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Abstract 

Aureochromes constitute a family of blue light (BL) receptors which are found exclusively in heterokont algae such as 
diatoms (Bacillariophyceae) and yellow-green algae (Xanthophyceae). Previous studies on the diatom Phaeodactylum 
tricomutum indicate that the formation of a high light acclimated phenotype is mediated by the absorption of BLand that 
aureochromes might play an important role in this process. P. tricornutum possesses four genes encoding aureochromes. In 
this study we confirm the nuclear localisation of the PtAURE01a, 1 band 2 proteins. Furthermore we studied the physiology 
of light quality acclimation in genetically transformed P. tricornutum cell lines with reduced expression of the aureochrome 
la gene. The results demonstrate that the AUREOla protein has a distinct function in light acclimation. However, rather 
unexpectedly AURE01 a seems to repress high light acclimation which resulted in a state of 'hyper' high light acclimation in 
aureola silenced strains. This was indicated by characteristic changes of several photosynthetic parameters, including 
increased maximum photosynthesis rates, decreased chlorophyll a contents per cell and increased values of non
photochemical quenching in AUREOla silenced strains compared to wild type cultures. Strikingly, AUREOla silenced strains 
exhibited phenotypic differences compared to wild type cells during cultivation under BL as well as under red light (RL) 
conditions. Therefore, AURE01 a might influence the RL signalling process, suggesting an interaction of AUREOla with RL 
perception pathways. 

Funding : Funding came from Universitat Konstanz (http://www.uni konstanz.de), Deutsche Forschungsgemeinschaft (http://www.dfg.de) and research g roup 
FOR 1261, Proj ects KR 1661/8 1 (M$, PGK) and WI 764/19 (AJ, BSC, CW). The funders had no role in study design, data collection and analysis, decision to publish, 
or preparat ion of the manuscript 

Competing Inter ests: The authors have declared that no competing interests exist. 

• E mai~ b schellenberger@web.de 

J:t Current address: Department of Biochemistry & Molecular Biology, Dalhousie University, Halifax, Nova Scotia, Canada 

<lt These authors contributed equally to this work. 

Introduction 

Diatoms are unicellular m icroalgae which contribute signifi 
candy to the global carbon, nitrogen, phosphorus and silica cycles 
[1 ,2,3]. Although present in nearly all aquatic habitats, diatoms 
are particularly abundant in cold climates and tend to dominate 
turbulent and nutrient rich ocean waters. In its natural habitat, 
phytoplankton is exposed to large variations of light intensity [4] 
and light qual ity [5,6]. H ence, the photoprotective capacity of 
phytoplankton cells is believed to be an important functional trait 
ofmicroalgal ecology in the aquatic environment [7]. Diatoms as a 
phytoplankton group show an extraordinary high capacity to 
dissipate excessively absorbed light energy safely as heat by non 
photochemical q uenching (NPQ) [8,9] and the evolutionary 
success of diatoms is thought to be closely linked to their ability 
to cope with these dynamic light conditions [10, 11]. I n diatoms, 
the extent of NPQ is closely correlated to the activity of the 
xanthophyll cycle (XC) and thus determined by the concentration 
of the XC pigment diatoxanthin (Dtx) [12]. 

Considerable progress was made in diatom molecular biology 
since the development of genetic transformation techniques for 
diatoms [13] and the sequencing of the genomes of Thalassicsira 

pseudtJnana and Pfuuodac!Ylum tric()171utum [14,15). Still, the molecular 
basis of light perception in diatoms remains enigmatic [ 10]. I n 
contrast, the understanding ofphotoacclimation and its underlying 
molecular mechanisms is far more comprehensive in higher p lants 
and in green algae. The reduction state of the plastoquinone pool 
as well as the reduction states of the thioredoxin system and other 
stromal redox pools are thought to be the major regulators of 
photoacclimation in the green lineage [16, 17,18,19]. The signal 
transduction of these processes is modulated by several other 
systems, which perceive for example the evolution of reactive 
oxygen species, the ATP to ADP ratio or the extend of the proton 
gradient across the thyl.akoid membrane [20]. Interestingly, to 
current knowledge photoreceptors are assumed to be of minor 
importance for the photoacclimation of green algae and higher 
plants [ 16,21]. In contrast, in diatoms photoreceptors may play a 
more important role for photoacclimation. Coesel et al. [22] 
characterised cryptochrome PtCPF1 overexpression lines of P. 
tricomutwn, which exhibited altered transcription levels of several 
photoacclimation associated genes involved in carotenoid and 
chlorophyll biosynthesis and in photoprotection. 

Three families of photoreceptors have been identified in 
diatoms, the red light (RL) absorbing phytochromes as well as 
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the blue light (BL) absorbing cryptochromes and a recently 
discovered family of BL photoreceptors named aureochromes 
[10,23,24]. Phytochromes and cryptochromes are widely distrib 
uted within eukaryotes, whereas aureochromes are restricted to the 
stramenopiles [25]. Aureochromes possess an N terminal DNA 
binding basic zipper (bZIP) domain and a flavin conta ining C 
terminal LOV Oight, oxygen, voltage) domain [23]. Heterologous 
expression of two aureochromes (J:!AUREO 1/ J:JAURE02) of the 
multicellular xanthophyte Vaucheriafrigi.da as GFP fusion proteins 
in onion epidermis revealed partial and absolute nuclear 
localisation, respectively. This, together with the presence of a 
bZIP domain, supported the notion that aureochromes might 
represent light regulated transcription factors [23 ,26]. Further 
more, knockdown experiments revealed that J:JAUREOl and 
IJAURE02 are involved in the induction of branching and the 
development of the branch primordials into sexual organs, 
respectively [23]. However, the biological func tion of aureo 
chromes in unicellular stramenopiles such as diatoms is still 
unknown. A recent analysis of the P. tricom utum AUREOla LOV 
and LOV Jo: domains demonstrated the BL dependent dimerisa 
tion of the LOV Jo: domain [26], which is a prerequisite for bZIP 
dependent DNA binding. Furthermore, it was shown that 
AU REOla is inv olved in transcriptional regulation of the cell 
cycle prote in dsCYC2 in P. truom utum and facilitates the transition 
of the G 1 checkpoint of the cell cycle [27]. These data indicate 
that aureochromes are acting as transcription fac tors and are 
involved in the regulation of mitosis in unicellular stramenopiles 
and in th e regulation of p hotomorph ogenesis in multicellula r 
stramen opiles . In P. tricomutum four different genes en coding 
aureochromes have b een identified [1 0]. 

In a previous study we have sh own tha t photoreceptors a re 
involved in the p rocesses ofphotoacclima tion and p hotoprotection 
in dia toms [28]. Cultivation of P. tricomutum under low irradian ce 
of BL induced the generation of a high light adapted ph enotype 
whereas a low ligh t adapted phen otype was observed fo r cultures 
grown under equivalent amounts of red ligh t (RL). T h e high light 
ad apted p h enotype was ch aracterised b y increased maximum 
p hotosynthesis rates and an enhanced photop rotective potential. 
The latte r was concluded from an increased NPQ cap acity, a 
larger pool of XC p igmen ts an d a high er de ep oxidation state of 
XC p igments after excess illum ination in cultures grown under BL 
cond itions in comparison to cultures grown under RL conditions. 
T hese results indicated tha t the acclimation to high irradiance 
relies on a BL mediated p hotoacclimation in P. tricomutum. 

It was fu rth er shown tha t under BL conditions several thylakoid 
membrane prote ins were up regula ted compared to RL condi 
tions. Interestingly, the p romoter regions of the resp ective genes 
exhibited a comparatively high frequen cy of poten tial aureo 
chrome b inding motives (as inferred from IJAUREOl ) wh ereas 
no such motives were found upstream of genes which were up 
regula ted under RL conditions [28]. It was specula ted tha t a blue 
light activated form of an aureochrome of P. tricomutum would act 
as an inducer or enhancer of high ligh t p hotoacclimation. 
Consequ ently, aureoch rome silen ced strains sh ould exhibit a 
reduced high ligh t p hotoacclimation under BL and W L conditions 
and should perform similarly as wild type (WT) cells grown under 
RL conditions. 

T h e a ims of the present study were to test this hypothesis and to 
determine the localisation of aureochromes in P. tricomutum in viw . 

For this p urpose, the intracellular localisation of aureoch romes 
was stud ied by em ploying full length protein G FP fusion proteins 
of three P. tricomutum aureochromes. Furthermore, AUREO l a 
silencing cell lines were generated and their p hysiological 
responses to cultivation under lim iting and moderate intensities 
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of BL and RL were investigated . T o differentiate between light 
intensity and light quality driven reactions, the app lied experi 
mental design ensured that identical amounts of quanta were 
absorbed by the cells u nder BLand RL conditions, respectively . 

Materials and Methods 

Phylogenetic Analysis 
The dataset includ es 32 currently available aureoch rome 

sequences of stramenopiles from the N ational C enter for 
Biotechnology Information (NCBI; h ttp:/ / www.ncbi.nlm.n ih. 
gov/) or the Joint Genome Institute GGI; h ttp:/ /genome.jgi psf. 
org/) genome datab ases. For am ino acid seq uence alignments the 
ClustalW web application at GenomeNet (http:/ /www.genome. 
jp/tools/ clustalw /) was used and the default settings fo r slow I 
accurate alignment an d the output format Phylip were chosen. 
The alignment was manually refined , yielding 360 am ino acid 
positions (Figure S l ). M aximum likelihood analyses b y the web 
application PhyML (http:/ /www.atgc montpellie r.fr/phyml/) 
were conducted [29]; the substitution model LG [30] was selected 
with four substitution rate categories. Bootstrap analyses of 100 
replicates were performed . Only b ootstrap values above 50 a re 
shown in the phylogenetic tree. The resulting tree was imported in 
the web application FigTree v1.1.2 (h ttp:/ / tree .bio .ed.ac .uk/ 
software/ figtree/). Radial tree layout was chosen. 

Cultivation of Algae for Transformation and Screening 
T h e axenic Phaeodacrylum tricomutum Bohlin (CCAP 3/55; UTEX 

646) culture was obtained from the culture collection of algae of 
th e U nivers ity of Texas a t Austin (Austin, Tx, USA) . P. tricomutum 

was cultivated in f/2 medium according to Guillard and Lorenzen 
[31 J with half of the original salt content and without add ed silica . 
Cells were grown und er continuous shaking at 20°C in a 16 h / 8 h 
day/nigh t cycle at 35 f.!mol photons m 2 s l Solid media 
contained 1. 2% (w/v) Bacto Agar (BD, Sparks, MD, USA) and 
plated cultures were cultivated under continuous illumination at 
75 f.!mol photons m 2 s l 

RNA Extraction and eDNA Generation 
Cells were h arvested by centrifugation at 5000 g for 5 m in . 

Pelle ts were frozen in liquid n itrogen and pestled. Powdered cells 
were treated with RNA extraction reagent (TRizoJ® reagent, Life 
T echnologies, Darmstadt, Germany) according to the manufac 
turer's instructions. Upon obtaining the aqueous phase the 
protocol was modified b y applying the aqueous p hase to a RNA 
affinity spin column (RNeasy® spin column; Qiagen, Hild en, 
Germany) in order to minim ise contamination with DNA. eD NA 
was generated accordin g to the manufacturer 's instructions by 
using a reverse transcription kit (Reverse T ranscrip tion System, 
Promega, Mannheim, Germany). 

Generation of GFP-AUREO Fusion Constructs 
For the generation of c terminal GFP fusion proteins full length 

sequences without stop cod on of P. tricomutum A UREOla (49116), 
AUREOlaSig (56684), A UREOlb (49458) and AURE02 (56688) 
were amp lified from eDNA by blunt end PCR [32] with 
unmodified primers (Table S 1) using a Mastercycler ep gradient 
(Eppendorf, Hamburg, Germany). N umbers in paren theses 
correspond to p rotein IDs of the Joint Genome Institute GGI) 
datab ase of P. tricomutum v2.0 (http:/ / genome.jgi psf.org/ Phatr2/ 
Ph atr2 .home.html). The original pPha Tl P. tricomutum transfor 
mation vector (GenBank AF219942) [33] was modified to conta in 
a Stui restriction site followed by a GFP sequence as d escribed 
previously [34] . Furthermore, a slightly modified vector was 



constructed by mutating the GFP START codon to GGA. The 
full length AUREO sequences were cloned into both variants of the 
pPha Tl GFP transformation vector in frame with GFP. All 
fusion constructs were sequenced (GATC Biotech AG, Konstanz, 
Germany) from their 5' and 3' end to verify correct cloning. 

Nuclear Transformation of P. tricornutum 
Nuclear transformation of P. tricomutum was performed using a 

Bio Rad Biolistic PDS 1000/He Particle Delivery System (Bio 
Rad, Hercules, CA, USA) fitted with 900/1100/1350 psi rupture 
disks as described previously [13,35]. For selective cultivation of P. 
trU:omutum transformants 75 f.lg ml 1 Zeocin (Invitrogen, Carlsbad, 
CA, USA) were added to the solid f/2 media according to Guillard 
and Lorenzen [31]. 

Microscopy of Aureochrome:GFP Fusion Expressing P. 
tricornutum cell lines 

Cells were observed using an Olympus BX51 epifluorescence 
microscope equipped with a Zeiss AxioCam MRm digital camera 
system (Carl Zeiss Microimaging GmbH, Gottingen, Germany). 
Differential interference contrast illumination (DIC) was used in 
order to obtain transmitted light images. Chlorophyll autofluores 
cence and GFP fluorescence of transformants were dissected using 
the mirror unit UMWSG2 (Olympus) and the filter set 41020 
(Chroma Technology Corp, Rockingham, VT, USA), respectively. 
Multichannel fluorescence pictures were recorded and assembled 
with the software AxioVision Rei. 4.6 (Carl Zeiss Microscopy 
GmbH, Gottingen, Germany). Micrographs were size calibrated 
using a stage micrometer. 

Additionally, images were acquired with a confocal laser 
scanning microscope LSM 510 META (Carl Zeiss Microimaging 
GmbH, G ottingen , Germany) using a Plan Apochromat 63x/ 
1.4 Oil DIC objective. GFP fluorescence and chlorophyll auto 
fluorescen ce were excited at 488 nm, Hoechst 33342 DNA sta in 
fluorescence was excited at 405 nm, ftltered with a beam splitter 
(HFT 405/488/543), and detected by three diffe rent photomul 
tiplie rs with a band pass filter (BP 505 530) for G FP fluorescence, 
a .low pass filter (LP 650) for chlorophyll autofluorescence and a 
band p ass filter (BP 470 500) for Hoechst 33342 DNA stain. For 
multichannel image acquisition of DIC, GFP fluorescence, 
chlorophyll autofluorescence and Hoechst 33342 DNA sta in 
fluorescence the software ZEN 2009 was used. For each image 
z stacks of 20 pictures were acquired. Maximum intensity z 
projections were calculated from slices of image stacks to ensure 
complete detection of fluorochromes within a cell. Additionally, 
orthoview analysis of nuclear GFP co localisation was performed 
(Figure S2). 

Generation of an AUREOla Silencing Construct 
For the d esigu of the AUREOla silen cing construct, a 120 bp 

long unique nucleotide sequence of AUREOla was identified (bp 
982 1101 ). For verification of the AUREOla specificity, nude 
otide BLAST analyses in the genome of P. tricomutum were 
conducted in the corresponding databases of the J G I and NCB I. 
The nucleotide sequence was synthesised (Eurofins MWG 
Operon, Ebersberg, Germany) as part of a synthetic gene 
construct in the vector backbone pCR2.1 in sense orientation 
adding three restriction sites: sticky restriction sites Xbai followed 
by Kpni to the 5' end and a blunt restriction site Hpai to the 3' 
end (Figure S3) . The vector was amplified in Escherichia coli XLI 
Blue (Agilent Technologies, Waldbronn, Germany) and isolated 
(QJAprep® Spin Miniprep Kit). Mixed sticky and blunt end 
restriction digestions were performed with Kpni and Hpai in 
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order to obtain the AUREOla fragment for sense orienta tion and 
with Xbai and Hpai in order to obtain the AUREOla fragment for 
antisense orientation. 

The loop region of the RNAi construct consisted of the second 
intron of the P. tricomutum NTTI gene (49533), which was cloned 
into the shuttle vector pPha NR (GenBank accession no . 

JN180663 [36]; kindly provided by Stefan Zauner/ Ph ilipps 
Universitat Marburg). Additional restriction sites were added to 
the vector (Figure S4). pPha NR contains the promoter region of 
the P. tricomutum h omologue of the nitrate reductase, which was 
shown to be inducible b y nitrate availability in the diatoms 
(Jilindrotheca fosiformis and Thalassiosira pseudonana [3 7 ,38]. The 
target vector was cut by a mixed sticky and blunt end restriction 
digestion with Kpnl/H pal. The sense fragment of AUREOla was 
inserted upstream of the loop region into the Kpnl/Hpai digested 
target vector. This process was repeated employing Xbai and Stui 
for the mixed digest of the target vector carrying the sense 
fragment in order to introduce the second fragment in antisense 
orientation downstream of the loop region of the target vector to 
generate the final construct (Figure 1). Constructs were sequenced 
(GATC Biotech AG, K onstanz, Germany) after each cloning step 
from 5' and/ or 3' end of the inserts to ensure correct clonin g. 
Subsequently, nuclear transformation of P. tricomutum was 
performed as described above. 

Screening of AUREOla Silenced Cell Lines 
Small amounts of cell material were collected with sterile 

toothpicks and suspended in 50 f.!] distilled water. T he samples 
were subjected to three freeze ( 20°C fo r 30 m in) and thaw (room 
temperature) cycles. Subsequently, samples were incubated at 
95°C for 10 min. 1 f.!] of each sample was taken as template for 
standard PCR amplification with a total volume of 12.5 f.!]. 
Primers annealing in th e nitrate reductase p romoter of the vector 
and in the corresponding downstream region of the silencing 
construct were used (Table S 1). PCR products were screen ed for 
the occurrence of signals with an amplicon length of 400 b p 
indica ting the insertion of an AUREOla silencing construct. 

Positive clones were cultivated in 50 ml Erlenmeyer flasks in f/2 
medium with half of the or iginal salt content and without silica. In 
addition to growth with N aN0 3 as sole nitrogen source, each 
clone was further cultivated in modified f/ 2 medium with 
0.88 mM NH4Cl substituting NaN03. Cultures were grown a t 
an incident irradiation of 35 f.!mol p hotons m 2 s 1 white light 
emitted by fluorescen ce tubes (18 W /865, Osram, Munich, 
Germany) and a day/night rhythm of 16 h/8 h until they 
exhibited a Chi a content of approximately 2 f.lg ml 1

. Cultures 
were always harvested at the same time of the day via 
centrifugation (6 min, 3400 g, 4°C). C ell p ellets were frozen m 
liquid nitrogen and stored a t 80°C until further use. 

Protein Isolation and lmmunoblotting 
For protein extraction, cell pellets were resuspended in 100 f.!] 

isolation buffer (50 mM Tris HCL, pH 8.0) supplemented with 
protease inhibitor (Complete™ EDTA free, R oche, Grenzach 
W yhlen, Germany) according to the manufactures instruction. 
Cells were disrupted by ultrasonification at 4°C . Afterwards, 
samples were centrifuged fo r 30 min a t 12,000 g and 4°C in order 
to remove cell debris and unbroken cells . The p rotein concentra 
tion of the supernatant was determined via fluorometric protein 
quantification (Qubit® p rotein assay kit) according to the 
manufacturer 's instructions. 

Prote ins were separated on 12% polyacrylamid gels by one 
dimensional SDS PAGE according to Laemmli et a!. [39]. 15 f.lg 
protein were loaded in each lane if not sta ted otherwise. 
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Figure 1. Vector map of the aureochrome 1 a silencing construct. The sequence of the IIJR promoter controlled hairpin construct is given. The 
sequence is colour coded corresponding to the vector map: NR promoter (black), aureochrome 1 a sense (intense green), NTI1 intron (yellow) and 
aureochrome 1a antisense (light green). Active and inactively fused restriction sites are given in small letters in colour coding: Kpnl (light blue), Hpal 
(purple), inactive fu sian of Stu I and Hpal (grey) and Xbal (dark red). 
doi:1 0.1371/journal.pone.0074451.g001 

Inununoblots were performed as described in Gallagher et al. [ 40) 
using an AUREO Ia speciftc peptide antibody (Agrisera AB, 
Vannas, Sweden). For the generation of the peptide antibody, the 
amino acid sequence positions 46 59 of AUREOla was chosen. 
The sequence of the synthetic peptide used for irrununisation was 
slightly modifted to allow coupling to a carrier protein by adding 
an N terminal cysteine: (H2N) CSEQKEELLNSGERE ( 
CONH2). The specifiCity of the peptide was controlled by a 
protein BLAST in theJGI database of P. tric(lfnutum, which yielded 
only one non redundant hit for AUREOla (settings: Expect: 
l.O E l; Wordsize: 3; Filter low complexity regions: activated; 
Perform gapped alignment: deactivated; Scoring Matrix: BLO 
SUM62). An identical SDS PAGE was prepared in parallel to 
serve as loading control and stained with colloidal Coomassie 
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(Roti®Blue, Roth, Karlsruhe, Germany) according to the manu 
facturer's instructions aJlowing the estimation of the protein 
content per lane and correct loading of proteins. Successful 
transfer of the protein samples was conftrn1ed by reversible protein 
staining of the nitrocellulose membrane with Ponceau S (Roth, 
Karlsruhe, Germany) and by staining the blotted gels with 
colloidal Coomassie according to the manufacture's instructions. 

Cultivation of Algae for Physiological Measurements 
For physiological measurements, WT P. tricomutum and 

aureochrome la silenced strains llUreola 15 and aureola 50 were 
cultivated as described in Schellenberger Costa et al. [28). Algae 
were grown semi continuously in an air lifted rectangular biore 
actor with a depth of 3 em and a maximal volume of 2.5 l. The 



temperature was set to 20°C. For cultivation, f/ 2 medium with 
half of the original salt content and without silica was used. Algal 
cultures were maintained at a Chi a concentration of about 2 f.lg 
mJ l. Prior to the measurements, algae were adapted to the 
specific light conditions for at least one week. Each strain was 
grown under limiting (LL) and medium light (ML) intensities of 
blue (469::!: 10 nm; BL) or red light (659::!: 11 nm; RL) at a day/ 
night rhythm of 14 h/1 0 h. Incident irradiance of BL and RL was 
carefully adjusted to yield the same amount of photosynthetically 
absorbed radiation (~ar) according to Gilbert et al. [41 J for all 
cell suspensions grown under LL and ML conditions, respectively. 
For LL conditions, cultures were adjusted to a ~ar of 10 f.!mol 
photons m 2 s l For ML conditions, cultures were adjusted to a 
~ar of 30 f.!mol photons m 2 s l The calculation of ~ar 
requires the determination of the Chi a specific in vivo absorption 
coefficient (a *Phy) and of the emission spectra of the source of 
irradiation. The emission spectra of the blue and red LED panels 
(CLF plants, Wertingen, Germany) used for illumina tion were 
measured with a spectroradiometer (Tristan, Hamburg, Ger 
many). Due to differences of the a*Phy b etween aureochrome 1a 
silenced strains and WT cells under ML conditions, the amount of 
applied incident irradiance had to be specifically adjusted for the 
diffe rent strains in order to obtain equal amounts of ~ar in the 
semi continuous cultures which were used for the physiological 
measurements. Details of the specific intensity of the incident 
irradiance are presented in Table 1. 

Data on WT cells grown under identical conditions were 
p reviously presented and discussed in Schellenberger Costa et al. 
[28] . T h e same data serve as reference for the consecutively 
measured data on the aureola silenced strains obtained in this study 
and are included wh ere appropria te for convenient comparison. 

Cellular Parameters 
The determination of Chi a concentration was performed 

spectrometrically after extraction with 90% acetone according to 
Wagner et al. [42] u sing the equations of J effrey and Humphrey 
[43] . Cell n umbers were measured with a particle counter (Z2, 
Beckman Coulter, Krefeld, Germany). Growth rates were 
calculated from the daily increase of Chi a. These growth rates 
are identical to those based on daily increase of cell number since 
the Chi a content per cell was constant within each culturing 
condition. In vivo absorption spectra were measured with a 
scattering corrected spectrophotometer (M500, Zeiss, J ena, 
Germany) adjusted to a bandwidth of 1 nm. Cellular dry weight 
was determined according to Su et al. [44]. The carbon related 
b iomass production (Be) and the quantum requirement of carbon 
fixation (1/~c) were calcula ted as described in Su et al. [44] . 

Photosynthesis Rates and Non-photochemical 
Quenching 

Oxygen based photosynthesis rates and fluorescen ce parameters 
were measured simultaneously as described in Wagn er et al. [42]. 
Non p h otoch emical quenching (NPQ) was calculated according to 
Bilger and Bjorkman [45] . 

Pigment Isolation 
For determination of diadinoxanthin (Ddx) concentration, 

10 mJ of dark adapted culture were harvested on a glass fibre 
filter, frozen in liquid nitrogen and freeze dried over night 
(Labconco FreeZon e, ILM:VAC GmbH, Illmen au , Germany). 
Pigment extraction and HPLC analysis were performed as 
described in Su et al. [44]. For determination of Ddx de 
epoxidation after excess light illumination, samples were illum i 
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nated with 1000 f.!mol p hotons m 2 s l white light for 1 0 m in 
and frozen in liquid nitrogen p rio r to freeze drying. The de 
epoxidation state (D ES) was calculated as the ratio of diatoxanth in 
(Dtx) to the sum of both pigments: (Dtx)/(Ddx+Dtx). 

Statistics 
Statistical analysis of physiological data was carr ied out by one 

way analysis of variance (ANOV A) followed by a H olm Sidak 
pair wise comparison with the W T as control group using the 
program Sigma Plot 11.0 and a P value <0.05 for the rejection of 
the null hypothesis. 

Results 

Phylogenetic Analysis of Aureochromes 
In order to classify the four different aureochromes of P. 

tricornutum we performed phylogen etic analyses of aureochrome 
sequences presently available at NCBI andJGI genome databases. 
32 putative aureochromes of twelve different organisms were 
identified by their conserved bZIP and LOV domain set up and 
used for the generation of a maximum likelihood p hylogenetic tree 
using PhyML analyses (Figure 2). The aureochromes can be 
divided into four groups, which are characterized by gro up specific 
homologies especially between the bZIP and the LOV domain 
(Figure S1). Groups 1 and 2 are clearly distinct p rotein families 
corresponding to the two classes of aureochromes d escribed for V 
frigida [23]. Groups 3 and 4 are more related to each other but 
form distinct groups as indicated by a bootstrap value of 74 at the 
respective junction. In te restingly, in the given data set d iatoms a re 
the only organisms that feature group four aureochromes and the 
majority of group three aureochromes were found in diatoms as 
well. Remarkably, P. tricornutum possesses exactly one aureochrome 
per group and all investigated dia tom genera feature both a class 
three and a class four aureochrome wh ich further supports the 
distinction between the different groups. The two aureochromes of 
Chattonella marina var. antiqua and Aureococcus anophag4ferens could not 
be assigned to any of the groups . 

Localisation of P. tricornutum Aureochromes 
As aureochromes are puta tive transcrip tion factors possessing 

a bZIP domain, th ey m ight influence th e physiology of the cells 
via gen e regulation. A prerequisite fo r a p rotein to function as a 
nuclear transcription facto r is an, a t least temporary, nuclear 
location. We checked for putative nuclear localisation sequences 
(NLS) using the program N LStradamus [46] and found a high 
probability for a single NLS in each of the four P. tricornutum 
aureochromes (Figure S5). Generally, the aureochrome genes 
found in P. tricornutum apparently do not possess N terminal 
targeting signals, even in cases of remaining uncertainty about 
the exact exon / intron bound aries or about the extend of open 
reading frames (Table S2). The only possible exception is 
AUREOla. Here, the reading frame of the main gene model can 
be extended upstream to include a p otential signal peptide 
according to p rediction by Signa!P 3.0 [47] (Table S2, see 
protein ID 56684). H ence, we also decided to study the 
localisation of the potential alternative gene prod uct. We were 
not able to amplify the eDNA of AUREOle (56 742), possibly 
due to a low expression of th is particular gene as indicated by a 
low number of EST sequences found in the J GI database . 
Accordingly, we have designed G FP fusion constructs for the 
EST supported full length sequences of aureochromes 1a, 1b 
and 2 and for the alternative version of AUREOla featuring the 
putative signal peptide (1aSig). T o exclude the possib ility tha t 
the C terminal GFP doma in m ight be translated via its or iginal 
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Aun>ola 75 and.pureo1a 5:0 P. uieomurum 011Jures were g;own under lllun:linati.oo with bl.ue {Bl) and red lig~ (RL) under limiting l!ght (U.. o-=I 0 J!mol absorbed 
photons m- • s- 1) and ml!(fum ligl:it (MI.. a,.,.,= 30 J.flncil.absorbed pnotons m- 2 .s- 1)1:00ditfQns;correspon:ding. wr data cl SCbelienbe~Costaet.al. 128J i~ incltld.ed 
as ll!'ference. Chi a per"Cell is-given in pg.cell 'dJrowt'lnate (J1l tn d ' . a~""Y::Chl :a specific absorption in tn2 '9 Clll.a 1

, dry w.eigbt is <given ·m pg cell 1 and 1/i!l.c: 
quantum requirer:nerrr fn mol ~orbed photons mol fiKed c-•. Mean .values are shown With standard devla~lon (n =3 for 1/~ n = 5 .to .9 Jor other parameterS), Mean 
values-of atn'EP7.aGultul'e5 mark.ed witti asterisks (•) are signifKantly d'iffer,e.rit 10 tne WT culture .of the ·same cultcrrng condition -accordin;g:tG-one way AN.O\/A followed 
by Holm 5idalc pail' wise comparison against WT a.s control-group (p<O.<J5:) . .0: nocsigrilflcant differencebefween W!Jll'ld auteochrome 1a:Silenced sttain; ~ -s1gnificarlt 
deaea~ in aureochmme Ia sitenc~ st.rain compared to WT; +:"Significant increase ·ln au~chrome ~a silen.ced:strain -compared to WT. 
doi:1.0.1371lj'ouma1pone.0074451 J!l01 

ATG stan oodnn, lhis codon ·was mutatecl to GGA and tbt> 
trant~fGnned cell lines (tn.art.i'd by MliG) wtll·e analysed .as 
well. Aflet bioli.stic trart~fo,mat.il.m of wild l ype P. lrictrrmti!ml 
using these <COUSUll C:CS, We could llOt detect. anr .rlim:rf'.ll(le in the 
loeation of A1.JRE.O.:.GFP and t.he oorr.espon:di:ng AUR 
EO:GFP MTG fusion pr:otf'in&. Epilhwresceuce as well .as 
laser S<mming mi:cruscop~' analysi.c; of GFP expr.ession rogethet· 
wilh Hoechst 3.3342 DNA stii1ring revt'akd a dear 1"ud.ear 
l!il.catian 4)[ all three .im!estigated ~mes. (Figure 3 and 
Figure S2). Al.JRliJOlb and AURE02 ~wen~ :exciu!ii'l'cly locatecl 
u) the nucleu~ (demoitSO'il-ted br the nuclear llta.in Roe.chsL 
ZZ342). The A.{)R.EOla fusiQn pnftein$ !ili.(lwe.d a dominantly 
nru::lear GFP 'l1u ores.oeur~ :u all rimes, .hc:»~·ev:er, we also 
rlet:ect'Cd wtoe w.eak. GFP Duorescet1c.e in t.lre O}'t@.sol (Figure 3 
and Figw:es S2 and S6). CeD line$ suoces.mdly LI'lll1.slonned ;wiiJl 
any Qf th.e 1hre.e AUREOla 'GFP fusion constm!ll'S e;x.hihited 
s.im~ilar phenotypes with s.tron-g GFP fluutesettnce 1u th.e nuc:lc.us 
·and wP.ak Ilt.l.(lreseeur.e in the ~'ttlsol (figu t:t; S6.). Thi$ lndiJ;".ates 
that t11e N .terminal e;x.tetl$ion .either does no1 .'rel>>e ·a~ a signal 
peptide or t.l1at jrs signal fJ~:ptide properties are weaker than lhe 
Jluclear t:mnsmcat.ion signal. 

Screenin-g :of AUREOJ a De'fJcient Cell Line.s 
In order tQ uncder$tand t.l1e ceU.ular -roles cJf aureochmme~ .in P. 

b'iamltdmn, we 'investigated am~eo:rhmme :knock dl!l~'Il cell tines. 
Tite most pPomisin.g au,eoc::bri'Jtne for this .investigation ¥.~as 

AUREO I .a, because, in cx:mt:ra.<a 10 lltc other aw:eoduomes, it is 
1!p.paremly loca.tecl boili ill ihe nuoleo.s and :in th:e cytoplasm, 
sugge>ti.trg a wl iqu_e functional importance. The other inve;rigated 
aureo.chrom~ are mi.>.sing :similar &<a:.inetivc feat'UJ'.es and AUR 
EOJ b po.'ISeSSes a less consen·ea bZ.IP DNA b.iudin~ domain 
(Figure: S7). For C(mfir;mation of g~ne si.l.e.n.d11g, it i'l mandatc:ny m 
follow lite protein level of Lhe ~ilenced pmtcin ~d for AUREO ht 
an anti-serum was a~'a.il:ili1e. An in~ducih1e v.e.etor oontaiui.ng a:n 
AURE(JJ a gene ftagment cl.one.d in seuse :u1d ·:u,J.iscn~-e orie11tation 
to fucl.Iita.re gene .s'iltm.cing ~was _generated following the method 
descnl:>.ed by L:w.aud et al. T4SJ. Tl:a.llSTo:rmed E 'triwmutwr.t C'.ell~ 

were screened for reduced A.UREO I.a. pt'Otei.n oontem via 
immuJmblotting of Lhr.ee independent r.eplicarell uriug ike .ant.is.e 
rum specific: for AUREOla. The antiserum 1abelled two bands, 
one at +L5 illa. the expected size of AUREOla, and a demfy 
weaker band -at about 47 kr>a. Tin.· im:ensi~es of-these two ban& 
relative m each other wer,e 'idmtioalm .all Slllllflles t.ll:u were taken 
from cells grown :under .dilferent conditi(ms, ;udicating that the 
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Figure 2. Phylogenetic analysis of putative aureochromes from different stramenopiles. The maximum likelihood tree was calculated 
using PhyML 3.0 [29] and incorporates 32 putative aureochrome sequences of twelve different stramenopiles identified by the unique bZIP/LOV 
domain setup. Numbers at nodes of subtrees correspond to bootstrap values greater than 45. The accession numbers correspond either to Protein 
IDs (only digits) from the Joint Genome Institute database (JGI; http:/ /www.jgi.doe.gov/) or to the accession numbers (two letters and digits) from the 
database of the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/). Putative aureochromes of Phaeodactylum 
tricornutum (Pt), Fragilariopsis cylindrus CCMP 1102 (Fe), Pseudo nitzschia multiseries (Pm), Thalassiosira pseudonana (Tp), Thalassiosira oceanica (To), 
Ectocarpus siliculosus (Es), Fucus distich us subsp. Evanescens (F d), Aureococws anophagefferens (A a), Chattone/Ja marina var. Anti qua (Cm), Ochromonas 
danica (Od), Nannochloropsis gaditana CCMP526 (Ng) and Vaucheria frigida (Vf) were taken into account. Four distinct groups of au reo chromes could 
be identified highlighted by coloured markings. The different groups were designated aureochromes 1, 2, 3 and 4 with aureochromes 1 and 2 
corresponding in homology to the aureochromes 1 and 2 of V. frigida [23]. respectively. 
doi:1 0.1371/journal.pone.0074451.g002 

upper band represents a posttranilationally modified form of 
AUREOla In the strains aureola 15 and aureola 50, an obvious 
decrease of AUREOla protein levels was observed for cultures 
cultivated with nitrate as sole nitrogen source instead of 
ammonium (Figure 4A, corresponding loading controls are 
depicted in Figure 4B). This indicates a successful integration of 
the aureola silencing construct. As the construct is driven by an 
NR promoter we only observed AUREOla reduction in nitrate 
containing media. We furthermore could show that the nitrogen 
source has no influence on the amount of AUREOla protein in 
WT control cells. In both silenced strains, aureola 15 and aureola 
50, AUREOla levels of cultures grown with nitrate as sole 
nitrogen source were equally reduced to below 50% of the 
AUREOla content of cultures grown with ammonium as sole 
nitrogen source. 

Cellular Parameters 
T o determine the role of AUREOla in the regulation of 

physiological processes, several cellular parameters of the aur 
eochrome La silenced strains aureola 15 and aureola 50 were 
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compared to WT cells. Under low light (LL) conditions, the Chl a 
content per cell of aureo 1 a 15 was comparable to that of the 
corresponding WT culture whereas aureola 50 exhibited a slightly 
decreased Chl a content per cell. Consequently, only aureola 50 
cultures showed a slightly increased Chl a speciftc in uiw 
absorption (a*Phy) at LL conditions compared to WT cells 
(Table l). 

Differences between WT and aureochrome silenced strains 
were more pronounced at medium light (ML) conditions. Here, 
the Chl a content per cell in both aureochrome l a silenced strains 
was decreased to about 60% compared to the corresponding WT 
cultures grown at both light qualities. As a consequence, a*Phy was 
increased by approximately 20% in both aureochrome la silenced 
strains under ML conditions (T able l). The elevated a*Phy of the 
aureochrome la silenced strains were taken into account for the 
adjustment of equal levels of Q.J>h..,. (see Methods section). 

The comparison of cellular dry weight between WT cells and 
mutant strains did not yield in a consistent pattern. Compared to 
WT cells, the cellular dry weight of aureola 50 was decreased at 
almost all culture conditions, whereas aureola 15 cultures exhibited 



Figure 3. Localisation of GFP fusion proteins of P. tricomutumaureochromes. Maximum intensity z projections of LSM analyses are shown. 
From left to right: GFP fluorescence (green}, nucleus staining Hoechst 33342 dye (cyan}, chlorophyll autofluorescence (red} and a merge of all 
channels with a representative DIC single plane. The white scale bars correspond to 10 )Ull. All aureochromes feature a distinct nuclear localisation. 
AURE01a fusion proteins often exhibit additional cytosolic signals (Figure 56}, as can be seen here for AURE01 a. GFP control is a transformed cell line 
of P. tricomutum featuring the enhanced GFP protein (GenBankAccession llumber AAB08060.1}, which is missing any targeting sequence. It serves as 
reference for cytoplasmatic localisation. Here, the z projections imply a co localisation in the nucleus as well, but orthoview analysis of the LSM data 
revealed that the GFP fluorescence was only accumulating around the nucleus, while it co localises in case of the aureochromes (Figure 52}. 
doi:1 0.1371/journal.pone.0074451.g003 · 

an increased cellular dry weight at LL conditions but a decreased 
cellular dry weight at Ml. conditions (Table 1). 

At all culture conditions, the growth rates of aureola 15 cultures 
were comparable to those of WT cells (Table 1). Although growth 
rates were generally higher under ML compared toLL conditions 
for WT and aureola 15, this difference was more pronounced 
under BL (LL: 0.42 d 1

; ML: l.OO d 1
) than under RL conditions 

(LL: 0.46 d 1
; ML: 0.83 d \ Compared to the WT cells, cultures 

of aureola 50 exhibited increased growth rates under LL condi 
tions. Interestingly, under ML conditions similarly increased 
growth rates were detected for aureola 50 in comparison to WT 
cells only in combination with RL but not with BL. Thus, only 
ctureol a 50 exhibited a clearly different growth performance in 
comparison to WT cells. 
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The quantum requirement of carbon fixed in the biomass (1/ 
We) is the most integrating growth parameter since it incorporates 
all energetic losses of the cellular metabolism. Despite the 
differences of cellular Chl a content and cellular dry weight 
bet\veen WT cells and aureochrome 1 a silenced strains, 1 I We 
exhibited a comparable pattern to the growth rates. No significant 
differences bet\veen WT cultures and cultures of both aureo 
chrome 1 a silenced strains were observed in BL irrespective of LL 
or ML conditions (Table 1). Under these conditions quantlUn 
efficiency varied only slightly between 12.5+0.7 and 
15.2+1.3 mol absorbed photons mol per flXed C. Interestingly, 
the clear increase in quantUm requirement of WT cells under ML 
RL conditions was not observed for both aureochrome 1a silenced 
strains. 
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Figure 4. A) Exemplary relative quantification of AURE01a concentration in protein extracts of P. tricornutumWT, aureo1a 7Sand 
aureo1a SO by an immunoblot using an antiserum specific for P. tricornutum AURE01 a. Cultures were grown with either nitrate or 
ammonium as sole nitrogen source. Nitrate activates the promoter of the applied silencing construct resulting in a decreased amount of AURE01 a 
protein. Several dilutions of the protein extract of the ammonium grown aureo1a 15 culture were loaded on the gel in order to assess the efficiency 
of AURE01 a downregulation. Two co regulated bands are visible, one at the expected size of AUREOla, 41.5 kDa (indicated by arrows}, and a weaker 
band at about 47 kDa, which possibly reflects a post translational modification of the protein. B) Loading control of protein extracts used for 
immunoblotting. The gels used for immunoblotting and as loading control were loaded with identical amounts of protein. The proteins of the 
loading control gels were stained with colloidal Coomassie. +: Purified heterologously expressed AURE01 a with His tag. 
doi:1 0.1371/journal.pone.0074451.g004 

Photosynthesis Rates 
When cultivated at LL BL, both aureochrome l a silenced 

strains exhibited significantly increased photosynthesis rates 
compared to WT cclls with maximum photosynthesis rates (PM.J 
of about 240 !ffilol 0 2 mg Chl a 1 h 1 

(aureola) compared to 
196 !ffilOl 0 2 mg Chl a 1 h 1 (WT; Figure SA). At LL RL only 
aureal a 15 exhibited a signiftcantly increased PMax in comparison 
to WT cultures (Figure SB). 

Cultivation at ML BL resulted in remarkably high ~hotosyn 
thesis rates with a PMax of 382 ,.unol 02 mg Chl a h 

1 
for 

aureola 15 and 332 !ffilol 0 2 mg Chl a 1 h 1 for aureola 50. 
These rates were significantly higher than the PMax of the 
corresponding WT culture (243 !ffilol 0 2 mg Chl a 1 h 1

; 

Figure 5C). A comparable pattern was observed under ML RL. 
The PMax values of both aureochrome la silenced strains (about 
265 !ffilol 0 2 mg Chl a 1 h 1

) were signiftcantly increased 
compared to PMax of corresponding WT culture (205 fliDOl 0 2 

mg Chl a 1 h 1
, Figure SD). Hence, the aureola cultures e:Y.hibited 

a high light acclimation status clearly exceeding that of WT 
cultures grown under identical conditions. Interestingly, the trend 
of increased photosynthesis rates under ML in comparison to LL 
conditions was observed for both BL and RL aureochrome la 
silenced cultures, albeit more pronounced under BL conditions. In 
contrast, in WT cells this effect was only detected under BL 
conditions. 

Non-photochemical Quenching and XC Pigment Pool 
Size 

In parallel to the measurement of light response curves, 
fluorescence parameters were recorded which, in combination 
with excess illumination experiments, were used to evaluate the 
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capacity ofNPQand the XC pigment pool size of aureola strains in 
comparison to the WT cells. vVT cells of P. t:ruornutum show a 
signiftcantly higher NPQ capacity after cultivation under illumi 
nation with BL as compared to illumination with RL, irrespective 
of LL or ML conditions (28). Under LL conditions this pattern 
was also observed in both aureochrome la silenced strains with 
only slightly increased NPQ compared to WT cells (Figure 6A & 
B). However, under ML conditions signiftcantly increased 
maximal NPQ values were observed in both aureochrome l a 
silenced strains in comparison to WT cells irrespective of the light 
quality (Figure 6C & D). The highest NPQ values of the aureola 
strains at ML were higher than the respective values at LL for both 
BLand RL cultures (compare Figure 6A & C and Figure 6B & D). 
In contrast, there was no change in maximum NPQ bet<.'l'een LL 
or ML conditions in the WT cells. 

For both aureochrome la silenced strains signiftcantly higher 
diadinoxanthin (Ddx) concentrations were found in comparison to 
WT cells at almost all growth conditions. It is noteworthy that the 
Ddx content was usually higher in aureola 15 than in aureola 50 
(Table 2). Moreover, In WT cells the Ddx concentration was only 
increased comparing ML to LL under BL conditions but not 
under RL conditions. In contrast, aureola strains exhibited 
increased Ddx concentrations in all ML conditions compared to 
the corresponding LL. 

Table 2 presents de epoxidation states (DES) of XC pigments 
which were determined after a l 0 min period of illumination with 
1000 flJilol photons m ~ s 1 The DES is depicted as the ratio of 
diatoxanthin (Dtx) per (Ddx+Dtx). Generally, an elevated DES 
was observed in WT cells and aureola strains under BL conditions 
compared to RL conditions. No differences of the DES could be 
detected in WT cells to both aureochrome la silenced strains 
under BL conditions. However, under RL conditions the DES 
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Figure 5. Photosynthesis rates of au reo 1a 75(grey triangles) and aureo1a SO(white circles) P. tricornutum cultures depending on the 
incident light intensity in the measuring cuvette; corresponding WT data of Schellenberger Costa et al. [28) (black squares) are 
included for better comparison. Algae were cultivated at a QPha< of 10 >tmol absorbed photons m 2 s 1 (LL} under illumination with blue (A) and 
red light (B) and further at a Qpha, of 30 >tmol absorbed photons m 2 s l (ML) under illumination with blue (C) and red light (D). Mean values are 
shown with standard deviation (n = 9). Maximum photosynthesis rates of each culture condition were tested for the occurrence of significant 
differences between WT and aureochrome 1 a silenced strains using a one way AN OVA followed by a Holms Sidak pair wise comparison test with the 
WT as control group. Significant differences are marked with asterisks (p<O.OS). 
doi:1 0.13 71/journal.po ne.0074451.g005 

values were always significantly higher in the aureochrome la 
silenced strains. Interestingly, this resulted in the observation that 
in aureola 15 the DES after excess light illumination was 
comparable for ML RL and ML BL cultures. The highest DES 
was measured in aureala 50 cultures cultivated under ML BL. In 
summary, cultures of aureochrome l a silenced strains tended to 
exhibit an increased high light acclimation status compared to the 
corresponding WT cultures concerning NPQ capacity, Ddx 
concentration and Ddx de epoxidation. 

Discussion 

High light acclimation in diatoms is typically associated with a 
decrease of the cellular Chl a content and enhanced maximum 
photosynthesis rates. Furthermore, the photoprotective potential is 
clearly increased which is usually accompanied by an increased 
pool size of xanthophyll cycle pigments and an accelerated de 
epoxidation of Ddx to Dtx under excess light conditions 
(28,49,50,51 ,52]. High light acclimation is further connected to 
the up or down regulation of the expression of speciftc genes 
involved in photoprotection or light harvesting (53,54,55,56] as 
well as other processes such as the carbon metabolism (54]. 
Similar to high light acclimation, also the re acclimation to 
illumination after prolonged darkness is accompanied by extensive 
transcriptional changes (57]. In a previous study we have shown 
that RL is not a trigger for light acclimation in WT cells of P. 
tricomutum and that the formation of an apparently high light 
acclimated phenotype is mediated by the absorption of BL despite 
moderate light intensities at cultivation (28]. Based on these results 
it was suggested that aureochromes might play an important role 
in the process of BL perception and that the active form of one or 
more of the aureochromes might act as transcription factors and 
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induce or enhance the acclimation to higher light intensities. The 
predicted nuclear localisation of all four aureochromes and the 
confllination by successful GFP fusion experiments for three of 
them further support a role of the aureochromes as transcription 
factors. Interestingly, AUREOla was detected both in the nucleus 
and in the cytoplasm, indicating a different functionality compared 
to tl1e other aureochromes, possibly involving shuttling between 
cytoplasm and nucle1ts. 

To study the influence ofAUREOla on the photoacclimation 
of P. tricamutu:m, we cultivated the aureoclrrome l a silenced strains 
at BL and RL of different light intensities. Surprisingly, the results 
suggest a regulation of BL mediated light acclimation which stands 
in clear contrast to our expectations. At LL conditions, WT cells 
and the aureochrome l a silenced strains showed very similar 
physiological properties under illumination with both BL and RL. 
This indicates that AUREOla is not of major importance for the 
photoacclimation of P. tricamutum at low light intensities. Instead, 
the observed differences between the BL and RL acclimated 
phenotypes of the WT might be mediated by other BL receptors 
like other aureochromes or members of the cryptochrome family. 

At ML conditions, the physiological response of AUREOla 
silencing cell lines showed explicit characteristics of acclimation to 
increased light intensities irrespectively of the applied light quality, 
including a reduction of the cellular Chl a content and the cellular 
dry weight as well as increased photosynthesis rates and an 
enhanced photoprotective potential. Hence, it can be stated that 
aureochrome la silenced cultures were 'hyper' acclimated under 
ML illumination suggesting that AUREOla is involved in the 
photoacclimation of P. tricomutum. Considering the lacking 
influence of AUREOla on the phenotype of LL cultures, this 
indicates the presence of a Jight intensity perception mechanism 
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increased light intensities. A possible explanation for these results 
could be that AUREOla does not induce or enhance high light 
acclimation but, to the contrary, acts as a repressor of the 
formation of a phenotype which is acclimated to higher light 
intensities. Furthermore, it can be deduced that the RL acclimated 
state of WT cells is not simply the consequence of missing BL 
absorption, but represents a discrete acclimation state which 
requires the presence of AUREOla. The involvement of BL 
photoreceptors in the generation of RL phenotypes is not unusual. 
For example, it was demonstrated that the neutral radical state of 
an animal like cryptochrome of Chlamydomonas reinhardtii is able to 
absorb both BL and RL [58]. However, the biochemical 
properties of the AUREOla LOV domain do not allow the 
generation of a radical state of the chromophore which would be 
required for RL absorption. Accordingly, the absorption of the 
AUREOla of P. tricomutum was shown to be restricted to 
wavelengths in the blue range ([26] and T. Kottke, personal 
communication). 

Therefore, other interaction mechanisms between AUREOla 
and RL perception pathways have to be assumed. Recently, 
protein complexes containing RL absorbing phytochromes and 
BL absorbing phototropins were discovered in the plasma 
membranes of Physcomitrella patens and A:rabidopsis thaliana [59]. 
These protein complexes were shown to be essential for full 
functionality of phytochromes explaining the loss of RL induced 
chloroplast movement in phototropin deficient strains of P. patens 
described earlier [60]. Due to the absence of phototropin 
photoreceptors in diatoms, it can b e sp eculated that AUREOla 
may functionally substitute phototropin as interaction p artner of 
phytochrome. This would make AU REOla essential for a correct 
function of phytochromes and thus, for RL induced signalling in P. 

tricomutum. The observed additional cytosolic localisation of 
AUREOla would in principle allow an interaction with plasma 
membrane bound phytochromes. 

In addition to the physical interaction of phototropins and 
phytochromes, various other interaction mechanisms b etween BL 
and RL perception pathways were described for high er plants and 
for green algae. For example, it was shown tha t both phyto 
chromes and cryptochromes regula te the expression of certain 
components of the phototropin signalling pathway [61,62,63] or 
alter their cellula r loca tion [64]. Furthermore, the protein 
phytochrome kinase substrate 4 was shown to b e substra te of 
both phytochromes and phototropins [65]. If indeed an interaction 
b etween AUREOla and a phytochrome would occur in P. 
tricomutum, the phenotype of aureola and WT cultures should 
change upon adding far red radiation to either BL or RL 
condition s, resp ectively. An interaction between AU REOl a and a 
RL perception pa thway could b e involved in th e perception of the 
BL/ RL ratio. This ratio may vary enormously in the euphotic 
zones of the n atural habitats of dia toms [5] and it was sh own to 
correlate compara tively well with the amb ient light intensity 
[6,66]. Therefore, a pu tative interaction between AUREOla and 
a RL perception p athway might enable the dia toms to combine 
sensing of light qualities with the ability to integrate the p erceived 
light intensities into a total light intensity p erception allowing the 
cells to acclimate b ette r to their environment. Alternatively, it is 
p ossible tha t the a ltered p henotypes of the transformed cell lines 
under b oth BL and RL conditions result from a light indep endent 
functionality of AUREOla. H owever , there is convincing 
evidence that AUREOla acts as BL activated transcription factor 
for the dsCYC2 gene in P. tricomutum [27]. Furthermore, 
AU REO l a LOVCI: reacts with conformatio nal changes in response 
to BL exposure allowing homodimerisation and enhanced DNA 
b inding [26]. T hus it seems likely tha t the observed light 
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dependent physiological effects originate p rimarily from a BL 
induced functionality of AU REO la. 

One important feature of our work is the finding that, a lthough 
four different aureochromes are expressed in P. tricomutum, the 
silencing of a single aureochrome gen e cannot be compensated. 
This indicates that th e individual aureoch romes might h ave 
discrete functions similar to the AUREO l and 2 proteins of V 
frigida [2 3]. This is further supported by the observation of 
differential circadian gene expression p a tterns of the aureo 
chromes of Thalasswsira pseudonana [6 7] and by our finding of four 
distinct groups of aureochromes thar feature group specific 
homologous regions. Group 1 and 2 corresp ond to the respective 
aureochromes of V ftigida described by Takah ash i et al. [23] , 
while the other two groups 3 and 4 are dominated by dia tom 
aureochromes, raising the question whether diatoms m ight possess 
exclusive classes of aureoch romes associated with diatom specific 
functions. This notion is also supp orted by the observation that P. 

tricomutum, like the diatoms P. multiseries and F cylindrus, possesses at 
least one aureochrome of each group . If this pattern is confirmed 
in future research, a re evaluation of the current aureoch rome 
nomenclature migh t be appropriate. 

A preceding study on the physiological characterisa tion of P. 
tricomutum in response to different light q ualities [28] revealed that 
the quantum requirement of b iomass p roduction was significantly 
increased in WT cells und er ML RL conditions compared to all 
other tested culture conditions. Although mon ochromatic RL 
conditions are a rtificial and d o not occur naturally, this 
demonstra ted that chromatic acclimation can affect the overall 
cellula r en ergy balance. In contrast to WT cultu res, an increased 
quantum requirement under M L R L conditions compared to 
other applied culturin g conditions was n ot detected in aureola 
cultures . This is in agreement with the apparent acclimation of the 
aureochrome 1 a silen ced strain s to increased light intensities at 
ML RL conditions as indica ted by elevated NPQcap acity, Pmax or 
xanthophyll cycle p igment concentra tions. Generally, n o obvious 
disadvantage of aureola cultures compared to WT cells was 
detected using our specific experimental setup with persistent 
exponential growth . However, WT and aureola cultures were 
addition ally grown in batch cultures revealing that aureochrome 
la silen ced stra ins show a p rolon ged lag phase during batch 
cultivation compared to W T cultures, while no significan t 
diffe ren ces of growth rates during the exponential growth p hase 
were detected (Experiment S l). This indicates that the suppression 
of AUREOla in P. tricomutum disturbs the initial photoacclimation 
after ch anges of the ambient light conditions rather than the 
growth p erformance under steady sta te conditions. T h us, one role 
of AUREO l a could be the promotion of acclimation to fast 
changes of ambient light conditions, which a re common in the 
natural habita t of diatoms [5]. In th is context it would be 
interesting to study the performance of aureol a cultures under 
fluctuating light conditions. 

Supporting Information 

Figure Sl Alignment of 32 aureochromes of twelve 
different stramenopiles which was used for the gener

ation of a phylogenetic tree by Phy ML calculation. 

Figure S2 Orthoview confocal laser scanning microsco

py pictures for visualisation of nuclear co-localisation of 
aureochrome fusion proteins. 



Figure S3 Sequence of the synthetic gene used for RNAi
construct generation. 

Figure S4 Vector rn.ap of modified pPha-NR used as 
scaffold for silencing construct generation. 

Figure S5 Nuclear localisation sequence (NLS) predic
tion by the NLStradarn.us application of the four 
Phaeodactylu~n tricornutu~n aureochrorn.es. 

Figure S6 Epifluorescence microscopy images of differ
ent aureochrorn.e la-GFP fusion proteins to visualise 
dual localisation in nucleus and cytosol. 

Figure S7 bZIP and LOV domain conservation in P. 
tricornutu1n aureochrorn.es. 

Table Sl Primers used for amplification of aureo
chrorn.es from. P. tricornutu~n eDNA and verification 
and sequencing of the aureochrorn.e silencing transfor
rn.ants. 
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