.	

	

In	situ	DPH	activation	model	

Because	our	reporter	system	appeared	 to	be	a	specific	and	quantitative	marker	of	 the	

PtDPH	activation	state	 in	vivo,	we	then	sought	to	construct	a	general	model	describing	

DPH	activity	in	situ.	The	rate	of	phytochrome	photoconversion	depends	on	phytochrome	

photoconversion	yield,	 extinction	coefficient,	 and	 light	 intensity.	Assuming	 that	PtDPH	

acts	as	a	dimer	and	that	the	active	form	is	PrPr	(Rockwell	et	al,	2006;	Fortunato	et	al,	2016	

and	this	study),	the	percentage	of	PrPr	in	a	given	light	field	can	thereby	be	expressed	by	

the	equations	previously	established	(Mancinelli,	1994)	(detailed	in	Suppl	methods).	The	

ratio	 of	 photoconversion	 yield, h,	 and	 the	 photoconversion	 rate	 of	 phytochrome	 at	 a	
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wavelength	!,	k!	(corresponding	to	the	sum	of	the	two	kinetic	constants	for	activation	and	

inhibition	of	PtDPH),	were	determined	by	exploiting	the	action	and	inhibition	fluence	rate	

response	curves	generated.	

To	estimate	the	in	vivo	ratio	of	photoconversion	yield,	h,	we	plotted	the	normalized	YFP	

signal	of	action	curves	at	saturating	light	intensity,	reflecting	the	%PrPr,	as	a	function	of	

the	 ratio	 of	 absorbance	 (APr/APfr)	 deduced	 from	 the	 PtDPH	 recombinant	 protein	

absorption	spectra	(Fig.	3A).	We	also	enriched	this	dataset	with	normalized	YFP	levels	of	

the	reporter	strains	exposed	to	mixed	wavelength	light	fields	(mix	of	2	LEDs)	at	intensities	

saturating	the	PtDPH	response.	By	fitting	the	equation	of	photoconversion	at	equilibrium	

(Fig.	3A),	we	could	estimate	a	h of	0.98	+/-	0.092.	It	should	be	noted	that,	in	this	simple	

model,	 the	 photoconversion	 ratio	 integrates	 the	 photoconversion	 coefficient	 of	 both	

forms	but	also	all	the	different	downstream	events.		

	

Figure	3.	Modelling	of	PtDPH	activity	in	vivo.	A.	Estimation	of	the	ratio	of	photoconversion	rates	from	YFP	
signal	at	saturating	light	(from	Fig.	2A)	and	in	response	to	mixed	wavelengths.	Colors	indicate	the	
wavelength	of	the	LED,	and	pie	charts,	the	proportion	the	relative	intensity	of	each	LED	in	mixed	
illuminations.	Line	represents	the	fitting	of	the	PtDPH	photoequilibrium	as	a	function	of	the	ratio	of	
absorption	of	PtDPH	Pr	and	Pfr	forms	(Equation	5	in	Supplementary	method).	Values	are	means	+/-sd	on	
4	independent	WT	strains.	B.	Sensitivity	of	PtDPH	to	different	wavelengths	represented	from	the	fitting	
done	on	the	curves	in	Fig.	2A	and	2C.	kFit	is	the	resulting	exponential	constant.	Mean	+-	sd	on	the	4	
independent	WT	strains;	dashed	line	represents	the	theoretical	kFit,	calculated	with	the	absorption	spectra	
of	the	recombinant	protein	and	the	determined	ratio	of	photoconversion	yield	(Supplementary	method).	

With	this	estimation	of	h,	we	could	fit	exponential	curves	to	each	normalized	eYFP-fluence	

rate	response	data,	both	for	induction	and	inhibition	experiments	(Fig.	2A	and	2C),	and	fit	

an	exponential	 constant	kFit	 for	each	wavelength.	When	plotting	 the	kFit	 values	against	

wavelengths	(Fig.	3B),	we	found	the	inhibition	and	activation	curves	exhibit	peaks	in	the	

blue	 and	 red	 or	 far-red	 regions,	 as	 the	 absorption	 spectra	 of	 the	 Pr	 and	 Pfr	 forms,	
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respectively	 (Fig.	 3B).	 However,	 the	 relative	 height	 of	 these	 peaks	 does	 not	 fit	 the	

theoretical	ones	calculated	with	the	absorption	spectra	and	ratio	of	photoconversion	yield	

(Fig.	3B,	dashed	line).	In	the	action	spectra,	k	at	430	nm,	k430nm,	was	expected	to	be	about	

a	third	(0.3)	of	k730nm,	but	we	observed	it	to	be	4.68	times	higher.	The	same	difference	is	

observed	in	the	inhibition	spectra	with	k405nm	vs	k730nm	(theoretical	factor:	0.59,	observed	

factor:3.3)	or	k690nm	 vs	k730nm	 (theoretical	 factor:1.4,	 observed	 factor:10.3)	 (Fig.	3B).	A	

linear	relation	between	theoretical	and	observed	values	only	reaches	adjusted	R2=0.4311,	

but	this	rose	to	0.6247	when	ignoring	the	values	in	far-red	bands	(>700nm).	Given	the	

poor	abundance	of	far-red	light	in	the	marine	environment,	the	second	relation	was	kept	

to	calculate	k	in	a	complex	light	field	and	to	model	DPH	activity	in	the	environment.		

	

DPH	activity	in	the	environment	

To	scan	DPH	activation	state	in	the	ocean	in	a	wide	range	of	conditions,	we	projected	the	

DPH	activity	model	established	above	in	a	large	suite	of	modeled	marine	light	fields,	using	

a	 relatively	 simplified	 bio-optical	 model.	 Briefly,	 we	 computed	 the	 sea	 surface	 light	

spectra	using	the	Tropospheric	ultraviolet	and	visible	radiation	model		(Madronich	1987).	

The	underwater	spectrum	at	any	depth	depends	on	the	sea	surface	light	irradiation,	depth	

and	 the	 spectral	 diffuse	 attenuation	 coefficient	 of	 the	water	 environment	K.	K	 can	 be	

modeled	 as	 the	 sum	 of	 the	 absorption	 spectrum	 of	 the	 water	 (Kw),	 the	 attenuation	

coefficient	of	the	phytoplankton	(Kph)	and	the	attenuation	coefficient	of	the	background	

turbidity	(Kbg)	due	to	non-algal	particles	and	dissolved	organic	matter.	The	formula	and	

tabulated	values	 from	Morel	and	Maritonema	(2001)	have	been	used	to	calculate	 light	

attenuation	 (350-700nm)	 of	 phytoplankton	 in	 the	 water	 column	 for	 different	 Chl	 a	

contents.	We	also	added	absorption	by	dissolved	organic	matter	and	inanimate	particles	

(Kbg)	using	Kbg(%)	=	Kbg(440nm)exp(-S(%-440nm)),	with	S=0.017	(Babin	et	al,	2003,	Holtrop	et	

al,	2021).	It	is	worth	noting	that	this	approach	neglects	transpectral	processes,	but	allows	

a	 rapid	 exploration	 of	 a	 large	 suite	 of	 scenarios.	 We	 started	 considering	 that	 all	

parameters	 are	 homogeneous	 throughout	 the	 vertical	 column	 water.	 Very	 different	

spectra	were	calculated	at	the	bottom	of	the	photic	zone	(1%	of	surface	light	intensity)	

(Fig.	S4A	and	D),	with	particularly	varying	ratios	of	blue	to	red	and	blue	to	green	bands	
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(Fig.	S4B,	C,	E,	F)	with	depth,	and	the	angle	the	sun	light	hits	the	water	surface	(Fig.	S4G	

and	H).	

Projection	 of	%PrPr	 at	 saturation	 -	 using	 the	model	 developed	 with	 the	 fluence	 rate	

response	results	-	showed	that	for	Chl	a	concentration	from	0	to	1mg/m3,	the	percentage	

of	active	PtDPH	increases	with	depth,	rapidly	in	the	first	approx.	20	m	and	more	slowly	

going	deeper	(Fig.	4A).	Interestingly,	at	the	same	time,	red	and	far-red	bands	are	strongly	

absorbed	by	water	and	blue	light	becomes	dominant	(Fig.	S4A	to	F).	For	higher,	though	

homogeneous,	values	of	Chl	a	(1	to	5	mg/m3),	%	of	PrPr	increases	compared	to	the	surface	

down	to	approx.	20m,	and	then	begins	to	decrease	(Fig.	4A).	The	depth	of	this	subsurface	

maxima	decreases	when	Chl	a	 increases	 (17m	for	2mg/m3,	8m	 for	5mg/m3)	 (Fig.	4A).	

Because	Chl	a	absorbs	mainly	blue	and	red	bands,	the	increase	in	its	concentration	results	

in	a	reduced	intensity	predominantly	of	blue	light	(Fig.	S4A	to	C).	These	results	indicate	

that	DPH	activation	state	is	thus	depth-	and	Chl	a-	concentration/distribution	dependent	

(Fig.	4A	and	S5C).	Kbg	variations,	mimicking	coastal	(Kbg	from	0.005	to	0.6	m-1)	and	clear	

oceanic	(Kbg	around	0.003	m-1)	environments	resulted	in	the	same	effects	as	increasing	

Chl	a	concentration	due	to	the	absorption	of	blue	light	by	organic	matter	(Fig.	S4D,	E	and	

F),	although	at	low	but	not	null	Kbg	values,	DPH	activity	will	slightly	increases	(Fig.	S5A	

and	D).		

To	 take	 into	 account	 the	 light	 intensity	 and	 the	 sensitivity	 of	 PtDPH,	 we	 used	 an	

integration	 time	of	10	min	 (as	 in	experimental	data),	hypothesizing	100%	of	PfrPfr	as	

initial	 state.	This	 showed	 that	PtDPH	can	be	active	even	below	100	m	 in	clear	waters,	

while	it	would	be	active	only	at	the	surface	in	turbid	environments	(Fig.	4B	and	S5B).		
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Figure	4.	PtDPH	activity	as	proportion	of	PrPr	formed	in	modeled	environmental	fields	varies	with	depth,	
water	 turbidity,	 and	 solar	 angle.	 Effect	 of	 chlorophyll	 a	 (Chl	 a)	 and	 depth	 on	DPH	photoequilibrium	 at	
saturation	(A)	or	after	10	min	of	illumination	(B).	C.	Combined	effects	depicted	as	color	of	depth	(Chl	a),	
background	 turbidity	 (Kbg)	 and	 sun	 zenith	 angle	 on	 PtDPH	 activity,	 calculated	 for	 1h	 of	 illumination.	
Transparence	levels	reflect	the	saturation	of	the	photoreactions	in	1h.	

	

To	include	all	the	components	of	the	underwater	light	field	in	a	realistic	scenario,	we	ran	

the	photoresponse	model	using	profiles	measured	in	situ	with	light	wavelengths	up	to	800	

nm	compared	to	the	modeled	ones	that	were	only	going	to	700	nm.	The	shape	of	the	DPH	

activity	 profiles	 and	 Chl	 a-dependence	 were	 clearly	 close	 to	 those	 calculated	 with	
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at	 low	solar	angle.	 If	exposure	time	was	kept	 to	10min,	PtDPH	would	not	perceive	the	

increase	 of	 blue	 compared	 to	 red	 and	 green	 lights	 at	 the	 end	 of	 the	 day.	 However,	

increasing	exposure	time	to	1h,	hypothesizing	a	fluence	dependent	response,	would	allow	

PtDPH	activity	to	increase	at	low	solar	angles	(Fig.	4C,	Fig.	S5E).	In	that	case,	the	%	of	PrPr	

can	increase	from	20%	during	the	day	to	27%	at	dawn/dusk	(Fig.	S5E,	at	10	m).	We	also	

used	time	series	light	data	from	Veedin	Rajan	et	al	(2021),	and	calculated	an	increase	of	

DPH	activity	at	the	beginning	and	end	of	day	of	about	5	%	of	%PrPr	variation	between	

middle	of	the	day	(28%+/-2.8	at	noon)	and	dawn/dusk	(33%+/-0.8	at	9pm))	(Fig.	S6).	

In	conclusion,	we	show	here	that	in	environmental	light	spectra,	PtDPH	activity	increases	

at	depth	in	clear	water,	but	decreases	when	turbidity	increases;	to	a	lesser	extent,	DPH	

can	 sense	 spectral	 variations	 at	 low	 solar	 angles.	 This	 behavior	 matches	 the	 relative	

enrichment	of	blue	bands	compared	to	red	and	even	green	bands	in	the	light	fields.	

	

DPH	biogeography	and	its	global	drivers	

As	 DPH	 is	 not	 conserved	 in	 all	 diatoms	 (Fortunato	 et	 al,	 2016),	 we	 conducted	

biogeography	 studies	 to	 identify	 environmental	 factors	 that	 could	 influence	 DPH	

distribution.	 To	 do	 so,	we	 looked	 directly	 for	DPH	 genes	 in	 the	Marine	Atlas	 for	Tara	

Oceans	Unigenes	(MATOU,	version2)	(Carradec	et	al,	2018).		

We	designed	DPH-specific	HMM	models	based	on	known	DPH	protein	sequences.	This	

search	resulted	in	95	DPH	genes	attributed	to	abundant	diatom	genera	such	as	the	centric	

Thalassiosirales	or	Cymatosirales,	with	2	near-full-length	proteins,	while	only	2	pennate	

DPH	genes	were	 found	 (Supplementary	Data,	 online).	This	 is	 consistent	with	DPH	not	

being	present	 in	the	most	abundant	oceanic	pennate	diatom	genera,	Fragilariopsis	and	

Pseudo-Nitzschia	 (Malviya	 et	 al,	 2016).	 Searches	 in	 the	 recently	produced	SMAGs	data	

(Single	 cell	 and	Metagenome	 Assembled	 Genomes)	 from	Tara	 Oceans	 (Delmont	 et	 al,	

2020),	produced	similar	results	with	only	MAGs	corresponding	to	the	Thalassiosirales	or	

Cymatosirales	 phyla	 possessing	DPH.	No	 other	 diatom	MAGs	 possessed	DPH	 or	 other	

types	of	phytochrome-derived	photoreceptors	(i.e.,	neochromes	or	other	combinations	of	

domains).		
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Figure	6:	DPH	distribution	is	linked	to	latitude,	temperature	and	optical	parameters.	A.	Map	of	the	presence	
and	absence	of	DPH	genes	in	Tara	Oceans	sampling	stations.	B.	Centric	DPH	(top	panels)	and	Aureochrome	
(Aureo,	bottom	panels)	 gene	abundance	 relative	 to	 total	 centric	diatom	genes	as	a	 function	of	 absolute	
latitude,	 from	 metagenomic	 (left	 panels)	 and	 metatranscriptomic	 (right	 panels)	 data.	 C.	 Spearman’s	
correlation	of	Aureo	or	DPH	relative	abundance	with	different	environmental	parameters.	D.	Generalized	
additive	models	(GAM)	of	Aureo	and	DPH	relative	abundances	with	different	environmental	parameters	
(“individual	 gams”).	 E.	 Complex	 GAMs	 explaining	 DPH	 relative	 abundance	 with	 a	 combination	 of	
environmental	parameters.	
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Mapping	the	presence	and	absence	of	DPH	in	the	different	Tara	Oceans	stations	(Fig.	6A)	

revealed	that	these	genes	are	hardly	found	in	tropical	regions	(only	2	stations	with	DPH)	

while	they	are	present	in	nearly	all	stations	in	extratropical	regions	(absolute	latitude	>	

30°)	 (Fig.	 6A	 and	 Fig.	 S7A	 and	 B).	 Biogeography	 of	 the	 DPH-containing	 diatom	MAGs	

reflected	those	found	for	DPH	genes	in	the	Tara	Oceans	metatranscriptomes,	with	nearly	

no	presence	detected	in	tropical	regions	(Fig.	S8).	

To	confirm	that	this	localization	was	specific	to	DPH,	we	designed	HMM	models	specific	

for	Aureochromes	(Aureos),	which	are	blue	light	photoreceptors	ubiquitous	in	diatoms.	

1305	 genes	were	 found	 as	 diatom	 Aureos	 in	 the	Tara	 Oceans	metatranscriptomes	 of	

which	817	belonging	to	centric	species.	When	mapping	the	presence/absence	of	Aureo	

genes	in	Tara	Oceans	stations,	Aureos	were	found	to	be	ubiquitous	(Fig.	6B	and	Fig.	S7C	

and	D).		

	 Given	 the	 low	number	of	pennate	DPH	sequences,	we	performed	a	quantitative	

analysis	of	DPH	distribution	only	with	centric	genes.	The	abundance	of	centric	DPH	reads	

was	normalized	against	total	centric	reads	from	the	MATOU2	gene	set.	As	shown	in	Fig.	

6B	 (and	 Fig.	 S9),	 the	 relative	 abundance	 of	 DPH	 sequences	 increases	 with	 absolute	

latitude,	 while	 Aureo	 abundance	 did	 not	 exhibit	 any	 particular	 latitudinal	 pattern,	

suggesting	a	specific	biogeography	of	DPH	containing	diatoms.	To	decipher	the	impact	of	

environmental	 conditions	 on	 DPH	 biogeography,	we	 used	 relative	 gene	 abundance	 to	

perform	Spearman’s	correlations	with	a	set	of	environmental	variables	(Fig.	6C	and	Fig.	

S10A).	These	were	a	mix	of	parameters	measured	in	situ	(available	at	PANGEA,	Pesant	et	

al.,	 2015),	 but	 also	 seasonality	 indexes	 derived	 from	 the	 World	 Ocean	 Atlas	 (nitrate	

concentrations	 and	 temperature	 annual	 variations)	 and	 from	 satellite	 measurements	

(annual	variation	of	chlorophyll	a	concentration,	downwelling	attenuation	coefficient	Kd,	

dissolved	organic	matter	(Ardyna	et	al,	2017)).	In	agreement	with	previous	analyses	(Fig.	

6A	and	B),	a	strong	positive	correlation	was	detected	between	the	relative	centric	DPH	

abundance	 and	 the	 absolute	 latitude,	 and	 a	 negative	 correlation	 with	 temperature,	

salinity	and	conductivity	(Fig.	6C	et	Fig.	S10A).	Strong	positive	correlations	were	found	

with	Chl	a	concentrations,	total	carbon	and	other	related	in	situ	optical	parameters	such	

as	 backscattering	 at	 470	 nm,	 fluorescence,	 particle	 backscattering	 coefficient	 or	 beam	

attenuation	coefficient	at	660	nm,	and	a	negative	correlation	was	found	with	depth	of	the	
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euphotic	 zone	 (Fig.	 6C	 and	Fig.	 S10A).	DPH	abundance	 also	positively	 correlated	with	

seasonality	indexes	related	with	Chl	a	and	light.	However,	DPH	relative	abundances	were	

not	strongly	linked	to	nutrient	concentrations	(no	correlation	with	NO3,	PO4,	Si,	small	with	

Fe).	These	tendencies	are	common	to	metatranscript	reads	and	metagenomic	reads,	and	

are	 conserved	 when	 separating	 samples	 by	 filter	 size	 (Fig.	 S10A).	 Aureo	 relative	

abundance	 also	 correlated	 strongly	with	 in	 situ	 optical	 parameters,	 but	not	with	 their	

annual	 variations.	 Interestingly,	 Aureo	 relative	 abundance	 in	 metatranscriptomes	

showed	positive	correlations	with	nutrients	(especially	NO3	and	PO4)	and	CO2	as	well	as	

a	negative	correlation	with	pH	(Fig.	6C	and	Fig.	S10A).	Such	a	pattern	was	largely	absent	

in	 metagenomes.	 This	 could	 suggest	 regulation	 of	 Aureo	 transcription	 by	 nutrients,	

contrary	to	what	is	observed	for	DPH.	

To	 go	 further	 with	 this	 analysis	 of	 DPH	 biogeography	 and	 capture	 non-monotonous	

relations	 between	 DPH	 abundance	 and	 environmental	 parameters,	 we	 performed	

“individual”	 generalized	 additive	 models	 (GAMs,	 DPH	 abundance	 explained	 by	 one	

environmental	 variable).	 Individual	 GAMs	 analysis	 summarized	 the	 above	 correlation	

analysis,	 but	 detected	 also	 additional	 relations,	 such	 as	 with	 iron	 concentration	 and	

sunshine	 duration	 (Fig.	 6D	 and	 Fig.	 S10B).	 More	 complex	 GAMs	 were	 performed	 by	

selecting	environmental	variables	which	were	found	with	high	explanatory	power	in	the	

individual	GAM	analysis	and	did	not	correlate	with	each	other.	We	ended	with	4	variables:	

in	situ	temperature,	total	carbon	(which	correlates	with	angular	scattering	coefficient	at	

470nm	and	Chl	concentration	in	the	water),	sunshine	duration,	and	annual	variability	of	

Chl	 a	 concentration.	 Together,	 these	 parameters	 could	 explain	 84.7%	 to	 96.6%	of	 the	

deviance	in	metagenomes	and	metartanscriptomes,	respectively	(Fig.	6E,	Fig.	S11).	The	

analysis	done	with	the	same	environmental	variables	using	Aureo	genes	explained	only	

little	deviance	(14.2	and	25.1%	in	metatranscriptomes	and	metagenomes),	with	a	many	

non-significant	terms	(only	temperature	was	found	to	be	significant).	

These	 analyses	 indicate	 that	 DPH	 can	 be	 found	 in	 open	 ocean	 regions,	 especially	 in	

temperate	and	polar	regions	where	high	variations	of	primary	productivity	occur.		
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Photochemical	properties	of	DPH	are	strongly	conserved	

TpDPH	and	PtDPH	absorption	spectra	are	so	far	the	only	2	examples	of	DPH	absorption	

spectra,	 and	 both	 exhibit	 peaks	 in	 red	 and	 in	 far-red	 bands,	 characteristic	 of	

bacteriophytochromes	(Fortunato	et	al,	2016).	To	determine	whether	these	features	were	

widely	conserved	among	DPH	or	if	there	can	be	spectral	tuning	in	some	species,	as	seen	

in	 other	 algal	 groups	 (Rockwell	 et	 al,	 2014),	 we	 produced	 recombinant	 versions	 of	

additional	DPH	photosensory	modules	(PSM),	by	co-expressing	in	Escherichia	coli,	PSM	

sequences	together	with	the	Synechocystis	Heme	Oxygenase	gene,	encoding	the	enzyme	

producing	biliverdin,	and	purified	the	recombinant	proteins.	Four	sequences	were	cloned	

from	different	distantly	related	diatom	species,	with	distinct	ecological	niches,	isolated	at	

different	locations	around	the	world	(Table	S1).	Moreover,	DPH	from	two	synthetic	genes	

from	sequences	identified	in	Tara	Oceans	dataset	were	also	produced	(Table	S1).	

	

Figure	7.	Spectral	properties	of	DPH	from	various	species	are	conserved.	A.	Absorption	spectra	of	far-red	
light	illuminated	(red	line)	and	red	light	illuminated	(darker	red	line)	recombinant	photosensory	domains	
of	DPH	expressed	with	biliverdin	as	chromophore.	B.	Differential	absorption	spectra	between	red-	and	
far-red-	illuminated	DPH.	Acor,	Arcocellulus	cornucervis;	Ccry,	Cyclotella	cryptica;	Mini-like,	Minidiscus-like	
sequence;	Mpol,	Minutocellus	polymorphus-like	sequence;	Sbio,	Shionodiscus	bioculatus;	Scos,	Skeletonema	

costatum;	Tpse,Thalassiosira	pseudonana.	
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Table	1:	Spectral	and	photochemical	properties	of	different	recombinant	DPH	

Phytochrome	 max	ΔAin	B	 min	ΔA	in	B	 max	ΔA	in	R	 min	ΔA	in	FR	 η	

Acor			 385	 424	 682	 766	 0.65	

Ccry	 383	 424	 678	 767	 0.76	

Mini-like	 388	 427	 680	 769	 NA	

Mpol-like	 383	 424	 678	 766	 0.82	

Scos	 388	 425	 680	 767	 0.61	

Sbio	 385	 423	 678	 767	 NA	

Tp*	 384	 425	 684	 767	 0.68	

Pt*	 380	 420	 To	698	 751	 0.66	

*absorption	spectra	from	Fortunato	et	al,	2016.	Max	and	min	ΔA	:	maximum	and	minimum	of	the	

differential	absorption	spectra	in	the	blue	(B),	red	(R),	and	far-red	(FR)	bands.	

η	:	ratio	of	quantum	yield.	NA,	indicates	that	the	ratio	of	the	quantum	yield	could	not	be	determined	

from	the	absorption	spectra	obtained	(recombinant	proteins	were	not	pure	and	abundant	enough,	

which	would	lead	to	inaccurate	values).	

Acor,	Arcocellulus	cornucernis	RCC2270;	Ccry,	Cyclotella	cryptica	CCMP332;	Mini-like,	synthetic	gene	

related	to	Minidiscus	species	identified	in	MATOU;	Mpol-like,	synthetic	gene	related	to	Minutocellus	

polymorphus	species	identified	in	MATOU;	Scos,	Skeletonema	costatum	RCC1716;	Tp,	Thalassiosira	

pseudonana	 CCMP1335;	 Sbio,	 Shionodiscus	 bioculatus	 RCC1991;	 Pt,	 Phaeodactylum	 tricornutum	

CCMP2561.	

All	these	sequences	exhibit	a	cysteine	residue	in	the	N-terminal	extremity	domain,	at	a	

conserved	position	with	the	cysteine	residue	found	to	bind	the	biliverdin	chromophore	in	

bacterial	and	fungal	phytochromes	(Fig.	S12).	All	purified	proteins	were	chromophoric	

and	exhibit	similar	absorption	spectra,	with	absorption	maxima	in	the	red	(682	to	686	

nm)	and	far-red	(762	to	768	nm)	light,	essentially	the	same	as	previously	observed	in	Pt-	

and	TpDPH	 (Fig.	 7	 and	Fig.	 S13).	As	 already	observed	 for	 Pt-	 and	TpDPH,	 no	 thermal	

reversion	occurred	over	24h	with	these	recombinant	proteins	(data	not	shown).	We	used	

the	method	from	Giraud	et	al	(2010)	to	estimate	the	absorption	spectra	of	the	pure	Pfr	

form	and	estimate	the	ratio	of	photoconversion	reactions	(Pr→	Pfr	and	Pfr→Pr)	of	these	
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recombinant	proteins.	These	latter	little	vary,	with	values	from	0.61	for	S.	costatum	DPH	

to	0.82	for	the	synthetic	Minidiscus-related	DPH	(Table	1).	It	is	noteworthy	that	the	value	

determined	for	the	recombinant	PtDPH	is	pretty	close	to	the	one	determined	in	vivo	with	

the	reporter	system	(0.66	and	0.98	respectively).	

The	photochemical	properties	of	phytochrome,	both	in	terms	of	absorption	spectra	and	

ratio	 of	 quantum	 yield,	 thus	 appear	 to	 be	 strongly	 conserved	 in	 phylogenetically	 and	

ecologically	distant	diatom	species.		

Additionally,	we	 introduced	 in	a	ProHSF4.6a::YFP	KO	reporter	 line,	 the	DPH	gene	of	T.	

pseudonana.	We	observed	that	YFP	induction	in	response	to	far-red	and	blue	light	was	

restored	 in	 the	 transformed	 line	 (Fig.	 S14),	 showing	 that	 TpDPH	 can	 complement	 the	

PtDPH	KO	mutant.	This	result	 indicates	that	TpDPH	under	 its	Pr	 form	can	activate	the	

same	signaling	cascade	as	PtDPH.		

We	 then	 used	 the	 photochemical	 values	 determined	 for	 recombinant	 DPH	 from	 T.	

pseudonana	and	S.	costatum	(Table	1),	to	model	their	activity	in	the	marine	light	fields.	

Overall,	 the	effects	of	depth,	 turbidity	and	 time	of	day	were	 the	same	as	we	 found	 for	

PtDPH,	 as	 could	 be	 expected	 from	 the	 very	 close	 biophysical	 properties	 of	 the	

recombinant	 proteins	 (Fig.	 S15).	 However,	 TpDPH	 in	 particular	 seems	 to	 be	 more	

responsive	to	Chl	a	variations	(Fig.	S15B).	In	summary,	here	we	showed	that	the	modeled	

DPH	activity	using	PtDPH	can	be	extended	to	DPH	of	ecologically	relevant	species,	and	

reveals	 the	 ubiquitous	 property	 of	 DPH	 to	 effectively	 sense	 blue	 and	 green	 lights	

variations	 along	 the	 water	 column,	 in	 addition	 to	 red	 and	 far-red	 lights.	 This	 allows	

ewquisite	sensing	of	depth	and	chlorophyll	concentrations.	

	

DISCUSSION		

DPHs	from	distant	diatom	species	display	conserved	spectral	and	photochemical	

properties		

Prior	to	the	current	study,	absorption	spectra	from	only	two	diatom	phytochromes	were	

known:	from	the	pennate	P.	tricornutum	and	the	centric	T.	pseudonana.	Additionally,	the	
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phytochrome	 from	 the	 closely	 related	multicellular	 brown	 alga,	Ectocarpus	 siliculosus,	

showed	spectral	variation	with	a	far-red/green	photocycle	that	was	hypothesized	to	be	

linked	to	the	intertidal	and	shallow	sublittoral	habitats	of	this	alga	(Rockwell	et	al,	2014).	

Moreover,	the	blue-shifted	dark	state	of	several	phytochromes	from	marine	Prasinophyte	

and	Glaucophyte	living	in	coastal	and	open	waters	was	suggested	to	be	an	adaptation	to	

marine	blue-enriched	 light	 fields	 (Rockwell	et	 la,	2014).	This	 is	 clearly	not	 the	case	 in	

diatoms,	as	spectra	of	different	DPHs	show	strong	conservation	of	spectral	properties.	

Even	 DPH	 from	 species	 that	 are	 evolutionary	 more	 distant	 (Minutocellus	 sp.	 and	

Arcocellulus	 cornucervis	 compared	 to	 the	 Thalassiosirales)	 or	 synthetized	 from	

environmental	sequences,	and	therefore	likely	to	be	chimeric,	share	close	photophysical	

properties	in	terms	of	absorption	and	ratio	of	photoconversion	yield	(Table1).			

We	also	found	that	TpDPH	can	complement	PtDPH	function	in	P.	tricornutum,	at	least	for	

the	 phenotype	 studied	 here	 (far-red-	 or	 blue	 light-induced	 expression	 of	 the	 reporter	

protein).	This	suggests	that	at	least	the	first	signaling	step	downstream	of	DPH	activation	

could	be	shared	between	T.	pseudonana	and	P.	tricornutum	and	that	Pr	could	be	the	active	

form	for	TpDPH,	and	possibly	also	that	of	the	other	DPHs	characterized	in	this	study.		

Overall,	these	results	imply	that	the	conserved	spectral	features	of	phytochrome	among	

diatom	species/genera	must	confer	a	specific	adaptive	value	to	the	life	of	this	group	of	

organisms,	different	from	those	provided	by	phytochrome	spectral	tuning	observed	for	

algae	belonging	to	other	phyla.	

	

Blue	light-enriched	fields	favor	DPH	activation		

Analysis	 of	 diatom	 phytochrome	 activity	 and	 distribution	 has	 revealed	 several	 novel	

aspects	about	the	adaptation	of	this	photoreceptor	to	work	in	the	marine	environment.	

We	 found	 that	 P.	 tricornutum	 DPH-dependent	 responses	 exhibit	 photoreversibility,	

characteristic	 of	 phytochrome	 photoreceptors.	 Moreover,	 we	 also	 found	 that	 these	

responses	could	be	elicited	upon	blue	light	exposure,	with	an	even	higher	efficacy	than	

the	far-red	ones,	which	was	unexpected	based	on	the	PtDPH	absorption	spectra.	
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The	PtDPH-dependent	blue	 light	 induction	was	observed	 for	 the	HSF4.6a	 gene,	whose	

expression	was	monitored	with	the	eYFP	reporter,	but	also	for	other	genes,	previously	

identified	 as	 far-red	 light-	 and	 PtDPH-	 regulated	 (Fortunato	 et	 al,	 2016)	 (Fig.	 S3).	

Phytochrome-dependent	 blue	 light	 responses	 have	 also	 been	 observed	 in	 fungi,	

terrestrial	 heterotrophic	 organisms	 possessing	 phytochromes	 similar	 to	 bacterial	

phytochrome	ones	and	phylogenetically	close	to	DPH.	For	instance,	Aspergillus	nidulans	

phytochrome	FphA	was	shown	to	be	a	dominant	photoreceptor	controlling	both	red-	and	

blue-light	mediated	gene	expression,	with	86%	of	the	blue-light	induced	genes	requiring	

the	presence	of	this	sensor	(Yu	et	al,	2021).	A	milder	role	of	phytochrome	in	blue	light	

responses	has	also	been	observed	in	the	fungus	Ustilago	maydis	(Brych	et	al,	2021).	On	

the	contrary,	in	plants,	while	phytochromes	also	exhibit	a	minor	absorption	peak	in	the	

blue	band	(Butler	et	 la,	1959;	Beggs,	1981),	a	very	limited	effect	of	blue	light	has	been	

reported	 for	 phytochrome-mediated	 responses	 (Shinomura	 et	 al,	 1996).	 This	 weak	

efficacy	of	blue	photons	can	be	explained	by	a	possible	distortion	of	light	in	leaves	due	to	

the	 presence	 of	 absorbing	 photosynthetic	 pigments	 as	well	 as	 scattering	 by	 cell	walls	

(Kazarinova-Fukshansky,1985;	Kusuma,	2021).	

In	diatoms,	despite	 the	presence	of	blue	 light-absorbing	photosynthetic	pigments	 (i.e.,	

chlorophyll	c	and	fucoxanthin),	a	higher	responsiveness	to	blue,	compared	to	far-red	light,	

has	 been	 observed	 for	 PtDPH.	 This	 behavior	 could	 suggest	 a	 local	 increment	 of	 blue	

photons	actually	reaching	DPH	within	the	cell.	 It	 is	known	from	diatom	species	with	a	

frustule	that	the	light	field	can	be	modified	when	it	goes	through	the	silica	cell	wall,	the	

valves	 trapping	 and	 scattering	 photons,	 blue	 ones	 in	 particular,	 resulting	 in	 an	

enhancement	of	photosynthesis	(Goessling	et	al,	2018).	However,	the	P.	tricornutum	cell	

wall	is	very	thin,	and	no	such	light	field	alteration	has	been	reported	so	far.	Because	the	

level	 of	 the	 measured	 PtDPH-mediated	 response	 at	 saturating	 light	 matches	 the	

absorption	ratio	of	the	Pfr/Pr	forms,	we	hypothesize	a	reduction	in	the	number	of	far-red	

photons	 reaching	DPH,	 rather	 than	 an	 increase	 of	 blue	 photons.	 In	 addition,	 this	 also	

suggests	that	 in	our	condition,	PtDPH	would	be	the	sole	photoreceptor	responsible	for	

this	response,	but	we	cannot	exclude	that	the	sensitivity	to	blue	compared	to	far-red	light	

derives	 from	 the	 synergistic	 action	 of	 other	 blue-light	 photoreceptors	 on	 the	 DPH-
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signaling	pathway,	as	shown	for	FphA	(Yu	et	Fischer,	2018;	Yu	et	al,	2021)	and	in	plants	

(Casal	et	al,	1998;	Usami	et	al,	2004;	Hughes	et	al,	2012).		

	 In	 any	 case,	 our	 modeling	 reveals	 that	 blue	 light	 is	 the	 prominent	 waveband	

favoring	DPH	activation	in	the	marine	environment.	Indeed,	both	our	characterization	of	

the	in	vivo	PtDPH	features,	and	the	rapid	depletion	of	the	long	wavebands	in	the	water	

column	drive	this	effect.	Consequently,	red,	as	well	as	green	light,	act	mostly	in	reverting	

blue	light	activation.	This	new	scenario	minimizes	our	previous	efforts	to	find	the	far-red	

light	sources	eliciting	DPH	activation	underwater	(Fortunato	et	al,	2016).	It	also	makes	

the	contribution	of	the	red/far-red	fluorescence	emitted	by	the	chloroplast(s)	negligeable	

since	it	represents	<5%	of	the	exciting	blue	light,	and	is	therefore	largely	overcome	by	the	

light	applied.			

	

DPH	is	an	extremely	sensitive	photosensor	in	marine	environments	

Our	 projection	 of	 DPH	 activity	 in	 different	 marine	 environments,	 from	 clear	 oceanic	

waters	to	turbid	coastal	environments,	shows	that	DPHs	sense	both	the	intensity	and	the	

ratio	of	wavebands.	The	first	parameter	controlling	DPH	activity	is	depth.	In	our	model,	

DPH	will	be	less	active	at	the	surface	due	to	a	higher	red-to-blue	ratio,	but	can	quickly	

change	 its	photoequilibrium	with	the	mild	spectral	changes	occurring	 in	the	first	~	20	

meters	of	the	water	column,	as	the	light	intensity	is	high	and	not	limiting.	With	depth,	DPH	

becomes	more	 active	 while	 the	 red-	 and	 green-	 to-blue	 ratio	 get	 lower,	 but	 then,	 its	

activity	becomes	fluence	rate-dependent,	as	light	is	limiting.	Because	of	the	dynamic	of	

DPH	 equilibrium	 and	 the	 effect	 of	 different	wavebands	 on	 its	 sensitivity	 all	 along	 the	

photic	zone,	DPH	is	predicted	to	be	an	efficient	depth	sensor	measuring	green-red/blue	

ratio.	At	depth,	in	a	blue-enriched	environment,	DPH	could	also	mediate	long-term	low	

light	acclimation	responses.	DPH	could	also	have	a	role	in	perceiving	changes	in	the	light	

field,	 both	 in	 amplitude	 and	 spectrum,	 associated	with	 vertical	 displacements,	 due	 to	

convective	 events	 or	 wind	 mixing,	 both	 being	 more	 intense	 at	 mid-high	 latitudes.	

Considering	 vertical	 velocities	 in	 the	 range	 of	 0.01	 to	 0.1	 m.s-1,	 which	 are	 typical	 of	

convection	or	Langmuir	circulation	(Moum	and	Smyth,	2019),	 in	one	hour	cells	can	be	
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displaced	by	a	few	to	tens	of	meters	producing	a	change	in	the	ratio	between	the	two	DPH	

forms	by	a	factor	of	more	than	3.		

In	addition	to	depth,	our	model	also	shows	that	DPH	activity	increases	when	solar	zenith	

angles	 are	 low,	 such	as	 at	dawn	and	dusk,	during	winter,	 or	 at	high	 latitudes.	Parallel	

analysis	of	DPH	biogeography	in	the	Tara	Oceans	dataset	showed	that	DPH-containing	

diatoms	 are	 distributed	 with	 a	 latitudinal	 pattern,	 in	 areas	 with	 strong	 seasonal	

variations.	 DPHs	 are	 quasi-absent	 from	 the	 tropics	 (metatranscriptomes	 form	 only	 2	

stations	 contained	 DPH	 sequences),	 which	 is	 consistent	 with	 a	 recent	 analysis	 of	

metatranscriptomic	data	in	a	tropical	region	(north	of	Hawaii),	indicating	an	absence	of	

DPH	genes	(Coesel	et	al,	2021).	This	is	not	due	to	diatoms	being	absent	in	these	regions,	

as	 the	 Thalassiosirales,	 one	 of	 the	 most	 represented	 genera	 in	 Tara	 Oceans,	 are	

particularly	abundant	in	the	tropical	Pacific	Ocean	(Malviya	et	al,	2016).	In	addition,	we	

did	find	the	blue	light	Aureo	photoreceptors	from	diatoms	in	these	regions.	The	strong	

latitudinal	 distribution	 pattern	 observed	 for	 DPH	 opens	 interesting	 novel	 hypotheses	

about	 the	 role	 of	 this	 photoreceptor	 in	 the	 detection	 of	 seasonal	 light	 variations,	 and	

photoperiodic	 regulation,	processes	 that	are	 still	 largely	unexplored	 in	phytoplankton.	

Interestingly,	we	also	found	that	DPH	activity	in	the	environment	is	strongly	modulated	

by	light	field	changes	induced	by	phytoplankton	concentration	(i.e.	Chl	a	concentration),	

and	 tightly	 follows	 the	 displacement	 of	 the	 deep	 chlorophyll	maximum.	 This	 result	 is	

evocative	of	the	neighbor	detection	response	triggered	by	plant	phytochromes	(Casal	et	

al,	2012),	though	strikingly	different,	as	in	diatom	it	would	be	based	on	the	reduction	of	

blue/green	ratio	light	absorbed	by	the	photosynthetic	pigments	and	not	in	a	reduction	in	

the	ratio	of	red/far-red	light,	as	in	plants.	DPH	have	been	found	at	high	latitudes	where	

seasonal	blooms	are	more	commons	than	in	the	oligotrophic	ocean	(Malviya.,	et	al.	2016).	

In	 blooms,	 phytoplankton	 concentration	 increases	 drastically,	which,	 according	 to	 our	

model,	will	reduce	activity	of	DPH.	Blooms	of	Thalassiosirales	species	in	late	winter/early	

spring,	 followed	 by	 Chaetoceros	 species	 (a	 non	 DPH-containing	 genus)	 have	 been	

recorded	(Caracciolo	et	al,	2021;	Arsenieff	et	al,	2020).	It	is	thus	appealing	to	speculate	

that	a	change	in	DPH	activity	because	of	increased	phytoplankton	concentrations	could	

be	 an	 end-of-bloom	 signal,	 controlling	 species	 succession	 and	 bloom	 timing.	 This	

modulation	of	DPH	activity	could	also	play	a	role	 in	 the	germination	of	diatom	resting	
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spores	 (Eilertsen	 et	 al,	 1995)	 or	 even	 sexual	 reproduction	 as	 a	 signal	 that	 cell	

concentration	is	high	enough	to	allow	gametes	to	meet.	This	last	hypothesis	is	particularly	

appealing,	 as	 red	 light	 is	 known	 to	 induce	 sexual	 reproduction	 in	 the	 centric	 diatom	

Stephanopyxis	 palmeriana,	 in	 a	 far-red	 reversible	 manner	 (Ren	 et	 al,	 2005).	 Also,	

phytochromes	 are	 known	 to	 be	 primary	 regulators	 of	 sexual	 reproduction	 in	 fungi	

(Blumenstein	et	al,	2005).	Unfortunately,	no	genomic	and	genetic	tools	are	available	for	

Stephanopyxis	 palmeriana,	 and	 the	 transcriptome	 data	 from	 a	 related	 species,	

Stephanopyxis	turris,	does	not	show	DPH	expression.	In	the	future,	we	could	potentially	

test	 this	 phenotype	 in	 other	 diatom	 species	 expressing	 DPH	 and	 showing	 sexual	

reproduction.	

Finally,	although	the	function	of	this	photoreceptor	remains	unestablished	in	diatoms,	as	

in	other	microalgae,	 this	 study	 identifies	 critical	parameters	 influencing	 the	activity	of	

DPH	in	an	environmental	context.	By	completely	changing	perspectives	on	phytochrome	

activity	in	the	watercolumn,	it	identifies	DPH	as	a	highly	sensitive	photoreceptor,	whose	

activity	would	be	intimately	tuned	to	the	light	distribution	pattern	and	critical	biological	

processes	in	the	marine	environment.	

	

	

MATERIAL	&	METHODS	

	

Culture	conditions	

Wild-type	P.	tricornutum	(Pt1	8.6;	CCMP2561)	cells,	PtDPH-KO	mutants	(Fortunato	et	al,	

2016),	and	the	reporter	lines	derived	from	them,	Thalassiosira	pseudonana	CCMP1335,	

Cyclotella	cryptica	CCMP332,	and	Skeletonema	costatum	RCC1617	were	maintained	in	

Enriched	Seawater,	Artificial	Water	at	19	°C	under	a	12L/12D	regime	using	50	μmol	

photons.m−2.s−1	white	light	(Philips	TL-D	De	Luxe	Pro	950).	Arcocellulus	cornucervis	
RCC2270	and	Shionodiscus	bioculatus	RCC1991	were	grown	in	enhanced	artificial	

seawater	at	4°C	in	12hL/12hD	cycles	with	RGB	LED	panel.	See	also	Supp	Table1	for	

details	of	the	strains.	
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Experimental	conditions	for	action	and	inhibition	spectra	

For	 action	 and	 inhibition	 spectra	 cells,	 reporter	 lines	 were	maintained	 in	 continuous	

green	 light	 (LEDs,	 520nm,	 22	 μmol/m2/sec)	with	 shaking	 (160	 rpm)	 for	 at	 least	 two	

weeks	before	the	experiments.	On	the	day	of	the	experiments,	2	or	4L	cultures	at	about	

1.5e6	cells/mL	were	split	into	20mL	in	plastic	culture	flasks	(Corning).	25	flasks	per	LED	

were	 then	 irradiated	 one	 behind	 the	 other	 to	 generate	 a	 gradient	 of	 light.	 For	 the	

inhibition	spectra	flasks	were	exposed	in	an	incubator	to	10min	of	far-red	light	(800nm,	

10	μmol	m2/sec)	prior	to	illumination	with	the	LED	to	test.	The	LED	was	turned	on	for	

10min	with	no	other	light	source	then	turned	off,	and	the	flasks	remained	in	the	dark	for	

an	additional	5h50min	time	needed	to	have	a	stable	amount	of	eYFP/cells.	Shaking	was	

maintained	 during	 the	 illumination	 and	 the	 dark	 period.	 The	 same	 experiment	 was	

repeated	for	all	the	LEDs	to	test	(405,	430,	470,	730,	740,	765,	810,	850nm)	for	the	action	

fluence	 responses,	 and	 405,	 520,	 630,	 690	 and	 730	 nm	 for	 the	 inhibition	 fluence	

responses;	see	figure	S1	for	LEDs	spectra).	Multi-wavelength	expositions	were	performed	

in	 incubators	 equipped	 with	 Blue	 (450nm),	 Green	 (520nm),	 Red	 (680nm)	 and	 FR	

(800nm)	LEDs.	Light	mixes	were	chosen	based	on	the	action	and	inhibition	spectra	results	

(ratio	of	wavebands	and	intensities)	to	cover	ratio	of	DPH	absorption	not	covered	before,	

and	to	use	light	intensity	supposed	to	saturate	DPH	reaction	in	10min.	Cultures	grown	in	

the	same	conditions	as	for	the	spectra	and	split	to	20mL	cultures,	exposed	to	10min	of	

LED	mix	 then	 transferred	 in	 the	dark	 for	 5h50min	before	 eYFP	measurements.	 These	

experiments	were	done	twice	for	each	strain,	with	two	technical	replicates	each	time.	

At	the	end	of	the	dark	period,	each	flask	was	sampled	and	passed	through	a	MAQSQant	

flow	cytometer.	eYFP	signal	per	cell	was	recorded	in	the	B1	channel	(excitation	450nm,	

500-550nm	emission	 filters).	Each	sample	was	run	until	29700	events	 from	the	target	

population	were	measured,	 and	 eYFP	 signal	measures	 per	 cell	 were	 averaged	 on	 the	

whole	diatom	population.	eYFP	signal	was	normalized	between	the	signal	from	cells	that	

went	directly	from	green	(growth)	light	to	darkness	(normalized	to	0)	and	to	cells	that	

were	exposed	to	10min	of	FR	(765nm)	and	then	darkness	(normalized	to	1).	This	allowed	

us	to	compare	different	strains	with	different	basal	expressions	of	the	eYFP.		
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The	different	equations	used	for	the	modeling	of	DPH	activity	are	issued	from	Mancinelli	

(1994),	and	are	presented	in	detail	in	Supplementary	method.	Analysis	of	the	normalized	

eYFP	signal	at	“saturating”	 light	 intensities	was	done	using	the	4	 flasks	exposed	to	the	

highest	 intensities	 for	monochromatic	 illumination	 and	 the	data	 from	 the	bichromatic	

illuminations.	For	each	strain,	 equation	corresponding	 to	 the	normalized	YFP	 for	each	

wavelength	(l)	at	light	saturation	(Equation	5	in	Supplementary	method)	was	fitted	with	

the	nls	function	in	R,	with	only	the	ratio	of	quantum	yield	as	parameter	to	estimate.	For	

the	analysis	of	the	eYFP-light	intensity	curves,	for	each	strain	and	for	each	LED,	the	eYFP	

signal	was	normalized	between	0	and	1.	The	equation	corresponding	to	the	normalized	

YFP	for	each	wavelength	(l)	as	function	of	the	light	intensity	and	time	(equation	(7)	in	

Supplementary	methods)	was	fitted	to	the	data,	with	only	the	exponential	constant	k	as	

missing	parameter	(Supplementary	method).	

	

Modeled	and	real	environmental	light	spectra.	

We	used	TUV	v5.3	(Madronich	1987)	to	compute	sea-levels	light	spectra	(direct	solar	and	

diffuse)	 for	 different	 sun	 zenith	 angles	 (downwelling	 irradiance	 only).	 Underwater	

attenuation	coefficients	were	calculated	with	 the	 formula	 from	Morel	and	Maritonema	

(2001)	and	for	CDOM	and	particles	(Babin	2003;	Kirk,	2021;	Holtrop	2021).	Light	spectra	

were	 then	 calculated	 down	 to	 100m	 deep	 for	 different	 solar	 zenith	 angles,	 Chl	 a	

concentration	 and	 particles	 content	 (hypothesizing	 that	 Chl	 a,	 CDOM	 and	 particles	

concentration	would	be	homogeneous	 in	 the	water	 column).	Measured	environmental	

light	spectra	were	retrieved	from	various	studies	(Bracher	et	al,	2015).	

Construction	of	Pt-DPH	activity	reporter	lines	

The	931-nt	upstream	region	of	the	Hsf4.6a	(Phatr3_J49557)	and	the	eYFP:FcpAt	fragment	

were	amplified	by	PCR	using	using	the	Phusion	High-Fidelity	DNA	polymerase	(Thermo	

Fisher,	 USA)	 from	 genomic	 DNA	 and	 the	 primer	 pairs	 :	 Hsf4.6ap_Fw0	 and	 Hsf4.6ap-

YFP_Rv,	and	from	the	pDEST-C-HA	vector	(Erreur	!	Référence	de	lien	hypertexte	non	

valide.)Erreur	!	Référence	de	lien	hypertexte	non	valide.	and	the	primer	pairs	:	YFP-

Hsf4.6ap_Fw	and	FcpAT_Rv0,	respectively	(Table	S2).	The	two	fragments	were	assembled	
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by	PCR	using	the	Hsf4.6ap_Fw0	and	FcpAT_Rv0,	and	the	final	product	cloned	into	pGEM-

T	 (Promega).	 Transgenic	 lines	 were	 obtained	 by	 biolistic,	 by	 co-transformation	 with	

Phleomycin	 resistance	 plasmid	 as	 described	 in	 De	 Riso	 et	 al.	 (2009),	 in	WT,	WT	 (Tc)	

(Transformation	control)	and	PtDPH-KO	mutants	obtained	in	Fortunato	et	al	(2016).	

RNA	extraction	and	gene	expression	analysis		

WT	 and	 PtDPH	 KO	 mutant	 lines	 were	 grown	 as	 described	 for	 the	 action	 spectra	

experiments,	 and	 exposed	 for	 30	 min	 of	 saturating	 blue	 (450	 nm,	 15	 µmol	 of	

photons/m2/sec)	or	far-red	(800	nm,	15	µmol	of	photons/m2/sec)	light,	or	placed	in	the	

dark.	About	1.5e8	 cells	were	harvested	by	 filtration	and	 total	RNA	was	extracted	as	 in	

Huysman	et	al.	(2013).	For	qRT-PCR,	500	ng	of	total	RNA	were	reverse-transcribed	using	

the	QuantiTect	Reverse	Transcription	Kit	(Qiagen,	USA)	and	the	reaction	accomplished	

with	 12.5	 ng	 cDNA	 as	 template,	 following	 the	 SsoAdvanced	 Universal	 SYBR	 Green	

Supermix	instructions	(Bio-Rad,	USA),	in	a	CFX	96	Real-Time	Detection	System	(Bio-Rad).	

Primer	sequences	are	indicated	in	Table	S2.	H4	were	used	as	reference	gene	as	in	Siaut	et	

al.	(2007)	and	normalization	was	performed	to	the	values	before	specific	exposure	(i.e.	

cells	grown	in	continuous	green	light	at	15	µmol	of	photons/m2/sec).		

Pt-DPH	KO	mutant	complementation	:	

Tp-DPH	coding	sequence	was	amplified	and	domesticated	from	T.	pseudonana	cDNA	by	

fusing	with	the	primer	pair	UNS1FL.FW	and	UNSXFL.RV,	the	PCR	products	obtained	with	

the	primer	pairs:	TpPHY.D.Fw	and	TpPHY.Sap1.Rv,	TpPHY.Sap1.Fw	and	TpPHY.BsaI.Rv,	

TpPHY.BsaI.Fw	and	TpPHY.Sap2.Rv,	TpPHY.Sap2.Fw	and	TpPHY.E.Rv.	

The	1041	nt	upstream	PtDPH	start	codon	and	the	368	nt	downstream	the	PtDPH	stop	

codon	were	amplified	from	P.	tricornutum	gDNA	with	the	primer	pairs	 :	PrPtPHY.A.Fw	

and	 PrPtPHY.C.Rv,	 and	 TrPtPHY.E.Fw	 and	 TrPtPHY.F.Rv,	 respectively.	 The	 Tp-DPH	

domesticated	 coding	 sequence,	 Pt-DPH	 promoter	 region	 and	 terminator	 regions	were	

each	cloned	into	the	pL0	vector	from	the	modular	cloning	system	uLoop	and	assembled	

with	 the	 Venus	 fluorescent	 protein	 sequence	 in	 pL1	 as	 in	 Pollack	 et	 al,	 (2020).	 The	

assembled	product	was	amplified	with	the	primer	pair	UNS1FL.FW	and	UNSXFL.RV,	and	
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inserted	 into	 the	 SmaI-linearized	 pUC19	 vector	 containing	 the	 Blasticidin	 resistance	

cassette	of	the	pPTbsr	(Buck	et	al,	2018)	in	Eco53KI	site.		

Expression,	purification	and	spectral	analysis	of	Dph	proteins	

Photosensory	module	(PSM)	of	DPH	genes	were	obtained	either	from	previous	studies	

(Pt-DPH,	Tp-DPH	 (Fortunato	 et	 al,	 2016)),	 cloned	 from	cDNAs	generated	as	described	

above,	from	cultures	of	S.	costatum,	C.	cryptica,	Minidiscus	spinulatus.,	S.	biocatulatus,	A.	

cornucervis,	 or	 synthetized	 by	 GenScript	 (USA)	 (for	 the	 2	 near	 full	 length	 sequences	

identified	in	MATOU,	Minidiscus-like	and	M.	polymorphus-like)	with	codons	optimized	for	

E.	 coli	 expression.	 Primer	 pairs	 used	 are	 provided	 in	 Suppl	 Table2).	 Sequences	 were	

amplified	with	the	primers	pairs	indicated	in	the	Table	S2,	and	cloned	into	pET28a-HO	

vector	 generated	 by	 inserting	 the	Synechocystis	 Heme	 oxygenase	 gene	 amplified	 from	

pKS270	vector	(Mukougawa	et	al.,	2006)	with	the	primer	pair	HO1xpET.HindIII.Fw	and	

HO1xpET.NotI.rv,	in	HinDIII/NotI	in	the	pET28a	vector	(Novagen).	PSM	sequences	were	

expressed	 as	 N-terminal	 His6	 tagged	 proteins	 in	 E.	 coli	 BL21	 (DE3)	 strain,	 by	 auto-

induction	system	(Studier,	2005).	Recombinant	proteins	were	purified	as	in	Fortunato	et	

al.	 (2016)	 and	 their	 absorption	 spectra	 of	 the	 recombinant	 proteins	 were	 measured	

immediately	 after	 purification	 on	 a	 Varian’s	 Cary-50	 spectrophotometer.	 Illumination	

with	LEDs	at	810,	630	and	405	nm	were	performed	(approx.	1min	illumination)	to	reach	

pure	Pr	spectra	(after	810	illumination)	or	equilibriums	between	the	Pr	and	Pfr	forms.	

These	spectra	were	used	as	in	Giraud	et	al	(2010)	to	calculate	pure	Pfr	spectra	and	ratios	

of	quantum	yields.		

Search	for	DPH	and	diatom	Aureochrome	genes	in	environmental	sequence	data	

Known	DPH	sequences	were	aligned	with	mafft	 v7.4	 to	generate	 separate	Centric	and	

Pennate	HMM	profiles	for	each	DPH	domain,	covering	nearly	the	full-length	protein.	HMM	

searches	(HMMER	version	3.2)	were	performed	against	different	set	of	control	sequences:	

protein	 sequences	 of	 known	 phytochromes	 from	 streptophytes,	 chlorophytes,	

glaucophytes,	cryptophytes,	bacteria,	cyanobacteria,	fungi	and	Stramenopiles,	the	MetDB	

dataset,	diatom	genomes	(P.tri,	T.pse,	C.cry	and	F.cyl)	and	a	set	of	proteins	specific	 for	

each	domain	(either	the	proteins	used	in	the	corresponding	Pfam	domain	alignment	or	if	

these	were	too	few	in	numbers,	1000	randomly	selected	proteins	from	proteins	known	to	
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possess	the	specific	domain	in	InterPro).	All	domains	with	a	e-value<1e-5	were	retrieved,	

clustered	 at	 90%	 identity	 with	 cd-hit	 and	 submitted	 at	 EFI	 to	 generate	 Sequence	

Similarity	 Network	 (SSN).	 Alignment	 scores	 for	 the	 SSN	were	 chosen	 so	 that	 domain	

sequences	 from	 diatom	 phytochromes	 clustered	 together,	 not	 linked	 to	 other	 diatom	

proteins	nor	to	non-diatom	phytochromes	(as	illustrated	in	Fig.	S8;	see	Table	S3	for	the	

SSN	alignment	score	values	for	each	domain).	The	same	search	method	was	then	applied	

to	the	different	environmental	sequence	dataset	(MATOU	gene	atlas	(6-frame	translated)	

and	Tara	SMAGs	(Carradec	et	al,	2018;	Delmont	et	al,	2020)	

The	same	method	was	applied	to	the	aureochromes	except	for	a	few	changes:	only	one	

HMM	profile	was	generated	from	diatom	aureochromes	protein	sequences,	covering	both	

the	bZIP	and	the	LOV	domain;	SNN	being	insufficient	to	distinguish	diatom	aureochromes	

from	 other	 aureochromes,	 environmental	 sequences	were	 placed	 on	 an	 Aureochrome	

phylogenetic	tree.	Briefly,	sequences	were	aligned	to	the	Aureochrome	HMM	model	using	

hmmalign	 and	 the	 phylogenetic	 tree	 was	 reconstructed	 with	 FastTree	 (v2.1,	 default	

settings).	 Only	 sequences	 branching	 in	 the	 diatom	 clades	 (as	 delimited	 by	 the	 sister	

Bolidophyceae	clade)	were	annotated	as	diatom	aureochromes.	

Mapped	reads	to	the	MATOU	sequences	were	retrieved	from	each	Tara	Oceans	sample.	

Relative	abundance	was	expressed	as	the	sum	of	all	reads	mapping	to	centric	DPH	(or	

centric	Aureos)	divided	by	the	sum	of	all	the	reads	mapping	to	centric	diatom	genes.	The	

analysis	was	performed	on	each	filter	size	separately	(Suplementary	figures,	5-20µm,	20-

180µm,	180-2000µm	and	0.8-inf),	or	average	values	of	the	4	filter	sizes	when	all	4	were	

available.	Environmental	variables	measured	in	situ	during	the	Tara	Oceans	campaign	are	

available	at	PANGEA	(Pesant	et	al.,	2015).	

Influence	 of	 environmental	 parameters	 on	 DPH	 abundances	 were	 assessed	 with	

Spearman’s	 correlations	 or	 GAMs	 (mgcv	 package	 in	 R).	 Only	 variables	 with	 high	

explanatory	 power	 in	 the	 individual	 GAM	 analysis	 (pvalue	 of	 the	 smooth	 term<0.5,	

explained	deviance>0.35)	and	that	did	not	correlate	to	each	other	(spearman’s	rho<0.7)	

were	used	for	complex	GAMs.	The	“proportion	of	explained	deviance”	attributed	to	each	

environmental	 parameter	 was	 obtained	 by	 performing	 the	 same	 GAM	 without	 this	

parameter;	we	then	used	the	difference	of	explained	deviance	between	full	and	reduced	
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GAM	as	the	“proportion	of	explained	deviance”,	 i.e.	 the	weight	of	this	parameter	in	the	

model.	
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SUPPLEMENTARY	FIGURES	

	

Supplementary	Figure	1	:	 Experimental	 setup	 for	 the	 action	 and	 inhibition	 spectra.	A.	 Illustration	of	 an	
illumination	of	reporter	lines	to	a	gradient	of	a	monochromatic	LED.	B.	Spectra	of	the	different	LEDs	used	
for	the	action	and	inhibition	spectra.	

	

Supplementary	 Figure	 2	 :	 Control	 lines	 show	 no	 induction	 of	 YFP	 in	 the	 action	 spectra.	 Control	 lines	
correspond	to:	PtDPH	KO	background	transformed	with	the	ProHsf4.6a::	YFP	construct,	or	WT	background	
transformed	with	a	DPH-independent	promoter	controlling	eYFP	expression,	ProLHCF2	or	ProH4	(Siaut	et	
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Supplementary	Figure	4.	Light	modeling	examples.	A	and	D,	Modelled	light	fields	at	the	bottom	of	the	photic	
zone	 (1%	 of	 surface	 irradiance)	 for	 sun	 at	 Zenith,	 for	 different	 Chl	 a	 concentrations	 (Kbg=0)	 (A),	 and	
different	Kgt440	(Chl	a=0)	(D).	B,C,E,F,G	and	H,	variation	of	the	ratio	of	blue	(400-450nm)	to	green	(500-
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550nm)(C,	F,	H)	or	red	(630-680nm)	‘B,	E,	G)	bands	in	different	modelled	light	fields:	B	and	C,	ratios	from	
light	fields	showed	in	A;	E	and	F,	ratios	from	light	fields	showed	in	D;	G	and	H	ratios	from	the	light	fields	at	
different	solar	zenith	angles	as	selected	depths,	for	Chl	a=0.5	mg/m3	and	Kgt440=0.06m-1	

	

Supplementary	Figure	5	:	DPH	activity	as	proportion	of	PrPr	formed	(%PrPr)	in	different	modelled	
environmental	conditions:	at	saturation	(A)	and	upon	10	min	of	exposure	(B),	depending	on	the	depth	and	
different	Kgt440;	at	saturation	at	75-m	depth	depending	on	the	Chl	a	concentration	(C)	and	Kgt440	(D);	
upon	1h	of	exposure	of	light	spectrum	at	different	depths	and	depending	on	the	sun	Zenith	angle	(E).	
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found	at	the	station,	while	circles	indicate	presence.	Circles	size	indicate	the	abundance	of	the	DPH	or	Aureo	
genes	relative	to	all	centric	genes.	

	

	

Supplementary	Figure	8:	Metagenome	Assembled	Genomes	 (MAGs)	geographical	distribution	of	 centric	
diatoms.	Black	crosses	indicate	Tara	Oceans	station	where	the	MAG	was	not	found	present;	colored	points	
indicate	the	photoreceptor	content	of	the	MAG,	while	the	shape	indicate	the	centric	diatom	family	the	MAG	
belongs	too.	
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Supplementary	Figure	10	:	Correlation	(A)	and	individual	generalized	additive	models	(B)	analysis	for	DPH	
and	Aureochromes	(Aureo)	relative	abundance	in	metagenomic	and	metatranscriptomic	data	from	Tara	
Oceans,	separated	by	filter	sizes.	
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Supplementary	Figure	13	:	Purified	recombinant	DPH.	Photosensor	module	of	DPH	genes	expressed	as	a	N-
terminal	6	Histidine-tagged	recombinant	proteins	along	with	Synechocystis	Heme	oxygenase	gene	encoding	
the	 enzyme	 allowing	 the	 synthesis	 of	 the	 biliverdin	 chromophore,	 were	 purified	 on	 Ni-NTA	 affinity	
chromatography.	 From	 left	 to	 right:	 Minutocellus	 polymorphus-like	 sequence;	 Skeletonema	 costatum;	
Arcocellulus	 cornucervis;	 Cyclotella	 cryptica;	 Thalassiosira	 pseudonana;	 Minidiscus-like	 sequence;	
Shionodiscus	bioculatus.	

	

	

	

Supplementary	Figure14:	TpDPH	 restores	blue	 and	 far-red-dependent	YFP	 induction	 in	PtDPH	KO	 line.	
PtDPH	KO	reporter	strain	(line	KO	#1	in	Supplementary	Figure	2)	was	transformed	with	TpDPH	gene	under	
the	control	of	PtDPH	promoter	and	terminator,	and	subjected	to	a	gradient	of	blue	(430	nm)	or	far-red	(765)	
lights,	according	to	the	same	experimental	setup	used	for	the	action	spectra.	

430 nm 765 nm

Light intensity (µmol photon.m-2.s-1) 
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Supplementary	Figure	15	:	Projection	of	DPH	activity	as	proportion	of	PrPr	formed	(%PrPr),	in	modeled	
light	fields,	with	variations	of	chlorophylla	(Chl	a),	Kbg440	and	solar	zenith	angle,	using	properties	of	
PtDPH	(A),	TpDPH	(B)	and	ScosDPH	(C),	determined	in	vitro,	from	the	recombinant	protein	absorption	
spectra.	The	color	legend	is	common	to	all	3	figures.	

	

Supplementary	Figure	16	:	Method	for	DPH	and	diatom	Aureochrome	gene	search.	A,	Example	of	Sequence	
Similarity	Network	of	the	DPH	REC	domain,	searched	in	Tara	Oceans	data	showing	a	nice	separation	of	the	
different	phytochromes	(centric	diatom,	pennate	diatom,	other	stramenopiles)	for	an	alignment	score	of	
20.	 Environmental	 sequences	 grouping	with	 the	 centric	 or	 pennate	 DPH	will	 be	 annotated	 as	 such.	 B,	
Phylogenetic	tree	of	diatom	Aureochrome	gene	search.	Diatom	clades	are	identifiable	(grey	label),	delimited	
by	the	Bolidophyceae	(a	sister	picoplanktonic	group	of	diatoms)	Aureochromes	(pink	labels).	Branches	are	
colored	by	the	different	Aureochrome	types	:	Aureochrome	1a,	1b,	1c	and	2.	
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SUPPLEMENTARY	TABLES	

Table	S1.	Species	from	which	DPH	have	been	characterized	in	this	study	and	previous	one*	(*Fortunato	et	
al,2016)	and	information	about	their	isolation	site.	

Species	 Strain	
	

Phaeodactylum	tricornutum*	 CCMP2561	 North	Atlantic,	off	Blackpool,	England	

Thalassiosira	pseudonana*	 CCMP1335	
North	Atlantic,	Moriches	Bay,	Forge	River,	Long	

Island,	New	York	USA	

Cyclotella	cryptica	 CCMP332	
North	Atlantic,	Martha's	Vineyard,	

Massachusetts	USA	

Minidiscus	spinulatus	 RCC4659	
Atlantic	Ocean,	English	Channel,	Britanny	coast,	

pelagic	

Skeletonema	costatum	 RCC1617	
Atlantic	Ocean,	English	Channel,	Britanny	coast,	

pelagic	
Arcocellulus	cornucervis	 RCC2270	 Arctic	Ocean,	Beaufort	Sea,	at	0m	depth	pelagic	

Shionodiscus	bioculatus	 RCC1991	
Arctic	Ocean,	Beaufort	Sea,	at	65m	depth,	

pelagic,	

	

Table	S2	:	Sequences	of	primers	used	in	this	study	

qPCR-Phatr3_45662FW	 CGAGGGAGCTCGGTTTATGG	

qPCR-Phatr3_45662RV	 TGATGGGAACTGTTCTGCCC	

qPCR-Phatr3_46431FW	 GGTTTGCGAGTGCATTTGGT	

qPCR-Phatr3_45662RV	 TGTCAGCAACCTCATTCCCC	

qPCR-Phatr3_18180FW	 CCGGGAACGTAGGTTTGAT	

qPCR-Phatr3_18180RV	 CCGCGGCCAACATAGCAAG	

qPCR-H4FW	 AGGTCCTTCGCGACAATATC	

qPCR-H4RV	 ACGGAATCACGAATGACGTT	

Hsf4.6ap_Fw0	 TCTAGAGAGCTCGGATTTCGAATCTGTTTTGGGCA	

Hsf4.6ap-YFP_RV	 GATATCGGATCCTGTCAAAGGTTTAAGAGAATCGGC	

YFP-Hsf4.6ap_Fw	 AAACCTTTGACAGGATCCGATATCATGGTGAGCAAGGGCGAG	

FcpAT_Rv0	 TCTAGATGAAGACGAGCTAGTGTTATTCC	

HO1xpET.HindIII.Fw	 GCAAGCTTAGAAGGAGATATACATATGAG	

HO1xpET.NotI.Rv	 GCGCGGCCGCCTAGCCTTCGGAGGTGGCGAG	

TpPHY.D.Fw	 AGGCTGTCTCGTCTCGTCTCAGGTCTCAAGGTATGAGTGTCAAAAAGAGCAC	

TpPHY.Sap1.Rv	 CAATGTGTTTCGCATGAACAGCTCTCTCGCTTG	

TpPHY.Sap1.Fw	 CAAGCGAGAGAGCTGTTCATGCGAAACACATTG	

TpPHY.BsaI.Rv	 CAAGCTGTTTATCAGGGTCACCACCCCACGTGACAC	

TpPHY.BsaI.Fw	 GTGTCACGTGGGGTGGTGACCCTGATAAACAGCTTG	

TpPHY.Sap2.Rv	 GAGATCGAACAAGTGCTCCTCAATCTGAAGGTCGTATG	

TpPHY.Sap2.Fw	 CATACGACCTTCAGATTGAGGAGCACTTGTTCGATCTC	

TpPHY.E.Rv	 TGGTAATCTATGTATCCTGTTGGTCTCTAAGCTCATCGTTCATTTTTGTGAT	
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PrPtPHY.A.Fw	 GGCTGTCTCGTCTCGTCTCAGGTCTCAGGAGCCCGGGGATATCGAAGATCC	

PrPtPHY.C.Rv	 TGGTAATCTATGTATCCTGGTGGTCTCGCATTTTTAAAGGCGTGGTTCCTTG	

TrPtPHY.E.Fw	 TCGTCTCGTCTCAGGTCTCAGCTTCATGGTCGTTCATTCATAGAAG	

TrPtPHY.F.Rv	 TGGTAATCTATGTATCCTGGTGGTCTCAAGCGCGCTCTTTCCACCTCATCTC	

UNS1FL.FW	 CATTACTCGCATCCATTCTCAGGCTGTCTCGTCTCGTCTC	

UNSXFL.RV	 GGTGGAAGGGCTCGGAGTTGTGGTAATCTATGTATCCTGG	

SbioPHY.NheI.Fw	 GCGGCTAGCATGTCTGCCAGTTCCACCAC	

SbioPHY_PCD.SalI.Rv	 GCGGTCGACCTAAAGATTTTCCTTTTGATCTTTG	

AcorPHY.NheI.Fw	 GCGGCTAGCATGTCGGCACCTGCGGCAGC	

AcorPHY_PCD.SacI.Rv	 GCGGAGCTCCTAGTAGCTTGTTGTGTTCTCGTC	

MspiPHY.NheI.Fw	 GCGGCTAGCATGACCTCCTCCTCAACCAAC	

MspiPHY_PCD.SacI.Rv	 GCGGAGCTCCTACTTCTGATCGGCAATCAATTC	

ScosPHY.SpeI.Fw	 GCGACTAGTATGTCGTCCACCAATAGCAC	

ScosPHY_PCD.SacI.Rv	 GCGGAGCTCCTAGAGGTTTTCCTTTTGATCTTG	

CcryPHY.NheI.Fw	 GCGGCTAGCATGGCAGCACCCCACAAAAC	

CcryPHY_PCD.SacI.Rv	 GCGGAGCTCCTACTTCTGATCTTTAATCAAATC	

	

Table	S3.	SSN	parameters	for	DPH	and	diatom	Aureochrome	search	in	Tara	Oceans	data	

Domain	model	 SSN	alignement	score	threshold	

Centric	GAF	 30	

Centric	PHY	 10	

Centric	HisKA	 20	

Centric	HATPase	 20	

Centric	REC	 20	

Pennate	GAF	 30	

Pennate	PHY	 10	

Pennate	HisKA	 20	

Pennate	HATPase	 20	

Pennate	REC	 20	

Diatom	Aureochrome	 70	

	

SUPPLEMENTARY	DATA	

Supplementary	 Data	:	 List	 of	 MATOU2	 genes	 identified	 as	 diatom	 aureochromes	 and	

diatom	phytochromes.	Available	at	

https://mycore.core-cloud.net/index.php/s/hD5zBsV1yhGkvfH 
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SUPPLEMENTAL	METHOD	

Detailed	 description	 of	 DPH	 activity	 model	 construction	 based	 on	 equations	

described	in	(Mancinelli,	1994)	

	

Phytochrome	 equilibrium	 can	 be	 theorized	 as	 the	 equilibrium	 between	 the	 PfràPr	

transition	 (kinetic	 constant	k1)	and	 the	PràPfr	 reverse	 reaction	 (kinetic	 constant	k2)	

with	the	following	equation:		

	123 !"⇋
!#
13	(1)	

The	 rate	 of	 phytochrome	 photoconversion	 depends	 on	 phytochrome	 extinction	

coefficient,	photoconversion	yield	and	on	light	intensity,	so	k1	and	k2	can	be	expressed	

as:		

5# = 7 ∗ 9$%& = 7 ∗ 2.3 ∗ =$%& ∗ >$%& 	and	5" = 7 ∗ 2.3 ∗ =$& ∗ >$& 	

where	N	is	the	fluence	rate,	or	light	intensity	(mol	photon/m2/s),	and	σPfr	is	the	

photoconversion	 cross-section	 of	 the	 PfràPr	 reaction,	 εPfr	 is	 the	 extinction	

coefficient	of	Pfr	and	ϕPfr	the	quantum	yield	of	the	PfràPr	reaction;	σPr	is	the	

photoconversion	 cross-section	 of	 the	 PràPfr	 reaction,	 εPr	 is	 the	 extinction	

coefficient	of	Pr	and	ϕPr	the	quantum	yield	of	the	PràPfr	reaction.	

The	photoconversion	rate	of	phytochrome	can	be	expressed	as	the	sum	of	k1	and	k2	and	

expressed	as	k.	

Considering	 that	 the	 total	 amount	 of	 phytochrome	P	 stays	 constant,	 i.e.	 synthesis	 and	

degradation	are	negligible,	then		P	=	Pr	+Pfr	

From	equation	1,	the	rate	of	Pr	production	can	be	expressed	as	:	

'$&
'( = 5# ∗ 123 − 5" ∗ 13	(2)	
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At	equilibrium,	
'$&
'( = 0	and		%13 = $&

$ = !!
!!)!"

= #
#) #$%

#$&%
∗ '$%'$&%

= #
#) #$%

#$&%
∗+	

	

With	B = ,$%
,$&%

	the	ratio	of	quatum	yields.	

Integration	of	equation	(2)	also	gives:	

%Pr	(D) = F%130 − 5#
5# + 5"

H I-(!!)!")( + 5#
5# + 5"

	

with	%Pr0	the	percent	of	Pr	at	time	t=0.	

If	one	considers	that	phytochromes	is	in	a	dimeric	form	(Klose	et	al.,	2015;	Brockmann	et	

al.),	 they	 exist	 in	 equilibrium	 between	 homodimer	 PrPr,	 homodimer	 PfrPfr	 and	 the	

intermediate	heterodimer	PfrPr.	The	rate	of	 conversion	of	each	monomer	 is	 supposed	

independent	of	 the	dimer	state,	 and	each	monomer	photoconverts	as	 in	 the	monomer	

model	explained	previously,	and	can	be	expressed	as:		

	123123	 !"⇋
"!#

	13123 !#⇋
"!" 		1313	(3)	

	

We	always	consider	that	synthesis	and	degradation	are	negligible,	with	

1 = 1313 + 13123 + 123123	
	

Considering	PrPr	as	the	active	form	and	total	amount	of	phytochrome	constant,	the	PrPr	

photoconversion	rate	can	be	expressed	as:	

J1313
JD = 5# ∗ 13123 − 25" ∗ 1313	

At	equilibrium,	
'$&$&
'( = 0	and	:	

%131301 = ( !!
!!)!"

)" = #
(#) #$%

#$&%
∗ '$%'$&%

)"
= #

(#) #$%
#$&%

∗+)"	(4)		
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In	 this	 latter	 equation,	 εPr/εPfr	 can	be	 known	 from	 the	 recombinant	PtDPH	absorption	

spectra.		

The	 εPr/εPfr	 ratio,	 in	 both	 monochromatic	 and	 bichromatic	 illumination,	 as	 been	

determined	with	the	LED	spectra	used	(and	not	only	the	εPr	value	at	the	peak	of	intensity	

of	the	LED).	More	exactly,	we	express	εPr/εPfr	as:	

=$&,345
=$%&,345

= ∑ L$&,6 ∗ 7667899
67:99

∑ L$%&,6 ∗ 7667899
67:99

	

where	 APr,λ	 is	 the	 absorbance	 of	 Pr	 at	 wavelength	 λ	 and	 Nλ	 the	 intensity	

measured	at	this	wavelength.		

%PrPr	from	equation	(4)	can	be	estimated	from	the	eYFP	signal	at	saturating	light	at	each	

wavelength.	Our	output	measure	is	the	eYFP	signal	for	a	LED	at	wavelength	λ	at	saturating	

intensities	 (the	4	points	at	highest	 light	 intensity	were	used),	normalized	between	 the	

signal	 from	 cells	 that	 went	 from	 constant	 green	 light	 (520nm,	 growth	 condition)	 to	

darkness,	and	the	signal	of	cells	exposed	10	min	to	saturating	far-red	light	(765nm).	This	

is	expressed	as	following:	

7MNOPQRIJST1(UVW!, XOD) = IST1(UVW!, XOD) − IST1(520ZN, [3M\Dℎ)
IST1(765ZN, XOD) − IST1(520ZN, [3M\Dℎ)	

If	we	consider	that	the	eYFP	is	linearly	linked	to	%PrPr,	then	:	

	7M3NOPQRIJST1(UVW!, XOD) = %131301,345 −%131301,;"9<=
%131301,>?;<= −%131301,;"9<=

	

	

And	therefore	:	

	7M3NOPQRIJST1(UVW!, XOD) =
!

(!# $%&,()*
$%+&,()*∗-)

/!
!

(!# $%&,0/1
$%+&,0/1∗-)

/

!
(!# $%&,230

$%+&,230∗-)
/!

!
(!# $%&,0/1

$%+&,0/1∗-)
/
	(5)	

In	this	equation,	η	is	the	only	unknown.		
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To	determine	it,	the	equation	was	fitted	with	the	nls	function	in	R	with	η=	1	as	starting	

value,	 on	 the	 experimental	 values	 obtained	 from	 monochromatic	 and	 bichromatic	

illuminations.	

Integration	of	Equation	4	gives	the	following	expression	for	%PrPr	as	a	function	of	time:	

%PrPr(D) = ` !!
!!)!"

∗ %1231230 + !"
!!)!"

∗ %13130 − !!∗!"
(!!)!")"

a I-"∗(!!)!")( +
!!

!!)!"
(%13130 −%1231230 −	!"-!!!!)!"

)I-(!!)!")( + ( !!
!!)!"

)"	(6)	

To	 determine	 k,	 the	 following	 equation	 (7)	 was	 fitted	 to	 the	 eYFP	 levels	 further	

normalized	 for	each	LED	and	each	strain	(resulting	 in	value	between	0	and	1,	and	 the	

fitting	of	the	exponential	will	be	independent	on	the	fitting	of	the	values	at	equilibrium	as	

done	above.	However,	we	used	the	ratio	of	photoconversion	η	estimated	above):		

	()*+,-./01234(!, ()

=
9 :!
:! + :" ∗ %4>*4>*0 +

:"
:! + :" ∗ %4*4*0 −

:! ∗ :"
(:! + :")"A 0

#"∗%!"#∗&∗' + :!
:! + :" B%4*4*0 − %4>*4>*0 −	

:" − :!
:! + :"C 0

#%!"#∗&∗' + B :!
:! + :"C

"
−%4*4*0

B :!
:! + :"C

"
−%4*4*0

	

(7)	

where	 %PrPr	 at	 time	 0	 is	 either	 the	 equilibrium	 in	 green	 (for	 the	 action	

spectra)	or	in	far-red	(for	the	inhibition	spectra),	t,	the	time	of	illumination,	i.e.	

10min,	and	kFit	is	the	exponential	constant	to	be	estimated.	

	

Further	analysis	of	k	and	kFit	in	Equations	6	and	7	gives:		

5 ∗ D = (5# + 5") ∗ D = (2.3 ∗ =$& ∗ >$& + 2.3 ∗ =$%& ∗ >$%&) ∗ 7 ∗ D	

	so	5 = b ∗ cL$&,345 ∗ B + L$%&,345d ∗ 7 = 5@A( ∗ 7	

where		L$&,345 = ∑ C$%,)∗D))*+,,
)*-,,
∑ D))*+,,
)*-,,

,	7 = ∑ 7667899
67:99 	and	b	is	a	constant	

In	theory,	kFit	should	be	a	linear	combination	of	(APr*	η	+APfr)	(dotted	lined	on	Figure	3D).		
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Fitting	linear	relationship	between	kFit	and	(APr*	η	+APfr)	with	the	lm	function	in	R	gave	

α=0.012033+/-0.001969	 (adjusted	 R2=0.4311)	 when	 considering	 all	 the	 data	 points	

(Figure	 3C),	 but	 α=0.02005+/-0.002906	 (adjusted	R2=0.6247)	when	 ignoring	 the	 data	

points	above	700nm.	

From	the	previous	equations,	we	can	calculate	%PrPr(t)	in	a	given	environment.	

The	light	environment	is	described	with		e(E( = P ∗ ∑ 7667899
67:99 	with	l	the	bandwidth	and	

76	the	intensity	at	wavelength	λ.	

	

We	can	calculate	Pr	and	Pfr	absorption	in	this	environment	with	L$& = ∑ C$%,)∗D))*+,,
)*-,,
∑ D))*+,,
)*-,,

,	

from	which	we	calculate		5@A( = 0.02005 ∗ (L$& ∗ B + L$%&)	

The	ratio	of	absorption	is	calculated	with	
F$%
F$&%

= ∑ C$%,)∗D))*+,,
)*-,,

∑ C$&%,)∗D))*+,,
)*-,,

,	from	which	we		can	

calculate	the	ratio	of	photoconversion:	

5#
5# + 5"

= 1
1 + =$&

=$%& ∗ B
	

(B	is	either	the	value	determined	in	vivo	or	in	vitro)	

	

We	have	all	the	elements	to	calculate	%PrPr(t)	

%PrPr(D) = F 5#
5# + 5"

∗ %1231230 + 5"
5# + 5"

∗ %13130 − 5# ∗ 5"
(5# + 5")"

H I-"∗!./0∗G(E(∗(

+ 5#
5# + 5"

(%13130 −%1231230 −	5" − 5#5# + 5"
)I-!./0∗G(E(∗( + ( 5#

5# + 5"
)"	

	

with	%PrPr0=0	and	%PfrPfr0=1	and	t=10min	or	t=1h.	
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CHAPTER	3:	DPH	IN	BENTHIC	SPECIES	
	

Following	the	results	from	chapters	1	and	2,	it	was	shown	that	amongst	pennate	diatom	

possessing	DPH,	most	are	found	in	benthic	environments,	and	some	have	multiple	DPH	

copies.	Therefore,	we	wanted	to	explore	the	links	between	DPH	in	pennate	species	and	

the	benthic	environment.	For	 this,	we	characterized	the	4	DPH	from	a	benthic	diatom,	

Amphora	 coffeaeformis,	 as	 recombinant	 proteins.	 We	 also	 explored	 the	 physiological	

response	of	pennate	species	to	red	light,	which	was	show	to	induce	chromatic	acclimation	

in	 some	 of	 them	 (appearance	 of	 fluorescence	 emission	 at	 710nm).	We	 observed	 this	

fluorescence	 in	 several	 benthic	 species,	 and	 investigated	 the	 role	 of	 DPH	 in	 this	

phenomenon.	

	

I	 participated	 in	 amplifying	 AcDPH	 CDS	 from	 cDNA	 and	 I	 purified	 recombinant	 DPH	

expressed	in	E.coli	and	characterized	their	absorption	spectra.	I	was	responsible	of	the	

characterization	of	fluorescence	emission	at	710nm	under	some	conditions.	
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DPH	IN	BENTHIC	SPECIES	
	

In	the	previous	chapter,	we	have	seen	that	DPH	is	sensitive	to	the	whole	light	spectra.	

As	a	consequence,	in	the	open	ocean,	DPH	will	sense	mostly	variation	of	the	blue	to	green	

wavebands	due	to	the	absence	of	red	and	far-red	lights	after	few	meters.	In	addition,	we	

showed	 that	 in	 the	 open	 ocean,	 essentially	 centric	 species	 possess	DPH	with	 a	 strong	

latitudinal	 repartition	 gradient.	 In	 the	 chapter	 one,	 we	 saw	 (as	 previously	 shown	 by	

(Fortunato	et	al.,	2016),	that	centric	and	pennate	DPH	form	separate	clades,	suggesting	

independent	 acquisition,	 maybe	 from	 viruses.	 Moreover,	 most	 of	 the	 pennate	 species	

known	 to	 possess	 DPH	 have	 a	 benthic/tychoplanktonic	 lifestyle,	 and	 some	 show	

multiplication	of	DPH	copy	number	while	 centric	diatoms	only	possess	one	DPH.	This	

suggests	that	DPH	conservation	and	multiplication	is	linked	to	the	adaptation	to	benthic	

environments.	 In	 these	 environments,	 such	 as	 sediments	 and	 biofilms,	 blue	 light	 is	

strongly	absorbed,	resulting	in	red	and	far-red	light	enriched	light	field,	where	DPH	could	

be	 sensing	 either	 sediment	 depth	 or	 the	 density	 of	 other	 photosynthetic	 organisms	

through	the	red/far-red	ratio.	

This	 led	us	 to	 consider	 that	DPH	could	have	a	different	 role	 in	 centric	and	pennate	

species,	or	at	least	mediate	the	response	to	different	light	cues.	Centric	species	living	in	

the	open	ocean	sense	blue	to	green	ratio	through	phytochrome,	which	could	help	them	to	

adapt	 to	 low	blue	 light,	highly	mixed	environments,	or	 trigger	sexual	 reproduction	 for	

example.	Pennate	species	living	in	the	sediments	would	use	DPH	to	sense	red/far-red	light	

(or	absence	of	blue)	to	adapt	to	life	inside	the	sediments,	i.e.	 low	red	light,	metabolism	

(heterotrophy	in	the	dark),	phototaxis	or	sexual	reproduction.	

Recent	analyses	of	 the	Seminavis	 robusta	 genome	 (Osuna-Cruz	et	 al.,	 2020)	and	omics	

approaches	 (Chapter	 1)	 suggest	 that	 an	 increase	 in	 photoreceptor	 numbers	 in	 some	

pennate	 diatoms	 may	 be	 related	 to	 benthic	 lifestyle.	 Indeed,	 DPH	 phytochromes	 are	

present	 in	 several	 copies	 in	 pennate	 diatoms	 (See	 Table1).	 This	 expansion	 appears	

essentially	for	species	known	to	live	in	sediments.	We	therefore	wanted	to	explore	the	

significance	 of	 DPH	 in	 sediments	 by	 addressing	 several	 questions.	 Do	 the	 different	



183	

	

phytochromes	present	in	the	same	species	have	the	same	photochemical	properties?	Can	

we	associate	the	phytochrome	to	a	chromatic	acclimation	linked	to	this	particular	light	

environment?	Is	this	adaptation	benthic	and/or	DPH	specific?	

Table	1.	Pennate	diatom	species	with	phytochrome(s).	In	bold,	species	found	in	a	tidal	flat	in	(An	et	al.,	2020)	

Diatom	species	 Number	of	phytochromes	

Phaeodactylum	tricornutum	 1	

Amphora	coffeaeformis	 4	

Seminavis	robusta	 4	

Fragilaria	radians	 4	

Fragilaria	sp	 2	

Nitzschia	punctata	 2	

Nitzschia	palea	 2	

Nitzschia	sp	 2	

Nitzschia	inconspicua	 2	

Navicula	sp	 2	

Gyrosigma	sp	 1	

Craticula	ambigua	 2	

Diatoma	tenuis	 1	

Synedra	sp	 1	

Synedropsis	recta	 1	

Staurosira	complex	 1	

	

RESULTS	

Different	DPH	copies	show	different	light-sensing	abilities	

Exploring	 the	 genomes	 and	 transcriptomes	 of	 diatom	 in	 the	 search	 for	 DPH	 genes	

unveiled	 that	 not	 all	 diatom	possesses	DPH,	 but	 that	 a	 lot	 of	 pennate	 species	 possess	

several	copies	of	DPH	genes,	suggesting	that	these	DPH	can	perform	different	functions	

or	have	some	specific	properties	such	as	observed	in	plants	(Franklin	and	Quail,	2010;	

Burgie	 et	 al.,	 2021)	 (See	Table	1).	Among	 these	diatoms,	 the	benthic	diatom	Amphora	
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coffeaeformis,	 possesses	 4	 DPH	 genes,	 and	 3	 of	 them	 possessing	 not	 only	 a	 putative	

chromophore-binding	 cysteine	 in	 the	 N-terminal	 region,	 conserved	 with	 bacterial	

phytochromes;	but	also	a	second	one	in	the	GAF	region.	The	second	cysteine	is	conserved	

with	 cyanobacteria	 and	 plant	 phytochromes,	 but	 also	 with	 Ectocarpus	 siliculosus	

phytochrome	 1,	 which	 binds	 phycocyanobilin	 and	 show	 a	 far-red/green	 photocycle	

(Rockwell	 et	 al.,	 2014).	 This	 suggested	 that	 different	 DPH	 copies	 could	 bind	 different	

chromophore	and	have	different	light-sensing	abilities	in	A.	coffeaeformis.	

To	address	this	question,	we	cloned	the	4	A.	coffeaeformis	phytochromes	photosensory	

domains	and	expressed	them	in	E.	coli	with	the	enzymes	producing	either	biliverdin	(BV),	

phytochromobilin	(PΦB)	or	phycocyanobilin	(PCB).	

	

Figure	1.	Absorption	spectra	and	difference	spectra	between	the	Pr	and	Pfr	 forms	for	4	A.	coffeaeformis	

phytochromes.	A.	AcDPH1	with	BV;	red	lines	is	the	absorption	spectra	after	illumination	at	810nm	and	dark	

red	 lines	correspond	to	 illumination	at	630nm.	B	AcDPH3	expressed	with	BV,	red	 line	 is	 illumination	at	

740nm	and	dark	line	illumination	at	66nm.	C.	AcDPH4	expressed	with	PCB,	red	line	illumination	at	740nm	

and	dark	red	line	is	illumination	666nm.	In	D,	AcDPH2	production	(with	BV)	was	very	low,	and	the	spectrum	

was	only	taken	under	white	illumination.	E	to	G,	Difference	spectra	between	far-red	illuminated	and	red-

illuminated	AcDPH	(E-AcDPH1,	F-AcDPH3	and	G-AcDPH4).	In	F,	the	comparison	of	the	difference	spectra	

between	 AcDPH3	 expressed	with	 BV	 (black)	 and	 PCB	 (red)	 is	 also	 presented,	 normalized	 to	 1	 for	 the	

maxima.	

AcDPH1	seems	to	bind	BV,	and	has	an	absorption	spectra	close	to	the	one	of	PtDPH	and	

other	known	DPH	(see	Chapter2),	with	peaks	at	687nm	for	Pr	form	(810nm	illumination)	
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and	 742nm	 for	 Pfr-enriched	 mix	 (630nm	 illumination)	 (Fig1).	 For	 reference,	 PtDPH	

Pr/Pfr	and	TpDPH	Pr/Pfr	have	peaks	at	700/750nm	and	686/764nm	respectively.		

AcPDH3	also	seems	to	bind	BV,	as	the	absorption	spectra	of	AcDPH3	expressed	with	PCB	

shows	 the	 same	 absorption	 peaks	 (Fig1F).	 However,	 AcDPH3	 absorption	 spectrum	 is	

shifted	towards	shorter	wavelength	compared	to	AcDPH1	and	PtDPH:	the	maxima	and	

the	minima	of	the	absorbance	difference	are	at	669	and	712nm,	respectively.	

AcDPH4	was	binding	PCB,	but	did	not	exhibit	photocycle	as	other	DPH.	Absorption	shows	

a	maximum	at	653nm,	with	only	a	slight	bleaching	at	686nm	upon	illumination	at	740nm.	

This	 effect	 is	 photoreversible	 by	 illuminating	 at	 666nm	 after	 irradiation	 at	 740nm.	

AcDPH2	could	not	be	produced	in	high	amounts,	but	seems	to	show	the	same	absorption	

peak	as	AcDPH4	(Fig1D).	

With	the	analysis	of	these	spectra,	we	can	conclude	that	A.	coffeaeformis	DPH	seem	to	be	

all	 red	 (R)/far-red	 (FR)	phytochromes	with	 light	 reversible	photoconversion	but	have	

different	 spectral	 properties:	 AcDPH1	 possesses	 conserved	 absorption	 spectra	 with	

known	PtDPH,	while	AcDPH3	is	shifted	towards	shorter	wavelengths.	AcDPH4	seems	to	

have	 peculiar	 photocycle,	 is	 binding	 another	 chromophore	 (phycocyanobilin)	 and	 is	

expressed	only	in	some	conditions,	suggesting	that	it	might	regulate	different	aspects	of	

diatom	life	(Keeling	et	al.,	2014).	Indeed,	AcDPH4	is	more	expressed	in	the	presence	of	

acetate	in	the	diatom	growth	media,	suggesting	a	link	with	the	heterotrophic	metabolism	

of	 Amphora	 species	 (Lewin	 and	 Lewin,	 1960).	 We	 can	 notice	 that	 the	 wavelength	

difference	between	the	absorption	peak	maxima	of	the	Pr	and	Pfr	forms	seems	smaller	

than	for	the	other	diatom	phytochrome	(43	nm	for	AcDPH3	(669/712nm)	vs	78	nm	for	

TpDPH	(686/764nm)	for	example)	and	leading	to	a	Pr/Pfr	photoequilibrium	rich	in	Pr	

form	whatever	 the	 light	 used.	Globally,	 this	 data	 suggests	 some	 spectral	 tuning	 of	 the	

different	 AcDPH,	 which	 might	 be	 linked	 to	 the	 benthic	 environment.	 This	 was	 not	

observed	in	the	different	oceanic	and	coastal	centric	diatoms	DPH	(chapter	2),	and	this	is	

also	different	from	the	absorption	spectra	observed	in	Ectocarpus	siliculosus	(Rockwell	et	

al.,	2014).		
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DPH	regulates	red-light	acclimation	response	in	P.	tricornutum	

Sediments	but	also	mats	or	biolfilms	are	characterized	by	a	strong	depletion	in	green	and	

blue	light,	resulting	in	red	and	far-red	enrichment	due	to	either	wavelength-dependent	

light	 scattering	 or	 strong	 filtering	 of	 light	 by	 absorption	 by	 chlorophyll	 (Kühl	 and	

Jorgensen,	1992;	Kühl	et	al.,	1994;	Kühl	and	Jorgensen,	1994).	Some	cyanobacteria	have	

evolved	a	specific	chromatic	adaptation	to	enhance	 light	harvesting	 in	this	red/far-red	

light	 environments	 called	 Far-Red	 Light	 Photoacclimation	 (FaRLiP)(Gan	 et	 al.,	 2014).	

Chromatic	 adaptation	 is	 a	 general	 mechanism	 observed	 in	 cyanobacteria	 allowing	 an	

adaptation	of	the	photosynthesis	pigment	to	the	environmental	light	(Grossman,	2003).	

In	the	case	of	FaRLiP,	this	phenomenon	is	under	the	control	of	a	phytochrome	(RfpA)	and	

two	response	regulators	(RfpB	and	RfpC)	to	activate	the	expression	of	genes	involved	in	

this	acclimation	(Zhao	et	al.,	2015).	Little	is	known	in	diatoms	about	chromatic	adaptation,	

but	one	of	the	responses	of	P.	tricornutum	to	red	light	is	the	appearance	of	a	fluorescence	

peak	around	710nm	at	room	temperature	and	slightly	shifted	at	714	nm	at	77K	(hereafter	

F710)	(Fujita	and	Ohki,	2004;	Herbstová	et	al.,	2015;	Oka	et	al.,	2020).	We	thus	tested	

whether	 F710	 and	 this	 acclimation	 could	 be	 under	 DPH	 control.	 As	 shown	 in	 Fig2,	

fluorescence	 spectra	 at	 77K	 of	 P.	 tricornutum	 showed	 two	 peaks	 one	 at	 680nm	

characteristic	 of	 PSII,	 but	 also	 another	 one	 at	wavelength	 around	 710nm	 (F710).	 The	

fluorescence	 spectrum	of	P.	 tricornutum	 has	been	 further	 investigated	under	different	

light	conditions	(wavelength)	and	all	fluorescence	spectra	curves	have	been	normalized	

to	the	peak	at	680	nm	for	qualitative	analysis.	F710	was	induced	by	red	light	or	in	high	

cell	concentration	cultures	grown	without	agitation	in	accordance	with	previous	reports	

(Brown,	1967;	French,	1967;	Shimural	and	Fujita,	1973;	Fujita	and	Ohki,	2004;	Herbstová	

et	al.,	2015).	With	agitation,	 in	green	or	green	plus	far-red	light,	F710	did	not	 increase	

even	at	high	cell	concentration,	but	in	red	light	with	agitation,	the	far-red	fluorescence	

was	clearly	induced	suggesting	a	specific	red	light	 induction	of	F710	(Fig2).	Therefore,	

light	color	and	“agitation”	(also	linked	to	culture	age/cell	concentration)	are	parameters	

controlling	the	red-shifted	forms	of	chlorophyll	allowing	F710.		
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Figure	2.	Fluorescence	emission	spectra	at	77K	of	P.	 tricornutum	 grown	 in	different	conditions.	A,	Cells	

grown	in	white	light	without	agitation	and	sampled	at	different	two	cell	concentrations;	B.	cell	grown	in	red	

light	with	and	without	agitation,	sampled	at	~2e6C/mL,	C	cells	at	~2e6C/mL	grown	with	agitation	but	under	

different	lights.	

In	 order	 to	 test	 a	 possible	 role	 of	 DPH	 in	 this	 red	 light	 acclimation,	 wild-type	 strain,	

transformation	control	lines	(Wt	(Tc),	cells	originated	from	the	same	transformed	colony	

than	its	corresponding	KO	but	not	having	undergone	Pt-DPH	gene	editing	as	described	in	

Fortunato	et	al,	(2016))	and	DPH-KO	lines	have	been	grown	in	the	presence	of	red	light	

but	also	with	an	increasing	gradient	of	FR	in	order	to	vary	the	FR/R	ratio,	FR	light	being	a	

light	 which	 activate	 PtDPH.	 Interestingly,	 we	 observed	 a	 FR	 and	 DPH-dependent	

regulation	 of	 F710	 in	 red+far-red	 light	 (Fig	 3	 and	 FigS1).	 Indeed	 in	Wt	 strains,	 F710	

increases	when	FR	light	(and	FR/R	ratio)	increases.	In	the	DPH	KO,	F710	is	present,	but	

does	not	change	with	increasing	ratio	of	FR/R	lights.	This	experiment	was	repeated	once	

for	another	pair	of	Wt	Tc	and	DPHKO,	and	not	in	the	exact	same	conditions,	but	showed	

the	 same	 type	 of	 phenotype	 (FigS1).	 F710	 is	 thus	 induced	 by	 red	 light,	 but	 further	

regulated	by	DPH	in	a	FR-dependent	manner.	
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712nm	respectively,	while	Nitzschia	agnita	did	not	show	any	peak	around	710nm	under	

this	conditions.	

	

Figure	6.	77K	fluorescence	spectra	of	different	pennate	diatom	species.	A.	Fragilariopsis	cylindrus	grown	in	

red	or	white	light	without	agitation,	B.	A.	coffeaeformis	grown	in	green,	red	or	white	light,	with	and	without	

agitation,	C	to	D,	Navicula	salinicola,	Nitzschia	inconspicua	and	Nitzschia	agnita	grown	in	white	light	without	

agitation.	

Therefore,	different	pennate	species	possess	or	not	the	ability	to	develop	F710,	and	this	

might	be	linked	to	their	planktonic	vs	benthic	lifestyle.	

	

DISCUSSION	

	

In	 this	 chapter,	 we	 focused	 on	 the	 role	 of	 phytochrome	 in	 benthic	 diatoms.	 We	 had	

previously	seen	that	most	of	the	pennate	diatoms	living	in	open	water	lack	phytochrome	

and	that	on	the	contrary,	pennate	diatoms	living	in	a	benthic	environment	presented	an	
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increase	 of	 their	 phytochrome	 number	 which	 could	 go	 up	 to	 4	 copies.	 In	 benthic	

environment,	the	quality	and	quantity	of	light	changes	significantly	from	the	open	water,	

which	 is	 dominated	 by	 blue/green	 light.	 One	 known	 red-induced	 phenotype	 in	 P.	

tricornutum	is	the	adaptation	of	photosynthesis	to	red	light.	This	is	characterized	by	the	

appearance	of	a	peak	in	far-red	light	(around	710nm)	in	the	cell’s	fluorescence	emission	

spectra.	If	the	implication	of	DPH	in	such	a	phenotype	has	been	suggested,	it	has	not	been	

tested	so	far.	We	therefore	explore	the	possible	links	between	phytochromes,	adaptation	

to	red	light	and	life	in	the	sediments.		

	

F710	and	life	in	the	sediments	

In	our	study,	we	reproduced	known	effects	of	light,	cell	concentration	and	agitation	on	the	

induction	 of	 F710.	 Interestingly,	 the	 effect	 of	 the	 absence	 of	 agitation	 and	 high	 cell	

concentration	 could	 mimic	 the	 conditions	 experienced	 in	 a	 biofilm.	 Indeed,	 cell	

concentration	in	a	biofilm	is	very	high,	with	cells	stacked	on	each	other	(Cartaxana	et	al.,	

2011).	 This	 results	 locally	 in	 high	 O2	 and	 low	 dissolved	 inorganic	 carbon	 due	 to	

photosynthetic	 activity	 and	 self-shading	 by	 other	 cells	 (Kühl	 and	 Jorgensen,	 1992;	

Cartaxana	et	al.,	2016;	Marques	da	Silva	et	al.,	2017).	In	a	lab	culture	without	agitation,	

cells	sediment	at	the	bottom	of	the	flask;	cell	growth	results	locally	in	very	dense	cell	layer,	

probably	causing	self-shading	and	high	O2/low	DIC	and	low	nutrient	availability.	In	the	

agitated	cultures,	we	considered	the	gas	concentration	to	be	homogenous	in	the	culture	

and	equilibrated	with	ambient	atmosphere,	independent	of	cell	concentration.	At	high	cell	

concentration,	one	could	suppose	that	self-shading	is	also	occurring	in	agitated	cultures,	

but	this	did	not	result	in	high	F710,	suggesting	that	gas	equilibrium	is	a	signal	triggering	

F710.		

Changes	in	light	spectra	due	to	high	cell	concentrations	were	not	directly	addressed	in	

this	preliminary	work	where	we	used	mainly	monochromatic	light	but	may	be	addressed	

later.	However,	light	is	clearly	an	important	signal	for	F710	development.	Light	intensity,	

quality	 and	 fluctuation	 are	 known	 to	 control	 F710	 in	P.	 tricornutum:	 induction	 in	 low	

white	light	(Brown,	1967)	and	intermittent	light	(Giovagnetti	and	Ruban,	2021),	strong	

induction	in	red	and	yellow	light,	and	small	increase	in	green	compared	to	white	and	blue	
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(Oka	et	al.,	2020).	In	our	work,	F710	is	clearly	induced	by	red	light,	independently	of	DPH.	

This	could	be	an	effect	of	low	photosynthesis	efficiency	in	red,	which	is	also	supported	by	

the	appearance	of	F710	in	low	light.	Alternatively,	another	red-light	photoreceptor	could	

be	involved,	but	this	photoreceptor	has	not	been	identified	by	genomic	studies	(Chapter	

1),	and	would	be	of	a	new,	unknown	type,	or	a	known	type	with	atypical	 light	sensing	

properties.	 In	 sediment,	 the	 light	 field	 is	 enriched	 in	 red	 and	 far-red	 light	 at	 depth,	

especially	in	the	presence	of	photosynthetic	organisms.	Developing	F710,	and	therefore	

red-shifted	FCP,	might	be	a	response	to	the	red-enriched	light	field	in	sediments.	

The	exact	nature	of	this	long-wavelength	emission	F710	is	still	unknown.	F710	is	clearly	

linked	to	photosystem	II	(PSII)	activity	but	is	debated	whether	this	is	due	to	an	extra	Light	

harvesting	complex	(LHC)	binding	to	PSII	and	dissipating	energy	as	FR	fluorescence,	or	if	

this	is	spill-over	of	PSII	over	PSI	(Fujita	and	Ohki,	2004;	Herbstová	et	al.,	2015;	Bína	et	al.,	

2016;	 Giovagnetti	 and	 Ruban,	 2021).	 However,	 the	 first	 hypothesis	 seems	 more	

convincing.	In	(Herbstová	et	al.,	2015),	the	author	performed	sucrose	gradient	followed	

by	gel	filtration	fractioning	of	thylakoid	membranes	of	cells	grown	in	red	of	white	light.	

PSI	fraction	shows	limited	FR	fluorescence	and	only	at	77K	but	not	at	room	temperature,	

while	another	fraction	showed	both	77K	and	room	temperature	FR	fluorescence.	Analysis	

of	this	second	fraction	showed	that	it	contains	LHCs,	and	one	of	them,	Lhcf15	is	specific	of	

red	light	growth	conditions.	Lchf15	seems	to	be	a	good	candidate,	as	 it	was	also	found	

enriched	in	red-light	grown	cells	compared	to	blue-acclimated	cells	in	proteomic	studies	

(Schellenberger	Costa	et	al.,	2013),	and	is	transcriptionally	induced	upon	6	and	24	h	of	

red	 light	 illumination	 (Valle	 et	 al.,	 2014)	 which	 is	 in	 accordance	 with	 our	 kinetic	 of	

induction	of	F710.	We	are	currently	trying	to	generate	Lhcf15	knock	out	to	validate	(or	

not)	the	Lhcf15	hypothesis.	If	validated,	we	could	explore	the	Lhcf	family	in	diatoms	to	try	

to	identify	Lhfc15	homologs	in	other	diatom	species	(database	from	Chapter	1)	to	assess	

if	this	antenna	is	restricted	to	benthic	species.	Lhcf	phylogenetic	trees	exist	(Herbstová	et	

al.,	2015;	Bilcke	et	al.,	2021;	Kumazawa	et	al.,	2022),	but	unfortunately	without	enough	

sequences	 from	 different	 diatom	 species	 to	 explore	 the	 link	 between	 Lhcf	 and	 the	

different	 environmental	 niches.	 One	 last	 comment	 is	 that	 the	 fitness	 advantage	 of	

developing	F710	in	red	light	is	not	established	yet	but	to	extend	light-absorption	abilities	

to	longer	wavelengths	might	play	important	roles	in	light	adaptation	of	P.	tricornutum	and	
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benthic	diatoms	species.	If	we	manage	to	control	F710	induction,	we	could	try	to	link	F710	

to	other	photosynthetic	parameters	and	explore	this	question.	

	

DPH	and	the	fine-tuning	of	F710	

DPH	clearly	controls	F710	levels	in	response	to	R	and	FR	in	P.	tricornutum,	although	only	

two	 experiments	 were	 done.	 However,	 as	 many	 parameters	 control	 F710	 (light,	 cell	

concentration,	agitation),	the	experiments	are	difficult	to	reproduce	with	exactly	the	same	

F710	induction.		

Interestingly,	the	pennate	diatom	Fragilariopsis	cyclindrus,	lacking	DPH,	did	not	produce	

F710	 while,	 A.	 coffeaeformis	 showed	 F710	 induction	 in	 the	 same	 conditions	 as	 P.	

tricornutum,	 suggesting	 that	 in	 this	 diatom,	 F710	 could	 be	 regulated	 by	 the	 same	

mechanisms	 including	 by	DPH.	 Interestingly,	 the	 two	 other	 pennate	 diatoms	 showing	

F710	are	 likely	 to	possess	phytochromes	 too.	The	only	Navicula	 species	studied	so	 far	

possess	two	DPH,	so	it	might	also	be	the	case	in	the	Navicula	salinicola	strain	used	here.	

However,	Nitzschia	species	do	not	always	possess	DPH:	some	do	(Nitzschia	palea,	sp,	N.	

punctata	see	Table1),	while	some	don’t	(see	Chapter	1,	although	it	is	only	transcriptome	

data).	Here,	Nitzchia	agnita,	such	as	Nitzschia	punktata	in	(Fujita	and	Ohki,	2004)	did	not	

show	 F710,	 while	 Nitzschia	 closterium	 (Fujita	 and	 Ohki,	 2004)	 and	 inconspicua	 (this	

study)	have	this	red	shift	antenna	phenotype.	The	Nitzschia	inconspicua	strain	we	used	is	

not	 the	 one	 for	 which	 the	 genome	 is	 available	 (Oliver	 et	 al.,	 2021),	 but	 the	 genome	

sequenced	from	a	close	strain	contains	2	DPH	genes,	what	make	us	think	that	it	might	also	

be	the	case	for	the	strain	we	used.	However,	we	cannot	exclude	that	we	did	not	find	the	

conditions	inducting	F710	in	F.cylindrus	and	N.agnita,	suggesting	different	regulations	in	

these	strains.		

As	mentioned	above,	light	in	the	sediment	is	enriched	in	red	and	far-red	light.	In	addition,	

the	FR/R	ration	increases	with	depth	in	the	presence	of	photosynthetic	organisms.	For	

example,	in	microbial	mats,	light	below	700nm	is	quickly	attenuated	(Kühl	and	Jorgensen,	

1992;	 Cartaxana	 et	 al.,	 2016),	 while	 far-red	 light	 is	 less	 affected.	 DPH	 could	 thus	 be	

activated	when	going	under	a	layer	of	photosynthetic	cells	due	to	high	FR/R	ratio.	Under	
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this	condition,	the	photoequilibrium	of	DPH	or	the	co-regulation	of	several	DPH	in	species	

such	as	A.	coffeaeformis	could	be	determinant	for	this	chromatic	adaptation.	It	is	therefore	

tempting	to	propose	that	DPH	and	F710	co-evolved	in	benthic	diatoms,	with	DPH	enabling	

the	fine-tuning	of	F710	in	sediments	enriched	in	far-red	light.	

If	the	link	between	F710	and	Lhcf15	mentioned	above	is	confirmed,	this	would	enable	the	

exploration	of	diatom	genomic	database	for	co-occurrence	of	Lhcf15	and	DPH.	

	

DPH	multiplication	in	benthic	species	

In	P.	tricornutum,	only	one	phytochrome	is	present	and	was	shown	here	to	control	F710.	

However,	 several	 DPH	 are	 present	 in	 other	 benthic	 diatom	 species	 and	 could	 control	

F710.	In	A.	coffeaeformis,	we	have	shown	here	that	the	different	DPH	have	different	light-

sensing	abilities	and	are	induced	under	different	growth	conditions,	suggesting	that	they	

might	have	different	functions.	The	strong	conservation	of	AcPH1	spectra	with	PtDPH	and	

centric	DPH	from	Chapter	2,	led	us	to	propose	that	all	benthic	diatoms	have	such	a	DPH	

with	light	sensing	in	the	red	and	far-red,	that	could	control	F710.	AcDPH	knock	out	are	

being	generated	in	the	lab	by	CRISPR-Cas9	and	will	allow	us	to	address	this	question.	

DPH	 could	 control	 other	 aspects	 of	 diatom	 life	 in	 the	 sediments.	 Interestingly,	 A.	

coffeaeformis	is	able	to	grow	in	the	dark	in	the	presence	of	glucose,	and	to	respire	nitrates	

in	the	dark	(Lewin	and	Lewin,	1960;	Kamp	et	al.,	2011).	Other	benthic	species	also	show	

metabolic	adaptation	to	life	in	the	sediments	(Lewin	and	Lewin,	1960).	In	our	study	and	

(Keeling	et	al.,	2014),	we	saw	high	expression	of	AcPH4	in	the	presence	of	acetate,	which	

hints	towards	a	link	between	DPH	and	carbon	metabolism	in	A.coffeaeformis.	However,	

growth	did	not	seem	to	be	higher	in	the	presence	of	acetate,	suggesting	that	acetate	might	

be	a	 signal	 rather	 than	a	 carbon	source	 for	heterotrophic	growth.	Testing	growth	and	

photosynthesis	 parameters	 with	 and	 without	 acetate	 and	 red	 light	 will	 provide	

interesting	answer	to	this	question.	

Phototaxis	is	another	behavior	important	for	diatom	life	in	the	sediments	(Barnett	et	al.,	

2020).	A	phototaxis	assay	for	A.	coffeaeformis	is	being	developed	in	the	lab	and	could	be	

used	to	test	the	effect	of	different	wavelengths	and	the	implication	of	DPH(s).	
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As	 a	 conclusion,	 some	 photosynthetic	 adaptations	 seem	 to	 be	 specific	 for	 the	 benthic	

lifestyle	 of	 pennate	 species,	 and	 are	 likely	 to	 be	 regulated	 by	 DPH.	 In	 addition,	 the	

multiplication	 of	 DPH	 in	 these	 diatoms	 suggests	 the	 importance	 of	 light-regulation	 of	

diatom	life	in	this	environment	enriched	in	red	and	far-red	lights.	

	

MATERIAL	AND	METHODS	

Diatom	culture	conditions	

Wild-type	 P.	 tricornutum	 (Pt1	 8.6;	 CCMP2561)	 cells,	 PtDPH-KO	 mutants	 and	

transformation	controls	(Fortunato	et	al.,	2016)	were	maintained	in	Enriched	Artificial	

Seawater	 without	 silica;	 Amphora	 coffeaeformis,	 Fragilaripsis	 cylindrus,	 Navicula	

salinicola,	Nitzschia	inconspicua	IRTA_CC1	and	Nitzschia	agnita	were	cultured	with	Si.	All	

except	Fragilariopsis	cylindrus	were	grown	at	19	°C	under	a	12L/12D	regime	using	50	

μmol	photons.m−2.s−1	white	light	(Philips	TL-D	De	Luxe	Pro	950)	(“White	condition)	or	in	

continuous	 light	 in	 incubators	 equipped	with	 green	 (520nm),	 red	 (670nm)	 or	 far-red	

(800nm)	LEDs,	with	agitation	at	160rpm.	For	the	FR	gradient,	flasks	were	homogeneously	

illuminated	from	above	with	LED	at	660nm	at	25	µmol	photons/m2/s,	and	from	the	side	

with	 FR	 LED	 at	 765nm	 or	 at	 810	 nm,	 resulting	 in	 a	 gradient	 of	 FR	 light	 (from	 30	 to	

250µmol	 photons/m2/s	 for	 the	 LED	 at	 760nm	 and	 30	 to	 170	µmol	 photons/m2/s	 for	

810nm).	Fragilariopsis	cylindrus	was	grown	at	4°C	with	a	white	spot	under	a	12L/12D	

regime,	and	covered	with	a	red	filter	for	red-light	growth.	For	F710	induction	kinetics,	

cells	 were	 first	 grown	 in	 blue	 light	 (450nm,	 10µmol	 photons/m2/s)	 until	 similar	

fluorescence	spectra	and	a	cell	concentration	around	2.106	cells/mL	were	obtained.	The	

cultures	were	then	placed	at	735nm	(40µmol	photons/m2/s)	to	follow	the	induction	of	

F710.	

AcDPH	cloning	and	expression	

Photosensory	 module	 (PSM)	 of	 DPH	 genes	 were	 cloned	 from	 A.coffeaeformis	 cDNAs	

grown	in	different	conditions.	Sequences	were	amplified	with	the	primers	pairs	indicated	

in	the	Table	S2,	and	cloned	into	pET28a-HO	vector	already	containing	Synechocystis	Heme	
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oxygenase	 gene	 or	 pET28a-pcyA	 contanining	 SynHO1	 and	 pcyA	 from	 Synechocystis	

PCC6803.	PSM	sequences	were	expressed	as	N-terminal	His6	tagged	proteins	 in	E.	coli	

BL21	(DE3)	strain,	by	auto-induction	system	(Studier,	2005).	Recombinant	proteins	were	

purified	as	in	Fortunato	et	al.	(2016)	and	absorption	spectra	of	the	recombinant	proteins	

were	measured	immediately	after	purification	on	a	Varian’s	Cary-50	spectrophotometer.	

Illumination	with	 LEDs	 at	 810,	 740,	 666	 and	 630	 nm	were	 performed	 (approx.	 1min	

illumination)	 to	 reach	 pure	 Pr	 spectra	 (after	 far-red	 illumination)	 or	 equilibriums	

between	the	Pr	and	Pfr	forms.		

77K	Fluorescence	

Low	 temperature	 (77	 K)	 fluorescence	 emission	 spectra	 were	 measured	 with	 an	 in	

housebuilt	 setup.	 Samples	 were	 immersed	 in	 liquid	 nitrogen	 and	 excited	 with	 a	 LED	

source	(LS-450,	Ocean	Optics	-	blue	LED,	450	nm).	The	emission	spectra	were	recorded	

using	a	CCD	spectrophotometer	(QE6500,	Ocean	Optics).	

	

SUPPLEMENTARY	FIGURE:	

	

Figure	S1.	DPH	controls	F710	amplitude	in	response	to	increased	FR/R	ratio.	Fluorescence	emission	spectra	

at	77K	of	P.tricornutum	grown	with	agitation	in	red	light	with	different	far-red	intensities	(Tc	tranformation	

control).	Compared	to	Fig3,	the	strains	are	an	other	pair	of	DPHKO	and	its	transformation	control,	and	the	

FR	light	used	is	a	LED	at	810nm.	
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Table	S1.	Primers	used	to	clone	A.	coffeaeformis	DPHs	

Names Sequence 
AcDPHY1_Fw_SpeI gcgACTAGTATGACCATGCCTCCTGACGAAG 
AcDPHY1_PCD_Rv_SacI gcgGAGCTCCTATCCAACAAGGAAAAGTATC 
AcDPHY2_Fw_SpeI gcgACTAGTATGACAATCTTTCAGAAAATTGG 
AcDPHY2_PCD_Rv_SacI gcgGAGCTCCTAATCAATGGCCGAGTAATAC 
AcDPHY3_Fw_SpeI gcgACTAGTATGGCTCCTCCTGACTCCATGGAAG 
AcDPHY3_PCD_Rv_SacI gcgGAGCTCCTATTCGAGTGCGTCAAAGCTTCGGATATTTG 
AcDPHY4_Fw_SpeI gcgACTAGTATGGCTCCACCTCCTAAGGATATC 
AcDPHY4_PCD_Rv_SacI gcgGAGCTCCTACATCGCCCGCATTGAAGCTCTT 
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CHAPTER	4:	DPH	SIGNALIZATION	
	

In	this	last	part,	we	explored	different	levels	of	the	DPH	light-sensing	mechanisms,	from	

chromophore	 binding	 to	 the	 integration	 of	 several	 environmental	 cues	 into	 the	 DPH	

signaling	 cascade.	 For	 this	 part,	 I	 searched	 for	 putative	 chromophore	 synthetizing	

enzymes	in	P.tricornutum	genome,	and	tested	some	by	cloning	and	co-expressing	them	

with	DPH	in	E.	coli.	I	used	P.tricornutum	transgenic	lines	expressing	tagged	version	of	the	

PtDPH	 to	 look	 at	 DPH	 localization.	 I	 also	 addressed	 the	 question	 of	 the	 signalization	

cascade	by	Yeast	two	hybrid.	I	cloned	DPH	(full	length	or	fragments)	into	Y2H	vectors	to	

perform	 an	 interaction	 screen	 with	 an	 available	 Pt	 Y2H	 library.	 I	 finally	 turned	 to	 a	

candidate	approach	with	the	only	histidine	phosphotransferase	found	in	P.	tricornutum	

genome	PtHpt,	to	test	 its	 interaction	with	PtDPH.	Finally,	 I	characterized	the	effect	cell	

concentration	on	DH-mediated	response	in	P.	tricornutum.	
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DPH	SIGNALIZATION	
	

In	the	previous	chapter,	I	have	explored	DPH	evolutionary	history,	modeled	its	activity	in	

vivo	and	projected	it	in	situ	and	started	to	explore	potential	DPH-regulated	phenotypes	in	

model	species.	

In	this	last	chapter,	I	will	explore	DPH	signaling-related	mechanisms,	i.e.	the	assembly	of	

the	apoprotein	with	 its	chromophore,	DPH	subcellular	 localization,	and	components	of	

the	signaling	cascade	triggered	by	DPH.	I	will	also	present	evidence	of	the	co-regulation	

of	PtDPH-controlled	genes	by	other	factors.	Each	of	these	aspects	aims	at	broadening	our	

knowledge	about	DPH	light–sensing	in	diatoms.	

	

RESULTS	

DPH	chromophore	

Phytochrome	chromophores	are	all	linear	tetrapyrroles,	also	called	bilins	(Rockwell	and	

Lagarias,	2017).	Bilins	derive	from	the	oxidative	cleavage	of	heme	by	heme	oxygenase	to	

form	biliverdin	(IXα)(BV),	which	can	be	further	reduced	by	ferredoxin-dependent	bilin	

reductases	 (BVRs),	 into	 phycocyanobilin	 (PCB),	 phytochromobilin	 (PB),	 phycourobilin	

(PUB)	or	phycoerythrobilin	(PEB)	(Fig.	1)	(Dammeyer	and	Frankenberg-Dinkel,	2008).	

Bacteriophytochromes	(Bph)	bind	BV	(Bhoo	et	al,	2001;	Karniol	et	al,	2005).	In	bacteria,	

the	heme	oxygenase	gene	is	often	found	in	the	same	operon	as	the	Bph	gene	(Bhoo	et	al,	

2001,	Giraud	et	al,	2002).	BV	was	found	to	bind	a	conserved	cysteine	in	the	N-terminal	

extremity	of	the	apoprotein	Bph	and	fungal	phytochromes	(Lamparter	et	al,	2002;	Karniol	

et	al,	2005;	Blumenstein	et	al,	2005)		

Land	 plant	 phytochromes	 bind	 phytochromobilin	 (PΦB),	 which	 is	 produced	 by	 the	

enzyme	HY2	in	a	one-step	process	(Lagarias	and	Rapoport,	1980),	while	cyanobacteria	

bind	phycocyanobilin	produced	by	the	enzyme	PcyA	(Hughes	t	al,	1997;	Frankenberg	et	



201	

	

al,	2001).	In	both	cases,	the	chromophore	is	covalently	bound	to	phytochrome	apoprotein	

to	a	conserved	cysteine	in	the	GAF	domain	(Wagner	et	al,	2005).	

PUB	has	been	identified	as	chromophore	of	some	cyanobacteriochromes	(Sun	et	al,	2014),	

and	as	pigments	of	phycobilisome	light-harvesting	complexes,	as	the	phycoerythrobilin	

produced	by	the	enzymes	pebA	and	pebB,	in	most	red	microalgae	and	in	Cyanophyceae	

organisms	(Dammeyer	and	Frankenberg-Dinkel,	2008).		

	

Figure	1.	Phytochrome	chromophores	biosynthesis	pathways	(from	Rochkwell	and	Lagarias	2017)	

In	 plants,	 the	 phytochrome	 chromophore	 biosynthesis	 enzymes	 are	 located	 in	 the	

chloroplast,	while	in	fungi	it	has	been	shown	that	heme	oxygenases	were	attached	to	the	

mitochrondrial	 outer	 membrane	 (Muramoto	 et	 al,	 1999;	 Streng	 et	 al,	 2021).	 Diatom	

phytochromes	display	a	 structure	similar	 to	 the	ones	of	bacteriophytochromes,	with	a	

conserved	 cysteine	 in	 the	 N-terminal	 part	 of	 the	 protein,	 and	 Fortunato	 et	 al	 (2016)	

showed	that	recombinant	Phaeodactylum	tricornutum	and	Thalassiosira	pseudonana	DPH	

covalently	bind	BV	as	chromophore.	PtDPH	expressed	with	the	enzymes	for	production	

of	PΦB	or	PEB	had	 the	 same	absorption	spectra	as	with	BV,	 suggesting	 that	BV	 is	 the	

preferentially	bound	chromophore,	and	therefore	possibly	the	native	one.	However,	this	
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has	not	been	demonstrated,	and	it	has	also	been	reported	that	some	DPH	from	the	diatom	

Amphora	 coffeaeformis	 possess	 an	 additional	 cysteine	 residue	 in	 the	 GAF	 domain	

conserved	with	 the	 one	 used	 in	 plant	 and	 cyanobacterial	 phytochromes	 to	 bind	 their	

chromophore,	suggesting	that	different	chromophores	could	be	synthetized	in	diatoms	

(Fortunato	et	al,	2016)(see	Chapter3).		

In	this	first	part,	we	will	explore	the	possible	DPH	chromophore	biosynthesis	pathways	

by	mining	genome	for	HO	and	BVR	homologous	genes,	and	testing	their	activity,	as	well	

as	the	reconstitution	of	chromophoric	recombinant	DPH.	

Heme	oxygenase	

Candidate	heme	oxygenase	genes	have	been	previously	identified	in	P.	tricornutum	and	T.	

pseudonana	 genomes	 (Fortunato	et	al.,	2016).	Here,	we	confirmed	 the	presence	of	 the	

Heme	oxygenase	domain	(PF01126.2)	(Table	1),	and	that	no	other	protein	in	Pt	genome	

possesses	this	domain.	We	also	explored	the	predicted	localization	of	these	enzymes	with	

ASAFind	(Gruber	et	al,	2015),	HECTAR	(Gschloessl	et	al,	2008)	and	SignalP5	(Almagro	

Armenteros	et	al,	2019)	software.	Two	of	these	proteins	seem	to	be	close	to	plant	and	

cyanobacterial	HO1	and	are	predicted	to	be	addressed	to	the	chloroplast.	One	enzyme	is	

closer	to	mammalian	HO,	while	the	other	did	not	have	any	good	hit	in	Swissprot	database	

(best	 blast	 hit	 had	 an	 e-value	 of	 4.2).	 Both	 the	 plant/cyanobacteria-like	 and	 the	

mammalian-like	HO	had	homologs	in	T.	pseudonana	and	in	Amphora	coffeaeformis	(Ac)	

(Table	1).	

Table	1	Characteristic	of	the	candidate	Heme	oxygenase	in	Phaeodactylum	tricornutum	

Pt V3 Id 
Phatr3_ 

Best blast hit in 
swissprot 

Blast 
e-value 

Pfam 
(PF01126.2) 
evalue 

SignalP5 HECTAR ASAFind Tp 
Thaps3_ 

Ac 
CAMPEP_ 

HO1 
J12588 

P09601.1 
Heme oxygenase 1 
[Homo sapiens] 

1.13E-
52 4.80E-55 other other 

localisation not plastid 17865 0186525012
0186524814 

HO2 
J5851 

Q69XJ4.1 
Heme oxygenase 1, 
[Oryza sativa] 

1.09E-
50 1.20E-07 signalP chloroplast not plastid 17854 0186534672 

HO3 
J35647 No good hit  4.20E-10 other other 

localisation not plastid   

HO4 
J5902 

Q8YVS7.1 
Heme oxygenase 1 
[Nostoc sp. PCC 7120] 

9.11E-
58 2.00E-56 signalP chloroplast plastid, high 

confidence   
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We	 successfully	 cloned	 PtHO2,	 PtHO3	 and	 PtHO4	 from	 cDNA.	 As	 PtDPH	 is	 difficult	 to	

produce,	we	cloned	these	enzymes	 for	recombinant	expression	 in	E.	coli,	along	with	T.	

weissflogii	DPH	Photosensory	module	(PSM)	(TweiDPH),	which	is	easily	produced	in	high	

amounts	and	thus	more	suitable	for	screening	(Fig3).	

Only	the	strain	expressing	PtHO2	produced	high	amounts	of	functional	TweiDPH.	Pellets	

of	bacteria	expressing	PtHO3	or	PtHO4	with	TweiDPH	were	uncolored,	suggesting	that	

they	did	not	produce	the	suitable	chromophore	(or	that	the	enzymes	were	not	functional	

in	E.	coli).	TweiDPH	produced	with	PtHO2	could	reversibly	photoconvert	to	Pr	upon	far-

red	(765nm)	light	illumination,	and	had	the	same	absorption	spectra	as	TweiDPH	when	

produced	 with	 Synechocystis	 PCC6803	 heme	 oxygenase	 1	 (SynHO1)	 (Figure	 2).	 This	

suggests	 that	 PtHO2	produced	 the	 same	 chromophore	 as	 SynHO1,	which	 is	 efficiently	

incorporated	in	DPH	and	enables	photoconversion.	

	

Figure	2.	Spectral	properties	of	TweiDPH	expressed	in	E.coli	with	Synechocystis	HO1	(SynHO1),	producing	

biliverdin,	 or	 PtHO2.	 A	 Absorption	 spectra	 of	 TweiDPH	 at	 room	 (white)	 light	 (black	 line)	 or	 after	

illumination	by	a	far-red	LED	(765nm)	(red	line),	normalized	to	Pr	peak,	in	red.	B.	Difference	in	absorption	

spectra	for	recombinant	TweiDPH	produced	with	SynHO1	or	PtHO2.		

Therefore,	PtHO2	is	able	to	produce	BV	for	phytochrome	activity	in	vivo;	PtHO2	knock-

out	 mutants	 are	 planned	 to	 be	 generated	 by	 CRISPR-Cas9	 in	 P.	 tricornutum,	 to	 test	

whether	or	not	this	enzyme	is	required	for	phytochrome-mediated	gene	expression.		

	



204	

	

	

Figure	3	Scheme	of	the	vector	structure	allowing	to	co-express	T.	weissflogii	DPH	photosensory	module	

along	 with	 the	 putative	 enzymes	 of	 chromophore	 biosynthesis	 pathway	 identified	 in	 P.	 tricornutum	

genome.	The	backbone	vector	used	was	the	pET28a,	and	the	different	coding	sequences	were	differentially	

combined	via	sequential	insertions	according	to	the	restriction	sites	indicated.		

	

Biliverdin	Reductases	

Putative	bilin-reductase	genes	have	been	identified	in	P.	tricornutum	genome,	raising	the	

possibility	of	other	chromophores	synthetized	in	diatoms.	Among	these	4	candidates,	2	

were	 predicted	 to	 harbor	 a	 peptide	 signal	 by	 the	 3	 software	 and	 possess	 as	 best	 hit	

counterparts	in	cyanobacteria	and	plant	(Table	2).	

These	 different	 BVR	 were	 amplified	 from	 cDNA	 and	 recombinantly	 expressed	 with	

Synechocystis	ho1	and	TweiDPH	as	polycistronic	sequence	(Fig3).		

When	TweiDPH	was	expressed	with	PtBVR3	and	4,	the	absorption	spectra	were	the	same	

as	with	SynHO1	 (Fig3A),	 suggesting	 that	 these	phytochromes	were	not	binding	a	new	

chromophore,	but	bound	BV.	However,	when	TweiDPH	with	PtBVR1	or	PtBVR2,	a	new	

absorption	peak	appeared	around	620nm,	suggesting	that	the	DPH	was	binding	another	

chromophore	in	addition	or	in	place	of	BV.	However	in	both	cases,	this	peak	did	not	show	

any	photochemistry	(Fig3B	and	C).	As	this	DPH	is	produced	in	high	amounts,	it	is	possible	

that	it	binds	non-optimal	chromophores.	Zinc	induced	fluorescence	gel	will	tell	if	this	new	

chromophore	is	covalently	bound	to	the	protein,	and	absorption	spectra	of	the	denatured	

protein	will	give	indication	on	the	nature	of	this	chromophore.		

Overall,	 alternative	 chromophores	 produced	 by	 BVR1	 and	 BVR2	 could	 be	 possible	

alternative	 chromophore	 but	 it	 seems	 that	 BV	 is	 the	 most	 convincing	 as	 DPH	 native	

chromophore.	
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Table	2	Characteristic	of	the	candidate	BVR	in	P.tricornutum	

Accession best blast hit in 
swissprot evalue Pfam domains SignalP

5 HECTAR ASAFind 
Tp 
Thaps3
_ 

BVR1 
J10830 

Q7NL66.2, 15,16-
dihydrobiliverdin:ferre
doxin oxidoreductase 
Gloeobacter violaceus 
PCC 7421] 

4.00E-
51 

Ferredoxin-dependent 
bilin reductase 
(PF05996.15) 
1.6e-53 

signalP signal 
peptide 

Plastid, 
low 
confidence 

32431 

BVR2 
J33770 

Q93TL6.2, 15,16-
dihydrobiliverdin:ferredo
xin oxidoreductase 
[Nostoc punctiforme PCC 
73102] 

4.00E-
39 

Ferredoxin-dependent 
bilin reductase 
(PF05996.15) 
9.2e-47 

other 
other 
localisatio
n 

Not 
plastid, 
SignalP 
negative 

32431 

BVR3 
J42659 

Q8H124.1, 
Uncharacterized 
protein At2g34460, 
chloroplastic 
[Arabidopsis thaliana] 

8.00E-
16 

NAD(P)H-binding 
(PF13460.9) 
6.7e-39 

signalP signal 
peptide 

Plastid, 
high 
confidence 

264007 

BVR4 
J45446 

Q10UW6.1, 
Phycoerythrobilin:ferre
doxin oxidoreductase 
[Trichodesmium 
erythraeum IMS101] 

1.00E-
30 

Ferredoxin-dependent 
bilin reductase 
(PF05996.15) 
1.5e-35 

other signal 
peptide 

Not 
plastid, 
SignalP 
positive 

262396 

	

	

Figure	4.	Spectral	properties	of	TweiDPH	expressed	in	E.coli	with	SynHO1	and	different	PtBVR,	in	white	

light;	B	TweiDPH	in	R	of	FR	with	PtBVR1,	C	TweiDPH	in	R	and	FR	with	PtBVR2	

We	have	 shown	 that	P.	 tricornutum	 possesses	 at	 least	 one	 enzyme	 able	 to	 synthesize	

biliverdin	as	chromophore	of	phytochrome,	and	at	least	two	enzymes	are	able	to	further	
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process	BV.	The	nature	and	the	role	of	this	pigment	in	phytochrome	activity	need	to	be	

further	investigated.	

	

DPH	LOCALIZATION	

Phytochrome	localization	is	an	important	parameter	for	DPH	signaling.	In	plants,	

phytochromes	translocate	to	the	nucleus	upon	light	illumination,	where	they	interact	with	

transcription	factors	(Legris	et	al.,	2019).	This	seems	to	be	the	case	in	green	algae	too,	as	

Micromonas	pusilla	phytochrome	is	shuttled	to	the	nucleus	during	the	light	phase	of	the	

day	(Duanmu	et	al.,	2014).	In	Fungi,	FphA	of	Aspergillus	nidulans	interacts	with	the	first	

component	 of	 its	 signaling	 cascade	 in	 the	 cytoplasm,	 and	 it	 is	 one	 of	 the	downstream	

signaling	component	that	 is	shuttled	to	the	nucleus	upon	phytochrome	light	activation	

(Yu	 et	 al.,	 2016).	 Other	 studies	 also	 showed	 that	 FphA	 is	 interacting	 with	 blue	 light	

signalization	components	in	the	nucleus	(Purschwitz	et	al.,	2008).	

We	thus	 tested	DPH	subcellular	 localization	 in	P.	 tricornutum.	PtDPH	was	 fused	

with	Venus	or	NeonGreen	 fluorescent	proteins	 either	 in	N-terminal	 or	C-terminal	 and	

expressed	under	the	strong	promoter	of	the	LHCF2	antenna	gene	in	the	episome	system.	

Cells	were	grown	in	green	light	(DPH-inhibitory)	and	exposed	to	FR	light	to	investigate	

eventual	light-induced	re-localization.		

	

Figure	5.	DPH	localization.	Venus-PtDPH-expressing	P.	tricornutum	cells	grown	in	green	light	(A	to	F),	or	

far-red	light	(G	to	L).	Bar	scale	:	5µm.	A	and	G,	Bright	field	;	B	and	H,	Chlorophyll	autofluorescence;	C	and	I,	

Hoecsht	 fluorescence	 (nucleus	 staining,	 also	 showing	 chlorophyll	 fluorescence)	;	 D	 and	 J,	 Hoeschst	 and	

chlorophyll	overlay,	nucleus	appears	blue	when	chloroplast	appears	magenta	;	E	and	K,	Venus	fluorescence	

(PtDPH	localization)	;	F	and	L,	overlay.	
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Figure	6.	DPH	localization.	PtDPH-NeonGreen-expressing	P.	tricornutum	cells	grown	in	green	light	(A	to	F),	

or	far-red	light	(G	to	L).	Bar	scale:	5µm.	A	and	G,	Bright	field;	B	and	H,	Chlorophyll	autofluorescence;	C	and	

I,	Hoecsht	fluorescence	(nucleus	staining,	also	showing	chlorophyll	fluorescence)	;	D	and	J,	Hoeschst	and	

chlorophyll	overlay,	nucleus	appears	blue	when	chloroplast	appears	magenta	;	E	and	K,	Venus	

fluorescence	(PtDPH	localization)	;	F	and	L,	overlay.	

PtDPH	seems	to	be	cytoplasmic	(Fig4	and	5),	although	it	is	difficult	to	affirm	with	certainty	

that	 PtDPH	 is	 absent	 from	 the	 nucleus.	 No	 major	 changes	 were	 observed	 upon	 FR	

illumination.	We	thus	concluded	that	PtDPH	is	present	in	the	cytoplasm.	

As	control,	lines	expressing	only	the	Venus	fluorescent	protein	(Fig7),	or	the	fusion	Venus-

PtCPF1	(Fig8,	previously	shown	to	be	addressed	to	the	nucleus	(Coesel	et	al,	2009))	under	

the	 same	 regulatory	 sequences	 and	 episomal	 vector,	 were	 observed	 and	 display	

cytoplasmic	and	nuclear	localization,	respectively.	

	

Figure	7.		Venus	localization.	Venus-expressing	P.	tricornutum	cells	grown	in	white	light	(A	to	F).	Bar	scale:	

2µm.	A,	Bright	field;	B,	Chlorophyll	autofluorescence;	C,	Hoecsht	fluorescence	(nucleus	staining,	also	

showing	chlorophyll	fluorescence);	D,	Hoeschst	and	chlorophyll	overlay,	nucleus	appears	blue	when	

chloroplast	appears	magenta	;	E,	Venus	fluorescence	;	F,	overlay.	
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Figure	8.	PtCPF1	localization.	Venus-PtCPF1-expressing	P.	tricornutum	cells	grown	in	white	light	(Bar	

scale:	2	µm.	A,	Bright	field;	B,	Chlorophyll	autofluorescence;	C	,	Venus	fluorescence	(PtCPF1	localization	in	

the	nucleus)	;	F,	overlay.	

DPH	SIGNALISATION	PATHWAY	

Phytochrome	signalization	is	very	different	in	plants	compared	to	bacteria	and	fungi.	In	

plants,	 phytochromes	 are	 shuttled	 to	 the	 nucleus	 upon	 light	 activation,	 where	 they	

interact	with	Phytochromes	Interacting	Factors,	which	are	bHLH	transcription	factors.	It	

has	been	described	for	several	fungi	and	bacteria	phytochromes	that	signaling	cascade	

consists	 	 in	a	 two-component	phosphorelay	system	(Yeh	et	al,	1997;	Bhoo	et	al,	2001;	

Giraud	 et	 al,	 2005;	 Brandt	 et	 al,	 2008).	 These	 systems	 start	 with	 the	 activation	 of	 a	

receptor	 histidine	 kinase	 (here,	 phytochrome),	 which	 phosphorylates	 a	 response	

regulator	 (REC)	 domain.	 In	 a	 simple	 two-components	 system,	 the	 response	 regulator	

directly	regulates	the	functional	response	(for	example	gene	expression).	 In	multi-step	

system,	the	receptor	histidine	kinase	is	hybrid,	as	 it	also	contains	a	REC	domain.	Upon	

activation,	 there	 is	 phosphorylation	 of	 this	 REC	 domain,	 then	 the	 phosphate	 group	 is	

transmitted	 to	a	phosphotransfer	protein	 (characterized	by	a	Hpt	domain),	which	will	

bring	the	phosphate	group	to	the	effector	response	regulator	(Fig9).	
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Figure	 9.	 Elements	 from	 two-component	 systems,	 from	 (Schaller	 et	 al.,	 2011)A,	 simple	 two-component	

system,	 B,	Multi-step	 phosphorelay	where	 the	 hybrid	 histidine	 kinase	 contains	 both	 a	 histidine	 kinase	

domain	and	a	response	regulator.	Phosphorylated	residues	Histidine	(H)	and	Aspartate	(D)	are	indicated.	 

Bacteriophytochromes	show	both	simple	and	multi-steps	two-component	systems,	and	

in	most	 of	 the	 cases	 reported,	 the	 signalization	 components	 are	 encoded	 in	 the	 same	

operon	as	the	Bph,	which	facilitates	the	determination	of	the	downstream	components	

(Fig9)	(Yeh	et	al,	1997;	Bhoo	et	al,	2001;	Giraud	et	al,	2005;	Vuillet	et	al,	2007;	Jaubert	et	

al,	 2008).	 In	 fungi,	 FphA	 from	 Aspergillus	 nidulans	 interacts	 with	 the	 Hpt-containing	

protein	 YpdA,	which	 itself	 controls	 the	REC-containing	 SskA	 protein	 (Yu	 et	 al.,	 2016).	

Downstream	of	SskA,	a	MAPKinase	cascade	results	in	the	phosphorylation	of	SakA,	which	

is	shuttled	to	the	nucleus	where	it	regulates	the	transcription	factor	AtfA	(See	also	in	the	

Introduction).	

In	diatoms,	we	know	PtDPH	autophosphorylates	upon	 far-red	 light	 irradiation	 in	vitro	

(Fortunato	 et	 al.,	 2016),	 which	 would	 be	 compatible	 with	 a	 two-component	 system	

phosphorelay	as	in	Bacteria	and	Fungi.	

I	performed	Yeast-two	hybrid	(Y2H)	screens	to	 find	candidate	 interactors	 for	PtDPH.	 I	

used	a	Y2H	PtcDNA	library	from	(Huysman	et	al.,	2013),	and	performed	the	screen	with	

PtDPH	full	length	protein	(one	time)	or	PtDPH	output	module	only	(PtDPH_OPM,	screen	

was	performed	3	times)	as	baits,	fused	to	GAL4	binding	domain.	Despite	the	identification	

of	some	candidates	during	the	screens,	we	were	unable	to	reproduce	these	interactions	
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the	reverse	combination	(Hpt-AD	with	PtDPH	FL,	PCD,	OPM	or	REC-BD),	maybe	because	

of	the	absence	of	a	nuclear	localization	signal	in	the	GAL4BD	fusion.	

I	also	performed	Y2H	screen	with	PtHpt	as	bait,	but	once	again	we	were	unsuccessful	in	

re-transforming	with	the	candidate	plasmids.	However,	Pt	genome	contains	only	a	limited	

number	of	proteins	with	a	response	regulator	(RR)	(16	proteins,	Table	3)	that	could	be	

the	target	of	Hpt,	and	which	could	be	tested	by	direct	interaction	tests	as	done	here	for	

Hpt.	Two	of	these	proteins	are	especially	interesting,	as	they	combine	RR	and	the	LuxR	

transcriptional	 regulator	 domain,	 which	 binds	 DNA	 (Table	 3).	 However,	 in	 fungi	 the	

response	regulator	element	 is	not	 the	transcription	factor	and	the	end	of	 the	signaling	

cascade,	 which	 involves	 also	 a	 MAPKinase	 cascade.	 The	 signaling	 cascade	 for	 PtDPH	

signaling	could	therefore	be	longer	than	2	steps.	We	are	currently	trying	to	confirm	the	

involvement	 of	 PtHpt	 in	 DPH	 signaling	 by	 generating	 PtHpt	 KO	 by	 CRISPR-Cas9	 in	P.	

tricornutum.	In	addition,	we	will	test	the	phosphorelay	between	PtDPH	and	PtHpt	in	vitro.	

Alternatively,	we	could	also	start	with	the	promoters	of	DPH-regulated	genes,	to	analyze	

eventual	binding	motives,	test	the	minimal	promoter	size	in	vivo	with	the	reporter	system	

used	in	Chapter2,	and	perform	a	yeast	one	hybrid	screen	to	identify	transcription	factors	

binding	this	promoter.	

We	have	uncovered	here	a	 first	good	candidate	as	component	of	 the	signaling	cascade	

initiated	by	DPH,	 even	 if	work	 is	needed	 to	 confirm	 it.	 Interestingly,	Hpt	 is	 conserved	

across	diatoms	that	do	not	possess	DPH,	suggesting	that	it	could	work	as	a	signaling	hub	

integrating	different	signals.		
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Table	3.	Proteins	with	Response	regulators	domains	in	P.tricornutum	genome	(DPH	not	included)	

Phatr3 ID PFAM Domains 
Phatr3_EG00123 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;Histidine kinase-, 

DNA gyrase B-, and HSP9NA-like ATPase 
Phatr3_EG01983 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;Histidine kinase-, 

DNA gyrase B-, and HSP9NA-like ATPase;CHASE domain 
Phatr3_EG02384 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain 
Phatr3_EG02387 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain 
Phatr3_J11994 Response regulator receiver domain;Bacterial regulatory proteins, luxR family 
Phatr3_J12051 Response regulator receiver domain;Bacterial regulatory proteins, luxR family 
Phatr3_J13255 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;Histidine kinase-, 

DNA gyrase B-, and HSP9NA-like ATPase 
Phatr3_J16861 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;Histidine kinase-, 

DNA gyrase B-, and HSP9NA-like ATPase;GAF domain 
Phatr3_J45485 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;Histidine kinase-, 

DNA gyrase B-, and HSP9NA-like ATPase;PAS domain 
Phatr3_J46628 Response regulator receiver domain;Histidine kinase-, DNA gyrase B-, and HSP9NA-like ATPase 
Phatr3_J47689 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;PAS fold;Histidine 

kinase-, DNA gyrase B-, and HSP9NA-like ATPase;PAS fold 
Phatr3_J47930 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain 
Phatr3_J55037 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;PAS fold;Histidine 

kinase-, DNA gyrase B-, and HSP9NA-like ATPase;PAS domain;PAS domain 
Phatr3_J55187 Response regulator receiver domain;His Kinase A (phospho-acceptor) domain;Histidine kinase-, 

DNA gyrase B-, and HSP9NA-like ATPase 
Phatr3_J8970 Response regulator receiver domain;Leucine Rich repeat 

Note:	 I	 identified	 these	proteins	 as	 interesting	 candidates	 to	 look	at	 in	 the	new	database	 for	 diatom	gene	

expression,	Diatomicbase,	for	which	a	manuscript	is	in	preparation	

	

CO-REGULATION	OF	DPH-REGULATED	GENES	

We	used	the	reporter	strains	from	Chapter	2	to	explore	the	regulation	of	DPH	targeted	

genes	by	other	signals.	While	setting	up	the	conditions	for	the	action	spectra,	we	found	

that	the	YFP	signal	varies	depending	on	the	cell	concentration	(Chapter2).	YFP	signal	per	

cell	increased	when	cell	concentration	increased	in	ProHsf6.4a	::YFP	reporter	lines	,	when	

grown	in	green	light	without	agitation	(Fig11A).	This	effect	appeared	specific	for	Hsf4.6a	

promoter,	as	lines	containing	the	YFP	under	the	control	of	other	promoters	(ProLHCF2	

(light	harvesting	antenna	protein	gene)	and	the	ProH4	(histone	H4))	did	not	show	this	

kind	of	regulation.	To	understand	how	this	effect	affects	DPH–dependent	gene	regulation,	
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we	grew	cells	without	agitation,	and	under	green	light	supplemented	or	not	with	far-red	

light	(10	µmol	photons/m2/s).	At	very	low	cell	concentration,	the	YFP	signal	was	very	low	

in	both	green	and	green	plus	far-red.	From	1e5Cells/mL,	YFP	signal	in	green-light	grown	

cells	increased.	Adding	FR	light	increases	the	YFP	signal,	and	the	FR-induction	itself	seems	

to	 be	 cell-concentration	 dependent	 (Fig11B).	 The	 effect	 of	 cell	 concentration	 on	 cells	

grown	in	green	light	was	also	seen	in	PtDPH	KO	strains	(Fig11C),	implying	that	this	effect	

is	 not	 DPH	 dependent.	 However,	 when	 cells	 were	 agitated	 (under	 green	 light),	 the	

increase	 in	 YFP	 with	 cell	 concentration	 was	 abolished	 (Fig11C	;	 also	 true	 for	 the	Wt	

background,	data	not	shown).		

Therefore,	it	seems	that	a	signal	other	than	light	also	regulates	Hsf4.6a	promoter.	It	could	

be	 oxygen	 or	 CO2	 concentration	 in	 the	 media,	 as	 this	 effect	 appears	 when	 cell	

concentration	is	high	in	non-agitated	cultures.	Further	investigations	need	to	be	done	to	

decipher	the	different	signals	co-acting	with	PtDPH.	
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µmol	 photon/m2/s)	 was	 added	 for	 24h.	 YFP	 fluorescence	 was	 measured	 with	 a	

MACSQuant®Analyser	 (Myltenyi	 Biotech)	 flow	 cytometer	with	 excitation	 by	 a	 488nm	

laser	and	detection	at	500-550nm	emission	filters.	

Phytochrome	expression,	purification	and	spectral	analysis	

Photosensory	modules	(PSM)	of	DPH	genes	were	obtained	from	previous	studies	(PtDPH	

(Fortunato	et	al,	2016),	TweiDPH	from	chapter	2).	Sequences	were	cloned	as	indicated	in	

the	 Table	 3,	 into	 pET28a-HO	 vector	 generated	 by	 inserting	 the	 Synechocystis	 Heme	

oxygenase	gene	amplified	from	pKS270	vector	(Mukougawa	et	al.,	2006)	with	the	primer	

pair	 SynHO1xpET.HindIII.Fw	 and	 SynHO1xpET.NotI.rv,	 in	 HinDIII/NotI	 in	 the	 pET28a	

vector.	PtHO	were	cloned	in	SalI/NotI	in	the	pET28a	vector	(see	fig	x	and	table	3	for	the	

primers	used,	PtHO2,	PtHO3and	PtHO4	were	cloned	without	their	peptide	signal)	;	PtBVR	

were	cloned	in	NotI/XhoI	in	the	pET28a	vector	(see	Table	S1)	

PSM	sequences	were	expressed	as	N-terminal	His6	tagged	proteins	in	E.	coli	BL21	(DE3)	

strain,	by	auto-induction	system	(Studier,	2005).	Recombinant	proteins	were	purified	as	

in	Fortunato	et	al.	(2016).	Absorption	spectra	of	the	recombinant	proteins	were	measured	

after	purification	on	a	Varian’s	Cary-50	spectrophotometer.	Illumination	with	LEDs	at	810	

and	630	nm	were	performed	(approx.	1min	illumination)	to	reach	pure	Pr	spectra	(after	

810	illumination)	or	equilibriums	between	the	Pr	and	Pfr	forms.	

Phytochrome	localization	

Episomal	vectors	carrying	fusion	of	PtDPH	with	fluorescent	proteins	were	generated	with	

the	modular	 cloning	 system	uLoop	kit	 containing	P.	 tricornutum	 regulatory	 sequences	

level	0	cloning	block	along	with	fluorescent	reporter	proteins	and	conjugative	element	

(Pollak	et	al,	2019;	2020).	PtDPH	and	PtCPF1	coding	sequences	were	amplified	by	PCR	

from	 cDNA	 and	 using	 the	 primer	 pairs	 :	 PtDPH.D.Fw	 an	 PtDPH.E.Rv,	 PtDPH.C.Fw	 an	

PtDPH.D.Rv,	and	PtCPF1.D.Fw	and	PtCPF1.E.Rv,	respectively,	and	cloned	into	pL0	receiver	

vector	 (Pollack	 et	 al,	 2019).	 Each	 of	 these	 pL0	 blocks	were	 assembled	with	 the	 FcpB	

promoter		and	terminator	sequences,	and	the	Venus	or	NeonGreen	fluorescent	proteins	

as	5’	or	3’	fusion,	to	generate	level	1	expressing	constructs.	Finally,	these	expressing	units	

were	assembled	with	conjugative	elements	to	express	them	from	an	episomal	vector	and	

the	Bleomycin	 resistance	 cassette.	 these	 final	 constructs	were	 transformed	 into	E.	 coli	
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DH5alpha	 containing	 the	 pTA-MOB	 (plasmid	 encoding	 the	 machinery	 required	 for	

conjugal	transfer),	and	delivered	into	P.	tricornutum	cells	by	conjugation	according	to	the	

the	protocol	described	in	Karas	et	al,	2015).		Zeomycin	100µg/ml	was	used	to	select	and	

grow	conjugants.		

Epifluorescence	images	were	taken	on	an	Axio	Observer.Z1	inverted	microscope	(Zeiss)	

equipped	with	an	ORCA-flash4.0	digital	camera	(Hamamatsu)	and	a	Colibri.2	LED	system	

(Zeiss)	 for	 excitation	 at	 505	 nm	 for	 Venus	 (520–550	 nm	 emission)	 and	 470	 nm	 for	

chlorophyll	autofluorescence	(665–715	nm	emission).	Hoechst	staining	was	performed	

by	 adding	 Hoeschst	 at	 a	 final	 concentration	 of	 20µg/mL.	 To	 study	 eventual	 DPH	 re-

localization,	we	illuminated	the	cells	with	FR	light	(765nm)	while	under	the	microcospe.	

Yeast	two	hybrid	

Phytochrome	 full	 length	 or	 domain	 (Photosensory	 Core	 Domain	 PCD,	 Output	 Domain	

(HK-ATPase-REC)	 or	 REC	 domain)	 sequences	 were	 amplified	 by	 PCR	 from	 plasmid	

containing	the	Pt-DPHPro:Pt-DPH-HA	produced	previously	(Fortunato	et	al.,	2016)	and	

PtHpt	 was	 cloned	 from	 PtcDNAs	with	 primers	 containing	 attB1	 and	 attB2	 GATEWAY	

recombination	sites	(see	Table2).	PCR	products	were	introduced	in	the	pDONR221	entry	

vector	by	BP	GATEWAY	recombination	(Invitrogen).	ENTRY	clones	were	recombined	in	

the	pDEST32	vector	(bait,	for	GAL4	DNA-binding	domain	N-terminal	fusion,	Invitrogen)	

or	pDEST22	vector	(prey,	for	GAL4	Activating	domain	N-terminal	fusion,	Invitrogen)	by	

LR	 recombination.	 Saccharomyces	 cerevisae	PJ69-4a	 cells	 were	 transformed	 using	 the	

LiAc	 method	 (Gietz	 and	 Schiestl,	 2007).	 Co-transformed	 yeast	 were	 selected	 on	 YNB	

media	(recipe	?)	lacking	tryptophane	and	leucine,	and	interaction	between	the	proteins	

was	assessed	by	spotting	on	plates	lacking	tryptophane,	leucine	and	histidine.	3-amino-

1,2,4-triazole,	which	 inhibits	 the	HIS3	enzyme	(that	enables	growth	without	histidine)	

was	added	at	10mM	to	test	the	strength	of	the	interaction.	Screens	were	performed	by	

transforming	yeast	bait	 strain	 (ie	 transformed	with	 just	 the	bait	vector)	with	 the	prey	

library	obtained	from	(Huysman	et	al.,	2013)	and	plated	on	selective	–LWH	media.	
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Table	S1	Primers	data	used	in	this	study	

Name	 Sequence	

PtHpt_J33969.Gateway.Fw	 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAATCCACCCGATGTGATCAATTG	

PtHpt_J33969.Gateway.Rv	 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAACCGTAACAAAAAATTGTTTTC	

PtDPH_FL.Gateway.Fw	 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCGGGGCAAATTATAGAG	

PtDPH_PCD.Gateway.Rv	 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATGCCGCCAAATATTTCCGGTTT	

PtDPH_OMP.Gateway.Fw	 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGATTACTGAGAGGTGATA	

PtDPH_REC.Gateway.Fw	 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCGGGTCCGATTTTGATCG	

PtDPH.Gateway.Rv	 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATTCCGGAACCCGCAGCCTC	

PtHO2_J5851.SalI.fw	 gcgGTCGACAGAAGGAGATATACATATGTTCGCACCGGCCTTTTCGGTG	

PtHO2_J5851.NotI.Rv	 gcgGCGGCCGCTTAATTGTGGGGATGCTGAC	

PtHO3_J35647.SalI.fw	 gcgGTCGACAGAAGGAGATATACATATGCACTCGAACGACCCCCATG	

PtHO3_J35647..NotI.Rv	 gcgGCGGCCGCTCAAGATTTAATCATTCGTC	

PtHO4_J5902.SalI.fw	 gcgGTCGACAGAAGGAGATATACATATGTTTGCTCCTTCCGTCTCGAG	

PtHO4_J5902.NotI.Rv	 gcgGCGGCCGCTTACAATGCAACTCCAAGTTTTAG	

J45446NotI.fw:	 cgcggccgcagaaggagatataccatggcccgaaccaacacagcttttg	

J45446.XhoI.rv:	 ggcgctcgagctatggcgatgggaatagcac	

J10830.NotI.Fw:	 cgcggccgcagaaggagatataccatgtacactaccggcaacagcggag	

J10830.XhoI.rv	 ggcgctcgagctaccgttgcgaagctgctac	

J33770.NotI.Fw:	 cgcggccgcagaaggagatataccatggtccgcgcctaccag	

J33770.XhoI.Rv:	 ggcgctcgagctacttttgcgagagtggaaag	

J42659.NotI.Fw:	 cgcggccgcagaaggagatataccatgttccagcagtcctcgtttttgg	

J42659.XhoI.Rv:	 ggcgcctcgagttaagcttcttgttggccac	

PtDPH.D.Fw		 aggctgtctcgtctcgtctcaggtctcaaggtatgagcggggcaaattatagag	

PtDPH.E.Rv	 tggtaatctatgtgtcctggtggtctctaagcctattccggaacccgcagcctc	

PtDPH.C.Fw		 aggctgtctcgtctcgtctcaggtctcaaatgagcggggcaaattatagag	

PtDPH.D.Rv	 tggtaatctatgtgtcctggtggtctctacctttccggaacccgcagcctctg	

PtCPF1.D.Fw	 aggctgtctcgtctcgtctcaggtctcaaggtatggctaaatcggaagag			

PtCPF1.E.Rv	 tggtaatctatgtatcctggtggtctctaagcttagttgcgacgttgtcgc		
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DISCUSSION	
	

	

	

	

During	this	work,	I	have	tried	to	get	insights	into	diatom	photoperception,	and	more	

specifically	on	diatom	phytochromes.		

Despite	 the	 availability	 of	 genomic	 data,	 there	 was	 no	 complete	 view	 of	

photoreceptors	in	diatoms.	The	genomes	of	the	two	diatom	models,	T.	pseudonana	and	P.	

tricornutum,	had	been	exploited	to	find	photoreceptors,	but	the	other	diatom	genomes	

had	not	been	systematically	mined	for	photoreceptors.		

In	 the	 first	 chapter,	 I	 started	 to	 fill	 this	 gap	 by	 mining	 diatom	 genomic	 data	 for	

photoreceptors.	 I	 extended	 the	 search	 to	 all	 Ochrophyta,	 and	 included	 also	 other	

Stramenopiles	 to	 try	 to	get	 insights	 into	 the	conservation	of	 these	photoreceptors.	We	

looked	for	known	light–sensing	domains	like	the	LOV	domain,	cryptochrome	photolyase-

related	domain,	rhodopsins	and	phytochromes.	Overall,	it	seems	that	diatoms,	(but	also	

more	 widely,	 Ochrophyta),	 possess	 a	 common	 set	 of	 blue	 light	 photoreceptors	

(aureochromes,	cryptochromes)	while	some	possess	additional	photoreceptors	such	as	

rhodopsins	and	phytochromes.	The	photoreceptor	repertoire	appears	specific	for	an	algal	

group	 or	 even	 down	 to	 a	 species,	 suggesting	 an	 adaptive	 value	 of	 the	 additional	

photoreceptors	in	specific	environmental	niches.		

Some	of	 the	results	confirmed	already	known	photoreceptors	distribution,	such	as	

the	fact	that	all	diatoms	have	4	aureochromes.	We	also	uncovered	a	new	group	of	putative	

LOV-based	 photoreceptors	 that	 is	 quite	 conserved	 amongst	 Ochrophyta,	 including	 in	

diatoms,	 but	 is	 not	 found	 in	P.	 tricornutum,	 showing	 the	 importance	 of	 looking	 in	 all	

available	data.	It	was	found	here	in	T.	pseudonana,	but	was	not	reported	before.		

Another	example	of	new	insights	from	the	study	described	in	chapter	1	is	the	CryP	

family	 of	 diatoms.	 CryP	 was	 reported	 recently	 in	 P.	 tricornutum	 as	 a	 photo-sensitive	
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protein	with	roles	 in	both	DNA	repair	and	gene	regulation.	We	highlighted	here	a	new	

family,	 CryP2,	 which	 was	 already	 described	 in	 T.	 pseudonana	 (Oliveri	 et	 al.,	 2014;	

Fortunato	et	al.,	2015),	but	it	was	not	known	if	CryP2	was	a	species-specific	light	sensor,	

or	 something	 more	 conserved	 across	 diatoms.	 Based	 on	 the	 analysis	 in	 Chapter	 1,	 it	

appears	now	as	a	broadly	conserved	CryP	subgroup,	probably	representing	a	new	type	of	

photoreceptor	with	distinct	properties.		

We	extended	here	the	catalog	for	diatom	photoreceptors,	but	we	could	also	benefit	

from	the	environmental	data	to	complete	this	view.	Of	course,	the	identified	proteins	are	

only	candidate	photoreceptors	that	would	need	to	be	biologically	characterized.	

Concerning	phytochromes,	we	confirmed	previous	work	(Fortunato	et	al.,	2016),	and	

better	define	the	distribution	and	occurrence	of	DPH	within	centric	and	pennate	diatoms.	

We	did	not	resolve	the	origin	of	DPH,	but	mining	other	databases	such	as	viral	or	bacterial	

sequences	 in	 addition	 to	 Ochrophyta	 and	 other	 eukaryotes	 might	 give	 new	 insights.	

Regarding	 centric	 group,	 investigations	 in	 genomic/transcriptomic	 resources	 (mostly	

from	coastal	species)	indicate	that	DPH	is	found	across	nearly	all	Thalassiosirales	species,	

suggesting	that	this	is	an	ancient	acquisition	in	all	Thalassiosirales,	with	a	few	losses	(for	

example	in	Thalassiosira	oceanica).	Thalassiosirales	DPH	was	also	found	in	the	oceanic	

regions	 in	 the	 Tara	 Oceans	 dataset.	 Thalassiosirales	 are	 sister	 to	 a	 group	 of	 diatom	

containing	Minutocellus	species,	which	possess	DPH,	and	Chaetoceros	species,	which	do	

not.	The	absence	of	DPH	in	Chaeotoceros	species	is	well	supported	by	the	Tara	Oceans	

data:	 centric	 DPH	 genes	 found	 in	 the	 environmental	 dataset	 were	 very	 close	 to	

Thalassiosirales	or	Minutocellus	genes,	and	even	in	MAGs	belonging	to	Chaetoceros,	we	did	

not	find	phytochrome	genes.	Of	course	MAGs	are	incomplete,	and	the	other	genomic	data	

from	Chapter	1	are	mostly	 transcriptomes,	but	given	 the	amount	of	 transcriptomes	 in	

different	 species	 and	 different	 growth	 conditions,	we	 could	 have	 expected	 DPH	 to	 be	

expressed	in	at	least	one	of	them.	Looking	for	phytochrome	in	the	Chaetoceros	genomes	

recently	published	(Hongo	et	al.,	2021;	Kumazawa	et	al.,	2022),	and	the	new	Chaetoceros	

genomes	to	come	will	definitely	resolve	the	question	of	the	absence	of	phytochromes	in	

Chaetoceros	species.	
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The	more	basal	centric	diatom	species	Coscinodiscus	 also	possesses	DPH,	however	

this	gene	is	incomplete	and	it	 is	difficult	to	assess	its	exact	position	compared	to	other	

DPH.	No	DPH	from	this	species	was	found	in	the	environmental	data.	

Pennate	 DPH	 form	 a	 clade	 separated	 from	 centric	 DPH	 in	 phylogenetic	 studies,	

suggesting	different	origins,	or	an	ancient	origin	in	the	common	diatom	ancestor	followed	

by	extensive	gene	loss,	but	also	diversification	and	gene	duplication.	DPH	was	not	found	

in	the	planktonic	pennate	genera	Pseudo-nitzschia	and	Fragilariospsis.	This	is	consistent	

with	the	quasi	absence	of	pennate	DPH	in	Tara	oceans	data,	while	pennate	species	are	

abundant	in	this	dataset.	Interestingly,	the	only	2	pennate	genes	found	in	the	Tara	oceans	

data	are	close	to	the	two	DPH	copies	of	Navicula	sp,	(each	Tara	DPH	is	close	to	one	copy	

of	Navicula	DPH,	suggesting	that	these	are	the	2	copies	from	the	same	diatom	species)	and	

are	found	only	in	a	few	arctic	stations.	Some	Navicula	are	known	to	thrive	in	sea	ice,	it	

could	thus	be	considered	that	the	DPH	found	in	the	Tara	Oceans	are	from	a	sea-ice	species	

released	 into	 the	 water	 column.	 The	 Dark	 Edge	 sampling	 cruise	 in	 October	 2021	

(coordinated	 by	 Prof.	 M.	 Babin),	 during	 which	 we	 sampled	 sea-ice	 and	 surrounding	

waters	in	the	Artic,	might	bring	answer	to	this	question.		

Among	pennate	species	with	DPH	there	are	well-known	benthic	species,	such	as	the	

Seminavis,	 Gyrosigma,	Nitzschia,	 Navicula,	 and	 Amphora	 genera.	 The	 araphid	 pennates	

Fragilaria	radians,	Synedropsis	recta	and	Synedra	sp	also	possessed	DPH,	but	we	did	not	

investigate	their	environmental	niche	yet.	We	also	noticed	that	the	benthic	species	often	

had	several	DPH	copies	(4	for	A.	coffeaeformis	and	S.	robsuta,	2	for	Nitzschia	and	Navicula	

species).	A.	coffeaeformis	was	reported	before	to	have	2	putative	chromophore-binding	

cysteines,	one	in	the	PAS	and	one	in	the	GAF	domain.	However,	we	saw	in	chapter	1	that	

this	seems	to	be	a	unique	feature	found	in	this	species.	

In	 the	 Ocean	 regions,	 the	 distribution	 of	 DPH	 showed	 a	 very	 strong	 latitudinal	

gradient,	with	absence	in	the	tropics	and	presence	in	temperate	and	polar	region	of	both	

Northern	 and	 Southern	 Hemispheres.	 In	 Tropical	 regions,	 diatoms,	 including	

Thalassiosirales,	are	found	but	no	DPH	could	be	detected. 

It	would	be	interesting	to	known	if	this	is	a	feature	specific	for	diatom	phytochrome	

or	if	other	marine	organisms	with	phytochromes	show	the	same	trends.	For	example,	the	
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cyanobacteria	Prochlorococcus	are	abundant	in	Tropical	regions	and	adapted	to	stratified	

waters,	but	do	not	possess	phytochromes,	while	the	Synechoccocus	cyanobacteria,	which	

are	more	abundant	in	temperate	regions,	posses	phytochromes.	This	could	suggest	that	

in	 cyanobacteria	 too,	 there	 is	 a	 latitudinal	 trend	 of	 phytochromes,	 maybe	 linked	 to	

adaptation	to	mixed	waters	such	as	the	ones	encountered	in	polar	and	temperate	regions.	

An	impressive	set	of	data	(Tara	Oceans	expedition,	Global	Ocean	Sampling)	are	available	

for	prokaryotes	 that	could	help	 to	address	 this	question.	 In	addition,	other	Eukaryotic	

phytochromes	 found	 in	 the	 Tara	 Oceans	 data	 could	 extend	 this	 question	 to	 other	

eukaryotic	microalgae,	such	as	Cryptochytes	or	Glaucophytes.	

This	 strong	 latitudinal	 gradient	 suggests	 that	 DPH	 function	 is	 linked	 to	 the	 high	

seasonal	variability	in	these	regions.	This	was	also	supported	by	the	statistical	analysis	of	

the	centric	DPH	abundance,	which	is	linked	to	the	variation	of	chlorophyll	concentration	

in	temperate	regions.	The	variations	of	the	light	field	and	photoperiod	in	these	regions	

are	 important,	 and	 in	 winter	 and	 early	 spring	 the	 phytoplankton	 experiences	 strong	

variations	of	light,	from	the	surface	to	the	bottom	of	the	mixed	layer,	which	can	extend	

below	the	photic	zone.	In	these	conditions,	the	cells	will	spend	most	of	their	time	in	low	

blue	light.	The	Thalassiosirales	species	seem	to	be	early	bloomers	in	the	temperate	species	

succession,	 which	 could	 be	 linked	 to	 an	 efficient	 adaptation	 to	 generally	 low	 but	

fluctuating	light	thanks	to	DPH.	One	important	question	raised	here	is	the	interplay	with	

other	photoreceptors.	Indeed,	we	showed	that	in	the	marine	environment,	DPH	activity	is	

sensitive	 to	 blue,	 green	 and	 red	 light.	 Diatoms	 possess	 a	 plethora	 of	 blue-light	

photoreceptors,	with	4	aureochromes	and	several	light-sensing	cryptochromes	(Chapter	

1),	 which	 makes	 it	 surprising	 that	 some	 diatoms	 have	 an	 additional	 blue-activated	

photoreceptor.	The	subtlety	of	DPH	activity	is	that	it	is	not	only	sensing	the	light	intensity,	

but	also	measuring	the	ratio	between	blue	and	green	to	red	wavebands.	Some	blue-light	

photoreceptors	 such	 as	 some	 aureochromes	 are	 thought	 to	 be	 involved	 in	 high	 light	

adaptation	in	diatoms,	which	diatoms	experience	only	close	to	the	surface.	Thus,	we	can	

imagine	 reverse	 gradients	 of	 activity	 for	 blue	 light	 photoreceptors	 compared	 to	

phytochrome	in	the	water	column.	The	first	ones	would	be	active	at	the	surface	to	shallow	

depth	where	(blue)	light	intensity	is	high,	and	their	activity	would	decrease	when	going	

deeper	due	to	decreasing	light	intensity.	On	the	contrary,	DPH	is	inactive	at	the	surface,	
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and	its	activity	increases	when	going	deeper.	The	integration	of	DPH	signal	with	blue	light	

sensors	signal	could	bring	very	precise	information	on	the	position	in	the	water	column	

in	 terms	 of	 light	 quality	 and	 intensity.	 This	 could	 also	 cross-talk	with	 photosynthetic	

signals	 from	 the	plastid	and	 together	mediate	photosynthetic	acclimation,	 such	as	 low	

light	acclimation	at	depth	and	photoprotection	at	surface.	DPH	KO	strains	in	Thalassiosira	

pseudonana	 are	 available,	 and	 we	 could	 test	 if	 DPH	 mediates	 acclimation	 to	 light	

mimicking	different	environmental	conditions,	such	as	low	blue	light	or	fluctuating	light.	

We	modeled	that	DPH	activity	was	affected	by	phytoplankton	concentration,	such	as	

the	ones	occurring	during	a	bloom.	DPH	activity	variation	could	therefore	be	a	signal	that	

a	bloom	is	occurring,	and	mediate	different	physiological	outputs	such	as	nutrient	uptake,	

resting	 spore	 formation	 or	 sexual	 reproduction	 (discussed	 in	 Chapter	 2).	 The	 model	

diatom	Thalassiosira	pseudonana	is	sometimes	used	to	study	sexual	reproduction,	and	we	

could	also	use	another	species	which	possesses	DPH,	such	as	Skeletonema	costatum,	 to	

test	 the	 induction	 of	 sexual	 reproduction	 or	 the	 formation	 of	 resting	 spores	 under	

different	light	regimes,	cell	concentrations	and	nutrient	status.	

Finally,	we	showed	that	DPH	activity	increases	when	solar	zenith	angles	are	low,	such	

as	at	dawn	and	dusk.	DPH	could	thus	be	a	sensor	of	the	end	(or	beginning)	of	the	day,	but	

we	miss	critical	information	on	the	DPH	state	in	the	dark,	i.e.	its	dark	reversion	rate.	In	

vitro,	no	dark	reversion	could	be	observed	for	the	DPH	produced	here	nor	in	Fortunato	et	

al.,	2016.	In	vivo,	our	reporter	system	does	not	allow	detection	of	inactivation,	as	the	eYFP	

reporter	is	very	stable	in	the	cells.	We	made	the	hypothesis	that	PfrPfr	is	the	dark	state	

(and	the	form	in	which	DPH	is	synthetized)	and	that	dark	reversion	is	negligible	in	the	

light.	However,	under	photoperiodic	conditions	(i.e	during	the	night	or	at	sunrise/sunset),	

we	do	not	know	dynamics	of	the	DPH	equilibirum.	On	time	scales	such	as	12h	of	darkness,	

dark	reversion,	synthesis	and	degradation	of	DPH	are	not	negligible	anymore.	We	know	

from	 tracking	 of	 tagged	 DPH	 that	 DPH	 synthesis	 is	 not	 stable	 during	 the	 day,	 with	

degradation	of	the	protein	during	the	light	phase	and	re-accumulation	during	the	night,	

and	a	maximum	at	the	dark-light	transition.	This	could	point	towards	a	role	of	DPH	at	

dawn,	where	very	sensitive	DPH	could	detect	the	first	photons	and	trigger	acclimation	to	

the	 incoming	 light.	 However,	 the	 tagged	 DPH	might	 not	 completely	 reflect	 the	 native	

protein	behaviour,	and	mRNA	profiles	have	the	reverse	tendency:	the	transcription	is	at	
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its	highest	at	the	light	to	dark	transition.	If	the	DPH	dark	reversion	is	low,	DPH	could	be	

activated	at	the	end	of	the	day	and	stay	activated	for	a	long	time	during	the	night,	pointing	

towards	a	 role	of	DPH	 in	 the	dark.	As	DPH	shows	a	strong	 latitudinal	distribution,	we	

could	wonder	if	DPH	could	be	linked	to	the	high	variability	of	daylength	with	the	seasons.	

We	 could	 investigate	 growth	 of	 DPH	 KO	 under	 different	 photoperiods,	 or	 the	 DPH	

expression	pattern	in	Wt	strains	under	variable	photoperiods.	The	implication	of	DPH	in	

the	regulation	of	rhythmic	processes	could	also	be	tested.	

We	have	raised	several	hypotheses	on	DPH	role	in	planktonic	diatoms,	and	also	have	

the	tools	to	test	them,	as	we	have	in	our	hand	DPH	knockout	for	centric	T.	pseudonana.	

We	mentioned	above	some	phenotypes	we	could	test.	In	addition,	we	will	characterize	the	

transcriptomic	response	of	T.	pseudonana	to	red,	far-red	and	bue	to	determined	the	DPH-

specific	response	and	give	hints	on	the	role	of	this	photoreceptor.	The	comparison	with	P.	

tricornutum	genes	regulated	by	DPH,	established	in	Fortunato	et	al.,	2016,	will	indicate	

the	conservation	of	DPH	regulation	among	diatoms.		

We	 have	 described	 here	 the	 possible	 DPH-regulated	 phenomenon	 in	 the	 water	

column,	 where	 all	 DPHs	 characterized	 share	 a	 very	 conserved	 absorption	 spectra.	

However,	we	saw	some	differences	in	the	DPH	from	benthic	species,	suggesting	a	specific	

adaption	to	the	benthic	environment.	

The	4	Amphora	coffeaeformis	DPH	showed	some	different	 light	sensing	properties,	

suggesting	spectral	tuning	and	neo-functionalization.	The	different	DPH	may	respond	to	

subtle	differences	in	the	quality	of	light	in	their	benthic	environment	rich	in	red	and	far-

red	light.	We	did	not	project	pennate	DPH	activity	in	the	benthic	environment	yet,	but	we	

can	 predict	 that	 DPH	 activity	 will	 increase	 under	 the	 sediments	 especially	 under	

phototrophic	communities	absorbing	in	blue	and	red	light.	Indeed,	the	light	field	under	

sediments	 is	 enriched	 in	 red	 and	 far-red	 light,	 and	 in	 the	 presence	 of	 photosynthetic	

environments	 the	 red	 is	 also	 quickly	 depleted,	 resembling	 the	 situation	under	 a	 plant	

canopy	in	terrestrial	environments.	

These	new	information	lead	us	to	investigate	the	possible	DPH-related	phenotypes	in	

pennate	species	in	a	light	field	mimicking	the	benthic	environment,	i.e	in	red	and	far-red	

lights.	We	started	with	P.	tricornutum,	which	is	proposed	to	be	a	benthic	species	that	can	
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be	 recruited	 in	 the	 plankton	 (See	 Introduciton).	We	 saw	 that	 DPH	 could	 regulate	 the	

amount	 of	 F710,	 a	 marker	 for	 photosynthetic	 red	 light	 acclimation	 (Herbstová	 et	 al.,	

2015),	in	red	and	far-red	light.	In	the	sediments,	both	light	quality	and	low	intensity,	in	

addition	to	high	cell	density	and	special	O2/dissolved	inorganic	carbon	conditions	could	

lead	to	the	appearance	of	F710.	The	fitness	advantage	of	F710	is	not	established	yet,	but	

extending	the	light	absorption	capacities	to	longer	wavelength	that	are	more	abundant	

under	the	sediments	might	provide	a	growth	advantage.	

We	also	showed	that	this	extends	beyond	P.	tricornutum,	as	other	benthic	diatoms	

showed	the	same	response,	but	not	the	planktonic	species.	Interestingly,	all	these	species	

are	suspected	to	possess	DPH,	suggesting	that	DPH	could	regulate	F710	in	these	species	

too.	 In	addition,	we	have	mentioned	earlier	 that	benthic	diatoms	possess	several	DPH,	

with	possibly	different	functions,	probably	fine-tuning	adaptation	to	red	and	far-red	light	

in	sediments.	

These	exciting	new	results	need	to	be	further	confirmed,	both	in	characterization	of	

F710,	its	regulation	by	DPH	in	P.	tricornutum	and	other	species,	and	possible	advantage	

in	an	environmental	context.	We	also	raised	hypotheses	concerning	the	role	of	different	

DPH	copies	in	benthic	diatoms,	and	could	test	the	effect	of	different	lights	on	phototaxy	

and	 carbon	 metabolism.	 Environmental	 data,	 such	 as	 species	 inventory	 (or	 even	

metatranscriptomic	 data,	 but	 to	 our	 knowledge	 no	 such	 data	 currently	 exist	 for	

Eukaryotes)	 and	 physico-chemical	 conditions	 in	 sediments	 would	 be	 very	 useful	 to	

consolidate	our	hypotheses.	

We	also	explored	the	DPH	light-sensing	and	signaling	pathways	in	P.	tricornutum.	One	

of	 the	most	 persistent	 questions	 about	 the	 absorption	 spectra	 of	 DPH	 is	whether	 the	

chromophore	bound	in	vivo	is	BV	or	something	else.	In	chapter	4,	we	found	enzymes	from	

P.tricornutum	 that	 were	 functional	 in	 bacteria	 for	 production	 of	 BV	 and	 an	 other	

chormophore.	 The	 implications	 for	 DPH	 chomophore	 in	 vivo	 remain	 to	 be	 addressed	

precisely.	

I	 also	 addressed	 the	 question	 of	 DPH	 signaling	 cascade.	 I	 identified	 the	 first	

component	of	the	signaling	cascade,	Hpt,	which	suggests	a	two-component	phosphorelay	

system,	as	in	bacteria	and	fungi.	We	also	saw	that	TpDPH	complements	PtDPH	KO,	which	
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point	towards	the	same	signalization	mechanisms,	and	the	signalization	cascade	involving	

Hpt	 is	 probably	 conserved.	 Interestingly,	 in	 Fungi	 the	 same	 cascade	 is	 used	 for	 the	

response	 to	 osmolarity	 and	 to	 light	 through	 phytochromes.	 Here	 we	 identified	 cell	

concentration	and	agitation,	 so	probably	 gas	pressure,	 as	other	parameters	 regulating	

DPH-dependent	genes.	Hpt	is	present	in	other	diatoms	lacking	DPH,	suggesting	that	Hpt	

signalization	is	a	conserved	pathway	in	diatoms	and	integrates	signals	other	than	DPH	

activation.	The	in	vivo	reporter	strains	used	to	determine	DPH	action	spectra	are	also	good	

tools	to	study	the	cross-talk	of	DPH-mediated	light	inputs	with	other	signals.	

	

In	this	work,	I	studied	DPH	spamming	different	scales:	from	the	protein	in	silico,	to	

the	protein	in	vitro,	to	the	protein	in	vivo	in	diatoms,	to	the	diatom	life	in	lab	conditions	

and	 ultimately	 to	 the	 diatom	 in	 its	 environment.	 I	 took	 advantage	 from	 the	 diatom	

incredible	diversity	to	get	new	insights	on	their	light	sensing	abilities	and	their	adaptation	

to	 different	 light	 fields	 in	 specific	 environmental	 niches,	 hopefully	 bringing	 new	

knowledge	for	photobiology	research.		
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Sensing and Signalling in Diatom
Responses to Abiotic Cues

Marianne Jaubert, Carole Duchêne, Peter G. Kroth,
Alessandra Rogato, Jean-Pierre Bouly, and Angela Falciatore

Abstract

Diatoms are prominent microalgae that proliferate in a wide range of aquatic
environments. Still, fundamental questions regarding their biology, such as how
diatoms sense and respond to environmental variations, remain largely unan-
swered. In recent years, advances in the molecular and cell biology of diatoms
and the increasing availability of genomic data have made it possible to explore
sensing and signalling pathways in these algae. Pivotal studies of photosensory
perception have highlighted the great capacity of diatoms to accurately detect
environmental variations by sensing differential light signals and adjust their
physiology accordingly. The characterization of photoreceptors and light-
dependent processes described in this review, such as plastid signalling and diel
regulation, is unveiling sensing systems which are unique to these algae,
reflecting their complex evolutionary history and adaptation to aquatic life.
Here, we also describe putative sensing components involved in the responses
to nutrient, osmotic changes, and fluid motions. Continued elucidation of the
molecular systems processing endogenous and environmental cues and their
interactions with other biotic and abiotic stress signalling pathways is expected
to greatly increase our understanding of the mechanisms controlling the
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abundance and distribution of the highly diverse diatom communities in marine
ecosystems.

Abbreviations

AUREO aureochrome
bHLH basic helix–loop–helix domain
BV biliverdin
CA carbonic anhydrase
CCREs CO2/cAMP-responsive elements
CPD cyclobutane pyrimidine dimer
CPF cryptochrome/photolyase family
CRY cryptochrome
DCMU 3-(30, 40-dichlorophenyl)-1, 1-dimethylurea
DPH diatom phytochrome
FAD flavin adenine dinucleotide
FMN flavin-mononucleotide
FR far-red light
MTHF 5,10-methenyltetrahydrofolic acid
N nitrogen
NAGK N-acetyl-L-glutamate kinase
NAT natural antisense transcript
ncRNA non coding RNA
NPF nitrate transporter 1/peptide transporter family
P phosphorus
PAS Per-Arnt-Sim domain (from “period”, “aryl hydrocarbon receptor

nuclear transporter” and “single-minded” proteins)
PCM photosensory core module
PHR photolyase-related domain
PHY phytochrome
PL photolyase
R red light
ROS reactive oxygen species
Ser/Thr serine/threonine
snRNA small nuclear RNA
sRNA small RNA
TE transposable element
TF transcription factor
TOR target of rapamycin
UV ultra-violet
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1 Introduction

The life history of diatoms in aquatic environments is strongly influenced by a
multitude of abiotic factors, including light, nutrients, salinity, and temperature
(Mann and Lazier 2006). Physical factors such as circulation and turbulent mixing
of water, sea level changes, and proximity to coastal regions can cause drastic
changes in the characteristics of abiotic resources which, if limiting or in excess,
can quickly become a source of stress and adversely affect diatom growth and
productivity (Seckbach and Gordon 2019).

Before the advent of the genomic era, several pioneering studies offered the first
indications that diatoms are able to sense their environment and respond to a variety
of signals. Observations of migrating diatom mats between deep nutrient pools and
the ocean surface (Villareal et al. 1999), or of photoperiodic control of diatom spore
growth (Eilertsen et al. 1995), implied that active responses are controlling their
physiology and life strategies. This observation also challenged historical paradigms
that considered diatom growth and distribution only influenced by the availability of
the resources (Sverdup et al. 1942).

When diatoms became accessible to genetic transformation, the analysis of
calcium changes in transgenic Phaeodactylum tricornutum cells expressing an
aequorin reporter revealed the existence of calcium-dependent signal transduction
mechanisms involved in responses to fluid motion, osmotic stress, and iron limita-
tion (Falciatore et al. 2000). It was also shown that calcium mediates desensitization
to prolonged exposure to stimuli such as turbulence or infochemicals (Falciatore
et al. 2000; Vardi et al. 2006), suggesting that these physiological responses are
controlled by “sense-process-respond” chains with specific receptors and feedback
mechanisms, similar to those known in terrestrial plants or animals. However,
compared to the latter systems, our understanding of diatom signal perception
mechanisms is still very fragmentary, and mostly limited to light sensing. Molecular
aspects of environmental perception remain largely uncharacterized in diatoms,
although the increasing availability of data from cells exposed to different cues
clearly indicates that cellular responses involve significant changes in gene expres-
sion, likely driven by the processing of external and internal signals.

The aim of this chapter is to provide an overview of abiotic signal perception by
diatoms, with a particular focus on the regulators involved in the responses to light
changes, including light-absorbing photoreceptors, circadian rhythm regulation, and
plastid-derived signals. We also provide an initial appraisal of nutrient sensing
systems and of possible components of the diatom response systems to osmotic
changes and fluid motion. Finally, the ecological implication of these processes and
future challenges are also discussed.

Sensing and Signalling in Diatom Responses to Abiotic Cues 609



2 Light Sensing and Responses in Diatoms

Being photosynthetic organisms, diatoms require light as an essential source for
growth. Light provides also a significant amount of information about the
surrounding environment. From sunrise to sunset, the intensity, orientation, and
spectrum of sunlight vary because the sun´s rays hit the atmosphere at different
angles, and they are selectively attenuated before reaching the earth’s surface. In
addition to such daily light/dark changes, there is periodic variation in day length
with the changing seasons across latitudes each year. The intensity and relative ratio
of different wavebands can also be affected when radiation is filtered by a layer of
light-absorbing elements. For example, photosynthetic organisms absorb blue and
red light, so the light transmitted or reflected by them is enriched in green and far-red
bands. In plants, perception of such low red/far-red ratios allows them to detect
surrounding phototrophs competing for light and trigger an appropriate shade
avoidance response (Kendrick 1994). In aquatic environments, variations in inten-
sity and spectral composition occur because of the strong and selective absorption of
light (Kirk 2011). Light is absorbed by water itself, mostly in the red part of the
spectrum, so the blue and green bands penetrate the water column more deeply.
Suspended particles and dissolved chromophoric organic matter in water scatter light
and/or differentially absorb wavelengths. Therefore, the light field in aquatic habitats
is structured in depth and it can vary significantly with the diverse concentrations of
constituents occurring in open ocean or coastal regions, estuaries, lakes, or intertidal
zones (Kirk 2011).

Sensing of light relies on pigment-bound proteins known as photoreceptors that
absorb light of specific wavelengths and activate specific signalling cascades
(Duanmu et al. 2017). However, in the cells of phototrophs, light is also absorbed
by various photosynthetic pigments collectively absorbing a larger fraction of the
incident light than the photoreceptors. As will be described in this chapter, photo-
synthetic activities in plastids also regulate the responses to light via retrograde
pathways from plastids to the nucleus. Therefore, it is often difficult to disentangle
information on the relative influence of individual sensors and signalling pathways
involved in the responses to light. Experimental evidence is needed to characterize
the dependency of these responses on light quality and quantity. When a response is
only induced by a particular waveband, we can deduce that a photoreceptor that
specifically perceives, say, blue, green, or red light must be involved. Alternatively,
when a response is triggered by both blue and red light, it can be supposed that it is
regulated by photosynthesis or/and the action of different photoreceptors.
Photoreceptor-mediated responses can be activated by very low light fluences and
are independent of photosynthesis, and plastid signalling is abolished in conditions
that perturb plastid function (Kendrick 1994). Photoreceptor activity can also be
identified in acute light response experiments using pulses of light after a prolonged
dark treatment that abolishes both photosynthesis and circadian clock regulation
(Kendrick 1994).

Many facets of diatom life are known to be tightly linked to light conditions as
summarized in Table 1 and described in more detail in many chapters of this book.
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For instance, cell cycle progression (Chapter “Cellular Hallmarks and Regulation of
the Diatom Cell Cycle”), germination of resting spores and sexual reproduction
(Chapter “Life-Cycle Regulation”) have been observed to occur at certain light
intensities and photoperiods. Movement in several diatom species is also affected
by the light intensity applied (Chapter “Adhesion and Motility”). The strong impact
of light on diatom gene expression has been also evidenced by independent genome-
wide expression analyses in different diatom species exposed to different light
regimes (e.g. Nymark et al. 2009; Chauton et al. 2013; Nymark et al. 2013;
Ashworth et al. 2013; Valle et al. 2014; Smith et al. 2016; Mann et al. 2020;
Bilcke et al. 2021). A wide palette of light colours from violet to far-red has been
observed to trigger different responses, with blue and red light being the most
effective bands. Light properties triggering each of these responses vary among
diatom species, which could reflect the species-specific optimization of spectral light
quality for growth and the involvement of multiple signalling pathways regulating
acclimation to particular environments.

In the next session, we review the different light sensors controlling responses to
these light changes in diatoms discovered through genomic, genetic, and functional
characterization in model species.

2.1 Diatom Photoreceptors for Sensing the Light Environment

A variety of photoreceptors have been found by exploring the protein sequences
encoded in diatom genomes (Jaubert et al. 2017) (Table 2). Some of these proteins
are similar to photoreceptors found in bacteria, plants, or animals, while others have
distinct combinations of protein domains (Fig. 1). This evidence supports the
hypothesis that diatoms evolved their light-sensing abilities from different ancestors
via complex routes to fully exploit light cues in their environment. The spectral and
functional properties are known for several members of the blue light cryptochrome/
photolyase and aureochrome photoreceptor families, and for the red/far-red light
phytochromes (Fig. 1b). It should be noted that UV-light-sensing photoreceptors
have not been described in diatoms. While some gene products have been found that
show similarities to plant UVR8 (Duanmu et al. 2017), they lack the specific
tryptophan residues needed to act as a chromophore, so it is unlikely that they may
function as photoreceptors.

The Cryptochrome/Photolyase Family. The cryptochrome/photolyase family
proteins (CPFs) are widespread blue light-absorbing flavoproteins with similar
primary sequences, but very diverse functions. Most CPFs non-covalently bind a
flavin adenine dinucleotide (FAD) cofactor as a specific prosthetic chromophore.
Other chromophores such as 5,10-methenyltetrahydrofolic acid (MTHF),
8-hydroxy-5-deazaflavin, or flavin-mononucleotide (FMN) may also be associated
with some CPFs as light antennae (Essen et al. 2017). CPF members have a
characteristic conserved photolyase-related (PHR) domain, but amino and carboxy
terminal extensions are highly variable in both length and primary sequence.
Photolyases (PL) are blue light-activated enzymes repairing UV-induced DNA

612 M. Jaubert et al.



Ta
bl
e
2

Ph
ot
or
ec
ep
to
rs
in

di
at
om

ge
no

m
e
se
qu

en
ce

re
so
ur
ce
s

Sp
ec
ie
s

ID pr
efi
x

6-
4
Ph
ot
ol
ya
se
/

Pt
C
PF

1
Pl
an
tC
R
Y
-l
ik
e

C
ry
D
A
SH

A
U
R
E
O
1a

A
U
R
E
O
1b

A
U
R
E
O
1c

Pr
ot
eo
-

rh
od
op
si
n

H
el
io
rh
od
op
si
n

D
PH

Tp ce
nt
ri
c

T
ha
ps
3|

26
29
46

73
68

23
50
0,

26
89
88
,

35
00
5

33
34
0

20
06
5

37
19
8

22
84
8

To ce
nt
ri
c

E
JK

58
42
1.
1

58
05
2.
1

62
99
4.
1

51
58
4.
1,

57
65
2.
1,

70
25
5.
1a
,

57
80
7.
1

65
98
1.
1

47
54
0.
1

75
56
1.
1

C
c

ce
nt
ri
c

g1
24
3.
t1

g1
19
04
.t1

,
g3
30
6.
t1

g1
82
70
.t1

g2
07
47
.t1

g2
35
79
.t1

g1
78
59
.t1

P
t

pe
nn
at
e

Ph
at
r3
_

J2
74
29
.p
1

J5
43
42
.p
1

J5
50
91
.p
1,

J3
45
92
.p
1

J8
11
3.
p1

J1
59
77
.p
1

J5
19
33
.p
1

J4
39
03
.p
1

J5
43
30
.p
1

F
c

pe
nn
at
e

O
E
U

16
03
2.
1

23
74
6.
1

18
91
6.
1,

15
16
5.
1,

21
14
0.
1

18
45
1.
1

21
65
4.
1

06
87
8.
1,

17
81
1.
1a

10
44
5.
1,

23
74
5.
1a

Sr pe
nn
at
e

Sr
o

82
_g
04
37
40
.1

58
0_
g1
70
08
0.
1

14
7_
g0
68
02
0.
1,

27
26
_g
33
56
60
.1

a
5_
g0
04
54
0.
1,

62
4_
g1
77
38
0.
1

11
94
_g
25
12
70
.1

97
1_
g2
26
43
0.
1

14
9_
g0
68
36
0.
1,

14
9_
g0
68
37
0.
1

21
9_
g0
90
57
0.
1,

53
7_
g1
62
34
0.
1,

53
7_
g1
62
36
0.
1,

53
7_
g1
62
37
0.
1

P
m
e

pe
nn
at
e

Ps
em

u1
|

13
36
84

10
75
49
,

10
75
49

28
55
41
,1

90
76
0

17
28
18

29
45
61

20
22
47

P
m
u

pe
nn
at
e

V
E
U

36
63
4.
1

42
42
0.
1,

44
08
3.
1

40
36
1.
1,

41
07
1.
1

?
34
87
6.
1,

34
87
7.
1

a
?

F
s

pe
nn
at
e

G
A
X

14
98
2.
1,

23
74
5.
1a

14
74
4.
1,

19
84
0.
1a
,

23
33
4.
1,

28
24
2.
1a

11
76
7.
1,

20
83
4.
1a

09
41
3.
1,

20
26
2.
1

a
16
80
9.
1,

13
91
8.
1a

Sa pe
nn
at
e

Sa
c|

19
22
5

14
35
,2

30
10

60
21

24
02
6,

25
40
3a

24
51
0

?
16
85
5,

16
85
8a

18
03
8,

19
07
,

19
73
,2

20
09
,

24
68
9

Id
en
tifi

ca
tio

n
nu

m
be
rs
ar
e
gi
ve
n
fo
r
ph

ot
or
ec
ep
to
r
se
qu

en
ce
s
fo
un

d
in

th
e
in
di
ca
te
d
so
ur
ce

Sp
ec
ie
s
ab
br
ev
ia
tio

ns
an
d
re
so
ur
ce
s
so
ur
ce
s:
Th

al
as
si
os
ir
a
ps
eu
do

na
na

,T
p,

JG
I;
Th

al
as
si
os
ir
a
oc
ea
ni
ca
,T

o,
G
en
B
an
k;

C
yc
lo
te
lla

cr
yp
tic
a,

C
c,
ht
tp
://
ge
no

m
es
.m

cd
b.

uc
la
.e
du

/C
yc
lo
te
lla
/d
ow

nl
oa
d.
ht
m
l;

P
ha

eo
da

ct
yl
um

tr
ic
on

ut
um

,
P
t,

E
ns
em

bl
G
en
om

es
;
F
ra
gi
la
ri
op

si
s
cy
lin

dr
us
,
F
c,

G
en
B
an

k;
Se
m
in
av
is

ro
bu

st
a,

Sr
,
ht
tp
s:
//

bi
oi
nf
or
m
at
ic
s.
ps
b.
ug

en
t.b

e/
or
ca
e/
ov

er
vi
ew

/S
em

ro
;
P
se
ud

o-
ni
tz
sc
hi
a
m
ul
tis
er
ie
s,

P
m
e,

JG
I;

P
se
ud

o-
ni
tz
sc
hi
a
m
ul
tis
tr
ia
ta
,
P
m
u,

G
en
B
an
k;

F
is
tu
lif
er
a
so
la
ri
s,

F
s,

G
en
B
an
k;

Sy
ne
dr
a
ac
us
,
Sa

,
ht
tp
://
w
w
w
.li
n.
ir
k.
ru
/s
ac
us
/in

de
x.
ph

p?
r=
si
te
/p
ag
e&

vi
ew

=d
ow

nl
oa
ds
.
(A

rm
br
us
t
et

al
.
20

04
;
B
ow

le
r
et

al
.
20

08
;
L
om

m
er

et
al
.
20

12
;

G
al
ac
hy

an
ts
et
al
.2

01
5;

T
an
ak
a
et
al
.2

01
5;

T
ra
lle
r
et
al
.2

01
6;

M
oc
k
et
al
.2

01
7;

B
as
u
et
al
.2

01
7;

O
su
na
-C
ru
z
et
al
.2

02
0)

a I
nd

ic
at
e
un

ce
rt
ai
nt
y
w
he
th
er

th
e
se
qu

en
ce

is
an
ot
he
r
ge
ne

or
an

al
le
lic

va
ri
an
to

f
th
e
sa
m
e
ge
ne

Sensing and Signalling in Diatom Responses to Abiotic Cues 613

https://bioinformatics.psb.ugent.be/orcae/overview/Semro
https://bioinformatics.psb.ugent.be/orcae/overview/Semro
http://www.lin.irk.ru/sacus/index.php?r=site/page&view=downloads




light-dependent change at the core of the protein leads to conformational changes,
allowing specific interactions with other protein partners. Globally, both light-
dependent and -independent CRY, are involved in transcriptional regulation, respec-
tively, by inhibiting transcriptional repressors or by inactivating transcription.

Phylogenetic relationships in the CPF family helped to identify five major super-
classes (sc) which do not necessarily converge functionally. For instance, sc1
includes (6-4) PLs but also light-dependent animal CRYs and light-independent
CRYs involved in the transcription/translation feedback loop of the circadian clock.
Class I and III CPD photolyases group also together phylogenetically with proteins
with different functions such as light dependent plant photoreceptor CRY and plant-
like photoreceptor CRY in sc3, but are separate from class II CPD photolyases which
are all found in sc4. The last two super-classes (sc2 and sc5) include all CRY-DASH
(named after Drosophila, Arabidopsis, Synechocystis, Human) and the
proteobacterial PL/CRYs (Fortunato et al. 2015; Ozturk 2017). A surprising result
from genome sequence analyses was that diatoms do not possess canonical plant
CRY photoreceptors, even though blue light is preponderant in the ocean and CRY
regulate so many physiological processes in plants. However, further genomic and
functional investigations in diatoms revealed novel CPF variants, including the
animal-like CPF1 and plant-like CRYs (CryP) (see below) and several DASH
CRYs (Table 2). The biological function of Cry DASH is not yet clearly defined
in diatoms or indeed in other organisms, but several studies suggest that they might
have a single-stranded DNA CPD PL activity, a signalling role, or be involved in the
regulation of metabolism, consistent with their organellar localization (Kleine et al.
2003; Froehlich et al. 2010).

Only two diatom CPFs have been characterized in detail to date: CPF1 and CryP
of P. tricornutum (Fig. 1b). Initially discovered in diatoms, these proteins are
extensively represented in metatranscriptomic data derived from marine
environments (Coesel et al. 2021). CPF1 belongs to sc1, is localized in the nucleus,
and has (6-4) PL DNA repair activity both in vitro (Coesel et al. 2009) and in vivo
(De Riso et al. 2009). However, like plant CRY, CPF1 regulates the transcription of
several genes acting in pathways modulating photoprotection, cell division, nutrient
assimilation, etc., under blue light (Coesel et al. 2009), so is likely to be also a
photoreceptor. CPF1 is also able to bind mammalian CLOCK protein in heterolo-
gous cells where it partially represses the CLOCK/BMAL1 heterodimer (Coesel
et al. 2009) in the positive loop of the circadian clock (Kume et al. 1999).

CryP belongs to the group of Plant-like photoreceptors CRY (sc3). Recombinant
P. tricornutum CryP, produced in E. coli, binds FAD and MTHF chromophores
(Juhas et al. 2014). Moreover, FAD photoreduction, a common mechanism in CPFs
that bind FAD, is also active in vitro, suggesting that activation of CryP is light-
dependent. Originally, CryP was identified as a blue light regulator of light
harvesting proteins directly involved in photoprotection (LHCX) (Juhas et al.
2014). However, subsequent analyses of transcriptional responses to illumination
by blue light after prolonged dark, revealed that gene expression was already
deregulated in the dark in CryP knockdown lines compared to wild type (König
et al. 2017). Therefore, despite the presence of chromophores, CryP may not be a
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major blue light photoreceptor but rather a component involved in the global
modulation of transcription, requiring other blue light photoreceptors to signal the
light responses.

The Aureochromes. The aureochromes (AUREOs) are unique blue light
photoreceptors that possess both an FMN-binding light-oxygen-and-voltage
(LOV) domain (Crosson et al. 2003), and a bZIP domain typical for bZIP transcrip-
tion factors (TFs) (Dröge-Laser et al. 2018) (Fig. 1). The blue light phototropin
photoreceptors of green algae and plants also possess two LOV domains, but utilize
a serine/threonine (Ser/Thr) kinase domain for signal transduction instead (Christie
2007). AUREOs were originally discovered in the xanthophyte alga Vaucheria
frigida in 2007 (Takahashi et al. 2007). Their name refers to “aurum” (Latin for
gold), because of the golden-brownish colour of most stramenopiles. Takahashi et al.
(2007) identified two orthologs in V. frigida, VfAUREO1, and VfAUREO2. Using
an RNA interference approach to silence these two genes individually, they
demonstrated that both AUREOs are involved in the regulation of photomorphic
responses. Meanwhile, AUREOs have been identified in other stramenopiles
(Ishikawa et al. 2009; Jungandreas et al. 2014) and in a raphidophyte (Ji et al.
2017), but not in non-photosynthetic oomycetes (Kroth et al. 2017). AUREOs are
not present in red algae, which are considered to represent the endosymbiotic
ancestors of stramenopile plastids (Archibald 2015). This indicates that the ancestral
AUREO gene with its unique combination of LOV and bZIP domains may have been
provided either by the putative host cell of the secondary endosymbiosis event, or
that it evolved very early within the stramenopiles, possibly via domain shuffling
(Di Roberto and Peisajovich 2014).

Stramenopile AUREOs differ in their structures. While AUREO1 proteins pos-
sess the typical LOV domain, AUREO2 proteins have a mutation within the LOV
domain, which prevents non-covalent binding of flavin needed for light absorbance
in the blue range. The reason is a steric hindrance from a methionine residue within
the binding cavity (Banerjee et al. 2016a). AUREO2, therefore, is not a real
photoreceptor, but could still be involved in light regulation, e.g. by forming a
dimer with a light-sensing AUREO1 protein. In reciprocal experiments, genetic
modification of AUREO2 from P. tricornutum-restored flavin binding (Serif
2017), while introducing a point mutation at the same site in PtAUREO1a, led to
loss of flavin binding (Banerjee et al. 2016a). Based on this distinction and on
phylogenetic analyses, aureochromes in diatoms and other organisms have been
classified as either AUREO1-type (a/b/c etc.) or as AUREO2 (Schellenberger Costa
et al. 2013b). The algae studied so far all possess one AUREO2 protein and one or
more AUREO1 isoforms (Table 2).

Blue light absorption, both in aureochromes and phototropins, causes the forma-
tion of an adduct between the flavin and a nearby cysteine within a few
microseconds, starting the signalling cascade (Toyooka et al. 2011; Kerruth et al.
2014). The domain topology of AUREOs is inverted as compared to most other
characterized LOV proteins because the sensory domain of AUREOs is at the
C-terminus of the receptor. The Jα helix of the AUREO-LOV domain, allosterically
regulates the fold of the N-terminally flanking A’α helix (Herman and Kottke 2015).
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Subsequent unfolding of the A’α helix exposes a high affinity dimerization site and
enables the formation of the light state dimer of LOV (Herman et al. 2013; Herman
and Kottke 2015; Heintz and Schlichting 2016). Indeed, in full-length AUREO, the
Jα helix plays a crucial role in the formation of the light state of the receptor
(Banerjee et al. 2016b). The activation of the LOV domain results in a loss of the
helical secondary structure of the bZIP domain (Banerjee et al. 2016b), indicating
that there is a direct communication between the two domains. If a DNA binding site
is available, the helical fold of the bZIP domain is increased by light (Banerjee et al.
2016b), resulting in rigidification of the domain (Heintz and Schlichting 2016). In a
complementary approach, Tian and colleagues showed the importance of a previ-
ously overlooked Cα helix in promoting the conformational protein changes (Tian
et al. 2020). bZIP domains have a general tendency to dimerize, and are only capable
of binding DNA as dimers (Tateyama et al. 2018). For some AUREOs, dimerization
and DNA binding have been shown to be induced by blue light (Hisatomi and
Furuya 2015; Banerjee et al. 2016b; Nakatani and Hisatomi 2018; Nakajima et al.
2021). PtAUREO1a occurs in the dark as a dimer/higher oligomer (Banerjee et al.
2016b) or as a monomer in equilibrium with a dimer (Heintz and Schlichting 2016).
Light induces the dimerization of LOV domains and the association of the
monomers (Kobayashi et al. 2020; Goett-Zink et al. 2020), which is the rate-limiting
step in the process of DNA binding (Akiyama et al. 2016). Based on these properties,
AUREOs could potentially be used as an optogenetic tool, for instance, to increase
protein stability under blue light conditions (Hepp et al. 2020) or directly as a light-
driven gene switch.

AUREO function has been extensively characterized in P. tricornutum, espe-
cially for PtAUREO1a that acts as a key regulator of the diatom cell cycle (Table 1;
Chapter ”Cellular Hallmarks and Regulation of the Diatom Cell Cycle"). Evidence
from silenced and knockout lines of P. tricornutum further indicates that
PtAUREO1a and PtAUREO1b might be involved in regulation of photoacclimation
(Table 1; Schellenberger Costa et al. 2013b; Serif et al. 2017; Mann et al. 2017;
Madhuri et al. 2019). PtAUREO1c might be a high light sensor in vivo because it
recovers faster and is much less sensitive to light than PtAUREO1a (Bannister et al.
2019). Recent studies indicate that AUREOs may have a large impact on the cells.
Changes in transcriptomes in response to a shift from red to blue light were analysed
in wild-type P. tricornutum cells, in PtAUREO1a knockout and in
PtAUREO1a complemented lines (Mann et al. 2020). Wild-type cells react within
minutes by up- or down-regulating 75% of the genes, while this massive change in
gene expression is mostly inhibited in PtAUREO1a knockout strains (Mann et al.
2020). PtAUREO1a, therefore, must have a specific function in cellular regulation
that cannot be complemented by other AUREOs. This raises the question of how a
single photoreceptor can affect such a large number of genes. Possibly, a cascade of
TF transduces the initial response of PtAUREO1a to blue light. This is supported by
findings that the transcript abundance of a large number of diatom TFs and
photoreceptors (Rayko et al. 2010) is strongly and rapidly affected by blue light in
wild-type cells, but not in PtAUREO1a knockout mutants (Mann et al. 2020). When
common gene expression patterns are analysed, the aureochromes are placed in
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different clusters (Ait-Mohamed et al. 2020), supporting the idea that AUREO1
isoforms may have different roles. There also is some evidence that AUREOs might
be involved in regulation of the diel cycle and the expression of some AUREOs
follows a different diurnal pattern (Banerjee et al. 2016b). The diurnal rhythmic
expression of PtAUREO1a and 1c can still be detected when the cells are kept in the
dark, while PtAUREO1b expression appears to be light activated, and
PtAUREO2 oscillates only weakly throughout the day. The recently discovered
diatom clock component RITMO1/PtbHLH1a (Annunziata et al. 2019) is strongly
induced by blue light in wild-type cells, but not in the PtAUREO1a mutant,
indicating that PtAUREO1a might be involved in triggering the diatom clock in
response to blue light.

Beside the aureochromes, P. tricornutum was previously reported to possess
putative LOV-Histidine kinase photoreceptors (Bowler et al. 2008). However, closer
examination of the corresponding genes showed that although they encode a recog-
nizable PAS-Histidine kinase structure, the PAS signal sensor domain lacks the
critical residues required for LOV photosensing, putting into question its function as
a photoreceptor.

The Diatom Phytochromes (DPHs). Originally discovered in terrestrial plants
as red/far-red light (R/FR) sensors, phytochromes (PHY) form a family of modular
proteins that have a conserved N-terminal photosensory core module (PCM) for light
perception and a variable C-terminal output module involved in signal transduction
(Rockwell and Lagarias 2020). The PCM encompasses a conserved architecture of
PAS, GAF, and PHY domains. The photosensitivity of phytochromes is conferred
by a linear tetrapyrrole, covalently bound to a cysteine residue in the PAS or GAF
domains, and derived from the cleavage of heme to biliverdin (BV), which can be
further reduced by specific bilin reductases (Rockwell and Lagarias 2020). PHYs
have been found in cyanobacteria, photosynthetic and non-photosynthetic bacteria,
fungi, and diverse algae (Rockwell and Lagarias 2020). Canonical PHYs exhibit the
unique capacity to switch between R and FR-absorbing forms (Pr and Pfr, respec-
tively) in a photoreversible way, with bacterial and fungal BV-binding PHY absorb-
ing at longer R and FR wavelengths compared to the more reduced chromophore-
binding PHYs from cyanobacteria, plant, or algae.

Among marine algae, PHYs have been found in Glaucophyta, Prasinophyta,
Streptophyta, Cryptophyta, and Ochrophyta, but not in Haptophyta, Rhodophyta,
and Chlorophyta (Rockwell and Lagarias 2020). Recombinant PHYs from some
Glaucophyta and Prasinophyta microalgae and the multicellular Ectocarpus
siliculosus exhibit a large spectral diversity with some of them being able to sense
orange, green, or blue light (Rockwell et al. 2014). Possibly molecular evolution of
PHY absorption properties has been driven by the particular spectral composition in
aquatic environments (Rockwell et al. 2014).

DPHs predicted from genomic sequences (Table 2) all exhibit the typical output
domain architecture of bacterial PHYs (Fig. 1b). Probably complex processes led to
DPH evolution. Based on the phylogeny of the PCM, diatom and other heterokont
phytochromes are a sister clade of fungal PHYs, more similar to bacterial PHYs, and
separate from other algal PHYs, suggesting a different origin (Duanmu et al. 2014;

618 M. Jaubert et al.



Li et al. 2015; Fortunato et al. 2016). Pennate DPHs seem to be closer to those from
Phaeophyta than to those from centric diatoms. Moreover, predicted PHYs found in
some brown algal viruses are also phylogenetically close to DPHs, suggesting that
horizontal gene transfer events may have contributed to the evolution and diversifi-
cation of this photoreceptor class in marine diatoms.

Recombinant DPHs from the centric diatom T. pseudonana and from the pennate
P. tricornutum can both bind BV as chromophore and exhibit a genuine R/FR
bacteriophytochrome absorption spectrum, shifted towards longer wavebands com-
pared to the PHYs found in plants or the other microalgae mentioned (Fortunato
et al. 2016). This feature is indeed surprising given the rapid absorption of the R and
FR wavelengths in the water column. Another particularity is the poor sequence
similarity of the N-terminal part of DPHs of pennate diatoms with known PAS
domains. An additional cysteine in the GAF domain, at a position conserved with
archaeplastidal PHYs, has been found in some DPHs such as those from the pennate
Amphora coffeaformis (Fortunato et al. 2016). Some PHYs from the Phaeophyceae
E. siliculosus also have these two conserved cysteines. One of these PHYs has been
spectrally characterized and has a green/FR photocycle in the presence of
phytochromobilin (Rockwell et al. 2014). Therefore, we cannot exclude the possi-
bility that some DPHs might also bind phytochromobilin or other BV-derived
chromophores and display different light-sensing abilities.

In recent years, functional studies in P. tricornutum have provided initial infor-
mation on DPH activities. Comparing gene expression in wild-type and dph knock-
out mutants in dark adapted cells exposed to either low R or FR treatments revealed a
specific deregulation of FR-induced genes in knockout mutants, while responses to
R were unaltered. This study demonstrated the activity of DPH as a photoreceptor
triggering FR light signal propagation in diatoms (Fortunato et al. 2016). The
discovery that FR sensing occurs in the ocean is significant, although the function
of this photoreceptor in diatom life is still unexplained. In P. tricornutum,
DPH-regulated genes include some involved in transcription and signalling, but
the majority are of unknown function. No physiological defects have been identified
in the P. tricornutum knockout lines so far. In other diatoms, R- and FR-induced
phenomena have been described; for example, the induction of sexual reproduction
in Stephanopyxis palmeriana (Table 1). In the absence of genomic data in most of
these species, it is still not possible to confidently propose that DPHs are involved in
the regulation of these processes.

PHY signalling mechanisms usually involve two-component systems in bacteria
(Auldridge and Forest 2011), and PHY interacting factors (PIF) in land plants (Chen
and Chory 2011). In the model fungi Aspergillus nidulans, two different pathways
for PHY signalling have been investigated. One signalling cascade involves the
SakA pathway, which starts with a two-component like phosphorelay, followed by a
mitogen-activated protein kinase cascade and activation of the TF (Yu et al. 2016).
In another pathway, fungal PHYs interacts with chromatin regulation complexes,
affecting gene expression via histone modification (Hedtke et al. 2015). In
P. tricornutum, DPH has been shown to auto-phosphorylate in response to FR,
suggesting a phosphorelay mechanism, but the rest of the signalling cascade
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activating the observed gene expression changes is still unknown (Fortunato et al.
2016). No homologs of PIFs have been identified in diatoms.

Exploring the diversity of diatoms has yielded some interesting observations on
DPHs. First, not all diatoms have a DPH. Several species such as Thalassiosira
oceanica, Fragilariopsis cylindrus, Pseudo-nitschia multistrata and multiseries do
not possess the DPH gene, indicating that this photoreceptor is not essential for
diatom biology. Moreover, differences have been also found between pennate and
centric species. In addition to forming phylogenetically distinct clades, DPH genes
in centric diatoms are always found as a single gene copy, while gene multiplication
has occurred in several pennate species which may possess up to five PHY genes
(Table 2). Data are yet too scarce to determine when multiplication occurred.
However, the expansion of the DPH family observed in some biofilm-forming
motile diatoms (Osuna-Cruz et al. 2020) suggests that DPH duplication might be
the result of adaptation to specific environments and life strategies. Extensive mining
of genomic and metagenomic data, coupled with careful functional analyses of
DPHs selected from various diatom species, will hopefully provide enough evidence
to resolve how PHYs arose in heterokont microalgae and explain the cryptic
functions in species that possess DPHs.

The Rhodopsins. These light-sensing integral membrane proteins found in
Archaea, bacteria, and eukaryotes share a topology of seven transmembrane alpha
helices within which a retinal chromophore is covalently bound (Ernst et al. 2014).
Rhodopsins exhibit a wide variety of spectral tuning in the blue-green part of the
spectrum depending on the nature of a few influential amino acids interacting with
the retinal (Man 2003; Ernst et al. 2014). Rhodopsins function as light-driven ion
pumps, ion channels, or light sensors (Grote et al. 2014). The discovery that H+-
pump rhodopsin converts light into ATP has challenged the assumed monopoly of
photosynthesis as a phototrophy-enabling mechanism (Béjà et al. 2001; Finkel et al.
2013). Recently, a distinct group of microbial rhodopsins, the heliorhodopsins, has
been identified after analysing environmental genomic samples (Pushkarev et al.
2018). Heliorhodopsins do not have the capacity for light-triggered ion transport but
they do have a long photocycle, suggesting that they could act as signalling
photoreceptors (Pushkarev et al. 2018). H+-pump rhodopsins and heliorhodopsins
are present in bacteria, Archaea, and algae and are highly represented in environ-
mental genomic data (Pushkarev et al. 2018; Coesel et al. 2021).

Diatom rhodopsin-like sequences falling into the H+-pump group, based on
conservation of key amino acids and phylogeny, were first identified in the
transcriptome of Pseudo-nitzschia granii (Marchetti et al. 2012), then in those of
other species (Marchetti et al. 2015), and in the genome of F. cylindrus (Mock et al.
2017) (Table 2). Because P. granii rhodopsin-like transcripts are highly abundant in
low iron conditions, it has been hypothesized that this proteorhodopsin-like protein
could be involved in energy production under conditions of iron deficiency that
affect photosynthesis (Marchetti et al. 2012). It is noteworthy that a gene homolo-
gous to heliorhodopsin has been identified in the genomes of P. tricornutum and
other pennate diatoms, but not in centric ones (Pushkarev et al. 2018) (Table 2). G-
protein-coupled receptor rhodopsin-like genes, homologs of receptors that transduce
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a wide range of stimuli including light, hormones, volatile molecules, glycoproteins,
nucleotides, and chemokines in eukaryotes (Costanzi et al. 2009), have also been
identified in various diatom genomes (Port et al. 2013), with evidence of expansion
of this gene family in some species (Osuna-Cruz et al. 2020). However, information
about the spectral and functional properties of these and other diatom rhodopsins is
still lacking, so their function as light sensors remains to be established.

2.2 Metabolic Signalling

As for all photosynthetic eukaryotes, diatom genes encoding plastid and mitochon-
drial proteins are located in the nuclear and in the organellar genomes. Accordingly,
organelle biogenesis and function require strong coordination of gene expression in
different compartments. In plants and green algae, it is well established that nuclear-
encoded proteins participate in the regulation of organellar gene expression and
functions (anterograde signalling) and that mitochondrial and plastid factors control
the expression of nuclear encoded genes (retrograde signalling) (Hernández-Verdeja
and Strand 2018). The coordination of these different signalling pathways is essen-
tial to adjust cellular metabolism to environmental changes. The plastid itself is
considered as an internal sensor of environmental signals because most of the
metabolic reactions occurring in this organelle are extremely sensitive to external
changes. Different intermediates of plastid processes, such as tetrapyrroles or
carotenoids, and products of the photosynthetic process can act as indicators of the
plastid metabolism and nutrient and redox states, and modify the expression of
nuclear genes involved in stress responses (Hernández-Verdeja and Strand 2018).

In organisms with a secondary plastid such as diatoms, the information about
retrograde signalling is still very limited. However, studies of the photosynthetic
processes (Chapters “Photosynthetic Light Reactions in Diatoms. I. The Lipids and
Light-harvesting Complexes of the Thylakoid Membrane" and "Photosynthetic
Light Reactions in Diatoms. II. The Dynamic Regulation of the Various Light
Reactions") are providing initial evidence that different metabolites are involved in
the relay of information from plastid to nucleus. In particular, it has been shown that
light-induced expression of several nuclear genes involved in photoprotection, such
as LHCX1 and 2, can be altered by artificially modulating the redox state of
plastoquinone with drugs such as DCMU (3-(30, 40-dichlorophenyl)-1,
1-dimethylurea) and DBMIB (2, 5-dibromo-3-methyl-6-isopropyl-p-benzoquinone)
that mimic low light and high light phenotypes, respectively, as originally shown in
green algae (Escoubas et al. 1995). The effect of these inhibitors has been observed
for only some of the LHCX genes and only under specific light conditions,
supporting the idea that multiple signalling pathways control their expression
(Lepetit et al. 2013; Taddei et al. 2016). Plastid-to-nucleus signals have also been
identified by genome-wide expression analyses performed in P. tricornutum
exposed to equal doses of photosynthetic usable radiation of blue, green, and red
light (Valle et al. 2014). This study identified light-quality independent responses for
many photosynthetic-associated nuclear genes, which are altered by inhibiting
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photosynthetic electron transport with DCMU. This study also showed blue light-
dependent control of some genes implicated to be involved in photoprotection and
PSII repair. Functional studies of CPF1 and AUREO photoreceptors, support the
involvement of blue light receptors in the regulation of photoacclimation processes.
On the contrary, FR-induced nuclear genes, regulated by DPH, are not affected by
the inhibition of photosynthetic electron transport (Fortunato et al. 2016), as
expected for wavebands at the extreme end of the visible light spectrum that have
a minimal input to photosynthesis.

Nutrient stress can alter plastid metabolism and in turn nuclear gene expression
(Chapters “Comparative and Functional Genomics of Macronutrient Utilization in
Marine Diatoms” and “ Molecular Mechanisms Underlying Micronutrient Utiliza-
tion in Marine Diatoms”). Genes implicated in carbon fixation are tightly controlled
by both light and nutrient signalling. It has been proposed that the CO2 concentration
itself elicits the physiological modifications observed upon changes of the external
CO2 levels, by activating a signalling cascade involving the TF PtbZIP11 and cAMP
(cyclic adenosine monophosphate) as a second messenger (Harada et al. 2006; Ohno
et al. 2012). TF PtbZIP11 binds to CO2/cAMP-responsive elements (CCREs) in
CO2-regulated genes such as the P. tricornutum carbonic anhydrase genes (PtCAs)
(Harada et al. 2005; Ohno et al. 2012). These genes are also regulated by light
activated pathways that crosstalk with CO2/cAMP signals by acting on the same
CCREs in promoters (Kikutani et al. 2012; Tanaka et al. 2016). It has been shown
that different photosynthetically active monochromic lights confer similar transcrip-
tional activation of PtCAs genes when CO2 is limiting, while an artificial electron
acceptor from the reduction side of PSI efficiently inhibits their expression. These
data support the idea that there is redox control within CO2/light crosstalk (Tanaka
et al. 2016). At the same time, the direct involvement of photoreceptors in PtCAs
activation has not been ruled out.

Recent evidence also indicates that reactive oxygen species (ROS), which accu-
mulate under exposure to excess light, can also play a signalling role in diatoms,
acting as secondary messengers, as is known to occur in other organisms (Mittler
et al. 2011). As described in detail in Chapter “An Ocean of Signals: Intracellular
and Extracellular Signalling”, a compartmentalized redox-sensitive signalling net-
work has been characterized in P. tricornutum by analysing the redox proteome as
well as redox-sensitive biosensors (e.g. reduction-oxidation sensitive green fluores-
cent protein) localized in different cellular compartments (Rosenwasser et al. 2014;
Graff van Creveld et al. 2015). Single-cell analysis of responses to environmental
stresses that generate ROS revealed that changes in the chloroplast redox state play a
critical role in controlling cell fate decisions toward acclimation or cell death
(Mizrachi et al. 2019). It is still unclear which molecules act as plastid redox
signal(s) or how signals are transmitted to the nucleus in diatoms, plants, or green
algae.
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2.3 Regulation of Diatom Biological Rhythms: Integrating
External and Internal Signals

Like most other organisms, diatoms experience periodic variation in light/dark
cycles because of the Earth’s rotation. Numerous laboratory- and field-based
investigations have clearly indicated synchrony of algal life processes with these
cycles. As in many microalgae, cell cycle progression is strongly linked to light and
dark alternations (Vaulot et al. 1986), and progression through various cell cycle
phases is tightly controlled by both light and nutrient availability (Chapter “Cellular
Hallmarks and Regulation of the Diatom Cell Cycle”). Temporal variations in key
metabolites have also been described. Synthesis of photosynthetic pigments (Ragni
and d’Alcalà 2007), fixed carbons (β-glucans), or lipids (Chauton et al. 2013;
Ashworth et al. 2013) normally increases during the light to sustain other energy-
demanding cellular activities at night. Diatoms also vary in their sensitivity to
oxidative stress over a diurnal cycle, due to the light-dependent production of
antioxidants (e.g. glutathione GSH cellular pool), which decrease during the dark
period (Volpert et al. 2018). Rhythmic movements of benthic diatoms dependent on
diel cycles and on tides have been well documented over the years (Round and
Happey 1965). It has been shown more recently that this migration strategy relates to
the decoupling of cell division, which occurs in darkness deep in the sediment, and
photosynthesis, which occurs at the surface of the sediment during light periods
(Saburova and Polikarpov 2003; Barnett et al. 2020).

At a molecular level, diverse diurnal transcript profiling experiments performed
in the diatom T. pseudonana (Ashworth et al. 2013), P. tricornutum (Chauton et al.
2013; Smith et al. 2016; Annunziata et al. 2019), and Seminavis robusta (Bilcke
et al. 2021) revealed a strict temporal separation of diatom transcriptional gene
networks with day/night cycles. A 24-h periodicity in transcriptional responses
have also been reported in diatoms in situ from the metatranscriptome analysis of
environmental populations over multiple diurnal cycles (Kolody et al. 2019; Coesel
et al. 2021). The data show robust diel transcriptional patterns and the temporal
partitioning of gene expression implicated in key biological processes such as
photosynthesis, cell cycle, and light perception. Moreover, semidiurnal (12h) gene
expression periodicity has been described in S. robusta (Bilcke et al. 2021), which
may reflect adaptations to the occurrence of tides in coastal benthic ecosystems or
might be linked to the twice daily vertical migration of diatoms into the sediment as
previously described.

It is still largely unknown how diatoms orchestrate their life according to light/
dark cycles. Processes occurring during the light phase could be directly activated by
photoreceptor-mediated signalling pathways. Other light-driven processes such as
photosynthesis may also contribute to temporal segregation of cellular processes and
metabolism, as in other phototrophs (Haydon et al. 2013; Dodd et al. 2015). Several
studies indicate that diatom cellular rhythmicity is also regulated by an endogenous
circadian clock. This has been demonstrated by monitoring rhythms of cellular
fluorescence (Annunziata et al. 2019) or photosynthesis and migration behaviours
(Round and Happey 1965; Harding et al. 1981) during light/dark cycles compared to
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constant light. The persistence of these rhythms for several days in the absence of
periodic cues clearly support the presence of an autonomous timekeeper regulating
circadian rhythms in diatoms, as in most organisms (Dunlap 1999). Nevertheless, the
diatom circadian clock system remains largely uncharacterized because no orthologs
of bacterial, animal, or plant circadian clock components have yet been found in the
diatom genomes, except for CRYs and casein kinases. The first regulator of diatom
biological rhythms named RITMO1 has been identified recently in P. tricornutum
by searching within all diatom TFs for those showing robust rhythmic expression
profiles in light/dark cycles and in the dark (Annunziata et al. 2019). RITMO1 is a
nuclear localized protein containing bHLH and PAS domains, and alteration of its
expression levels and timing by ectopic overexpression resulted in lines with
deregulated diurnal gene expression profiles compared to wild-type cells
(Annunziata et al. 2019). Gene expression fluctuations were also reduced in these
lines in continuous darkness, showing that the regulation of rhythmicity by RITMO1
is independent of light input. Also, cell fluorescence rhythms were perturbed by
deregulation of RITMO1 expression in light/dark cycles and, even more so in
constant light, strongly supporting its role in circadian regulation.

Several lines of evidence indicate a partial conservation of the regulatory program
generating rhythmicity in animals and diatoms. RITMO1 contains bHLH and PAS
protein domains that are also present in the CLOCK and BMAL proteins, key
components of the mammalian central oscillator (Dunlap 1999). This raises novel
questions on the evolution of circadian clock in diatoms and in many other
phytoplankters, in which RITMO-like proteins have been found (Annunziata et al.
2019). bHLH-PAS RITMO-like proteins might have independently acquired a
function in rhythm regulation by convergent evolution. However, it has also been
hypothesized that this function might be present in the ancient heterotrophic host that
subsequently acquired plastids via endosymbiosis. Remarkably, an expansion of
bHLH-PAS TFs has been found in the genome of the benthic diatom S. robusta, with
seven out of ten genes showing rhythmic expression either at dawn or broadly during
the day (Bilcke et al. 2021). It has been proposed that the expansion and expression
divergence of these putative circadian genes represents an adaptation of diatoms to
the highly rhythmic benthic environment. Thus, these factors currently represent
ideal entry points to further characterize the mechanisms generating cellular rhyth-
micity in diatoms and address their relevance for life in the marine ecosystem that is
governed by a multitude of rhythms of different periods, including daily, tidal, lunar,
or seasonal cycles.

3 Nutrient Sensing Pathways

The availability of macronutrients such as nitrogen, silicon, phosphorus, and carbon,
or micronutrients such as iron are essential for diatom growth. Whether freely living
in the water column or attached to substrates, diatoms experience frequent variations
in nutrient concentrations due to the movement of currents, water mixing, or tides. It
is well known that these microalgae have a strong capacity to adjust their physiology
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and metabolism to the nutrients available, due to genomic and metabolic features
that have been described in detail in Chapters “Comparative and Functional Geno-
mics of Macronutrient Utilization in Marine Diatoms” and “Molecular Mechanisms
Underlying Micronutrient Utilization in Marine Diatoms”. However, compared to
other established model systems (Chantranupong et al. 2015), we still have very
limited information on how diatoms sense and respond to nutrient changes in their
environment (see also “Chapter Comparative and Functional Genomics of Macro-
nutrient Utilization in Marine Diatoms").

Diatoms have evolved an array of nutrient transporters, including diverse families
of channels, carriers, and pump proteins, that are modulated in accordance with
nutrient demand and availability. A comprehensive description of these transporters
is beyond the scope of this review. However, it is noteworthy that in plants it has
been demonstrated that some of these proteins, known as transceptors, play a
signalling role in addition to their transport function (Gojon et al. 2011). In particu-
lar, the plant low affinity nitrate transporters (NPF) can bind and transport different
substrates, such as phytohormones controlling organogenesis according to nitrate
availability (Fan et al. 2017). NPF genes have been found in the genomes of several
diatom species (Rogato et al. 2015). Considering the low concentration of nitrate in
the oceans, it has been hypothesized that the diatom NPFs, predicted to be located in
the plasma membrane, could bind alternative substrates such as oligopeptides or
hormones, and could be involved in the control of different processes such as
interactions between diatoms and bacteria (Santin et al. 2021). A similar function
in nutrient sensing has been proposed for the silicic acid transporter (SIT) of
T. pseudonana (Shrestha and Hildebrand 2015). By generating and analysing
knock-down mutants of SIT1 and SIT2 genes, it was demonstrated that in growth
conditions with sufficient silicic acid, the transport role of the SITs is relatively
minor. It has been proposed that under these conditions, their primary role is to sense
silicic acid levels to evaluate whether the cell can proceed with its cell wall formation
and division processes.

A recent study integrating transcriptomic and phosphoproteomic analyses in
P. tricornutum highlighted that protein phosphorylation is an important part of
regulation in systemic nutrient sensing (Tan et al. 2020). Proteins that are condition-
ally phosphorylated as a function of diel cycling and iron and nitrogen (N) availabil-
ity have been identified, as well as a number of stress related kinases (e.g. calcium-
dependent protein kinase, calcium calmodulin-dependent protein kinase, inositol
hexakisphosphate/diphosphoinositol-pentakisphosphate kinase, and Ser/Thr kinase)
that might be responsible for phosphorylating them. TOR (target of rapamycin)
protein kinases have also been found in diatoms (Prioretti et al. 2017). As the name
indicates, TOR Ser/Thr kinases are inactivated by selective ATP-competitive
inhibitors such as rapamycin. These widespread proteins play a central regulatory
role in cell homeostasis because they connect information about the quantity and
quality of different environmental cues (including nutrients) to metabolic processes
(Dobrenel et al. 2016). A current working model for TOR signalling proposes that
these kinases relay a permissive signal to downstream targets only in the presence of
sufficient nutrients to fuel protein synthesis. Compared to mammalian TOR, the TOR
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gene described in P. tricornutum (Prioretti et al. 2017) possesses highly conserved
motifs and amino acids of the ATP-binding pocket in the TOR kinase domain. In
P. tricornutum, the inhibition of TOR with inhibitors developed for mammalian
TOR, resulted in a nutrient starvation response (Prioretti et al. 2017) as in other
organisms (Ingargiola et al. 2020). It has been shown that the inhibition of the TOR
activity reduced but did not halt cell proliferation unlike growth under N starvation,
and also improved triacylglycerol (TAG) productivity, strongly suggesting that this
pathway is somehow involved in nutrient sensing and metabolic remodelling.

The PII proteins are signalling components widely distributed in all domains of
life that help to coordinate carbon and N assimilation, but they have not been found
in diatoms (Rogato et al. 2015). However, in the genome of T. pseudonana and
P. tricornutum, the gene ARGB encodes the enzyme N-acetyl-L-glutamate kinase
(NAGK) (Chellamuthu et al. 2013), which in plants and cyanobacteria has been
demonstrated to form a complex with PII in response to N starvation. NAGK is a
member of the amino acid kinase family that control a step-in arginine synthesis.
Arginine is needed to make proteins and, together with its precursor ornithine, to
make polyamines and urea. Therefore, it is reasonable to hypothesize that diatom
NAGKs are involved in the response to urea, which is indeed part of N metabolism,
and that a diatom specific-mechanism of N signalling might have evolved in these
microalgae (Chellamuthu et al. 2013; Rogato et al. 2015). Phylogenetically, diatom
NAGK cluster with alphaproteobacterial NAGKs (Chellamuthu et al. 2013). It is
thus possible that during the evolution of Stramenopiles, the argB gene was acquired
by horizontal gene transfer, while the original cyanobacterial/plant NAGK and PII
genes were lost.

The recent discovery of a novel Ca2+ signalling pathway involved in environ-
mental phosphorus (P) sensing and acclimation has provided new insights on the
peculiar nutrient sensory system of diatoms (Helliwell et al. 2021a). By using the
fluorescent Ca2+ biosensor R-GECO1, it has been shown that centric and pennate
diatoms grown under P-limited conditions exhibit rapid and transient rise of cyto-
solic Ca2+ within seconds following resupply of environmentally relevant
concentrations of a range of P forms. These responses are not detected in P-replete
cells. Remarkably, this study also highlights the existence of rapid cross-talk
between P and N metabolism based on P-Ca2+ signalling. In particular, primary
diatom responses to P limitations involves substantial increase in the assimilation
of N, a major constituent of proteins, nucleic acids, and chlorophyll, thus exploiting
another vital nutrient for cellular recovery and restoration of growth. This coordi-
nated regulation of P and N metabolism could enhance diatom ability to compete for
resources in dynamic nutrient environments.

Although the molecular machinery underpinning nutrient sensing and signalling
remains largely uncharacterized, it is well established that diatom responses to
nutrient changes require massive changes in gene expression that ultimately controls
nutrient transport, mobilization, or storage. How the environment impacts genome
expression is still largely unknown, but it is likely that this requires the integrated
action of signalling components and genetic and epigenetic factors that we are just
starting to discover in these microalgae (Chapter “Epigenetic Control of Diatom
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Genomes: An Overview from in silico Characterisation to Functional Studies"). TFs
that are differentially expressed under different nutrient conditions have been
identified in many transcriptomic studies. However, only in few cases, the involve-
ment of TFs in the regulation of nutrient metabolism has been demonstrated.
Examples are the novel N starvation-inducible RING-domain protein called
RING-GAF-Gln-containing protein (RGQ1), which regulates the response of
P. tricornutum to N starvation (Matthijs et al. 2016), and the leucine zipper
bZIP14 which has been proposed to regulate remodelling of the TCA cycle and N
metabolism (Matthijs et al. 2017). Massive changes in the expression of different TF
gene families have also been described in response to phosphate fluctuations (Cruz
de Carvalho et al. 2016). A regulator of P limitation in the Myb TF family called
PtPSR has recently been characterized in P. tricornutum (Kumar Sharma et al.
2020). PtPSR knockout mutants show reduced cell growth under P limitation and
reduced induction of the P-stress response genes containing PtPSR recognition
motifs. PtPSR, therefore, has a pivotal role in P. tricornutum adaptation to P
limitation (Kumar Sharma et al. 2020).

Genes involved in nutrient stress responses are likely to be regulated also by
mechanisms involving non coding RNAs (ncRNAs). High-throughput sequencing
of small RNAs (sRNAs), extracted from P. tricornutum cells grown under different
conditions of light and iron starvation, showed the unexpected complexity of sRNA
populations in these algae (Rogato et al. 2014). Some sRNAs were identified and
experimentally validated as being specifically expressed under iron limitation,
including U2 snRNA-derived sRNAs and tRNA-derived sRNAs. A similar analysis
in T. pseudonana and F. cylindrus (Lopez-Gomollon et al. 2014) revealed that a
significant number of tRNA-derived sRNAs were up-regulated under specific
conditions of Si and Fe limitation. Moreover, both studies reported a huge subset
of sRNAs associated to repetitive transposable elements (TEs) marked by DNA
methylation. Interestingly, expression of some P. tricornutum-specific Ty1/copia-
like retrotransposons has been shown to be induced under N deficiency (Maumus
et al. 2009), and cytosine methylation is thought to control the mobility of these TEs,
as they are hypomethylated when expressed (Veluchamy et al. 2015). Altogether,
these data suggest that complex small RNA-dependent DNA methylation processes
may contribute to controlling the expression of TEs in diatoms and regulating gene
expression and alterations in genome structure when certain nutrients are limiting. In
addition to sRNAs, long intergenic non-coding RNA (lincRNA) and natural anti-
sense transcript (NAT) classes have been described in P. tricornutum (Cruz de
Carvalho et al. 2016; Cruz de Carvalho and Bowler 2020). Remarkably, the
P-regulated noncoding transcriptome of NATs and lincRNAs is almost equivalent
in number to the coding transcriptome (messenger RNA), providing compelling
evidence of the relevance of ncRNAs in the regulation of environmental stress
responses in diatoms (Cruz de Carvalho and Bowler 2020).
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4 Diatom Sensing of Other Abiotic Stimuli

Besides the light and nutrient-sensing pathways previously described, some infor-
mation is also emerging on the mechanisms controlling diatom responses to other
abiotic cues. It is well established that rapid shifts in osmolarity in coastal and
estuarine regions, as well as in sea-ice environments, can trigger specific metabolic
and morphological responses in diatoms (Kirst 1990). Several studies in
P. tricornutum revealed a key role of intracellular Ca2+ signalling in diatom osmo-
regulation (see also Chapter “An Ocean of Signals: Intracellular and Extracellular
Signalling”). Elevation of cytosolic Ca2+ detected with the bioluminescence
aequorin reporter were described in response to hypo-, but not hyper-osmotic
shock (Falciatore et al. 2000). More recent studies employing novel single-cell
imaging techniques revealed intracellular spatiotemporal patterns of osmotic-
induced Ca2+ elevations, regulating K+ efflux. These processes enable the fine-
tuned cell volume regulation across the whole cell, preventing cell bursting
(Helliwell et al. 2021b). Additionally, Ca2+ independent pathways controlling
organic osmolytes efflux also contribute to the diatom osmotic stress tolerance
(Kirst 1990; Helliwell et al. 2021b).

There are also evidences in diatoms of sophisticated sensing systems for detecting
and responding to fluid motion (shear stress), which also involve transient changes in
cytosolic Ca2+ (Falciatore et al. 2000). In P. tricornutum, the response to fluid
motion is rapid (seconds) and highly controlled: the cells lose their ability to respond
with their original sensitivity, when a second stimulus is applied shortly after the
first. With this short-term adaptation or desensitization process, diatoms can
reversibly adjust their sensitivity to the level of the stimulus (Falciatore et al.
2000). Differential gene expression analyses and microscopical investigations also
revealed morphological and transcriptional changes of the chain-forming diatom
Chaetoceros decipiens in response to measured levels of turbulence in nutrient
replete conditions (Amato et al. 2017). These active responses support the hypothe-
sis that turbulence not only favours nutrient uptake, but it can also act as a signal, that
diatoms exploit to reorganize their physiology in particular environmental
conditions.

5 Future Directions

Experimental and in silico studies on diatom signalling pathways described in this
review are revealing intriguing facts about the environmental sensing abilities of
these microalgae. Biophysical and functional characterization of AUREOs, CPFs,
and DPHs have provided initial information on the role of these photoreceptors in
the control of key biological processes in diatoms. There is still insufficient informa-
tion to demonstrate the importance of the CRY-DASHs, which are highly
represented in the genome of all organisms, including diatoms, and possibly have
conserved functions. Similarly, several hypotheses exist on how rhodopsins could be
involved in the regulation of diatom metabolism in response to nutritional stress, but
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more evidence is needed to understand the pertinence of known rhodopsin variants.
Many novel protein domains potentially involved in light sensing have been
predicted from diatom genomes, but they are linked to other protein domains in
combinations which have not been described before (Bowler et al. 2008). It is
important to mention that possible novel light sensors have also been recently
identified in planktonic organisms after extensive exploration of metagenomic data
(Coesel et al. 2021), which could now be characterized in diatom model species
(Falciatore et al. 2020).

Significant work remains to characterize the signalling pathways downstream of
the receptors. Intriguingly, equivalents of the components of light signalling
pathways of plants (Chen and Chory 2011) have not been found to be encoded in
diatom genomes, suggesting differences in the regulatory cascades between these
organisms. It is interesting to note that diatom genomes do have several genes
predicted to encode bacterial-like proteins with features of two-component
phospho-relay systems. Therefore, it is likely that previously unreported
combinations of bacterial and eukaryotic signalling systems will be identified by
studying receptor-interacting factors and downstream targets with biochemical and
genetic approaches.

Much remains to be done to identify sensing and signalling components involved
in the responses to other abiotic cues of relevance for diatoms. Diatoms are particu-
larly abundant at high latitudes and show specific temperature acclimation and
adaptation responses (Mock et al. 2017; Liang et al. 2019). It is still unclear if
these responses are regulated by a true temperature sensor or by the modification of
the physical properties of enzymes, proteins, or membranes in the cell caused by
temperature changes. There is also the possibility that the signalling pathways
transducing temperature information in marine environments overlap with those of
other cues (e.g. light), as shown in plants (Lamers et al. 2020). Therefore, the
exploration of how diatoms sense and respond to temperature changes will be
particularly informative, also to assess the impact of global warming on their growth
and distribution. Moreover, though circadian and seasonal rhythms have been
described in diatoms, the genetic basis regulating physiological adaptation to vary-
ing latitudinal and seasonal photoperiods remain completely unknown. In terrestrial
organisms, the endogenous circadian clock has a key role in the regulation of
photoperiodism (Millar 2016), coordinating physiological responses not only to
photoperiodic cues through specific photoreceptors but also to temperature and
other abiotic stresses (Greenham et al. 2017). Uncoupling temperature and photope-
riod signals can have a dramatic consequence on the reproductive success of species
adapted to specific habitat by altering physiology or predator–prey mismatch.
Therefore, as the most advanced molecular phytoplankton model species, diatoms
represent the ideal system for the identification and characterization of novel signal-
ling components processing external and internal signals to anticipate and respond to
environmental variations, and also to address the relevance of these pathways in the
adaptation of phytoplankton to specific latitudinal and temporal niches.

Another challenging question for the future will be to address the ecological
relevance of the sensing systems in the real environment, where diatoms are exposed
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to a multitude of different signals and stresses. A strong crosstalk between different
pathways, like the light-activated processes described here, would be expected to
optimize diatom physiology and metabolism in changing environments. We also
expect there to be significant interactions between regulatory pathways implicated in
the perception of abiotic and biotic cues and ensuing responses. Master regulators of
multiple signalling pathway are likely to be discovered by comparing responses to
individual and combined signals and stresses. Omics techniques applied to selected
mutants could help in identifying common players in environmental perception and
responses. An important contribution to these studies could derive from targeted
exploration of the vast amount of environmental data that are now available for
marine plankton. Analysing the expression of a specific receptor in a particular
environment or the identification of its genetic functional variant correlating with
specific abiotic or biotic parameters could help to pinpoint novel regulators of
diatom life in complex ecosystems. The remarkable diversity of diatoms could be
exploited as an additional tool to gain insight into the function of environmental
sensors. As noted in this chapter, DPHs and rhodopsins have only been found in
some diatom species. By further investigating the diversity and distribution of
diatom species possessing a particular receptor or modified receptor-like properties,
it will be possible to identify novel regulators of diatom phenotypic plasticity and to
assess how they equip these algae to colonize highly diverse marine environments.
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[Perception de la lumière dans l'océan : étude des phytochromes des diatomées] 

Résumé : 

La lumière est une source essentielle d'énergie et d'information pour les organismes photosynthétiques. 
Dans l'environnement marin, les lumières rouge et rouge lointain sont rapidement atténuées dans la 
colonne d'eau par rapport au bleu et au vert. Les algues marines telles que les diatomées possèdent un 
large éventail de photorécepteurs de lumière bleue et verte, mais aussi des phytochromes (DPH) qui 
percoivent la lumière rouge (R) et rouge lointain (RL), capable de réguler l'expression des gènes en 
réponse à la lumière RL chez la diatomée modèle Phaeodactylum tricornutum (Pt). Cependant, la 
fonction biologique de ce photorécepteur est encore inconnue. En mettant en place un système 
rapporteur permettant de suivre l'activité de PtDPH in vivo, j’ai pu caractériser ses propriétés 
photochimiques, modeliser son activité dans différents champs lumineux marins, et montrer que les 
DPH peuvent en détecter les variations liées à la profondeur et la concentration de phytoplancton. Via 
des approches bioinformatiques, j'ai recherché les DPH dans les génomes et transcriptomes 
disponibles de diverses diatomées et analysé leur distribution dans l'environnement en utilisant les 
données méta-omiques générées au cours de l'expédition Tara Oceans. Cela a révélé que les diatomées 
planctoniques du groupe des centriques possèdant des DPH sont présentes dans les zones polaires et 
tempérées, tandis que les diatomées pennées, vivant dans les sédiments peuvent présenter une 
duplication du gène DPH. Nous avons montré que ces gènes dupliqués ont des propriétés spectrales 
différentes, et que certaines diatomées benthiques montrent une adaptation spécifique à la lumière R 
qui pourrait être régulée par DPH. Enfin, j'ai commencé à aborder la voie de signalisation de PtDPH 
en examinant la synthèse de son chromophore, sa localisation et ses partenaires d'interaction. Ce 
travail apporte de nouvelles connaissances sur les mécanismes de perception de la lumière chez les 
diatomées, et leurs importances pour coloniser différentes niches environnementales. 

Mots clés : [Diatomées, phytochrome, photorécépteur, lumière, Ocean] 

[Light sensing in the Ocean : studying diatom phytochrome photoreceptors] 

Abstract : 
 
Light is an essential source of energy and information for photosynthetic organisms. In the marine 
environment, red and far-red lights are quickly attenuated in the water column compared to blue and 
green light. Accordingly, predominant marine algae such as diatoms possess a wide array of blue and 
green light photoreceptors, but also red (R)/far-red (FR) light sensing phytochrome photoreceptors 
(DPH), capable of regulating gene expression in response to FR light in the model diatom 
Phaeodactylum tricornutum (Pt). However, the biological function of this photoreceptor is still 
unknown. By setting up a reporter system to monitor PtDPH activity in vivo, I was able to characterize 
its photochemical properties, model its activity in different marine light fields, and show that DPHs 
can detect variations related to depth and phytoplankton concentration. Using bioinformatics 
approaches, I looked for DPH in the available genomes and transcriptomes of diverse diatoms and 
analyzed their distribution in the environment using the meta-omics data from the Tara Oceans 
expedition. This revealed that planktonic diatoms of the centric group possessing DPH are present in 
temperate and polar regions. In these species DPH may work as sensor of depth and phytoplankton 
concentration. Pennate diatoms living in sediments can present duplications of the DPH gene. We 
showed that these duplicated genes can have different spectral properties, and that some benthic 
diatoms show a specific adaptation to R light that could be regulated by DPH. Finally, I started to 
address the PtDPH signaling pathway, by investigating its chromophore synthesis, subcellular 
localization and interacting partners. This work brings new insights into DPH-mediated light 
perception mechanisms in diatoms, and their significance for colonizing various environmental niches. 

Keywords : [Diatom, phytochrome, photoperception, marine light, sediment] 


