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ABSTRACT 

Aureochromes are blue light dependent transcription factors specific to Stramenopiles. 

They contain a LOV (Light-oxygen-voltage) domain for light perception at the C-terminus of the 

protein and a bZIP (basic region leucine zipper) domain for DNA binding. Four distinct genes 

encoding aureochromes are known in the diatom Phaeodactylum tricornutum i.e. PtAureo1a, b, c 

and 2. PtAUREO1a protein function has been studied extensively and it was shown to be 

involved in photoacclimation in PtAureo1a knockout mutants. Here, the observed phenotype was 

verified using a complementation strategy, demonstrating a functional rescue of PtAUREO1a 

protein function. Furthermore, PtAureo1a, b, and 2 were overexpressed in P. tricornutum 

individually. PtAureo1a and 2 overexpression mutants showed a similar reduction of NPQ 

capacity as the PtAureo1a knockout mutants, while PtAureo1b overexpression lead to an 

upregulation of NPQ capacity. Interestingly, PtAureo1b overexpression also resulted in 

upregulation of bHLH1a transcripts, the respective protein is a transcription factor and a 

component of the circadian clock in P. tricornutum. Additionally, a reduction of PtAUREO1b 

protein was observed in PtAureo1a knock out mutants, indicating a possible post-transcriptional 

control of PtAUREO1a on PtAUREO1b protein expression. To understand the role of PtAureo1a 

in regulating the biological rhythm, a diel expression analysis was performed via RT-qPCR in 

PtAureo1a knockout and mutants complemented with wild type PtAureo1a. The diel rhythm of 

PtAureo1c expression appeared to be significantly affected in PtAureo1a knockout mutants. 

PtAureo1a significantly influenced diel expression of the cryptochrome PtCPF1 as well as other 

blue light photoreceptors. The mRNA abundance of a gene responsible for a protein involved in 

photoacclimation, PtLhcx1, was found to be highly affected in PtAureo1a knockout mutants. 

Furthermore, PtAureo1a also influences the diel expression of bHLH1a and b in PtAureo1a 

knockout mutants, which can be rescued in PtAureo1a complemented mutant. In PtAureo1b 

overexpression mutants, bHLH1a mRNA is upregulated while bHLH1b mRNA is 

downregulated. Altogether, this work indicates that PtAureo1a and b may be involved in short-

term light acclimation and in circadian clock regulation. 

 



 

	
	

ZUSAMMENFASSUNG 

Aureochrome sind von blauem Licht abhängige Transkriptionsfaktoren welche speziell in 

Stramenopile zu finden sind. Ihr C-Terminus besteht aus einer für die Lichtwahrnehmung 

wichtigen LOV (Light-oxygen-voltage) Region sowie einer bZIP (basic region leucine zipper) 

Domäne, um an die DNA zu binden. In der Kieselalge Phaeodactylum tricornutum sind vier 

verschiedene Gene bekannt, welche Aureochrome codieren, nämlich PtAureo1a, b, c und 2. Die 

Proteinfunktion von PtAUREO1a wurde bereits ausgiebig erforscht und es wurde gezeigt, dass 

es an der Photoakklimatisierung in PtAureo1a Knockout-Mutanten beteiligt ist. In dieser Arbeit 

wurde der beobachtete Phänotyp bestätigt und die Proteinfunktion von PtAUREO1a mittels einer 

Komplementierungsstrategie wiederhergestellt. Darüber hinaus wurden PtAureo1a, b und 2 

unabhängig voneinander in P. tricornutum überexprimiert. Bei PtAureo1a, und 2 

Überexpressionsmutanten zeigte sich, genau wie bei PtAureo1a Knockout-Mutanten eine 

Verringerung der NPQ-Kapazität, wohin gegen die Überexpression von PtAureo1b zu einer 

Hochregulierung der NPQ-Kapazität führte. Interessanterweise verursachte die Überexpression 

von PtAureo1b ebenfalls eine Hochregulierung des bHLH1a mRNA Transkripts, dieses ist als 

Transkriptionsfaktor eine Komponente des circadianen Rhythmus in P. tricornutum. Zudem 

wurde eine Reduktion des PtAUREO1b Proteins in den PtAureo1a Knockout-Mutanten 

beobachtet, dies könnte darauf hindeutet, dass PtAUREO1a post-transkriptionell die 

Proteinexpression des PtAUREO1b Protein kontrolliert. Um den Einfluss von PtAureo1a auf die 

Regulierung des biologischen Rhythmus besser zu verstehen, wurde über einen Zeitraum von 24 

Stunden eine Expressionsanalyse mittels RT-pPCR in PtAureo1a Knockout-Mutanten und mit 

Wildtyp PtAureo1a komplimentierten Mutanten durchgeführt. Es zeigte sich, dass die 

Expression von PtAureo1c, in den PtAureo1a Knockout-Mutanten im Tagesverlauf signifikant 

beeinflusst wurde. Auch die Expression des Cryptochrom PtCPF1 sowie der anderen Blaulicht-

Photorezeptoren wurden durch PtAureo1a signifikant verändert. Die mRNA-Expression von 

PtLhcx1, einem Gen, welches in der Fotoakklimatisierung beteiligt ist, war stark beeinträchtigt. 

Darüber hinaus wurde die Expression von bHLH1a und b im Tagesverlauf in den PtAureo1a 

Knockout-Mutanten durch PtAureo1a beeinflusst, durch die Komplementierung war diese 

wiederhergestellt. In Mutanten, welche PtAureo1b überexprimierten ist die bHLH1a mRNA 

hochreguliert, wohingegen bHLH1b mRNA herunterreguliert ist.  



 

	
	

Zusammenfassend lässt diese Arbeit vermuten, dass PtAureo1a und b in der kurzfristigen 

Lichtakklimatisierung und an der Regulation des circadianen Rhythmus beteilig sein könnten. 
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1. General Introduction 

1.1  Significance of light for photosynthetic organisms 

One of the crucial antecedents for photosynthetic organisms to sustain photosynthesis is light. 

Though for photosynthetic organisms, light is not only an energy source, but also triggers signaling 

pathways that influence the adaptation and the acclimation of algae and plants. The perception of quality 

and quantity of light provides essential environmental cues such as day length and spectral compositions 

to photosynthetic organisms directly via i.e. photoreceptors, or indirectly via signaling mechanisms (Goss 

& Lepetit, 2015).  Plants, algae, and cyanobacteria utilize this information by their sophisticated sensory 

systems that initiate further cellular transduction networks such as circadian/annual rhythms, 

photoprotective mechanisms, metabolic light acclimation responses etc. The circadian clocks are 

molecular oscillators, generating self-sustained rhythms of about 24h, where light plays an important role 

in resetting environmental inputs in most organisms (Kuhlman et al., 2018). Light also acts as an external 

signal for nutrient uptake by photosynthetic organisms (Lillo & Appenroth, 2001; Redinbaugh & 

Campbell, 1991; Solomonson & Barber, 1990). The spectral properties of light vary between aquatic and 

terrestrial environments. On land, the light spectrum is altered by atmospheric attenuation and by 

absorption/reflectance of other plants (Rost et al., 2008). However, in aquatic environments, light varies 

due to the incident solar radiation and time of the day in conjunction with the absorptive and scattering 

process of the water, its depth and presence of absorbing dissolved organic matter and suspended 

particles, which is mainly a contribution of photosynthetic organisms themselves (Kirk, 1994). The 

photosynthetic organisms have learned to cope with dynamic light environments to avoid photodamage, 

however, this strategy is accomplished in different ways by different organisms (Anderson et al., 1995; 

Chi et al., 2013; Dietzel et al., 2008; Eberhard et al., 2008; Rochaix, 2004; Suzuki et al., 2012; Trebst, 

2007). Usually, under high irradiance, the photoprotection responses are rapid without changing gene 

expression. Excess energy is rapidly dissipated as heat or by adjusting the distribution of excitation 

energy between photosystems. The excess energy activates the systems for repairing damage to 

photosystem II (PSII) or for scavenging reactive oxygen species (ROS). If the high light persists longer, 

gene expression is affected resulting in modified photosynthetic machinery and photochemistry (Eberhard 

et al., 2008). On contrary, under low light the responses are slower, generating changes in light-harvesting 

pigment content through adjustments in the size of number of photosynthetic units(Eberhard et al., 2008; 

Owens et al., 1980). 
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Oceans cover 70% of earth’s surface where photosynthetic organisms from photic zone 

contributes for half of global primary productivity (P G Falkowski & Raven, 2007). Eukaryotic 

microalgae and cyanobacteria, together referred to as phytoplankton, dominate marine photosynthesis; 

where at least 20% of the global CO2 fixation and biogeochemical cycling of important nutrients, is 

contributed by a group of microalgae called diatoms (Paul G Falkowski & Knoll, 2007; Nelson et al., 

1995; Smetacek, 1999). 

1.2 Diatoms and model organism Phaeodactylum tricornutum 

Diatoms are unicellular microalgae, comprising approximately 100,000 species (Mann, 1999), 

present in marine and freshwater habitat (Field et al., 1998; Round et al., 2007). They belong to the 

division Heterokontophyta, also known as Stramenopiles (Stiller et al., 2014), which evolved from a 

secondary endosymbiosis between a photoautotrophic eukaryote close to a red algae and a heterotrophic 

eukaryote host (Medlin et al., 1997) (Fig. 1.1). 

 

Fig. 1.1 A simplified depiction of major endosymbiotic events during evolution and occurrences of 

aureochromes and phototropins in different algal groups. ES, endosymbiosis; P. plastid; M, 

mitochondrium; N, nucleus Adapted from (Kroth et al., 2017). 
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One of the fascinating characteristics of diatoms is their ability to synthesize an exceptionally patterned 

external wall of amorphous silica, known as frustule with a specific organization depending on the class. 

They are classified as centric and pennate diatoms (KOOISTRA et al., 2007; Medlin & Kaczmarska, 

2004). Centric diatoms, e.g. Thalassiosira pseudonana, show either radial or polar symmetry while 

pennate diatoms (raphid and araphid) are characterized by a general bilateral symmetry with certain 

exceptions showing tripolar symmetry (Pickett-Heaps, 1991; Round et al., 2007). Raphid diatoms have a 

raphe, which is a slit along the frustule used for movement via secretion of polysaccharides (KOOISTRA 

et al., 2007). Since frustules are synthesized naturally and their unique porous structures, find them 

implemented for wide industrial applications such as water filters, building materials and chromatography 

supports (Brunner et al., 2009; Gutu et al., 2009; Heredia et al., 2008). An important biochemical energy 

storage compounds in diatoms are the β-1, 3-glucan chrysolaminarin (A. Gruber & Kroth, 2017; W. 

Huang et al., 2018) and lipids (Armbrust et al., 2004). Furthermore, diatoms could be exploited for their 

lipid contents, which can be raised by genetic manipulation (Barka et al., 2016; Levitan et al., 2015; 

Trentacoste et al., 2013). The metabolic strategies of different diatom species range from photoautotrophy 

to heterotrophy (A. Gruber & Kroth, 2017; Villanova et al., 2017). Diatoms are found worldwide, from 

tropical and sub-tropical regions to polar ecosystems, which could be due to their exceptional survival 

strategies/ability to adapt to highly dynamic environments. However, some diatoms live as free-floating 

single cells while other form colonies and engage in mutualistic or symbiotic relationships (Foster et al., 

2011). 

The abundance of Phaeodactylum tricornutum is low in the open ocean, yet it has been used as a 

model to study and characterize diatom metabolism and evolution (Allen et al., 2011; Bowler et al., 2008; 

Fortunato et al., 2016; Huysman et al., 2013; Morrissey et al., 2015; Tanaka et al., 2015). It can be 

cultivated axenically unlike most other diatoms living obligately with bacteria in nature (Amin et al., 

2012). After its description by Bohlin in 1897, 10 isolates of P. tricornutum from 9 different geographic 

locations (seashores, eustaries, rock pools, tidal creeks) around the world have been taken into culture 

(Pt1 – 10) (Martino et al., 2007). Various studies have reported distinct functional behaviors of different 

accessions as adaptive responses to different environments (Abida et al., 2015; Bailleul, Rogato, et al., 

2010; Stanley & Callow, 2007; Taddei et al., 2016) while their genetic and functional convergence 

includes changes in the selection pressure on many genes and metabolic pathways (Rastogi et al., 2020). 



General Introduction 

4	
	

 

Fig. 1.2 The light microscopic images of model pennate diatom, Phaeodactylum tricornutum showing its 

three morphotypes (a) oval; (b) triradiate and (c) fusiform. The black bar indicates 10 µm length. The 

image is used with permission of Ansgar Gruber (University of Konstanz). 

P. tricornutum shows three main morphotypes, i.e. fusiform, triradiate and oval; however, a 

fourth morphotype, cruciform has also been reported though its occurrence is rare (He et al., 2014; Lewin, 

1958) (Fig. 1.2). Distinct morphotypes may help to acclimate to divergent environments, oval cells are 

more adapted to benthic environment since they have better sedimentation and surface adhesion, while 

fusiform and triradiate cells are better acclimated to non-sedentary growth conditions. Under stressful 

conditions, fusiform and triradiate cells may transform into oval cells, which in turn transform back to 

fusiform and triradiate cells under favorable conditions (B. Zhao et al., 2014). P. tricornutum is an 

exceptional species posing high plasticity due to their poorly silicified cell wall, estimating little impact of 

silicate on their growth (Borowitzka et al., 1977; Desbois et al., 2010; Martino et al., 2007). 

P.tricornutum had been further selected as model system due to the availability of its genome sequence 

(27.4Mbp) (Bowler et al., 2008) and state-of-art tools for reverse genetics (Apt et al., 1996; De Riso et al., 

2009; Karas et al., 2015; Niu et al., 2012; Zhang & Hu, 2014), allowing genome-wide structural and 

functional studies. 

1.2.1 Photoreceptors in P. tricornutum 

Diatoms possess photosensory proteins, photoreceptors, to measure the quality, quantity, and 

direction of light to modulate physiological responses to variable light conditions (Jaubert et al., 2017; F. 

Li et al., 2016). Photoreceptors comprise of one or more sensory input domains, which bind to an organic, 

non-protein component known as chromophore that confers specific photochemical properties. 
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Chromophores undergo physicochemical and structural changes upon light absorption, which are 

important for signal cascading (Möglich et al., 2010). Out of wide spectrum of wavelengths from 

ultraviolet to infrared, most of photoreceptors in plants and algae absorb either in the UV/blue or in the 

red/far-red spectral range of wavelengths (Depauw et al., 2012). Phytochromes are red light absorbing 

photoreceptors extensively distributed in plants and algae, which can be converted from an active to 

inactive state by red and far-red light, respectively (M. Chen & Chory, 2011). The genome of P. 

tricornutum encodes only a single phytochrome, but four cryptochromes and four aureochromes (Bowler 

et al., 2008), which most likely could be due to an adaptation to underwater light field as blue light 

infiltrate deeper into the water column than red light which gets attenuated on the water surface (Depauw 

et al., 2012). Cryptochromes are blue/UV-A light receptors binding to flavin adenine dinucleotides 

(FAD). They form a large and diverse family with photolyases participating in UV-damaged DNA repair 

(Chaves et al., 2011; König et al., 2017). Another group of blue light receptor i.e. phototropins and 

aureochromes, contain light-oxygen-voltage (LOV) domains (Crosson et al., 2003) that bind a flavin 

mononucleotide (FMN). Diatoms do not contain blue light absorbing phototropins, which in plants,  

controls several responses such as phototropism and chloroplast movement (Briggs, 2014) and 

photoprotection in green algae (Petroutsos et al., 2016).  

Aureochromes have been at first identified in the xanthophyte alga Vaucheria frigida, where they 

control morphogenesis and maturation of sex organs (Takahashi et al., 2007). Interestingly, they so far 

have been found in Stramenopiles only (Ishikawa et al., 2009). Aureochromes consists of an N-terminal 

bZIP (basic-region leucine zipper) domain and C-terminal LOV domain, indicating their DNA binding 

capacities and implying a function as a transcription factors (Takahashi et al., 2007).  

 

Fig. 1.3. Structural comparison of aureochromes to phototropins. LOV. Light/oxygen/voltage 

sensing domain; bZIP, Basic leucine zipper region.  

Their inversed structural topology in comparison to phototropins makes them intriguing and 

proposes them to be candidates for optogenetics research as they could process transcription regulation 

upon light exposure (Mitra et al., 2012) (Fig. 1.3).  
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1.2.2 Prevailing research on Aureochromes in P. tricornutum 

P. tricornutum encodes for four aureochrome paralogues, i.e. PtAUREO1a (JGI Protein ID 

49116), PtAUREO1b (49458), PtAUREO1c (49742) and PtAUREO 2 (56060) according to a 

phylogenetic analysis (Schellenberger Costa et al., 2013). PtAUREO 2 and VfAUREO 2 show a 

mutation, preventing them of binding to an essential flavin that abolishes their light absorbance. 

Structural analysis of PtAUREO 2 shows a steric hindrance in a methionine residue within its binding 

pocket that hamper binding of flavin molecule (A. Banerjee, Herman, Serif, et al., 2016), which means 

that technically it is no photoreceptor, however, as a transcription factor, it may interact with other 

aureochrome proteins (Kroth et al., 2017) (Fig. 1.4).  

 

Fig. 1.4 Aureochrome isoforms (Aureo1a, b, c and 2) in Phaeodactylum tricornutum. The yellow 

light shade indicates functional LOV with FMN binding site whereas grey shade shows absence of it. The 

blue shade indicates blue light receptors. 

The transcript abundance of all four isoforms varies throughout the light: dark cycle 

differentially, showing individual expression patterns, indicating distinct functional roles (A. Banerjee, 

Herman, Kottke, et al., 2016).  

So far, only PtAUREO1a has been studied extensively, indicating a role in various regulatory 

functions. It was shown to function synergistically with bZIP10 to control dsCYC2, executing the 

regulation of cell cycle progression dependent on blue light(Huysman et al., 2013). RNAi-based knock 

down and TALEN-mediated knockout mutants of PtAUREO1a indicated its involvement in the process 

of photoacclimation in the diatom P. tricornutum (Costa et al., 2013; Serif et al., 2017). 
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1.3 Aims 

The aim of this thesis was to elucidate the functional roles of aureochromes in P. tricornutum. 

Thus, the first logical step after TALEN-mediated PtAUREO1a knockout characterization was to further 

verify the functional role of PtAUREO1a by a complementation approach (Chapter 2). In addition to 

PtAureo1a, TALEN mediated transformants of PtAureo1b, c and 2, were generated previously which 

required stringent genetic screening to obtain pure biallelic knockout mutants in order to characterize their 

functional roles in P. tricornutum (Chapter 3). To understand aureochromes functional mechanisms and 

impacts on each other, overexpression of aureochrome isoforms (PtAureo1a, b and 2) in the diatom P. 

tricornutum were studied (Chapter 4). Furthermore, we also showed the influence of abiotic factors such 

as N-sources (NO3-/NH4
+), on aureochromes and diurnal expression of nitrate reductase enzyme which is 

an integral part of N-assimilation process (Chapter 5). The influence of light wavelengths and intensities 

on aureochrome gene and protein expression was also investigated (Chapter 6). Lastly, we aimed to 

investigate potential involvement of aureochromes in the regulation of the diel biological rhythm using 

time-series transcript and protein analysis (Chapter 7).  
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2.1 Abstract 

The recent availability of genome editing tools like TALEN (Transcription activator-like 

effector nuclease) and CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeats) 

for the diatom Phaeodactylum tricornutum has dramatically increased the options to explore 

diatom biology via reverse genetics. In order to verify that an observed phenotype indeed is 

directly related to a specific gene knockout and not due to a secondary effect, complementation 

of the inactivated gene with the wildtype gene and restoration of the wild type phenotype is an 

essential tool for molecular biology. So far, no strategy for a complementation method has been 

published for P. tricornutum. Here we demonstrate, as a proof-of principle, the complementation 

of P. tricornutum AUREO1a knockout strains previously created by TALEN technology. These 

strains are deficient in the PtAureo1a, gene which is encoding a blue-light dependent 

transcription factor. pPTbsr, a modified pPha-T1 vector with an antibiotic resistance cassette 

against Blasticidin served as a complementation vector. In order to avoid the modification of the 

complementing gene via the potentially still active TALEN nucleases, we have modified the 

TALEN binding sites of the complementing PtAureo1a gene using synonymous codons. The 

altered PtAureo1a gene along with its native promoter and terminator was transformed by 

particle gun bombardment into PtAUREO1a TALEN knockout strains of P. tricornutum. The 

integration and the expression of PtAUREO1a was confirmed by PCR and western blotting. Due 

to random integration within the genome, the expression level of the complemented gene may be 

variable in different lines. Physiological parameters indicated the successful rescue of the wild 

type phenotype in several lines that showed a similar PtAUREO1a protein content as wild type 

cell. Our method provides a rapid and efficient tool to complement knockout lines generated by 

genome editing approaches in P. tricornutum.   
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2.2  Introduction 

Diatoms are a major class of unicellular photosynthetic microalgae. They are abundant in 

most aquatic habitats, being able to cope with various light qualities and quantities (MacIntyre et 

al., 2000; Ragni & Ribera D’Alcalà, 2004). Phaeodactylum tricornutum has been widely used as 

a model diatom because of the availability of a genome sequence as well as genetic 

transformation techniques (Apt et al., 1996; Bowler et al., 2008; Karas et al., 2015; MIYAHARA 

et al., 2013; Niu et al., 2012; Zaslavskaia et al., 2000; Zhang & Hu, 2014). The diploid nature of 

most diatoms as well as a lack of sexual crosses of P. tricornutum in the laboratory though may 

limit the methods of genetic manipulation, excluding e.g. random mutagenesis. Therefore, RNA 

interference was used extensively in the recent years to knockdown genes in P. tricornutum 

(Bailleul, Cardol, et al., 2010; De Riso et al., 2009; Lavaud et al., 2012; Levitan et al., 2015). De 

Riso et. al (2009) tested several constructs to trigger GUS (ß-glucuronidase) transgene silencing 

to investigate the effectiveness of the methodology in P. tricornutum and later used inverted 

repeat vectors to successfully suppress expression of endogenous DPH1 (Diatom Phytochrome 

1) and CPF1 (Cryptochrome photolyase family 1) genes. However, gene silencing may only 

reduce the amount of the respective gene product, and the reduction may vary under different 

environmental conditions, depending on the expression of the targeted gene and the expression 

of the silencing construct. Moreover, gene silencing may be compensated by the cell after a 

certain time (Lavaud et al., 2012). In contrast, gene knockouts eliminate the gene function 

completely in a stable manner without being affected by culturing conditions, thus allowing a 

more stringent characterization of the mutants. Accordingly, new tools for genome editing have 

been implemented in diatoms recently, allowing induction of targeted DNA double-strand breaks 

(DSBs) to functionally impair the desired gene irreversibly, such as the TALEN (Transcription 

activator-like effector nucleases) (Daboussi et al., 2014; Serif et al., 2017; Weyman et al., 2015) 

and CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeats) systems (Hopes et 

al., 2016; Nymark et al., 2016; Serif et al., 2018; Stukenberg et al., 2018). The DSBs can result 

in imperfect repair by cellular mechanisms either by non-homologous end joining (NHEJ) or 

homologous recombination (HR), which can be exploited to induce targeted mutations (Davis et 

al., 2013; Lieber, 2010; Zu et al., 2013). In order to interpret the resulting phenotype correctly, it 

is essential to verify whether it is due to the knocked-out gene itself or possibly due to off-

targeting effects. The off targets could be due to unspecific integration of the vector or gene 
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within the genome which could lead to an unrelated phenotype, e.g. by disrupting a protein 

encoding gene. Moreover, several off-target prediction tools exist, however, so far there is no 

guarantee that they predict all off-targets. Finally, especially in algae there can be significant 

sequence differences between the strain targeted and the strain which had been initially 

sequenced. These sequence differences may even occur within the sequenced strain because of 

their short generation times which may lead to accumulation of mutations. This may lead to 

additional cleavage sites not predicted by any of the genome editing designer tools. All these 

possible off-target effects can be excluded by complementation tests, i.e. by rescuing the 

phenotype of the wild type strain. As vector integration of the complementation gene itself may 

disrupt gene function at its integration site, careful analyze of the complemented strains is 

required, i.e. by analyzing several complemented strains.  

Various methods have been developed to complement a knocked-down/out gene in 

different systems. Lu et al (S. Lu et al., 2017)complemented the Mfa2 gene in the fungus 

Sporisorium scitamineum knockout mutant developed by CRISPR/Cas9 and T-DNA based dual 

vector system by synonymously altering the nuclease binding sites of the complementing gene to 

avoid its disruption. Sakaguchi et al (Sakaguchi et al., 2011) complemented the RNAi phenotype 

RURF (requiring uracil and resistant to 5-fluoroorotidic acid) by insertion of the human Umps 

gene (encoding a Uridine-5’-monophosphate synthase) with a strong constitutive fcpA promoter 

in P. tricornutum. Complementation is relatively straightforward if the knockout (KO) had been 

induced e.g. by chemical mutagenesis or by T-DNA insertion (Mages et al., 2007; Shin et al., 

2017). It becomes more difficult if the KO had been induced by irreversible gene editing via 

DNA specific nucleases such as CRISPR-Cas9 and TALE-coupled nucleases and the respective 

genes has been integrated in the genome by nuclear transformation, which so far is a common 

strategy to generate KO lines in diatoms (Daboussi et al., 2014; Hopes et al., 2016; Nymark et 

al., 2016; Serif et al., 2017; Stukenberg et al., 2018; Weyman et al., 2015). Therefore, the present 

study will provide a complementation strategy for P. tricornutum strains where the KO had been 

induced by nuclear integration of gene editing systems. 

To prove the feasibility of our approach, we chose to complement PtAUREO1a KO lines 

with a functional PtAureo1a gene. PtAUREO1a belongs to a group of blue light responding 

photoreceptors called aureochromes which were first identified by Takahashi et.al (Takahashi et 

al., 2007) in the xanthophyceae alga Vaucheria frigida. Aureochromes are unique because of the 
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presence of a DNA binding bZIP (basic region leucine zipper) domain along with a light 

responsive LOV (Light-oxygen-voltage) domain, combining both photoreceptor and 

transcription factor properties (Kroth et al., 2017). Four orthologues of aureochromes have been 

identified in P. tricornutum, PtAUREO1a, 1b, 1c and 2 (Schellenberger Costa et al., 2013). 

Huysman et al. (2013) showed that PtAUREO1a effects the expression of diatom-specific cyclin 

dsCYC2, which is involved in G1 to S phase transition after dark arrest. PtAureo1a knockout 

mutants created and characterized by Serif et al., (2017), showed a distinctive phenotype of a low 

capacity for Non-Photochemical Quenching (NPQ), a prominent photoprotection mechanism in 

diatoms (Lepetit et al., 2017). Therefore, the PtAUREO1a KO strains were ideal targets to 

implement and test our complementation approach. 

In the present study, we describe a strategy for complementing the PtAureo1a gene along 

with its endogenous promoter and terminator in the PtAUREO1a TALEN-mediated bi-allelic 

knockouts of P. tricornutum. This method can be applied to any other diatom knockout mutants 

obtained by genome editing approaches. 

2.3  Material and Methods 

2.3.1 Preparation of complementation vector 

The standard transformation vector pPha-T1 (GenBank AF219942, (Zaslavskaia et al., 

2000) originally comprises a sh ble cassette for preliminary selection on medium containing the 

antibiotic zeocin and a multiple cloning site flanked by a constitutive fcpA promoter. The sh ble 

cassette was replaced by a bsr cassette, which confers resistance against the antibiotic Blasticidin 

S, and named as pPTbsr (Genbank: MH541819) (Buck et al., 2018). The fcpA promoter was 

removed from the pPTbsr by deletion PCR using fcpA_del_for and fcpA_del_rev primers (see 

Supplements Table.S2.1) to use the endogenous promoter of the wild type gene for 

complementation. Two restriction sites (MssI and HindIII) were incorporated in the vector for 

further cloning. However, the restriction sites within the multiple cloning sites (MCS) and the 

target gene should be checked to adapt to the individual cloning strategy. The complementation 

vector, named pM9_4Compln (Fig.2.1), was sequenced by Sanger sequencing (Microsynth AG, 

Balgach, Switzerland) and assembled in “Geneious 9.1.7” (http://www.geneious.com, Kearse et 
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al., 2012). The pM9_4Compln vector was deposited at the Addgene vector database with catalog 

number 124519 (www.addgene.org/vector-database).   

 

Fig.2.1 Complementation vector: pM9_4Compln vector map  

HindIII and MssI restriction sites have been incorporated to insert the complementing 

gene along with its endogenous promoter and terminator into the pPTbsr backbone. 

2.3.2 Cloning of PtAureo1a into pM9_4Compln vector  

PtAureo1a (JGI Protein ID 49116) was amplified together with its endogenous promoter 

(774bp) and terminator (435bp) from P. tricornutum Pt4 wild type (UTEX646, Austin, USA) 

genomic DNA by PCR using primers Pro-Aureo1a-Term_for and Pro-Aureo1a-Term_rev (see 

supplements Table.S2.1). The pM9_4Compln vector and the PtAureo1a gene with its 

endogenous promoter and terminator were digested and ligated in one step with MssI and T4 

ligase at 16 0C overnight, with successive inactivation of ligase and a further restriction digestion 

with MssI to minimize background from empty plasmid DNA without the insert. 1µl of ligation 

mix was electroporated into electrocompetent E. coli XL-1 Blue cells and plated on LB agar 

plates containing ampicillin (100µg mL -1) overnight at 37 0C. Colonies obtained were screened 

by colony PCR (See Supplements Table.S2.1 for primers) for PtAureo1a fragment insertion 

using TaqE polymerase (Genaxxon bioscience, Ulm, Germany). Plasmid DNA was isolated 

using the QIAprep® Spin Miniprep kit (Qiagen GmbH, Hilden, Germany) and digested with 

NdeI for analysis. The pM9_4Compln vector harboring PtAureo1a was verified by sequencing 

(Microsynth AG, Balgach, Switzerland). 
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2.3.3 Site-directed mutation of TALEN binding sites in PtAureo1a gene 

In order to exclude modifications of the complementing PtAureo1a gene by active 

TALEN nucleases in the mutant, we modified the potential left and right TALEN binding sites of 

the complementing PtAureo1a gene by introduction of six and nine site specific mutations, 

respectively, using synonymous codons (Fig.2.2).  

 

Fig.2.2 Schematic representation of primer binding within the PtAureo1a gene for site 

directed (SD) mutagenesis to modify the TALEN target sites. Red colour boxes represent each 

nucleotide which was modified using synonymous codon usage to avoid disruption of PtAureo1a 

by potentially active nucleases in the knockout mutants. 

We designed HPLC grade primers (see Supplements Table.S2.1) to modify the 

nucleotides of the TALEN binding sites within the PtAureo1a gene (Fig. 2.2) for incorporation 

of the site-specific mutations using KAPA HiFi polymerase (KAPA Biosystems, Capetown, 

South Africa) according to the manufacturer’s instructions. An annealing temperature of 62 ºC 

and 30 cycles were used to incorporate the modifications in the PtAureo1a gene. Presence of 

modified nucleotides at the TALEN binding sites was verified by sequencing (Microsynth AG, 

Balgach, Switzerland). 

2.3.4  Cultivation of TALEN knockout mutants of P. tricornutum 

The TALEN mediated knockout mutant strains PtAUREO1a KO8 and KO9 of P. 

tricornutum (Serif et al., 2017) were grown axenically in liquid F/2 medium (50% sea salt 
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content) and other essential sterile-filtered micronutrients (R. R. L. Guillard, 1975; R. R. L. 

Guillard & Ryther, 1962), or on solid F/2 media, which additionally contained 1.2% (w/v) Bacto 

Agar (BD, Sparks, MD, USA) and 4µg mL-1 Blasticidin S (Product no.- R21001, Invitrogen, 

Thermo Fisher Scientific) (Buck et al, 2018). Knockout mutants were cultivated in a 16 h/8 h 

light/dark cycle with continuous shaking at 20 0C and an illumination of 45 µmol photons m-2 s-1 

(Osram Lumilux L58W/840, Munich, Germany). Plated cells were cultivated under continuous 

illumination at 75 µmol photons m-2 s-1 (Osram Biolux L30W/965). 

2.3.5  Nuclear transformation of TALEN knockout mutants of P. tricornutum 

Nuclear transformation of the knockout mutants PtAUREO1a KO8 and KO9 of P. 

tricornutum was performed using a Bio-Rad Biolistic PDS-1000/He Particle Delivery System 

(Bio-Rad, Hercules, CA, USA) fitted with 1350 psi rupture disks as described previously (Apt et 

al., 1996; Kroth, 2007; Zaslavskaia et al., 2000). 108 cells per plate were bombarded with 1.25 µg 

of plasmid DNA. For selective cultivation of P. tricornutum transformants, 4 µg mL-1 Blasticidin 

S was added to the solid F/2 media. 

2.3.6 Genomic DNA isolation 

A cell pellet corresponding to 10 ml of culture in mid exponential growth phase was used 

for genomic DNA isolation using the nexttecTM 1step DNA isolation from tissues & cells kit 

(Biozym, Hessisch Oldendorf, Germany) according to the manufacturer’s instructions. The 

incubation at 56 0C with shaking at 1200 rpm was done for 2 h. The concentration of isolated 

genomic DNA was measured by Nanodrop 2000 UV/VIS Spectrometer (Thermo Fisher, 

Schwerte, Germany). 

2.3.7 Screening of complemented mutants by PCR 

To screen the introduced PtAureo1a gene with nucleotide modifications for 

complementation, we performed allele specific PCR (Serif et.al., 2017). The successfully 

incorporated mismatches in the TALEN binding sites of PtAureo1a gene were targeted for 

primary screening of the putative complemented mutants using specifically designed primers 

binding to the modified site (Fig. 2.2). PCR was performed using KAPA HiFi polymerase 

(KAPA Biosystems, Capetown, South Africa) or HiDi DNA polymerase (myPols Biotech 

GmbH, Konstanz, Germany) according to the manufacturer’s instructions. An annealing 
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temperature of 58 0C in 25 cycles was used to amplify the modified TALEN binding sites of 

PtAureo1a from isolated genomic DNA using primers Au1a_Left TALEN_for & Au1a_Left 

TALEN_rev for the left binding site while Au1a_Right TALEN_for & Au1a_Right TALEN_rev 

for the right binding site (see Supplements Table.S2.1).  

PCR products were separated on 1% agarose gels and purified using GeneClean Turbo 

Kit (MP Biomedicals, Eschwege, Germany) according to the manufacturer’s instructions. 

Purified DNA was analysed by Sanger sequencing using Au1a_Left TALEN_for and 

Au1a_Right TALEN_rev (Table.S1) for the presence of modified TALEN binding sites in 

PtAureo1a (Microsynth AG, Balgach, Switzerland). 

2.3.8 Protein Isolation and Immunoblotting 

Cell pellets corresponding to approximately 150 million cells were resuspended in lysis 

buffer (4 M urea, 1.5 M thiourea, 1% SDS, 20 mM Tris pH 7.5) and 1X protease inhibitor 

(Complete EDTA-free, Roche, Basel, Switzerland) for protein extraction. A small spatula full of 

1 mm, 0.5 mm and 0.1mm diameter beads each was added and the cells were lysed in a Savant 

FastPrep FP120 bead mill (Thermo Scientific, Karlsruhe, Germany) six times for 20 s with 

intermittent cooling on ice. Cell debris and residual beads were removed by centrifugation at 

18,000 g, 4 0C for 60 min. Separation of proteins was done in a 12% polyacrylamide gel by SDS-

PAGE (Laemmli, 1970). Each well was loaded with protein extract of either wild type, knockout 

mutant, or complemented cell lines. After blotting using a Trans-Blot Turbo Transfer System 

(Biorad, Hercules, California, United States), the nitrocellulose membrane (Amersham Protran 

0.1 µm NC, GE Healthcare, Fisher Scientific GmbH, Schwerte, Germany) was blocked with 

Roti-Block (Carl Roth, Karlsruhe, Germany) overnight. Next, it was cut between 35 and 40 kDa. 

The top half (40-250 kDa) was incubated with custom-made antiserum specific against 

PtAureo1a (Agrisera AB, Vännas, Sweden) (Schellenberger Costa et al., 2013) diluted 1:1000 

and the bottom half (10-35 kDa) with D1-specific antiserum (AS05-084, Agrisera AB) diluted 

1:10000 as a loading control for 1hr. After incubation with the primary antibody, blots were 

incubated with 1:10000 dilutions of goat anti-rabbit IgG (H&L) HRP conjugate secondary 

antibody (AS09 602, Agrisera AB) for 1hr. The blots were developed using an Odyssey FC 

Imaging System (Li-Cor, Bad Homburg, Germany). The protein expression was quantified using 

the Image Studio software (Li-Cor OFC-0914, Software version- 1.0.19) by subtracting the 
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background signal from the respective band’s expression values. This was normalized using the 

loading control and then used for comparison with respect to the wild type. 

2.3.9  Chlorophyll a determination 

Chlorophyll a was extracted by addition of 10% methanol and 90% acetone successively 

and measured spectrophotometrically according to (S. W. t Jeffrey & Humphrey, 1975). 

2.3.10  Measurement of non-photochemical quenching (NPQ) 

Mid exponential phase cell suspensions were normalized to 1 µg mL-1 Chl a content. 

NPQ was measured with an AquaPen-C AP 100 (Photon Systems Instruments, Czech Republic) 

using light pulses with an intensity of 2100 µmol photons m-2s-1 applied every 20 s (10 times) to 

induce maximal fluorescence and 700 µmol photons m-2s-1 actinic light for 3 min to induce NPQ. 

The NPQ was calculated using the following formula: 

NPQ = (Fm – Fm')/Fm' 

Fm= Maximum fluorescence measured in dark adapted samples. 

Fm'= Maximum fluorescence of illuminated samples. 

Each NPQ measurement was performed in a period between late morning and before 

noon. 

2.4  RESULTS AND DISCUSSION 

2.4.1  Construction of a complementation vector 

The TALEN knockout strains of PtAUREO1a (KO8 and KO9) were obtained by 

transformation of P. tricornutum with two plasmids that possess a sh ble gene conferring 

resistance to Zeocin as well as a nat gene conferring resistance to Nourseothricin, respectively 

(Serif et. al., 2017). Thus, to select for potential transformants expressing the complementing 

gene, an additional antibiotic resistance cassette was required. We used the pPTbsr with the bsr 

gene conferring resistance to Blasticidin S under control of the fcpA promoter (Buck et al., 

2018). To express the complementing PtAureo1a gene in the PtAUREO1a knockout strains 

under the same regulatory control as in the wild type cells, we included the endogenous 

PtAUREO1a promoter and terminator after deleting the fcpA promoter from the plasmid. We 
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constructed the complementation vector pM9_4Compln in a way that it can be used for 

expression of any gene to be complemented in P. tricornutum. The PtAureo1a gene was then 

amplified from genomic DNA of wild type Pt4 along with its endogenous promoter, terminator, 

and intron by PCR. The amplified fragment was ligated into the pM9_4Compln vector.  

As the newly introduced PtAureo1a gene may also serve as target of the TALE nucleases 

which were previously incorporated in the knockout, we modified the PtAureo1a nucleotide 

sequence at the respective TALEN binding site using synonymous codons, i.e. we changed the 

nucleotide sequence without changing the resulting amino acid sequence (Fig. 2.2). The 

modification was achieved by a combination of site-directed mutagenesis and deletion PCR 

using primers with six mismatches at the left TALEN binding site and nine mismatches at the 

right TALEN binding site (Fig. 2.2) (see Supplements Table.S2.1 for primers). The successful 

modifications were confirmed by Sanger sequencing. The summarized workflow of the 

complementation strategy is shown in Fig. 2.3.   

  

Fig. 2.3 Workflow for complementation of a knocked-out gene (X) into TALEN-

mediated knockout strains and screening of the resulting putatively complemented mutants, 

along with an estimated timeframe for each step which may depend upon available resources. 
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2.4.2  Screening of transgenic strains and PtAUREO1a protein expression 

The plasmid was transformed into two independent PtAureo1a knockout strains 

(PtAureo1a KO8 and PtAureo1a KO9) by particle gun bombardment. After two rounds of 

antibiotics selection, a total of 13 transgenic strains were obtained for complementation of 

PtAureo1a KO8 and 14 transgenic strains for complementation of PtAureo1a KO9. Screening by 

PCR was performed using primers designed to bind on the modified TALEN binding sites (Left 

and Right). From PtAureo1a KO8, strains no. 35, 46, 47, 48, 53, 56, 61 as well as 62 and from 

PtAureo1a KO9, strains no. 59, 60 and 67 showed the presence of modified TALEN binding 

sites in PtAureo1a (Fig. 2.4a and 2.6a), which was confirmed by sequencing of the PCR 

products. To demonstrate successful complementation on the protein level, we performed 

Western Blots of the putatively complemented KO8 and KO9 strains using a PtAUREO1a-

specific antiserum. PtAureo1a KO8 derived strains no. 35, 46, 48, 53, 56, 61, and 62 showed the 

characteristic PtAUREO1a band of 41.5 kDa (Fig. 2.4b), confirming the successful 

complementation along with the PCR results. Strains no. 29, 32, 34, 45, and 55, which gave 

negative PCR results, also did not show complemented PtAUREO1a protein (Fig. 4b). Strain 47, 

which showed a DNA specific amplification for altered PtAureo1a in the PCR, did not express 

the protein. Possibly, expression here is below the detection limit. For all strains, a similar 

protein expression as in the wild type was determined (Fig. 2.5). PtAureo1a KO9 strains no. 59 

and 67 also showed a band of 41.5 kDa (Fig. 2.6b), confirming successful complementation. 

Strain no. 60 shows a PCR product but no expressed PtAUREO1a protein. The positively 

selected strains were also characterized by physiological experiments.

 

Fig. 2.4 (a).  Transformed strains of PtAUREO1a KO8 screened for modified TALEN 

binding sites by PCR, followed by separation on 1% agarose gels. The expected band size is 273 

bp for the left TALEN binding site and 355 bp for the right TALEN binding site (See also Fig. 
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2.2). KO8 and WT cells were used as negative controls while the complementation plasmid 

DNA was used as a positive control.  

(b) Western blot of wild type (WT), PtAureo1a KO8 and 13 transformed strains of KO8. 

The expected molecular weight of PtAUREO1a protein is 41.5kDa. A D1-specific antiserum was 

used as a loading control.  

■-Marks strain which shows presence of a modified PtAureo1a gene but no protein. 

●-Marks strains where PCR and western blotting results correlate. 

 

Fig. 2.5 Average PtAUREO1a protein expression of 3-6 biological replicates, normalized 

with the loading control anti-D1 protein and to the wild type, bars show standard errors. 

Statistically significant differences were calculated using Mann-Whitney Rank sum test to 

compare KO8 v/s complemented mutants and wild type, ‘a’: p < 0.05 and wild type v/s 

complemented mutants, ‘b’: p < 0.05.  
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Fig. 2.6 (a). Transformed strains of PtAUREO1a KO9 screened for modified TALEN 

binding sites by PCR followed by separation on 1% agarose gels. The expected band size is 273 

bp for the left TALEN binding site and 355 bp for the right TALEN binding site (See also Fig.2). 

KO9 and WT cells were used as negative controls while the complementation plasmid DNA was 

used as a positive control. Strains 1, 5, 8, 17, 59, 60, 67, 86, 92, 94, 101, 124 and 130 are the 

transformed strains from PtAureo1a KO9 (putative complemented strains). 

(b). Western blot of wild type, PtAureo1a KO9 and 5 transformed strains of KO9. The 

expected molecular weight of PtAUREO1a protein is 41.5kDa. A D1-specific antiserum was 

used as a loading control. 

■-Marks strain which shows presence of a modified PtAureo1a gene but no protein. 

●-Marks strains where PCR and western blotting results correlate. 

2.4.3 Phenotypic characterization of PtAureo1a complemented strains 

The PtAureo1a knockout strains KO8 and KO9 previously showed a reduction of 40% in 

NPQ capacity compared to the wild type (Serif et.al., 2017). Therefore, we chose strain no. 48 

from PtAureo1a KO8 and strain no.67 from PtAureo1a KO9 based on the presence of 

comparable amount of PtAUREO1a protein to wild type to perform an NPQ analysis. As 

expected, the NPQ capacity significantly increased in both complemented lines compared to 

their respective knockout line. wild type (Fig. 2.7a). Integration of the complementation 

construct within the genome occurs randomly, which might have a positional effect on 

PtAureo1a gene regulation as well as on the protein expression. Additionally, integration of 

multiple copies of PtAureo1a gene within the genome could affect expression levels. 

Furthermore, if the complementation fragment is inserted into a functional gene, this gene could 

be disrupted. However, as P. tricornutum is diploid, a second functional gene copy should 

remain. On the other hand, the restoration of a specific phenotype by random integration into 

other functional genes is very unlikely. However, to exclude such unwanted but theoretically 

possible effect, we tested several complemented strains.  The NPQ parameter was found to be 

reliably stable across the different groups while the NPQ capacity stayed low in those lines 

exhibiting antibiotics resistance, but no detectable PtAUREO1a protein expression (Fig. 2.7b).  

(
a)

(
b)
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Fig. 2.7 Graphical representation of non-photochemical quenching (NPQ) capacity of 

wild type, knockout mutants (KO), complemented mutants and not complemented mutants.  

(a). Comparison of wild type (WT), knockout lines i.e. KO8 & KO9 and complemented 

strain no. 48 and 67. Data are arithmetic means of n = 4, biological replicates, bars show 

standard error. Statistically significant differences compared to the wild type and the knockout 

mutants compared to their respective complemented mutants, i.e. KO8 to Au1a8 Co.48 and KO9 

to Au1a9 Co.67, were calculated using One-way ANOVA, followed by Tukey’s HSD Test (*: p 

< 0.05). No statistically significant difference was obtained between WT and complemented 

strains. 

(b). The NPQ capacity trend analysis of wild type, knockout lines, complemented 

(Compl.) and not complemented lines (NC). WT and KO lines were measured with 7 biological 

replicates, while single measurements of all complemented lines of KO8 were pooled up together 

showing a general rescue or non-rescue pattern of wild type phenotype, respectively. For KO9, 

the two obtained complemented strains were measured in biological triplicates and pooled 

together. Box = 25th and 75th percentile; Whiskers = 10 and 90 percentiles respectively; x 

represents the outliers. 

 

Since Serif et al. (2017) also reported a 30% reduction in chlorophyll a content per cell in 

the PtAureo1a knockout mutants KO8 and KO9, we analyzed this parameter in the 

complemented lines as well. Most of the obtained complemented strains exhibited a higher Chl a 

content per cell than the KO line, but with variations even within the wild type lines (Fig.2.1 in 

Supplements). Chl a content per cell has been shown to be influenced by many different 
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parameters during growth, including the age of the culture and the time of day. Thus, a certain 

degree of variability among different measurements is to be expected (Ragni & d’Alcalà, 2007), 

making Chl a content per cell a less reliable parameter for mutant screening. 

The genotypic and phenotypic characteristics of obtained transgenic strains from two 

independent knockout lines indicate that 53.8% of the strains from PtAureo1a KO8 (35, 46, 48, 

53, 56, 61 and 62) and 14.3% of the strains from PtAureo1a KO9 (59 and 67) showed successful 

complementation with respect to the presence of modified PtAureo1a integration and protein 

expression. 38.5% of the strains from PtAureo1a KO8 (29, 32, 34, 45 and 55) and 78.5% of the 

strains from PtAureo1a KO9 (1, 5, 8, 17, 86, 92, 94, 101, 124 and 130) showed absence of 

modified TALEN binding sites and no protein expression but presence of Blasticidin resistance 

(Table 2.1).  

Complementation is an important tool to show that the observed phenotype in knockout 

mutants is directly related to the target gene. The restoration of a wild type phenotype after 

mutation is a clear evidence that the affected gene has a univocal role for the cell. The other 

option, backcrossing, which often is applied in other systems like e.g. Arabidopsis thaliana, is 

not a valid option for the diatom model P. tricornutum as well as for most other diatoms that 

rarely or never reproduce sexually in the lab. 

Table.2.1 Summary of genotypic and phenotypic characteristics of complementation 

transformants of PtAureo1a KO8 and 9. 
 

Samples 

Specific PCR PtAUREO1a 

Protein 

(41.5kDa) 

Chl. a 

(pg/cell)>KO 

and ≥WT 

NPQ >KO and 

≥WT TALEN Left 

Binding Site 

TALEN Right 

Binding Site 

Au1a8 Co. 29 - - - + + 

Au1a8 Co. 32 - - - - - 

Au1a8 Co. 34 - - - - - 

Au1a8 Co. 35 + + + + + 

Au1a8 Co. 45 - - - - - 

Au1a8 Co. 46 + + + + ++ 

Au1a8 Co. 47 + + - - - 

Au1a8 Co. 48 + + + + + 

Au1a8 Co. 53 + + + ++ + 
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Au1a8 Co. 55 - - - - + 

Au1a8 Co. 56 + + + + ++ 

Au1a8 Co. 61 + + + + + 

Au1a8 Co. 62 + + ++ + ++ 

Au1a9 Co. 1 - - - - - 

Au1a9 Co. 5 - - - - - 

Au1a9 Co. 8 - - - - - 

Au1a9 Co. 17 - - - - - 

Au1a9 Co. 59 + + + + + 

Au1a9 Co. 60 + + - - - 

Au1a9 Co.67 + + + + + 

Au1a9 Co. 86 - - - - - 

Au1a9 Co. 92 - - - - - 

Au1a9 Co. 94 - - - - - 

Au1a9 Co.101 - - - - - 

Au1a9 Co. 124 - - - - - 

Au1a9 Co. 130 - - - - - 

Note: 

+: Phenotype like wild type. 

++: Phenotype higher than wild type. 

-: Phenotype like knockout. 

 

A less indicative procedure to identify the functionality of a diatom protein is the 

expression of the gene in heterologous systems, which are mutated in the respective homologous 

gene as shown by (W. Huang et al., 2018; Huysman et al., 2013). Here, yeast strains often serve 

as easily transformable organisms, for which many mutants are available.     

The complementation strategy presented here for TALEN mediated knockout strains of 

P. tricornutum includes the expression of the wild type gene with the endogenous promoter and a 

modified TALEN binding site. The TALEN-mediated or CRISPR/Cas9 reverse genetics 

approach indicates that PtAureo1a is involved in light acclimation (Serif et al., 2017, 2018). The 

obtained strains showed similar amount of PtAUREO1a protein compared to the wild type. The 

NPQ capacity of two independently analyzed complemented strains (Au1a8Co.48 and 

Au1a9Co.67) showed similar extents compared to wild type (Fig. 2.7a), while analysis of all 



Chapter 2 

25	
	

complemented lines showed some degree of NPQ variability (see box plot Fig.2.7b). While 

aureochromes do have some impact on the NPQ (Serif et al., 2017, 2018), the NPQ phenotype is 

primarily associated with a number of factors such as the amount of xanthophyll cycle pigments, 

their conversion kinetics and specific members of the light-harvesting complex family (Goss & 

Lepetit, 2015; Lepetit et al., 2017; Taddei et al., 2018). It is important to note that the two 

independent PtAUREO1a knockout lines showed an approximately similar degrees of 

complementation with the obtained strains. The success rate with our method is more than 50% 

including the recovery of phenotype, at least for complementation of PtAureo1a KO8.  

Additionally, this method can be applied to all site-directed nuclease-based knockout 

methods, such as CRISPR/Cas9 or TALEN-mediated systems, to complement a gene in other 

transformable diatoms (e.g. Thalassiosira pseudonana). As the approach is relatively easy and 

rapid, we highly recommend to incorporate the complementation analysis on knockout mutants 

generated by random integration and stable expression of nucleases,  to rescue the wild type 

phenotype., This becomes obvious when taking into account that prediction rates for nuclease 

off-targeting effects are far from being perfect yet, as evidenced by the continued effort to 

develop more specific nuclease variants  (Cebrian-Serrano & Davies, 2017; Murovec et al., 

2017; Slaymaker et al., 2016), better off-target prediction tools (Kleinstiver et al., 2016; C. Zhao 

et al., 2017) as well as more sensitive techniques for detection of off-targets within the generated 

knockout strains (Zischewski et al., 2017) 

2.5 CONCLUSION  

We were able to design an efficient strategy to complement a gene in P. tricornutum to 

rescue the wild type phenotype which was lost due to TALEN mediated knockout approach. 

Most importantly, by using the described vector pM9_4Compln, any targeted gene can be 

amplified and expressed for complementation. Exemplarily, we could verify that PtAureo1a 

indeed is involved in regulation of high light acclimation. 
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3.1 ABSTRACT 

The genome of P. tricornutum encodes for four isoforms of the blue light activated transcription 

factors aureochromes (PtAureo1a/b/c/2). TALEN-mediated transformants of PtAureo1b and 2 have been 

screened to identify genetic biallelic knockout mutants. We have identified one genetic biallelic knockout 

mutant showing frameshift mutations each for PtAureo1b and 2, however, both strains in Western blots 

still showed presence of equivalent amounts of respective proteins. Additionally, several unsuccessful 

attempts of generating more transformants of PtAureo1b, suggested its vital role in P. tricornutum. These 

outcomes so far could indicate a genetic compensation among aureochromes probably because of their 

non-overlapping but connected functional roles. It needs further experiments to gather molecular 

evidences. 
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3.2 INTRODUCTION 

The pennate diatom Phaeodactylum tricornutum has become a model system due to availability 

of its genome sequence as well as transformation techniques (Bowler et al., 2008; Karas et al., 2015; 

MIYAHARA et al., 2013; Zaslavskaia et al., 2000). Recently developed TALEN (Transcription activator-

like effector nucleases) (Daboussi et al., 2014; J. Li et al., 2011; Serif et al., 2017; Weyman et al., 2015; 

Wood et al., 2011) and CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeats) (Cong 

et al., 2013; DiCarlo et al., 2013; Hopes et al., 2016; Nymark et al., 2016; Serif et al., 2018) techniques 

allow induction of targeted DNA double-strand breaks (DSB’s) to knockout genes irreversibly, and have 

been employed also for P. tricornutum. However, the role newly discovered blue light receptors, - 

aureochromes, have been studied recently by knocking out aureochrome genes using TALEN techniques 

(Serif et al., 2017). Phylogenetic analysis has shown that P. tricornutum possesses four isoforms of 

aureochromes, i.e. PtAureo1a/b/c/2, of which so far PtAureo1a has been characterized extensively (Costa 

et al., 2013; Huysman et al., 2013; Madhuri et al., 2019). To investigate molecular functions of other 

aureochromes (PtAureo1b and 2), firstly, genetic biallelic knockout mutants needs to be screened 

stringently, which is the objective of the present study. 

3.3 MATERIALS and METHODS 

3.3.1 Cultivation of algae 

TALEN mediated PtAureo1b and 2; P. tricornutum transformants were generated according to 

(Manuel Serif, PhD Thesis, 2017) and selected on solid f/2 (Apt et al., 1996; Zaslavskaia et al., 2000) 

with 75 mg mL-1 Zeocin (Invitrogen, Carlsbad, CA, USA) and 150 mg mL-1 Nourseothricin (ClonNat, 

Werner Bioagents, Jena, Germany). The transformants were grown axenically in liquid f/2 medium (50% 

sea salt content) without added silica. Cells in liquid f/2 medium were cultivated in a 16h/8h light/dark 

cycle in Erlenmeyer flasks under continuous shaking at 20°C and an illumination of 45 µmol photons 

m− 2 s− 1 (Osram Lumilux L58W/840, Munich, Germany). 

3.3.2 Allele-specific PCR 

Allele-specific PCR of PtAureo 2 transformants was performed according to (Serif et al., 2017). 

Due to lack of allele-specific differences (i.e. SNP’s) in the PtAureo1b gene, non-allele specific primers 

were used to amplify the full-length gene. The list of primers used is given in see Supplements Table 3.1. 

3.3.3 Genomic DNA isolation 

A mid-exponential diatom culture was pelleted for genomic DNA isolation according to (Madhuri 
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et al., 2019). 

3.3.4 Southern Blotting 

Isolated genomic DNA was digested using each of the following restriction enzymes overnight 

according to the manufacturer’s instructions: BamHI and BsrGI (ThermoFisher, Schwerte, Germany). 500 

ng digested DNA were separated on 0.8% agarose gels. The agarose gels were incubated for 10 min in 

denaturation solution (0.5 M NaOH, 1 M NaCl), followed by 10 min incubation in neutralization solution 

(0.5 M Tris-HCl, 3 M NaCl, pH 7.5). A dry blot was then performed overnight, i.e. the gel was placed 

downside-up onto a glass plate and the positively charged nylon membrane (Roche, Mannheim, 

Germany; 11471240001), four layers of Whatman paper (3MM Chr, 3030917, VWR, Darmstadt, 

Germany) and absorbent paper were placed on top. The blotting setup was then weighed down. The 500 

bp DIG-labeled probe was synthesized using the PCR DIG Probe Synthesis Kit (Roche, 11636090910) 

using a PtAureo1b/2 as template and primers (see Table 1). Hybridization occurred overnight using DIG 

Easy Hyb (Roche, 11603558001) at 49 °C. Post-hybridization steps were performed using the DIG Block 

and Wash Buffer set (Roche, 11585762001), but with a shortened 68 °C washing step (2x10min). The 

Anti-DIGAP antibody (Roche, 11093274910) was used at a 1:20,000-fold dilution; the alkaline 

phosphatase substrate used was CDP-Star (Roche, 12041677001). The blots were developed using 

Amersham Imager 600 (GE Healthcare, UK) for 60 min exposure. 

3.3.5 Western Blotting 

Western blots for PtAUREO1b and 2 were performed according to (Madhuri et al., 2019).  

3.3.6 RNA Isolation and cDNA synthesis  

The RNA isolation was performed using the modified protocol from Peqgold RNAPure and 

Peqgold Total RNA Kit S-Line with an on-column DNA digest using the Peqgold DNase I Digest kit 

(VWR, Germany). RNA was extracted from samples normalized on cell number and measured its 

concentration spectrophotometrically using a Nanodrop 2000 UV/VIS Spectrometer (Thermo Fisher, 

Schwerte, Germany). The cDNA synthesis was performed using the Primescript kit (Takara Bio Europe, 

France) according to manufacturer’s instructions. 

 

3.3.7 Quantitative Real-Time PCR (qPCR) 

18S_rRNA (Ensembl Gene ID: EPrPhatr3G00000013183), Phatr3_J47943.t1 (Accession no. 
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NC_011683) and RPS was used as reference gene for qPCR analysis. qPCR was run on 7500 Fast RT-

PCR system (Applied Biosystems, USA) and QuantStudio™ 3 Real-Time PCR System (Waltham, 

Massachusetts, USA). Samples were measured in biological triplicates for each gene. PtAureo1a, 

PtAureo1b, PtAureo1c and PtAureo 2 were tested in this study. Their Ct value (cycle threshold) and gene 

amplification efficiency was calculated using PCR Miner 4.0 (S. Zhao & Fernald, 2005)from obtained 

raw data. Relative mRNA transcript levels were calculated according to (Pfaffl et al., 2002). 

3.3.8 Light microscopy 

Diatom cells in the exponential phase were evaluated using an Olympus BX51 epifluorecence 

microscope equipped with a Zeiss AxioCam MRm digital camera system (Carl Zeiss Microscopy GmbH, 

Göttingen, Germany). 

3.4 RESULTS 

3.4.1 Screening of PtAureo1b knockout mutants 

Since diatoms are diploids, identification of single nucleotide polymorphisms (SNPs) was 

performed and no allele-specific differences suitable for PCR amplification could be identified for 

PtAureo1b in wild type Pt4, therefore, full-length gene amplification was performed for preliminary 

screening of biallelic knock out mutants. Strains 5 and 11 showed a deletion of approximately 250bp (Fig. 

3.1). The PtAureo1b full-length gene of strain 5 and 11 was cloned into the pcrScript MssI vector for 

whole gene sequencing (Microsynth AG, Balgach, Switzerland). The plasmid sequences confirmed 

deletions of 349 and 338 bp’s, respectively, causing frameshift mutations. 

 

Fig. 3.1 Full-length gene amplification of PtAureo1b of wild type (WT) and putative knockout 

mutants (5, 6, 7, 8, 10,11, 13, 14, 16, 17 and 18) along with negative control (C) by PCR followed by 

0.5% agarose gel electrophoresis. The expected fragment length is 1300bp. 

Further, southern blotting of strains 5 and 11 was performed for verification of biallelic knock 
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outs, which showed a deletion of approximately 300 bps in PtAureo1b (strain 5), while no band could be 

observed in strain 11. Strain 15 was included as a positive control, showing bands of similar size as in 

WT (Fig. 3.2). Southern blot confirmed that strain 5 is a genetic biallelic knockout mutant, which was 

further verified by western blotting. Interestingly, PtAUREO1b protein in strains 5, 11 and 15 is almost 

equal to WT. Furthermore, at least 2-3 bands were observed for PtAUREO1b in the western blotting, 

where the uppermost band is equivalent to its actual molecular weight, while the lower bands could be 

due to degradation or splice variants of PtAUREO1b (Fig. 3.3).  

 

Fig. 3.2 Southern blot of BamHI digested genomic DNA of wild type (WT) and putative biallelic 

knockout strains (5, 11 and 15). Shift in band compared to WT is a result of deletion, marked with red 

arrow. 

 

Fig. 3.3 Western blot of wild type (WT) and putative biallelic knockout mutants (5,11 and 15) 

using PtAUREO1b antiserum. The expected molecular sixe of PtAUREO1b is 46.7kDa. A D1-specific 

antiserum was used as loading control. 

Thus, we sub-cultured strain 5 and purified single colonies for performing western blotting to 

exclude the chances of WT contamination (Fig. 3.4). Nonetheless, PtAUREO1b protein was expressed in 
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four tested single colonies obtained from strain 5, indicative of a certain degree of genetic compensation 

(Wang et al., 1996, Santamaria et al., 2007, Hoffmann et al., 1991).  

 

Fig. 3.4 Western blot of wild type (WT), PtAureo1b putative knockout mutants (Au1b5) and 

single colony cells obtained after sub-culturing of strain 5 (Sc2, 3, 4 and 5), using PtAUREO1b 

antiserum. The expected molecular size of PtAUREO1b is 46.7kDa. A D1-sepcific antiserum was used as 

loading control. 

Furthermore, we also tested relative gene expression of aureochromes in WT and Au1b5 and 

found similar strength of PtAureo1b mRNA expression, suggesting no transcriptional or translational 

changes in strain 5 even after with a 349bp frameshift mutation in the gene. The upregulation of transcript 

numbers of PtAureo1c and 2 in Au1b5 mutant compared to wild type might indicate a multi-protein 

complex of aureochromes. However, drawing any conclusions from qPCR data here should be careful due 

to lack of biological replicates. (Fig. 3.5). 

 

Fig. 3.5 Relative gene expression of aureochromes (PtAureo1a/b/c/2) in wild type (WT) and 

putative knockout mutant of PtAureo1b (Au1b5). The data represents one biological replicate as well as 

three technical replicates. The data was normalized with 18S housekeeping gene. 
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3.4.2 Screening of PtAureo 2 knockout mutants 

Full-length amplification of the PtAureo 2 gene of 18 transformants showed that strain 13 has an 

insertion of about 400 bps in one of its alleles, while strain 18 could not be amplified (Fig. 3.6A). PtAureo 

2 possesses at least four allele-specific differences (SNP’s), thus allele-specific PCR was applied. Thus, 

we chose strain 8, 13 and 18 for allele-specific PCR and sequenced them. Sequencing of PCR products 

resulted in an 8bp deletion in allele 1 and an insertion of up to 400 bps in allele 2 of strain 13, causing a 

frameshift mutation. No change in sequence could be observed in strain 8 and 18 compared to WT (Fig. 

3.6B).  

A. 

 

B. 

 

Fig. 3.6 A. Full-length PtAureo 2 amplification of wild type (WT) and 18 transformants (putative 

PtAureo 2 knockout mutants) using isolated genomic DNA as template for PCR. The expected fragment 

length of PtAureo 2 is 1569bp. 

B. Allele-specific PCR followed by agarose-gel electrophoresis of the PtAureo 2 gene in wild 

type (WT) and putative knockout strains (8, 13 and 18). The expected fragment length is 467bp.  

Furthermore, southern blots and western blots were performed with strain 13 and wild type cells 

but did not yield reliable results due to technical issues. Thus, we considered growing wild type and strain 
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13 under red light (RL) and shift to blue light (BL) similar to conditions used by Mann et al., 2020 

(Submitted). The relative gene expression of PtAureo 2 clearly displayed a downregulation in strain 13 

compared to wild type (WT) under RL to BL shift of 10 min, indicating truncated mRNA expression and 

possibly to certain degree an influence from gene knockout (Fig. 3.7).  

 

Fig. 3.7 Relative gene expression of aureochromes (PtAureo1a/b/c/2) in wild type (WT) and 

putative knockout mutant of PtAureo 2 (C13) under RL to BL shift of 10 min. The data represents one 

biological replicate as well as three technical replicates. The data was normalized with Phatr3_J47943.t1 

housekeeping gene. 

Western blots were performed with sub-cultured single colonies of strain 13 using PtAUREO 2 

antiserum, which shows equivalent amounts of protein to WT (Fig. 3.8), which could be due to possible 

translation re-initiation, irrespective of a frameshift mutation in gene (Smits et al., 2019). Interestingly, 

when strain 13 was evaluated under light microscopy, one cell was found to show two arms as shown in 

Fig. 3.9. Notwithstanding, to characterize strain 13 as biallelic knockout mutant, southern blots should be 

repeated. Conclusively, a summary of the outcome of genetic screening of biallelic mutants of PtAureo1b 

and 2 is presented in tabular form (Table 3.1). 

 

Fig. 3.8 Western blot of wild type (WT) and single colony cells obtained after sub-culturing of 
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strain 13 (Sc1, 2, 3, 4 and 6), using PtAUREO 2 antiserum. The expected molecular size of PtAUREO 2 

is 48.8kDa. A D1-sepcific antiserum was used as loading control. 

Table 3.1. A summary of outcome of genetic screening of biallelic mutants of PtAureo1b and 2. 

Mutants PCR Western 

Blot 

Southern 

Blot Allele 1 Allele 2 

PtAureo1b No allele-specific 
differences 

  

Strain 5 349bp deletion Yes No WT 
band 

Strain 11 338bp deletion Yes Yes 

PtAureo 2  

Strain 13 8bp deletion 400bp 
insertion 

Yes Unclear 

 

 

Fig. 3.9 Light microscopy imaging of PtAureo 2 strain 13 (putative knockout mutant) under oil 

immersion 100X magnification.  

3.5 DISCUSSION 

Genetic perturbations are critical for evolution, however organisms require buffering systems to 

ensure univocal developmental progress despite of minor differences in genetic makeup or environmental 

conditions, a process known as robustness or canalization (El-Brolosy & Stainier, 2017; Mather, 1953; 

Waddington, 1959) (Fig. 3.10). El-Brolosy et al recently presented evidence for a model where mutant 

mRNA species triggers transcription of compensatory genes via activation of nonsense-mediated decay 

RNA surveillance pathway (El-Brolosy et al., 2019). Nonsense-mediated decay (NMD) is an mRNA 

decay pathway dependent on translation targeting transcripts that contain premature termination codon 
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(PTC) for decay during first round of translation. NMD assists to prevent translation of incorrectly 

processed transcripts and reduces translation of transcripts from mutant genes (Kurosaki et al., 2019). In 

this study, we used TALEN-mediated transformants of PtAureo1b and 2 generated to identify biallelic 

knockout mutants (Manuel Serif, PhD Thesis 2017). The genetic characterization of transformants 

obtained for stringent identification of biallelic knockouts was accomplished. The usage of pure knockout 

mutant for phenotype interpretation is of outmost importance. Here, we report a genetic biallelic knockout 

mutant of PtAureo1b i.e. strain 5, which however, portrays an equivalent amount of protein as wild type, 

indicating genetic compensation which has been reported (Hoffmann, 1991; Santamaría et al., 2007; 

Wang et al., 1996). It has been shown in yeast as a response to gene knockout, it may accumulate 

mutations in one or more genes modulating the affected pathways, thereby partially or fully rescuing the 

final outcome (P. Chen et al., 2016; O’Leary et al., 2013; Teng et al., 2013). Disruption of a gene’s 

function in a network may alter the expression of other genes within the same network to maintain the 

cellular health (Barabsi & Oltvai, 2004). Similarly, PtAureo1b biallelic knockout possibly may have 

functional protein and an ambiguous aureochrome network as it is known to form homo-/heterodimers 

upon blue light exposure (Banerjee et al., 2016). 
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Fig. 3.10 Proposed mechanisms of transcriptional adaptation from (Bunton-Stasyshyn et al., 

2019) and (El-Brolosy et al., 2019). Two possible modes by which RNA intermediates could increase 

expression of compensatory genes. 

However, with repeated failed attempts to obtain PtAureo1b biallelic knockout mutants, it also is 

possible that PtAureo1b probably has a vital function in diatom P. tricornutum (results not shown), 

reducing the chances for obtaining biallelic knockouts. Although, screening of PtAureo 2 knockout 

mutants yielded KO mutants, who should be screened well with Southern Blotting, however, the mutant 

shows a downregulation of probably truncated PtAureo 2 transcripts but no effect on the protein. Thus, it 

is of outmost importance to screen strictly for the knockout mutants before characterizing or drawing any 

conclusions based on observed phenotypes. 
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4.1 ABSTRACT 

Aureochromes (AUREO) are blue-light activated transcrpition factors, that so far have 

only been found in Stramenopile algae. A characteristic feature of aureochromes lies in their 

structural topology, as they possess a FMN binding LOV and a DNA binding bZIP domain. Four 

paralogues of aureochromes (1a/b/c/2) have been shown in the model diatom Phaeodactylum 

tricornutum. We overexpressed PtAureo1a/b/2 in P. tricornutum independently and studied the 

effects on their expression as well as on other genes of proteins putatively involved in circadian 

regulation like cryptochrome/photolyase family 1 (CPF1), cry DASH-like (CPF2/4), a key gene 

involved in photoprotection (Lhcx1) and bHLH-PAS (bHLH1a/b) proteins. We hereby report on 

the important role of stoichiometric ratios of aureochromes and describe a promiscuous network 

within aureochrome isoforms resulting in differential phenotypes, and the involvement of 

aureochromes in photoacclimation as well as circadian clock regulation.  
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4.2 INTRODUCTION 

Diatoms are a major class of unicellular photosynthetic microalgae. They are abundant in 

most aquatic habitats from brackish to freshwater, being able to cope with the varied light quality 

and quantity (MacIntyre et al., 2000; Ragni & Ribera D’Alcalà, 2004). Diatoms play a 

significant role in the global carbon fixation, and participate in ocean silica, iron, and nitrogen 

cycle (Hutchins & Bruland, 1998; Kemp et al., 2006; Treguer et al., 1995; Weber & Deutsch, 

2012). Diatoms are fundamental for the ecology of the aquatic environment. This class of 

microalgae is enormously diverse (R. Guillard & Kilham, 1977; Vanormelingen et al., 2008) and 

possesses unique metabolic pathways (Bowler et al., 2008, Allen et al., 2011), which were likely 

obtained from their ancestors via secondary endosymbiosis (Tirichine & Bowler, 2011). Diatoms 

have developed short-term reversible photoprotective processes to cope with dynamic light 

conditions known as non-photochemical quenching (NPQ) of chlorophyll fluorescence (Horton 

et al., 1996; X.-P. Li et al., 2000; Ruban et al., 2012).  

To thrive successfully as planktonic algae under fluctuating light conditions, they have 

developed diverse light-sensitive proteins, so-called photoreceptors, enabling them to monitor 

light and to adapt their physiological condition accordingly (Kianianmomeni & Hallmann, 

2014). The effective wavelength for light responses in photosynthetic eukaryotes is mainly in the 

red light (RL) and blue light (BL) regions (Furuya, 1993; Hans Mohr, 1982), thus similar to the 

absorption range of chlorophylls. So far, various photoreceptors have been identified in diatoms 

such as diatom phytochromes (DPH), different cryptochromes (cry), heliorhodopsins and 

aureochromes (Fortunato et al., 2016; König et al., 2017; Kroth et al., 2017; Pushkarev et al., 

2018; Takahashi et al., 2007). Although there’s strong extinction of red light in the water 

column, it maintains a significant signal underwater. As reported by (Ragni & Ribera D’Alcalà, 

2004), the flux of red photons is present throughout the photic zone. It has been concluded that 

the band ratio from the light spectrum may influence the marine phytoplankton as intricate 

switches controlling relevant processes such as pigment synthesis, photoadaptation, phototaxis, 

swimming velocity, gravitaxis and chloroplast displacement (López�Figueroa, 1992). Since 

blue-light perception is predominant underwater, its role would be of vital for diatom’s 

physiological processes, thus two blue-light photoreceptor families have been demonstrated so 

far namely, cryptochromes (crys) and aureochromes. Firstly, crys are widely distributed 

throughout all of the kingdoms mediating various light-induced responses (Chaves et al., 2011). 
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Their involvement in the circadian clock regulation is highly conserved either as an input to the 

circadian clock or as transcriptional repressors in the negative feedback loop of the circadian 

oscillator (Doherty & Kay, 2010). Bioinformatic analyses of diatom genome sequences have 

unvealed several members of the cry/photolyase family (Coesel et al., 2009), Cry-DASH (CPF2, 

4), being most represented in both P. tricornutum and T. pseudonana. Another 

cryptochrome/photolyase family protein 1 (CPF1) was found, representing an independent clade 

which is phylogenetically closer to the animal 6-4 photolyases but not to plant cry’s likely due to 

diatom’s evolutionary history (Depauw et al., 2012, Bowler et al., 2008). The functional and 

biochemical characterization of PtCPF1 have revealed its dual function as a blue-light receptor 

and 6-4 photolyase activity in vitro (Coesel et al., 2009) and transgenic cpf1 knock-down lines 

were found to be hypersensitive to UV exposure (Riso et al., 2009). It was shown that 

heterologous expression of PtCPF1 in monkey kidney cells (COS 7) repressed CLOCK: 

BMAL1-regulated expression of a reporter gene, demonstrating a role in circadian clock 

regulation (Coesel et al., 2009). The diurnal expression of PtCPF1 was shown to be rapidly 

induced at the beginning of the day, with a peak of expression one hour after the dark to light 

transition, anticipating the light onset, which is typical for circadian-regulated genes and the 

circadian components (Oliveri et al., 2014). Not much have been reported for Cry-DASH-like 

class (PtCPF2, 4) in diatoms but their diurnal expression profile was also shown to be triggered 

by light onset, but with distinct strengths of expression (Oliveri et al.,2014). 

The other class of blue-light receptors, the aureochromes, are only found in Stramenopile 

algae. They function as light-responsive transcription factor as they comprise a flavin-binding 

LOV (light, oxygen & voltage) domain and a DNA binding bZIP (basic zipper leucin) domain 

(Takahashi et al., 2007). The diatom P. tricornutum contains four isoforms of aureochromes i.e. 

PtAureo1a, b, c and 2, showing distinct diurnal expression (Schellenberger et al., 2013, Banerjee 

et al., 2016). So far only PtAureo1a has been studied extensively and was shown to be involved 

in cell cycle regulation and high light acclimation (Huysman et al., 2013, Schellenberger et al., 

2013, Serif et al., 2017, Madhuri et al., 2019). A recent transcriptomic study of PtAUREO1a 

knock-out mutant after a shift from red to blue light, displayed a fast response which affected 

nearly 90% of global gene expression, suggesting a key role in light-regulation (Mann et al., 

2020, Submitted). 
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To further, study and characterize other aureochrome isoforms (PtAureo1a, b and 2), a 

reverse genetics approach by overexpressing proteins was performed in P. tricornutum. The 

mutants overexpressing the respective proteins were characterized and studied for the impacts on 

the expression of other blue-light photoreceptors, circadian clock genes and photoprotection 

genes.  

4.3 MATERIALS AND METHOD 

4.3.1 Strain and Culture conditions  

P. tricornutum (Bohlin) strain UTEX646 (Pt4) was obtained from the culture collection 

of algae of the University of Texas (UTEX, Austin, USA). It was grown axenically in liquid F/2 

medium (50% sea salt content) without added silica. Cells in liquid f/2 medium were cultivated 

in a 16h/8h light/dark cycle in Erlenmeyer flasks under continuous shaking at 20°C and an 

illumination of 45 µmol photons m− 2 s− 1 (Osram Lumilux L58W/840, Munich, Germany). 

4.3.2 Generation of transgenic lines of PtAureo1a, b and 2  

Experiment A: 

The expression plasmid pPha-NR (GenBank JN180663, (Stork et al., 2012)) containing a 

zeocin resistance gene (Sh ble) flanked by a constitutive promoter nitrate reductase (NR), was 

used in this study to overexpress PtAureo1a (JGI Protein ID 49116) and PtAureo2 (JGI Protein 

ID 56688) in P. tricornutum. Full-length PtAureo1a and PtAureo2 cDNAs were amplified from 

GFP-AUREO fusion constructs (Schellenberger et al., 2013). PCR products were separated on 

1% agarose gels and purified using GeneClean Turbo Kit (MP Biomedicals, Eschwege, 

Germany) according to the manufacturer's instructions. Purified cDNA and pPha-NR vector 

were digested and ligated in one step Ecl136II and T4 ligase at 16 °C overnight, with successive 

inactivation of ligase and a further restriction digestion with Ecl136II to minimize background 

from empty plasmid DNA without the insert. 1 µl of ligation mix was electroporated into 

electrocompetent E. coli XL-1 Blue cells and plated on LB agar plates containing ampicillin (100 

µg mL−1) overnight at 37 °C. Colonies obtained were screened by colony PCR (see Table S1 for 

primers) with insert-orientation specific primers for PtAureo1a/PtAureo 2 respective fragment 

insertion using TaqE polymerase (Genaxxon bioscience, Ulm, Germany). Plasmid DNA was 

isolated using the QIAprep® Spin Miniprep kit (Qiagen GmbH, Hilden, Germany) and digested 
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with Ecl136II for analysis. The pPha-NR vector harbouring either PtAureo1a/ PtAureo 2 was 

verified by sequencing (Microsynth AG, Balgach, Switzerland) (Fig. 4.1). 

 

 
Fig. 4.1 PtAureo1a/2 overexpression vector map simulated in Geneious 9.1.7 

(http://www.geneious.org/vector-database) (Kearse et al., 2012). 

 

Experiment B: 

To overexpress PtAureo1b (JGI Protein ID 49458) in P. tricornutum, we  

constructed two expression vectors using:  

1. pPha-T1 with zeocin resistance gene (Sh ble) flanked by a constitutive promoter fcpA 

with EcoRV restriction digestion site in its multiple cloning site (MCS) to incorporate 

PtAureo1b genomic DNA with a 3’FLAG tag. Blunt ligation protocol was followed using 

T4 ligase. 1 µl of ligation mix was electroporated into electrocompetent E. coli XL-1 

Blue cells and plated on LB agar plates containing ampicillin (100 µg mL−1) overnight at 

37 °C. Colonies obtained were screened by colony PCR (see Supplements Table S4.1 for 

primers) with insert-orientation specific primers using TaqE polymerase (Genaxxon 

bioscience, Ulm, Germany). Plasmid DNA was isolated using the QIAprep® Spin 

Miniprep kit (Qiagen GmbH, Hilden, Germany) and digested with EcoRV for analysis. 
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The pPha-T1 vector harbouring PtAureo1b genomic DNA with a 3’FLAG tag was 

verified by sequencing (Microsynth AG, Balgach, Switzerland) (Fig. 4.2). 

 
Fig. 4.2 PtAureo1b overexpression vector map simulated in Geneious 9.1.7 

(http://www.geneious.org/vector-database) (Kearse et al., 2012) with fcpA promoter. 

 

2. pPha-NR with zeocin resistance gene (Sh ble) flanked by a constitutive promoter nitrate 

reductase (NR) with XbaI and HindIII restriction digestion sites incorporated by PCR into 

its MCS to insert PtAureo1b cDNA. Sticky-end ligation protocol was followed. After 

ligation, the DNA was electroporated into electrocompetent E. coli XL-1 Blue cells and 

plated on LB agar plates containing ampicillin (100 µg mL−1) overnight at 37 °C. 

Colonies obtained were screened by colony PCR (see Table S1 for primers) with insert-

orientation specific primers using TaqE polymerase (Genaxxon bioscience, Ulm, 

Germany). Plasmid DNA was isolated using the QIAprep® Spin Miniprep kit (Qiagen 

GmbH, Hilden, Germany). The pPha-NR vector harbouring PtAureo1b cDNA was 

verified by sequencing (Microsynth AG, Balgach, Switzerland) (Fig. 4.3). 
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Fig. 4.3 PtAureo1b overexpression vector map simulated in Geneious 9.1.7 

(http://www.geneious.org/vector-database) (Kearse et al., 2012) with NR promoter. 

4.3.3 Nuclear transformation of P. tricornutum 

Nuclear transformation of the P. tricornutum was performed using a Bio-Rad Biolistic 

PDS-1000/He Particle Delivery System (Bio-Rad, Hercules, CA, USA) fitted with 1350 psi 

rupture disks as described previously (Apt et al., 1996, Zaslavskaia et al.,2000, Kroth, 2007). 108 

cells per plate were bombarded with 1.25 µg of plasmid DNA. For selective cultivation of P. 

tricornutum transformants, 75 mg mL-1
 Zeocin (Invitrogen, Carlsbad, CA, USA) was added to 

the solid F/2 media. 

4.3.4 Genomic DNA isolation 

A cell pellet corresponding to 10 ml of culture in mid exponential growth phase was used 

for genomic DNA isolation using the nexttecTM 1step DNA isolation from tissues & cells kit 

(Biozym, Hessisch Oldendorf, Germany) according to the manufacturer’s instructions. The 

incubation at 56 0C with shaking at 1200 rpm was done for 2 h. The concentration of isolated 

genomic DNA was measured by Nanodrop 2000 UV/VIS Spectrometer (Thermo Fisher, 

Schwerte, Germany). 
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4.3.5 Protein extraction and Immunoblotting 

The samples were processed according to Madhuri et al., 2019 for protein extraction and 

immunoblotting. The custom-made antiserum specifically labelling PtAUREO1a, 1b and 2 

(Agrisera AB, Vannas, Sweden) were used as primary antisera, while D1-specific antiserum 

(AS05–084, Agrisera AB) was used as loading control. Goat anti-rabbit IgG (H&L) HRP 

conjugate was used as secondary antibody (AS09 602, Agrisera AB). The blots were developed 

using an Odyssey FC Imaging System (Li-Cor, Bad Homburg, Germany). 

4.3.6 RNA Isolation and cDNA synthesis  

The RNA isolation was performed using the modified protocol from Peqgold RNAPure 

and Peqgold Total RNA Kit S-Line with an on-column DNA digest using the Peqgold DNase I 

Digest kit (VWR, Germany). RNA was extracted from samples normalized on cell number and 

measured its concentration spectrophotometrically using Nanodrop 2000 UV/VIS Spectrometer 

(Thermo Fisher, Schwerte, Germany). The cDNA synthesis was performed using Primescript kit 

(Takara Bio Europe, France) according to manufacturer’s instructions. 

4.3.7 Quantitative Real-Time PCR (qPCR) 

18S_rRNA (Ensembl Gene ID: EPrPhatr3G00000013183) was used as reference gene for 

qPCR analysis. qPCR was run on 7500 Fast RT-PCR system (Applied Biosystems, USA) and 

QuantStudio™ 3 Real-Time PCR System (Waltham, Massachusetts, USA) . Samples were 

measured in biological triplicates as well as technical duplicates for each gene. PtAureo1a, 

PtAureo1b, PtAureo1c, PtAureo 2, PtRITMO1a and PtRITMO1b were tested in this study. Their 

Ct value (cycle threshold) and gene amplification efficiency was calculated using PCR Miner 4.0 

(Zhao et al.,2000) from obtained raw data. Relative mRNA transcript levels were calculated 

according to Pfaffl et al., 2001. 

4.3.8 Measurement of Chlorophyll a concentration 

Chlorophyll a was extracted by addition of 10% methanol and 90% acetone successively 

and measured spectrophotometrically according to (Jeffrey and Humphrey, 1975). 
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4.3.9 Measurement of chlorophyll fluorescence 

Mid exponential phase cell suspensions were normalized to 1 µg mL-1 Chl a content. 

NPQ was measured with an AquaPen-C AP 100 (Photon Systems Instruments, Czech Republic) 

using light pulses with an intensity of 2100 µmol photons m-2s-1 applied every 20 s (10 times) to 

induce maximal fluorescence and 700 µmol photons m-2s-1 actinic light for 3 min to induce NPQ. 

The NPQ was calculated using the following formula: NPQ = (Fm – Fm')/Fm', where Fm is 

maximum fluorescence measured in dark adapted samples and Fm' is maximum fluorescence of 

illuminated samples. Each NPQ measurement was performed in a period between late morning 

and before noon. The photosynthetic efficiency of PSII was calculated using the following 

formula; Max. Quantum Yield of PSII = Fv / Fm; where, F0 is minimum fluorescence level of 

darak –adapted sample when all reaction centers of PSII are open and Fm is maximum 

fluorescence level of dark-adapted sample when a high intensity pulse has been applied and all 

reaction centers of PSII are closed. 

4.4 RESULTS 

4.4.1 Overexpression of PtAureo1a in P. tricornutum 

The mutants (1aOv.16 and 29) were screened for their relative transcript abundance, 

resulting in up to 4-6-fold upregulation in PtAureo1a transcript numbers compared to wild type 

cells (Fig. 4.4). Aureo1a overexpression resulted in up to 5-fold upregulation of Aureo 2 

transcripts indicating a promiscuous interaction which might result in certain pathway 

modulation. In addition to upregulation, it influenced the downregulation of Lhcx1 and two of 

Cry-DASH like protein (CPF2, 4) (Fig. 4.4). Western blots of two mutants (1aOv.16 and 29) 

showed to overexpress PtAUREO1a protein up to 2-fold compared to wild type cells (Fig. 4.5C). 

Furthermore, we examined physiological characteristics of the two mutants, such as 

growth rates, Chl a concentration, NPQ capacity, and maximum quantum yield of PSII. We 

could not observe any significant differences of growth rates of the Au1aOv. mutants compared 

to wild type cells (Fig. 4.5B & C).  The Chl a concentration per cell was found to be differential 

among the overexpression mutants compared to WT and KO8 (Fig. 2D). The NPQ capacity of 

Au1aOv. mutants were significantly reduced to about 40% compared to wild type (Fig.2E) 

which is similar to the phenotype observed in Aureo1a knock-out mutants (Serif el al.,2017). 
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Fig. 4.4 Transcript numbers of aureochromes 1a, b, c, 2 and bHLH1a, b in the Aureo1a 

overexpression lines 1aOv.16 and 1aOv.29, presented as fold change compared to wild type cells 

(WT). Data are arithematic means of 3-4 biological replicates, bars representing SEM. 

 

Since we had observed a reduced NPQ phenotype in PtAureo1a overexpression 

mutants, we also investigated the PtLHCX1 protein, which is a key regulator of 

photoacclimation in P. tricornutum. The protein level of LHCX1 is reduced in 

overexpression mutants compared to wild type cells (Fig. 4.5C), verifying the reduced 

NPQ capacity. In both, PtAureo1a knock-out and overexpression lines, the reduced NPQ 

phenotype may indicate an essential stoichiometric balance of aureochromes which is 

requisite for regulation of photoacclimation. Although the photosynthetic efficiency of 

PSII of Aureo1a knock out mutant is significantly reduced compared to wild type cells, it 

was found to be statistically unchanged in case of Aureo1a overexpression mutants (Fig. 

4.5F). As a synopsis of genotypic as well as phenotypic characteristics of Aureo1a 

overexpression on other aureochrome paralogues, as well as on other blue-light 

photoreceptors, a complex regulatory network could be assumed.
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Fig. 4.5 Molecular and physiological characterization of wild type (WT), Aureo1a KO8 

and Aureo1a overexpression mutants (1aOv.16 and 29); A.& B. Growth curve and the growth 

rate of WT, KO8 and 1aOv.16 and 29 mutants, respectively; C. Western blot of wild type (WT) 

and Au1aOv. mutants (1aOv.16 and 29). The expected molecular weight of PtAUREO1a protein 

is 41.5kDa and PtLHCX1 protein is 15kDa. A D1 specific antiserum was used as loading 

control; D. Chlorophyll a conc. per cell (in pg) of WT, KO8 and 1aOv.16 and 29 mutants; E. 

NPQ capacity of WT, KO8 and Au1aOv. mutants (1aOv.16 and 29) and F. Maximum quantum 

yield of PSII in WT, KO8 and Au1aOv. mutants (1aOv.16 and 29). Data are arithmetic mean of 

n= 4, biological replicates, bars show the standard error mean (SEM). Statistically significant 

differences were calculated using two-tailed t-test, to compare wild type versus the knock-out 

mutant (KO8) and Au1aOv. mutants (1aOv.16 and 29), “a”: p < 0.05, and knock-out mutant 



Chapter 4 

49	
	

(KO8) versus wild type and Aureo1a overexpressing mutants, “b”: p < 0.05. 

4.4.2 Overexpression of PtAureo1b in P. tricornutum 

PtAureo1b overexpression plasmids containing fcpA and NR promoters in P. tricornutum 

respectively, were obtained after nuclear transformation. The mutants were first screened for 

overexpression of PtAUREO1b. For both plasmids that use  different promoters for expression, 

one obtained mutant each (NR1bOv.1 and 1bOv.22) was screened for overexpression of 

PtAUREO1b protein, showing  up to 3-fold increased protein compared to wild type cells (Fig. 

4.7A). Western blots of Aureo1b overexpression mutants demonstrated approximately 

corresponding amounts of protein overexpression, irrespective of the promoter used. Therefore, 

we examined only 1bOv.22 for further genetic and physiological characterization. 1bOv.22 was 

further screened for the relative transcript abundance which resulted in upto 7-fold upregulation 

of PtAureo1b compared to wild type cells (Fig. 4.6).  

 
Fig. 4.6 Quantitative gene expression of aureochromes 1a, b, c, 2 and bHLH1a, b of 

Aureo1b overexpression 1bOv.22 mutant indicated by fold change compared to wildtype (WT). 

Data are arithmetic mean of 3-4 biological replicates, bars representing SEM. 

Interestingly, the transcript numbers of PtbHLH1b (which is related to RITMO1), 

PtAureo1c and cryptochrome/photolyase family protein (CPF1) were decreased in the 

PtAureo1b overexpression line (Fig. 4.6), indicating an intricate regulatory network of with blue-

light activated transcription factors in P. tricornutum. PtAureo1b overexpression results in 5-fold 

more transcripts of the gene involved in the photoprotection i.e.  PtLhcx1 analogously while up 

to 5-fold upregulation of PtbHLH1a in the overexpression mutant indicating a promiscuous 
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interaction (Fig. 4.6). bHLH1a, also called as RITMO1 was recently shown to be involved in the 

circadian clock regulation of P. tricornutum and when it was overexpressed ectopically, the 

circadian cellular rhythm was altered (Annunziata et al., 2019). The significant upregulation of 

RITMO1 alongside the target protein AUREO1b, suggests its potential involvement in circadian 

clock regulation.  

Furthermore, physiological characteristics of PtAureo1b overexpression mutants such as 

western blot, Chlorophyll a concentration, NPQ capacity and maximum quantum yield of PSII 

were investigated. The Chl. a conc. per cell was found to be reduced significantly by 17% in 

1bOv.22 compared to wild type (Fig. 4.7). The NPQ capacity was significantly increased up to 

46% compared to wild type which was substantiated with LHCX1 protein amount and transcript 

abundance (PtLhcx1 equivocal upregulation to PtAureo1b) (Fig. 4.7A & C). Contrastingly, the 

photosynthetic efficiency of PSII remained similar to wild type cells (Fig. 4.7D), implying a 

strictly balanced regulatory pathway to maintain the cellular machinery intact.  

 
Fig. 4.7 Physiological characterization of wild type (WT) and Aureo1b overexpression 

mutants (NR1bOv.1 and 1bOv.22); A. Western blot of wild type (WT) and Au1bOv. mutants 

(NR1bOv.1 and 1bOv.22). The expected molecular weight of PtAUREO1b protein is 46.5kDa 

and PtLhcx1 protein is 15kDa. A D1 specific antiserum was used as loading control; B. 

Chlorophyll a conc. per cell (in pg.) of WT and 1bOv.22 mutant; C. NPQ capacity of WT and 

Au1bOv. mutants (1bOv.22) and D. Maximum quantum yield of PSII in WT and Au1bOv. 
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mutants (1bOv.22). Data are arithmetic mean of n= 4, biological replicates, bars show the 

standard error mean (SEM). Statistically significant differences were calculated using two-tailed 

t-test, to compare wild type & Au1bOv. mutant, “a”: p < 0.05. 

4.4.3 Overexpression of PtAureo 2 in P. tricornutum 

The mutants were first screened for overexpression of PtAUREO 2 protein as the 

preliminary strategy. Out of 31, only two mutants (Au2Ov.30 and 31) were found to be 

overexpressing PtAUREO 2 protein upto 3-fold compared to wild type (Fig. 4.9C). These two 

mutants were further screened for their relative transcript abundance which resulted in up to 16-

fold upregulation compared to wild type (Fig. 4.8). Aureo 2 overexpression results in up to 3-

fold increase in transcript abundance of Aureo1a which was vice versa in case of Aureo1a 

targeted overexpression (Fig. 4.4), implying a possible interaction of Aureo1a and 2.  

 

 
Fig. 4.8 Quantitative gene expression of aureochromes 1a, b, c and 2 of Aureo 2 

overexpression Au2Ov.30 and 31 mutants indicated by fold change compared to wildtype (WT); 

Three technical replicates and bars represent standard error. 

 

In addition to transcript abundances, we investigated physiological characteristics of two 

independent PtAureo 2 overexpression mutants (Au2Ov.30 and 31) such as growth curve, 

growth rate, protein abundance, Chl a conc. per cell, NPQ capacity and maximum quantum yield 

of PSII. The growth rate of overexpression mutants was found to lag compared to WT (Fig. 4.9A 

& B) while Chl. a conc. per cell (in pg) in Au2Ov.30 and 31 was almost similar to WT (Fig. 
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4.9D). The NPQ capacity of the mutants decreased drastically by 40% compared to WT (Fig. 

4.9E) but, PtLHCX1 protein amount didn’t decrease (Fig. 4.9C) as per seen in case of PtAureo1a 

overexpression mutants, indicating the necessity of a stoichiometric balance among aureochrome 

isoforms and an alternative photoacclimation modulation pathway. Interestingly, the 

photosynthetic efficiency was significantly reduced to about 20%, which would result in 

physiological variations (Fig. 4.9F). 

 

 
Fig. 4.9 Physiological characterization of wild type (WT) and Aureo 2 overexpression 

mutants (Au2Ov.30 and 31); A.& B. Growth curve and the growth rate of WT and Au2Ov.30 

and 31 mutants, respectively; C. Western blot of wild type (WT) and Au2Ov. mutants 

(Au2Ov.30 and 31). The expected molecular weight of PtAUREO 2 protein is 48.5kDa and 
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PtLhcx1 protein is 15kDa. A D1 specific antiserum was used as loading control; D. Chlorophyll 

a conc. per cell (in pg) of  WT and Au2Ov.30 and 31 mutants; E. NPQ capacity of WT and 

Au2Ov.30 and 31 mutants and; F. Maximum quantum yield of PSII in WT and Au2Ov.30 and 

31. Data are arithmetic mean of n= 2, biological replicates, bars show the standard error mean 

(SEM). 

4.5 DISCUSSION 

This study intended to address the characteristics of recently identified blue-light 

activated transcription factors, aureochromes, in P. tricornutum. The four paralogues found in P. 

tricornutum named Aureo1a, b, c and 2, had been shown to function distinctly (Schellenberger et 

al., 2013, Banerjee et al., 2016), yet their individual roles are unknown. To understand their 

specific functions in diatoms, we chose the classical reverse genetic approach of overexpression. 

We independently overexpressed Aureo1a, b and 2 in P. tricornutum. The screening and 

physiological characterization of obtained transgenic lines overexpressing specific aureochrome 

isoform, suggested a complex grid of regulation among each other as well as their differential 

impacts on other blue-light photoreceptors- cryptochrome/photolyase family protein (CPF1), 

Cry-DASH like (CPF2 & 4), photoprotection gene (Lhcx1) and recently identified circadian 

clock genes (RITMO1 and bHLH1b) at transcript level while their physiological characterization 

revealed further intriguing observations. 

The chlorophyll a concentration is shown to be influenced by several parameters during 

growth which makes it slightly less reliable physiological parameter in mutant screening (Ragni 

et al., 2007). This could explain the variability observed among overexpression mutants 

compared to either wild type or knock out mutants. Interestingly, phenotypic characterisation of 

Aureo1a overexpression mutants (1aOv.16 & 29), showed about 40% reduction in their non-

photochemical quenching capacity like Aureo1a knock-out mutant (KO8 & 9) as reported by 

Serif et al., 2017. Similar observations have been reported previously where overexpression of 

wild type caused identical phenotypes as loss of function mutations (for review, see (Prelich, 

2012)). The overexpression of histone pairs, SPT5, SPT6 or SPT16 each resulted in similar 

transcription-related phenotypes as loss of function mutation in those genes (Chris D Clark-

Adams et al., 1988; CHRIS D Clark-Adams & Winston, 1987; Malone et al., 1991; Swanson et 

al., 1991). This might suggest a possible involvement of aureochromes as a part of multiprotein 



Chapter 4 

54	
	

complexes where stoichiometric ratio is essential. However, PtAureo1b overexpression 

influenced an equivocal upregulation of key gene, Lhcx1 involved in photoprotection both on 

transcript as well as protein level, which illustrated the rise of about 46% in NPQ capacity. Not 

only the Lhcx1 gene, but a recently demonstrated gene named RITMO1 shown to be involved in 

circadian rhythm regulation, was strongly upregulated at transcript level. The transcript 

downregulation of PtAureo1c, bHLH1b and CPF1 also suggest an expansive effect of PtAureo1b 

in divergent mechanisms in the cell. Although, no PtAureo1b knock-out could be procured even 

after several attempts with reverse genetic tool i.e. TALEN technique, prompting towards a 

possible vital role of PtAureo1b for the diatom, P. tricornutum. 

PtAureo 2 overexpression also lead to upto 40% reduction in NPQ capacity similar to 

Aureo1a. Interestingly, the photosynthetic efficiency of PtAureo 2 overexpression mutant was 

decreased by about 20%, implying stress condition. The impairment in photosynthetic efficiency 

could be an outcome of reduced plastoquinone pool due to more absorption of excitation energy 

by PSII than PSI (Lavaud, 2007). A fascinating fact about Aureo 2 structural property is its 

inability to bind flavin mononucleotide (FMN) in the light, oxygen and voltage (LOV) domain 

(Banerjee et al., 2016), which makes it even more intriguing to study for the NPQ phenotype. 

This could foreshadow towards a direct/indirect interaction of PtAureo1a & 2 as well as to their 

overall ratio. As reported earlier, disruption of stoichiometry is relatively a common outcome of 

overexpression, which was ascertained to cause approximately 23% of observed overexpression 

phenotypes on the cell morphology (Sopko et al., 2006). The overexpression of either histone 

H2A-2B or histone H3-H4 gene pairs induced aberrant chromosome segregation (Meeks-Wagner 

& Hartwell, 1986) and gene expression defects (Chris D Clark-Adams et al., 1988), yet co-

overexpression of all four core histones together abolished the effects due to restoration of 

normal histone stoichiometry (for review, see Prelich 2012). Thus, it would be stimulating to co-

overexpress all four aureochrome isoforms and observed the rescue of observed phenotypes from 

independent overexpression. 
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Fig. 4.10 Schematic depiction of effects of Aureochrome (1a, b & 2) overexpression in P. 

tricornutum. Red line shows downregulation; Green line shows upregulation.  

To sum up the results obtained from this study, it profoundly displays a great convoluted 

network of regulation among aureochrome isoforms as well as their immense impact on other 

essential mechanisms in the cell (Fig. 4.10). These results substantiate the distinguishing roles of 

each aureochrome isoform suggesting unambiguity in their respective roles. Although further 

molecular studies would help unveil their specific roles in the cellular regulation. 
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5.1 ABSTRACT 

Diatoms are a key group among photosynthetic eukaryotes, contributing vastly to the primary 

productivity. We have compared the growth rates of the model diatom Phaeodactylum tricornutum with 

NO3- or NH4
+ as a nitrogen source, observing a preference for nitrate. Further, we found recurring 

increased diurnal expression of the nitrate reductase (NR) gene during two 16: 8 (L: D) cycles, and a 

reduced expression in darkness. We also investigated the impact of a shift from red to blue light on the 

transcription of the NR gene and a found substantial impact of blue light. Further, aureochromes, blue 

light activated transcription factors, showed prominent transcript abundance when nitrate is the sole 

source of nitrogen, while the aureochrome genes were downregulated in the presence of ammonium. The 

transcript abundance of aureochromes was stable at different nitrate concentrations, but the protein 

amount of PtAUREO1a and b was found to be increasing with nitrate concentration. Overall, these results 

might indicate an impact of aureochromes to NR regulation and vice versa. 
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5.2 INTRODUCTION 

Nitrogen plays a central role in the ocean biogeochemistry, having a significant influence on 

cycles of many other elements, especially carbon and phosphorous (N. Gruber, 2008). The two most 

common form of biologically available inorganic nitrogen is ammonium and nitrate, which dominates the 

nitrogen cycle after their assimilation by plants and photosynthetic algae (N. Gruber, 2008; Zehr & Ward, 

2002). The phytoplankton is estimated to be responsible for around 30-40% of global primary 

productivity, which summons the importance of nitrate and ammonium assimilation (Duarte & Cebrián, 

1996). Thus, numerous studies have documented processes regulating nitrate-ammonium assimilation 

kinetics in phytoplankton cells (J. A. Berges et al., 1995; Dorcht, 1990; Flynn, 1991; Hildebrand, 2005; 

Hildebrand & Dahlin, 2000). The assimilation of inorganic nitrogen is a key process regulating growth 

and productivity of photosynthetic eukaryotes, which involves regulation of several enzymes in the 

cytosol, chloroplast, and mitochondria (Hodges, 2002; Lea & Leegood, 1993; Turpin et al., 1991). Most 

phytoplankton species can utilize NO3- and NH4
+ as a nitrogen source (Raven & Giordano, 2016), while 

some species might prefer either of them. For example, in Synechococcus sp., the utility of ammonium 

over nitrate stimulates photosynthesis and growth under a light limitation condition (Ruan & Giordano, 

2017). Several studies reported a higher photosynthesis or growth rate of macro- and microalgae in the 

presence of a specific nitrogen source (Ale et al., 2011; Beamud et al., 2010; Giordano & Bowes, 1997). 

For Chlamydomonas species, ammonium is the preferred nitrogen source, negatively affecting nitrate 

assimilation (Fernandez & Galvan, 2007). In contrast to nitrate, that first must be reduced to ammonium, 

ammonium itself can be directly integrated into amino acids by condensation with glutamate to form 

glutamine catalyzed by glutamine synthetase (Miflin & Lea, 1980; Sanz-Luque et al., 2015). This avoids 

energy consuming steps of nitrogen reduction and synthesis of nitrate reductase (NR) as well as nitrite 

reductase (NiR) (Pritchard et al., 2015; Raven, 1985). In contrast, some phytoplankton species seem to 

grow faster with nitrate than with ammonium (Dorcht, 1990), probably as an adaptation to more available 

nitrogen source in their natural habitat.  

The assimilation of NO3
- is energetically at a premium cost and unlike in vascular plants, green 

algae and fungi, NR expression in diatoms is regulated on numerous levels (Parker & Armbrust, 2005; 

Poulsen et al., 2006; Poulsen & Kröger, 2005). NR abundance and activity are also post-transcriptionally 

regulated in diatoms (Poulsen et al., 2006). Brown et al., have reported variable diurnal transcript 

expression of known/ predicted genes involved in nitrogen assimilation in centric diatom, T. pseudonana. 

The NR knockout mutants showed absence of N-assimilation although their nitrate transport remained 

intact in P. tricornutum (McCarthy et al., 2017), compelling towards its vitality. The diel periodicity of 

five nitrogen assimilating enzymes were lost under continuous light, suggesting a light-dependent 
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transcript accumulation which is not circadian controlled, but rather triggered by changes in metabolic 

pools during L: D transition, influencing the mRNA oscillation (Brown et al., 2009). The respective 

enzyme, NR, comprises of prosthetic FAD group absorbing light in the range of 400nm, similar to blue 

light receptors. NR also has a pterin prosthetic group that absorbs light in the range of 300-500nm (Lillo 

& Appenroth, 2001). Interestingly, the blue light receptor CRY also has flavin and pterin as cofactors 

(Maheshwari et al., 1999). While there is evidence that NR acts as a photoreceptor in the fungus 

Neurospora crassa, where its involved as a signal for conidiation (Ninnemann, 1997), it has also been 

suggested in Chlorella saccharophila that membrane associated NR as a photoreceptor, might be 

important for nitrate uptake (Stöhr et al., 1995). Several studies have focused on the importance of light as 

an external signal for NR regulation other than nitrate concentration (Lillo & Appenroth, 2001; 

Redinbaugh & Campbell, 1991; Solomonson & Barber, 1990). Recently discovered blue light activated 

transcription factors, Aureochromes, so far only found in Stramenopiles (Takahashi et al., 2007), were the 

focus of this study in the model diatom Phaeodactylum tricornutum. There are four paralogues of 

aureochromes found in P. tricornutum i.e. Aureo1a/b/c/2 (Schellenberger et al., 2013). In the present 

study, we found that aureochromes expression appears to be greater in presence of nitrate as N-source 

over ammonium in P. tricornutum. The diurnal expression of NR was found to be recurring for two L: D 

cycles while the pattern diminished at constant darkness, suggesting that no circadian control, but other 

factors, such as metabolic compounds, might be involved in its regulation throughout the day. NR 

transcript expression was highly influenced by blue light exposure in P. tricornutum wild type but not in 

PtAureo1a knockout mutants (KO8 and 9), implying direct/indirect involvement of blue light receptors in 

NR transcript expression. Variable concentrations of nitrate might have affected PtAUREO1a and b 

protein amount, indicative of a vital influence of nitrate on aureochromes and vice versa, which would 

require further molecular evidences. 

5.3 MATERIALS and METHODS 

5.3.1 Cultivation of Algae 

The P. tricornutum (Bohlin) strain UTEX646 (Pt4) was obtained from the culture collection of 

algae of the University of Texas (UTEX, Austin, USA). It was grown axenically in liquid F/2 medium 

(50% sea salt content) without added silica. Cells in liquid f/2 medium were cultivated in a 16h/8h 

light/dark cycle in Erlenmeyer flasks under continuous shaking at 20°C and an illumination of 45 µmol 

photons m− 2 s− 1 (Osram Lumilux L58W/840, Munich, Germany). The standard nitrate or ammonium 

concentration used in F/2 medium for this study was 0.8mM. The diatom cell number was counted using 

a Multisizer 4 Coulter Counter (Beckman, USA), and the growth curve experiment was set up with equal 
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number of cells. Cell number was measured over a period of 10 days to observe the growth phases until 

stationary phase. For diurnal experiment, the diatom was cultivated in airlift reactors (see Chapter 7). 

5.3.2 RNA Isolation and cDNA synthesis  

The RNA isolation was performed using the modified protocol from Peqgold RNAPure and 

Peqgold Total RNA Kit S-Line with an on-column DNA digest using the Peqgold DNase I Digest kit 

(VWR, Germany). RNA was extracted from samples normalized on cell number and measured its 

concentration spectrophotometrically using Nanodrop 2000 UV/VIS Spectrometer (Thermo Fisher, 

Schwerte, Germany). The cDNA synthesis was performed using Primescript kit (Takara Bio Europe, 

France) according to manufacturer’s instructions. 

5.3.3 Quantitative Real-Time PCR (qPCR) 

18S_rRNA (Ensembl Gene ID: EPrPhatr3G00000013183) and RPS was used as reference gene 

for qPCR analysis. qPCR was run on 7500 Fast RT-PCR system (Applied Biosystems, USA) and 

QuantStudio™ 3 Real-Time PCR System (Waltham, Massachusetts, USA). Samples were measured in 

biological triplicates as each gene. PtAureo1a (JGI Protein ID: 49116), PtAureo1b (49458), PtAureo1c 

(56742), PtAureo 2 (56060) and PtNR (Gene ID: PHATR3_J54983) were tested in this study. Their Ct 

value (cycle threshold) and gene amplification efficiency was calculated using PCR Miner 4.0 (Zhao et 

al., 2005) from obtained raw data. Relative mRNA transcript levels were calculated according to Pfaffl et 

al., 2001. 

5.3.4 Protein extraction and Immunoblotting 

The samples were processed according to Madhuri et al., 2019 for protein extraction and 

immunoblotting. The custom-made antiserum specific against PtAUREO1a and 1b (Agrisera AB, 

Vannas, Sweden) were used as primary antibody while D1-specific antiserum (AS05–084, Agrisera AB) 

was used as loading control. Goat anti-rabbit IgG (H&L) HRP conjugate was used as secondary antibody 

(AS09 602, Agrisera AB). The blots were developed using an Odyssey FC Imaging System (Li-Cor, Bad 

Homburg, Germany). 

5.3.5 Measurement of Chlorophyll a concentration 

Chlorophyll a was extracted by addition of 10% methanol and 90% acetone successively and 

measured spectrophotometrically according to (Jeffrey and Humphrey, 1975). 
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5.3.6 Measurement of chlorophyll fluorescence 

Mid exponential phase cell suspensions were normalized to 1 µg mL-1 Chl a content. NPQ was 

measured with an AquaPen-C AP 100 (Photon Systems Instruments, Czech Republic) using light pulses 

with an intensity of 2100 µmol photons m-2s-1 applied every 20 s (10 times) to induce maximal 

fluorescence and 700 µmol photons m-2s-1 actinic light for 3 min to induce NPQ. The NPQ was calculated 

using the following formula: NPQ = (Fm – Fm')/Fm', where Fm is maximum fluorescence measured in 

dark adapted samples and Fm' is maximum fluorescence of illuminated samples. Each NPQ measurement 

was performed in a period between late morning and before noon. The photosynthetic efficiency of PSII 

was calculated using the following formula; Max. Quantum Yield of PSII = Fv / Fm; where, F0 is minimum 

fluorescence level of dark –adapted sample when all reaction centers of PSII are open and Fm is maximum 

fluorescence level of dark-adapted sample when a high intensity pulse has been applied and all reaction 

centers of PSII are closed. 

5.4 RESULTS 

5.4.1 Growth of diatom, P. tricornutum under different N-sources 

The growth characteristics of P. tricornutum were studied in the presence of two major nitrogen 

sources, i.e. nitrate and ammonium. The growth rate was significantly curtailed in the presence of 

ammonium compared to nitrate as N-source (Fig. 5.1A & B), while no effect on their chlorophyll a 

concentration per cell could be observed (Fig. 5.1C). Also, the non-photochemical quenching capacity 

was not affected by different N-sources (Fig. 5.1D), as well as the photosynthetic efficiency of PSII 

(Fig.5.1E). 

Further, the response of gene expression of blue-light receptors to different N-sources was studied 

quantitatively using real-time PCR. Aureochrome isoforms (Aureo1a/b/c/2) and NR-gene expression was 

found to be significantly downregulated when ammonium was used as a primary nitrogen source, 

indicating greater transcript expression towards nitrate as N-source. We also studied gene expression of 

nitrate reductase (NR) gene under both N-sources, which indicated higher expression when nitrate was 

used compared to ammonium (Fig. 5.1F). 

5.4.2 Diurnal expression of Nitrate reductase (NR) gene in P. tricornutum 

We have analyzed the diurnal expression of the NR gene under light: dark (16: 8) and constant 

darkness in P. tricornutum (Fig. 5.2). The mRNA level appeared to be expressed maximally at ZT9 and 

the pattern was recurring the next day in light: dark condition while under constant darkness the 
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expression level remained stagnant, indicating no circadian control, instead other factors might be 

involved in its regulation throughout the day. The NR gene expression reached a maximum 

approximately two hours after light input but then decreased, although the light phase continued. Lillo (in 

1991) reported similar NR mRNA expression pattern in corn plants. The light upregulates NR mRNA 

nonetheless there is certain negative feedback mechanism downregulating the NR mRNA level in the 

presence of light (Lillo, 1994). 

 

Fig. 5.1 Physiological characteristics of P. tricornutum grown under different N-sources, i.e. 

nitrate and ammonium: (A & B) Growth curve and growth rate respectively; (C) Chlorophyll a 

concentration per cell; (D) Non-photochemical quenching (NPQ) capacity; (D) Maximum quantum 
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efficiency of PSII; (F) The transcript analysis of aureochrome isoforms (Aureo1a/b/c/2) and nitrate 

reductase gene (NR): The relative gene expression is represented as mean Log2 value normalized on two 

housekeeping genes: 18S and RPS. The data represents arithmetic mean of 3 biological replicates and bars 

represents SEM. Statistical significance was calculated using one-tailed t-test with p-value < 0.05, 

represented by “*”. 

 

Fig. 5.2 Diurnal expression of nitrate reductase (NR) gene in P. tricornutum under light: dark 

(16: 8) and continuous darkness. The relative gene expression is represented as mean Log2 value 

normalized on two housekeeping genes: 18S and RPS. The data represents arithmetic mean of 3 biological 

replicates and bars represents SEM. Grey shading indicates dark phase of light: dark cycle. 

5.4.3 Effect of a Red to Blue light shift on NR expression in P. tricornutum 

The regulation of NR gene expression has been demonstrated to be a complex process in higher 

plants (Lillo & Appenroth, 2001). Although, in plants phytochromes have been reported previously to 

regulate NR most probably by transcriptional control (Appenroth et al., 1992), Sasakawa et al., has 

reported greater effectiveness of blue light on continuous illumination than red light on NR induction in 

etiolated rice seedlings (Sasakawa & Yamamoto, 1979). Therefore, we analyzed the transcriptome data of 

P. tricornutum wild type (WT) and the blue light receptor aureochrome, PtAureo1a knockout mutants 

(KO8 and 9) shifted from 12 days continuous red light to blue light (Mann et al., 2020, Submitted), to 

study the effects on the nitrate reductase (NR) gene (PHATRDRAFT_J54983). We found upregulated 

transcripts of NR with 10 min and 60 min of continuous blue light illumination in wild type cells, while in 

the two independent knock out lines a minor change was observed, indicating possible role of blue light 

receptors at transcriptional level (Fig. 5.3). 
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Fig. 5.3 Comparison of transcript levels of nitrate reductase (NR) gene between P. tricornutum 

wild type cells and PtAureo1a knockout mutants (KO8 and 9) after 12 days of continuous red light (0min) 

and shifted to 10 min & 60min continuous blue light. The TPM data was used from transcriptomic studies 

conducted by Mann et al., 2020. The bars represent SEM among 3 biological replicates of WT and KO8 

while 2 biological replicates of KO9. 

5.4.4 Aureochromes expression in P. tricornutum in the presence of different N-

sources  

Since the role of light for regulation of NR expression has been elucidated, we studied whether 

the transcription of the blue light receptors i.e. Aureochromes (Aureo1a/b/c/2) in P. tricornutum is also 

affected with N-sources. Our study firstly intended to observe any effects of N-sources on gene 

expression. The experimental design comprises optimum (0.8mM) concentrations of both NO3
-/NH4

+ and 

experiments with additional 0.8mM NO3
-/NH4

+
,
 added on the third day after inoculation. The results show 

a downregulation of NR   addition of nitrate as well as ammonium, while gene expression of aureochrome 

isoforms remained mostly stable (Fig. 5.4). However, there was a significant downregulation of 

aureochromes when ammonium was used as sole nitrogen source. Furthermore, PtAUREO1a protein was 

found to be increased after under ammonium compared to nitrate, while it showed slight effects after 

addition of 0.8mM NO3
-/NH4

+. This indicates ambiguous regulatory effects, which requires further 

analysis to prove any correlation between the N-content and the blue light receptor expression. However, 

a steady amount of PtAUREO1a protein could be observed when grown under different nitrate 

concentrations compared to ammonium as sole source of nitrogen (Fig. 5.5). 
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Fig. 5.4 The relative gene expression of PtAureo1a/b/c/2 and nitrate reductase (NR) gene of P. 

tricornutum grown under nitrate and ammonium condition as well as with their differential concentration 

represented as Exp. compared to control (C). The mean Log2 value was normalized on two housekeeping 

genes 18S and RPS. The bars represent SEM among three biological replicates. Experiment condition 

represents additional N-content (0.8mM NO3
-/NH4

+ on 3rd day of cultivation) in the medium compared to 

Control condition where, regular N-conc. of 0.8mM (NO3
-/NH4

+) is used. 

 

Fig. 5.5 Western blots showing the PtAUREO1a (41.7kDa) amount in P. tricornutum grown in 

the presence of nitrate or ammonium as well as with their differential concentration represented as Exp 
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compared to control (C). Experiment condition (Exp) represents additional N-content (0.8mM NO3
-/NH4

+ 

on 3rd day of cultivation) in the medium compared to Control condition where, regular N-conc. of 0.8mM 

(NO3
-/NH4

+) is used. Three biological replicates were used in this study shown as C1, 2, 3 and Exp1, 2, 3 

for Nitrate and Ammonium conditions. A D1-antiserum (35kDa) was used as loading control. 

5.4.5 Aureochromes expression under different NO3
- concentrations 

The results so far showed that nitrate as sole nitrogen source may increase aureochrome gene 

expression in P. tricornutum. 0.16mM of nitrate (N20) was found to be a limiting concentration for 

growth of P. tricornutum while a doubled concentration (1.6mM nitrate (N200)) resulted in similar 

growth compared to the optimum nitrate concentration (N100) (Fig. 5.6).  

 

 

 

Fig. 5.6 Growth curve of P. tricornutum under different concentrations of nitrate used as sole 

source of nitrogen. The cell number was measured over a period of 10 days. The legend shows the 

different nitrate concentrations. The data represents arithmetic mean of 3 biological replicates and bars 

show SEM.  

Based on the results, concentrations N20, N200 and N300 (excess 2.4mM) were applied to study 

expression of aureochromes. The gene expression of aureochromes and a circadian clock component 

(bHLH1a) (Annunziata et al., 2019) were found to be moderately stable while nitrate reductase (NR) gene 

was downregulated under double and excess nitrate concentrations, confirming our previous results (Fig. 

5.7).  
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Fig. 5.7 Relative gene expression of aureochrome isoforms (PtAureo1a/b/c/2), bHLH1a, and 

nitrate reductase (NR) under nitrogen limited (N20), double (N200) and excess (N300) conditions. The 

mean Log2 value was normalized on two housekeeping genes: 18S and RPS. The bars represent SEM. 

Furthermore, we analyzed PtAUREO1a and b protein amounts and found a gradual increase with 

increasing nitrate concentrations (Fig. 5.8). This could suggest a potential post-translational influence on 

aureochrome due to variable nitrate concentration. 

 

 

Fig. 5.8 Western blots showing PtAUREO1a (41.7kDa) and b (46.8kDa) protein amounts under 

nitrogen limit (N20), double (N200) and excess (N300) conditions. Three biological replicates are shown 

in the blot. D1 (35kDa) was used as loading control. 
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5.5 DISCUSSION 

In the first part of this study, we have compared the physiological characteristics of P. 

tricornutum when grown under either NO3
-/NH4

+ as sole nitrogen sources. PSII quantum efficiency 

allows monitoring changes in quantum yield of non-cyclic electron transport in vivo (Genty et al., 1989). 

Electron transport may provide a source for alternative electron sinks such as nitrate reduction. Since 

assimilation of NO3
- is energetically costly for algae, we expected efficient quantum yields of PSII when 

NH4
+ is supplied as sole nitrogen source, but no effects were found similar to the reports from (Lachmann 

et al., 2019). Although, this contrasts with a higher maximal photosynthetic rate in Dunaliella salina 

grown in NH4
+ rather than NO3

- (Giordano & Bowes, 1997). The genome sequences of the pennate diatom 

P. tricornutum (Bowler et al., 2008) have procured important information about its regulatory and 

metabolic components. It contains genes encoding several transporter proteins for uptake of organic and 

inorganic nitrogen sources (Allen et al., 2005; Armbrust et al., 2004; Hildebrand, 2005; Rees & Syrett, 

1979). The extracellular nitrate is imported then reduced to nitrite by the activity of a cytosolic NADH-

dependent nitrate reductase (NR). Further, the plastidic nitrite reductase (NiR) catalyzes the reduction of 

nitrite to ammonium, which is assimilated into the amino acid glutamine via combined cascading of 

glutamine synthetase (GS) and glutamate synthase (GOGAT) (Brown et al., 2009). Diel periodicity in NR 

protein abundance and activity has been reported for T. pseudonana, T. weissflogii and natural 

assemblages of phytoplankton (J. Berges, 1997; J. A. Berges et al., 1995; Vergara et al., 1998). Here we 

report diurnal expression of NR in P. tricornutum, which appears to follow similar mRNA accumulation 

pattern as reported by Brown et al., 2009. The diurnal transcription of the NR gene peaks two hours after 

light onset, decreases over the course of the day, and increases again during the dark period. The 

oscillation was abolished under constant darkness indicating that the circadian oscillator might not control 

the diurnal changes in mRNA. Brown et al., 2009 reported similar results in T. pseudonana under 

continuous light. The diel pattern of NR protein and activity abolished after a shift to continuous light 

indicating periodicity is not directly controlled by a circadian rhythm in diatom Thalassiosira weissflogii 

(Vergara et al., 1998). 

It has been shown that light plays an important role as an external signal for regulation of the 

expression and activity of NR (Lillo, 1994; H Mohr et al., 1992; Pattanayak & Chatterjee, 1998; 

Sivasankar & Oaks, 1996), which indicates an involvement of specific photoreceptors. For higher plants, 

NR responses have been demonstrated to be mediated through the phytochrome system (Appenroth et al., 

1992; Melzer et al., 1989; H Mohr et al., 1992; Pilgrim et al., 1993; Rajasekhar et al., 1988). Effects of 

different light colors on NR regulation have been reported in plants and algae (Aparicio & Quiñones, 

1991; Sasakawa & Yamamoto, 1979). Our results obtained from RNA-seq analyses of P. tricornutum 



Chapter 5 

68	
	

(Mann et al., 2020, Submitted), show significant upregulation of NR transcripts after 60min of continuous 

blue light illumination while it was suppressed in PtAureo1a knockout mutant, hinting towards direct or 

indirect Aureo1a mediated NR mRNA regulation. Further, the effects of various N-sources at different 

concentrations were studied to observe effects on blue light receptors, aureochromes and NR gene in P. 

tricornutum. We found nitrate to be the better N-source for photosynthesis and growth over ammonium, 

which is congruent to a report by (Lachmann et al., 2019) for the green alga Chlamydomonas acidophila. 

Also, we observed no effects of various nitrate concentrations on aureochromes on the transcriptional 

level, which could be explained with reports by McCarthy et al., 2017, showing an intracellular storage of 

excess nitrate in vacuole of P. tricornutum Together with a gradual increase of PtAUREO1a and b 

amount (this work), this indicates post-translational effect on aureochromes. Thus, it is likely that 

aureochromes might have a vital role in N-assimilation via NR regulation which would requisite further 

work. 
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6.1 ABSTRACT 

Aureochromes are novel class of blue light photoreceptors, found only in Stramenopiles. Their 

unique structural composition of LOV and bZIP domain fabricates them as blue light activated 

transcription factor that can influence other cellular genes directly/indirectly. There are four paralogues of 

aureochromes (PtAureo1a/b/c/2) defined in the diatom Phaeodactylum tricornutum. Thus, in this study 

we investigated the response of aureochromes to different light wavelengths, where green light showed to 

be most prominent for aureochrome gene expression. Further, wild type cells were grown in 12 days of 

blue light (BL) and shifted to 10 and 60 min of red light (RL) to study aureochrome response. It (what) 

was found to be downregulated after RL exposure of 60 min, suggestive of possible role in its short-term 

acclimation. Mann et al., 2020 reported dramatic shift in global gene expression after 10 days of RL to 10 

and 60 min BL shift in P. tricornutum by RNA-seq showing key role of PtAureo1a as a master switch, 

which we verified by PtAureo1a complemented mutants using qPCR and western blot analysis. We 

further demonstrate a higher protein stability of PtAUREO1b while PtAUREO1a appeared to be prone to 

BL dependent downregulation/degradation, which requisites further study. 

6.2 INTRODUCTION 

Diatoms are predominant phytoplankton in marine and freshwater environments (Field et al., 

1998), contributing at least 20% of the global CO2 assimilation and to the biogeochemical cycling of 

nutrients (Smetacek, 1999). Since their origin about 180 million years ago, diatoms have displayed 

flexibility in adapting to different environmental conditions (KOOISTRA et al., 2007) by utilizing refined 

mechanisms to respond to the environmental changes (Bowler et al., 2008; Depauw et al., 2012; 

Falciatore et al., 2000; Ianora et al., 2004; Vardi et al., 2006). Light is one of the key factors for 

photosynthetic growth and the variable light adaptation has been extensively studied (Bailleul, Rogato, et 

al., 2010; Paul G Falkowski et al., 1985; Lepetit et al., 2017; Nagao et al., 2019; Platt & Jassby, 1976). 

The effects of fluctuating or oscillating light have been studied physiologically (Litchman, 2000, 2003; 

Orefice et al., 2016; Wagner et al., 2006). However, to sense light quality and quantity, they (who) either 

utilize indirect approach via retrograde signaling (Lepetit & Dietzel, 2015) or directly via photoreceptors, 

light sensing molecules which consist of a sensory input and a chromophore. Diatoms possess various 

photoreceptors such as diatom phytochromes (Fortunato et al., 2016), cryptochromes (König et al., 2017), 

heliorhodopsins (Pushkarev et al., 2018) and aureochromes (Kroth et al., 2017). The aureochromes are a 

novel class of blue light photoreceptors, which were first identified in the Xanthophyte Vaucheria frigida 

(Takahashi 2007) and found to be restricted to group of Stramenopile (Ishikawa et al., 2009). Their 

inversed structural topology i.e. a C-terminal LOV (light, oxygen, voltage) domain and an N-terminal 
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bZIP (basic region leucine zipper) domain makes them light activated transcription factors (Takahashi et 

al., 2007). The genome of the diatom Phaeodactylum tricornutum encodes four aureochromes paralogues 

i.e. PtAureo1a/b/c/2 (Schellenberger Costa et al., 2013b). Their biophysical properties have been studied 

extensively confirming blue light induced homo-/heterodimerization and DNA binding (A. Banerjee, 

Herman, Kottke, et al., 2016; Heintz & Schlichting, 2016; Herman et al., 2013). The mRNA expressions 

of aureochrome paralogues have been shown to follow distinct diurnal pattern (Banerjee et al., 2016). 

PtAureo1a silencing lines indicate an involvement of PtAUREO1a in triggering photosynthetic 

acclimation to different light colors and intensities (Schellenberger Costa et al., 2013) and knockout lines 

indicate their involvement in high light photoacclimation (Serif et al., 2017). Mann et al., 2020 

(Submitted) reported a key role of PtAureo1a protein in cellular acclimation to different light colors (red 

to blue light shift). Thereby, in the present study we attempted to understand the influence of six light 

colors (white, red, yellow, green, cyan and violet) upon aureochromes and found green light to inducing 

maximal expression of aureochromes. We studied expression of aureochromes under 12 days BL to 10 

and 60 min RL shift and observed their downregulation, implying to have a role in short-term red-light 

acclimation. We also verified the RNA-seq results from Mann et al., 2020 using PtAureo1a 

complemented mutants in addition to PtAureo1a knock out mutants using qPCR analysis of few strongly 

regulated genes under 10 days of RL to 10- and 60-min BL shift. Alongside, we demonstrated the effects 

of RL to BL shift on protein level using PtAUREO1a and b antisera. The western blot showed 

downregulation of PtAUREO1a after 60 min of blue light while PtAUREO1b remained stable. To 

investigate further, we extrapolated the RL to BL shift until 240 min with a lower light intensity and 

found similar results, indicative of stable PtAUREO1b while sort of light-dependent degradation of 

PtAUREO1a, which requires further molecular evidences. 

6.3 MATERIALS and METHODS 

6.3.1 Cultivation of wild type in multi-cultivator under 6 light colors 

Wild type cells (Pt4) were grown in Multi-cultivator MC 100-OD (PSI, Czech Republic) using 

six different light colors (white, red, yellow, green, cyan, and blue). Their light intensity was adjusted to 

yield the same amount of photosynthetically absorbed radiation (Qphar 20 µmol photons m-2 s-1) according 

to Gilbert et al., 2000 (see Table 6.1). The diatoms were acclimated to light colors for at least 10 days 

before harvesting and grown under 16: 8 day: night cycles at 20oC at an optical density of 0.3, which was 

maintained using a turbidostat. Samples were filtered onto 1.2 µm RTTP polycarbonate filters (Merck-

Millipore, Darmstadt, Germany), flash-frozen in liquid nitrogen and stored at -80oC.  
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Table 6.1. Light color intensities used in the Multi-Cultivator showing adjusted intensities with 

Qphar of 20µmol photons m-2 s-1 

 LED Intensity determined by 

Qphar (µmol photons m-2 s-1) 

Adjusted intensity 

(µmol photons m-2 s-1) 

1 White 79.02 100.75 

2 Red 228.29 281.45 

3 Yellow 139.93 169.52 

4 Green 75.99 88.14 

5 Cyan 54.15 58.42 

6 Blue 51.86 52.07 

 

6.3.2 Cultivation of wild type under BL to RL shift 

Wild type cells were grown in Erlenmeyer flasks on an orbital shaker in a growth chamber 

(Algaetron, PSI, Czech Republic) for 10 days at 20°C and continuous 150 µE m-2 s-1 of blue light (BL) 

and then shifted to 213 µE m-2 s-1 of red light (RL) for 10 min. After 12 days of blue light, zero time point 

samples were harvested and shifted to red light for 10 min and 60 min for protein detection and gene 

expression analysis. 

6.3.3 Cultivation and sampling of WT, PtAureo1a knock out and complemented 

mutants under RL to BL shift 

Wild type, PtAureo1a knockout (KO8 and 9) and PtAureo1a complemented mutants (1a8Co.56, 

61 and 1a9Co.59 respectively) were grown in Erlenmeyer flasks on an orbital shaker in a growth 

chamber, Algaetron (PSI, Czech Republic) for 10 days at 20°C and continuous 213 µE m-2 s-1 of red light 

(RL) and then shifted to 150 µE m-2 s-1 of blue light (BL) for 10 min. After 10 days of red light, zero time 

point samples were harvested and shifted to blue light for 10 min (for RNA isolation) and 60 min (for 

protein detection). This was an adaptation from Mann. et al., 2020 (Submitted). 

6.3.4 RNA Isolation and cDNA synthesis  

The RNA isolation was performed using the modified protocol from Peqgold RNAPure and 

Peqgold Total RNA Kit S-Line with an on-column DNA digest using the Peqgold DNase I Digest kit 

(VWR, Germany). RNA was extracted from samples normalized on cell number and measured its 



Chapter 6 

73	
	

concentration spectrophotometrically using Nanodrop 2000 UV/VIS Spectrometer (Thermo Fisher, 

Schwerte, Germany). The cDNA synthesis was performed using Primescript kit (Takara Bio Europe, 

France) according to manufacturer’s instructions. 

6.3.5 Quantitative Real-Time PCR (qPCR) 

As 18S_rRNA (Ensembl Gene ID: EPrPhatr3G00000013183) was found to be ambiguous with 

red to blue light shift, we tested 4 genes which were stable during the shift and used one of them, i.e., 

Phatr3_J47943.t1 (Accession no. NC_011683), as the reference gene for qPCR analysis. While for 

different light color samples, we used 18S_rRNA as reference gene. qPCR was run on 7500 Fast RT-PCR 

system (Applied Biosystems, USA) and QuantStudio™ 3 Real-Time PCR System (Waltham, 

Massachusetts, USA). Samples were measured in biological triplicates as in conjunction with technical 

triplicates for each gene. Their Ct value (cycle threshold) and gene amplification efficiency was 

calculated using PCR Miner 4.0 (Zhao et al., 2005) from obtained raw data. Relative mRNA transcript 

levels were calculated according to Pfaffl et al., 2001. 

6.3.6 Protein extraction and Immunoblotting 

The samples were processed according to Madhuri et al., 2019 for protein extraction and 

immunoblotting. The custom-made antiserum specific against PtAUREO1a and 1b (Agrisera AB, 

Vannas, Sweden) were used as primary antibody while D1-specific antiserum (AS05–084, Agrisera AB) 

was used as loading control. Goat anti-rabbit IgG (H&L) HRP conjugate was used as secondary antibody 

(AS09 602, Agrisera AB). The blots were developed using an Odyssey FC Imaging System (Li-Cor, Bad 

Homburg, Germany). 

6.4 RESULTS 

6.4.1 Effects of different light colours on Aureochromes 

We cultivated wild type in Multi-Cultivator MC 1000-OD using their independently adjustable 

light conditions such as intensity, color, timing, and modulation etc. for each tube, to investigate the 

effects of different light colors from the visible spectrum on the aureochromes,. The cell cultures were 

subjected to at least 10 days acclimation to light color and similar light intensity adjusted to yield the 

same amount of photosynthetically absorbed radiation. The samples were used to isolate RNA and 

produce cDNA for gene expression analysis. The qPCR analysis as shown in Fig. 6.1, suggested maximal 

regulation of aureochromes under green light compared to other light colors. However, to examine the 

protein variation under different light conditions, we used antisera against PtAUREO1b as shown in Fig. 



Chapter 6 

74	
	

6.2. Interestingly, the PtAUREO1b protein amount under green light did not correlate positively with its 

respective mRNA expression, which could indicate towards possible post-transcriptional modifications. 

The protein amount of PtAUREO1b under yellow light was found to comparable to white light. 

Interestingly, PtAUREO1b protein under different light colors showed at least 2-3 bands while single 

band was observed only under red light, suggestive of possible active/inactive forms of proteins in the 

presence/absence of red light. 

 

Fig. 6.1 The relative gene expression analysis of wild type aureochrome isoforms (Aureo1a/b/c/2) 

under different light colors. Log2 values of expression data are also shown. The data is obtained from one 

biological replicate and three technical replicates.  

 

0	

0.0005	

0.001	

0.0015	

0.002	

0.0025	

Aureo1a	 Aureo1b	 Aureo1c	 Aureo	2	

Re
l.	
Ex
p.
	

White	 Red	 Yellow	

-20	

-15	

-10	

-5	

0	
Aureo1a	 Aureo1b	 Aureo1c	 Aureo	2	

Lo
g 2
	R
el
.	E
xp
.	

White	 Red	 Yellow	 Green	 Cyan	 Blue	



Chapter 6 

75	
	

Fig. 6.2 Western blot of wildtype grown under white, red, yellow, green, cyan and blue light 

using PtAUREO1b antiserum. The expected molecular size of PtAUREO1b is 46.7kDa. A D1-specific 

antiserum was used as loading control. 

6.4.2 Transcript and protein analysis of Aureochromes after blue to red light shift in 

P. tricornutum (wild type)  

We acclimated the wild type cells for 12 days under continuous BL (150µE m-2 s-1) and then 

shifted them to continuous RL (213µE m-2 s-1). We analyzed gene expression of aureochromes and diatom 

specific phytochrome (DPH1) under this BL to RL shift (Fig. 6.3). Interestingly, the expression of 

aureochromes (PtAureo1a/b/c/2) was downregulated after shift from BL to RL. With 10 min exposure of 

RL, DPH1 expression was slightly upregulated, which further dampened with 60 min of RL. However, 

this would require more replicates to conclude although hint of not so dramatic response from BL to RL 

shift can be speculated. We also demonstrated the protein amount, e.g. PtAUREO1b under BL to RL shift 

showing an accumulation of protein after 60 min of RL, which needs further repetition to draw any 

conclusion (Fig. 6.4). 

 

Fig. 6.3 The relative gene expression of aureochromes and diatom-specific phytochrome (DPH) in wild 

type grown under 12 days of continuous BL (150µE m-2 s-1) and then shifted to continuous RL (213µE m-

2 s-1). The gene expression was normalized using Phatr3_J47943.t1 (Accession no. NC_011683). The data 

represents one biological replicate and three technical replicates.  
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Fig 6.4 The western blot of wild type grown under 12 days of continuous BL (150µE m-2 s-1) and then 

shifted to continuous RL (213µE m-2 s-1), using PtAUREO1b antiserum. The expected molecular size of 

PtAUREO1b is 46.7kDa. A D1-specific antiserum was used as loading control.  

6.4.3 Transcript and protein analysis of aureochromes after red to blue light shift in 

P. tricornutum (wild type), PtAureo1a knock out and complemented mutants  

Wild type, PtAureo1a knock out (KO8 & 9) and their respective complemented mutants 

(1a8Co.56, 61 and 1a9Co.59) were grown under continuous red light for 10 days and then shifted to 

continuous blue light for 10min & 60min. We performed qPCR of genes, which were shown to be 

strongly up-/downregulated with RL to BL shift based on transcriptomic data from Man et al., 2020 

(Submitted) and PtAureo1b and 2. We could observe strong regulatory differences (up-/downregulation) 

between wild type and knock out mutants upon RL to BL shift, which was rescued in the complemented 

mutants, verifying an essential role of Aureo1a in P. tricornutum (Fig.6.5). 

Furthermore, we analyzed the PtAUREO1a protein variation with RL to BL shift as shown in Fig. 

6.6. The protein amount was downregulated with BL shift in wild type while similar effect was observed 

in PtAureo1a complemented mutants.  

However, the multiple bands versus single band of PtAUREO1b, observed under different light 

colors were intriguing, thus we tested it under RL to BL shift as well (Fig. 6.7). Firstly, the PtAUREO1b 

protein amount was found to be downregulated in PtAureo1a knock out mutants compared to wild type 

while it was re-established in PtAureo1a complemented mutants, implying a sort of direct/indirect 

regulation of PtAUREO1b by PtAureo1a or a co-regulation of both aureochromes (Fig. 6.7A and B). 

Secondly, we found absence of multiple bands of PtAUREO1b under either RL/BL but under white light, 

the multiple band patterns were evident in wild type. There was no downregulation of PtAUREO1b 

protein under RL to BL shift; however, its downregulation in PtAureo1a knock out mutants was 

observed, indicative of its stability as well as ambiguous co-regulatory control by PtAureo1a (Fig. 6.7C 

and D). These observations are demonstrative of a complex regulatory organization of aureochromes in 

diatom, P. tricornutum. 

Since we observed a downregulation/degradation of PtAUREO1a protein upon continuous BL 

exposure of 60 min in wild type, PtAureo1a knock out (KO8) and PtAureo1a complemented mutant 

(Co.48; Madhuri et al., 2019), we continued the BL exposure to 240 min and performed another western 

blotting but with low light intensity (50µE m-2 s-1) compared to previous RL to BL shift experiment.  
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Fig. 6.5 qPCR analysis of change in expression of selected genes based on RNA-seq data from 

Mann et al., 2020 (Submitted) in wild type, PtAureo1a knockout (KO8 & 9) and PtAureo1a 

complemented (1a8Co.56, 61 and 1a9Co.59) mutants, indicated in Log2 fold changes. The data represents 

mean of three biological replicates of each. Statistical significance was calculated using one-tail t-test 

with a p-value < 0.05; ‘a’ indicates statistical significance compared to the wild type, while ‘b’ indicates 

statistical significance of the knockout line compared to the respective complemented line with p<0.05. 

Standard error is indicated. 
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Fig. 6.6 Western blots of (A) wild type, PtAureo1a knockout (KO8) and PtAureo1a 

complemented (1a8Co.56, 61) mutants; (B) wild type, PtAureo1a knockout (KO9) and PtAureo1a 

complemented (1a9Co.59) grown under 10 days of red light and shifted to 60 min blue light, using 

PtAUREO1a antiserum. The expected molecular size of PtAUREO1a is 41.5kDa. A D1-specific 

antiserum was used as loading control.  The red and blue colors indicate respective light color. 

 

Fig. 6.7 Western blots of (A) wild type, PtAureo1a knockout (KO9) and PtAureo1a 

complemented (1a9Co.59) grown under 10 days of red light and shifted to 60 min blue light, using 

PtAUREO1a, b antiserum and both antisera used together; (B) wild type, PtAureo1a knockout (KO8) and 
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PtAureo1a complemented (1a8Co.56) mutants, using PtAUREO1a and b antisera together; (C) wild type 

and PtAureo1a knockout (KO9) under 10 days of RL to 60 min BL shift, using PtAUREO1b antiserum; 

(D) wild type and KO9 under white light, using PtAUREO1b antiserum. The expected molecular size of 

PtAUREO1a is 41.5kDa while of PtAUREO1b is 46.7kDa. The upper band indicates PtAUREO1b while 

lower band indicates PtAUREO1a in the blot where both antisera were used. The red and blue color label 

indicates respective light color while black label indicates white light, used in the experiment. 

Interestingly, we observed downregulation/degradation of PtAUREO1a protein until 240 min of 

continuous low intensity BL exposure in wild type and PtAureo1a complemented mutant (Co.48) (Fig. 

6.8). In contrast, PtAUREO1b was found to be downregulated after 120 min continuous BL in wild type 

and PtAureo1a complemented mutant, Co.48 while in PtAureo1a knockout mutant, the protein amount 

remained stable until 240 min of BL exposure, indicating an important role of PtAUREO1a for 

PtAUREO1b protein regulation under blue light (Fig. 6.9). The downregulation of PtAUREO1a persisted 

with longer exposure of BL, suggestive of light-regulated protein degradation, which would require 

further evidences to establish. 

 

Fig. 6.8 Western blots of wild type and PtAureo1a complemented mutant (Co.48) grown under 

12 days of continuous RL (100µE m-2 s-1) and shifted to continuous BL (50µE m-2 s-1) until 240 min, 

using PtAUREO1a antiserum. The expected molecular size of PtAUREO1a is 41.5kDa. A D1-specific 
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antiserum was used as loading control. The red and blue color label represents respective color of light 

used in the experiment. 

 

Fig. 6.9 Western blots of wild type, PtAureo1a knock out (KO8) and PtAureo1a complemented 

mutant (Co.48) grown under 12 days of continuous RL (100µE m-2 s-1) and shifted to continuous BL 

(50µE m-2 s-1) until 240 min, using PtAUREO1a antiserum. The expected molecular size of PtAUREO1b 

is 46.7kDa. A D1-specific antiserum was used as loading control. The red and blue color label represents 

respective color of light used in the experiment. 
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6.5 DISCUSSIONS 

We have attempted to understand various stance of different light colors from visible spectrum 

onto aureochromes at gene and protein level in the first part of this study. The study revealed the 

maximum aureochromes expression under green light out of white, red, yellow, cyan and blue, which 

could be possible due to their nearby spectral emission as aureochromes are blue light receptors or due to 

longer acclimation without Qphar adjustments during incubation period, which might have resulted in 

cellular modifications leading to different absorption of light in turn affect aureochromes expression (Oka 

et al., 2020). Another study reported, downregulation of PtAureo1a and 2 gene expression after half an 

hour exposure of green and red light to dark-adapted cells of P. tricornutum (Valle et al., 2014). 

Nonetheless, various studies have reported on maximal productivity of microalgae under green light 

comparative to blue or white light (de Mooij et al., 2016; Kubín et al., 1983). In P. tricornutum, 0.5h of 

green and/or red-light exposure function as strong inducers of the genes encoding proteins associated with 

light harvesting and photosynthetic electron transport than white and blue light (Valle et al., 2014). In 

plants, it has been demonstrated that some of the responses to green light are preferable to cryptochromes, 

which is a blue light receptor. Green light has also been shown to reverse blue-mediated inhibition of 

hypocotyl elongation and anthocyanin accumulation in Arabidopsis seedlings (R. Banerjee et al., 2007; 

Bouly et al., 2007; Sellaro et al., 2010).  

The underwater light field in open waters such as oceans provides predominantly blue-green light 

availability due to scattering, eventually blue with increasing depth. There have been several reports 

showing the specific effects of blue light on the development of the photosynthetic apparatus of certain 

phytoplankton species (S. W. Jeffrey & Wright, 1987; Vesk & Jeffrey, 1977; Wallen & Geen, 1971). It 

was shown that blue and green light influences algal metabolism in favor of protein synthesis, while white 

light caused carbohydrate synthesis (Voskresenskaya, 1972; Wallen & Geen, 1971). Also, out of various 

factors affecting algal growth and metabolism, the spectral composition of light has been an important 

aspect of investigation. In particular, various studies have reported the effects of the monochromatic blue 

light on growth in phytoplankton species (Flaak & Epifanio, 1978; Saavedra & Voltolina, 1994). 

However, physiological studies demonstrating effects of blue light are variable among different algal 

groups (Mercado et al., 2004). Here, in our present study we focused on response of continuous blue light 

acclimation of 12 days to a shift of continuous red light, on aureochromes in P. tricornutum. The BL to 

RL shift embarked a downregulation of aureochrome and diatom-specific phytochrome gene expression, 

which suggests importance of blue light for aureochromes. However, the BL to RL shift not only included 

light quality variation but also light quantity i.e. from medium blue light (150 µE m-2 s-1) to low red light 

(213 µE m-2 s-1) dispensing a Qphar shift. This could suggest that light color and its intensity might be 
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regulated via retrograde signaling as well as photoreceptors (Lepetit and Dietzel 2015). Additionally, the 

transcriptional downregulation of aureochromes and DPH1 might be indicative of them to have a role in 

short term acclimation to red light, similar to blue light as reported by Mann et al., 2020 (Submitted). 

They have also reported a dramatic transcriptional change of about 85% in global gene expression after 

RL to BL shift and suggested a role of PtAureo1a as a master switch in P. tricornutum. We analyzed few 

interesting genes from their RNA-seq data and verified it using qPCR analysis with wild type, PtAureo1a 

knock out and PtAureo1a complemented mutants. We even report the PtAUREO1a and b protein analysis 

after RL to BL shift in our study which confirms the PtAureo1a and b transcript downregulation as well 

as recurring of similar protein downregulation in the PtAureo1a complemented mutants after RL to BL 

shift, substantiating the vital role of PtAureo1a in P. tricornutum. On the other hand, we contemplated an 

interesting observation of reduction of PtAUREO1b protein amount in PtAureo1a knock out mutants, 

which were retrieved in PtAureo1a complemented mutants, suggesting a co-regulation of PtAureo1a/b or 

uncertain regulatory involvement.  

Since we observed a protein downregulation of PtAUREO1a under RL to 60 min BL shift, we 

extrapolated the BL exposure time with low light intensity to investigate further light-dependent 

downregulation/degradation as it has been reported in plants of blue light dependent 

ubiquitination/degradation of blue light receptor (Ahmad et al., 1998; Lin et al., 1998; Q. Liu et al., 2016). 

We found downregulation in PtAUREO1a until 240 min BL exposure in wild type and PtAureo1a 

complemented mutant (Co.48). PtAUREO1b protein was downregulated at 120 min BL exposure that 

eventually accumulated back at 240 min in wild type and PtAureo1a complemented mutant (Co.48) while 

PtAUREO1b protein remained stable throughout for 240 min in PtAureo1a knockout mutant (KO8), 

indicating at essential role of PtAureo1a in monitoring PtAUREO1b protein amount under BL. 

Additionally, the PtAUREO1b protein amount reductions in PtAureo1a knock out mutant after 60 min 

BL as observed earlier, was not found with lower BL intensity, suggesting an important role of BL 

intensity in PtAUREO1b’s protein stability along with ambiguous control of PtAureo1a. 

In conclusion, this study intended to diverse aspects of spectral composition of light and its effect 

on the blue light activated transcription factors- aureochromes, indicative of major role of PtAureo1a as a 

master switch, substantial stability of PtAUREO1b and an ambiguous regulatory control of it by 

PtAureo1a in P. tricornutum. Furthermore, various other aspects could be studied considering these 

results as baseline for example, physiological characterization of aureochrome mutants and gene 

expression analysis of some metabolic processes such as carbohydrate synthesis under different light 

colors. 
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7.1 Abstract 

Aureochromes are the blue-light dependent transcription factors, so far only found in 

Stramenopiles. They are unique in their inversed effector-sensor (bZIP-LOV) topology. Four paralogues 

of Aureochromes have been identified in the model diatom, Phaeodactylum tricornutum, named Aureo1a, 

1b, 1c, and 2. Diatoms have a potent diel rhythm to regulate their fundamental biological processes with 

the periodic light and dark cycles, yet the molecular mechanisms regulating it are still unknown. We 

investigated the role and regulation of the aureochromes by molecular approach to understand its 

involvement in the diel regulation as well as their impact on other essential genes. Subsequently, the 

aureochromes were contemplated to have unequivocal diel regulation. We further have generated and 

characterized aureochrome knockout, complemented and overexpression lines. Interestingly, we observed 

that aureochromes have strong co-regulatory influence on their transcription (1a, b, c and 2) as well as on 

other genes such as other blue-light photoreceptors (CPF1, 2 & 4), photoprotection gene (Lhcx1) and the 

recently demonstrated bHLH-TF’s (bHLH1a & b), which was shown to be involved in diel biological 

rhythms. We are now beginning to understand the detailed molecular mechanisms of diel regulation in 

diatoms. 
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7.2 INTRODUCTION 

Light’s dictatorship has been substantiated among the photosynthetic organisms either as energy 

source for photosynthesis or providing information of the environment (Kottke et al., 2017). The light 

quality and intensity prompt several cellular responses under control of sensory photoreceptors and 

entrain their circadian clocks by light: dark cycles (Hegemann, 2008; Kianianmomeni & Hallmann, 

2014).  

Phytoplanktonic organisms including diatoms are of major ecological relevance (Paul G 

Falkowski et al., 1998), therefore our understanding of light-driven processes in the oceans has been 

progressing. The effects of fluctuating or oscillating light on algal photophysiology  (Lepetit et al., 2017; 

Litchman, 2000, 2003; Orefice et al., 2016; Wagner et al., 2006) and on competition dynamics are well 

studied (Huisman et al., 1999; Litchman et al., 2004; Litchman & Klausmeier, 2001). Blue light is the 

color reaching the deepest in the water column and assumed to be crucial in controlling the growth and 

distribution of diatoms (Smetacek, 1999). The diatoms of the Stramenopile lineage displays remarkable 

capacity to accord with the environmental changes (Allen et al., 2011; Bowler et al., 2008; Depauw et al., 

2012; Flori et al., 2017; Moustafa et al., 2009). The diel light: dark cycle is a significant environmental 

variable, which can regulate phytoplankton metabolic processes through the influences of photoperiod or 

of night length, maximum irradiance or spectral composition, or the oscillation pattern (Orefice et al., 

2016; Prézelin, 1992). The existence of robust diel rhythms of various metabolic processes such as 

growth, gene expression, pigment synthesis etc. in a variety of phytoplanktonic organisms has been 

shown (Moulager et al., 2007; Noordally & Millar, 2015; Poliner et al., 2019; Ragni & d’Alcalà, 2007). 

In the centric diatom Thalassiosira pseudonana, the light: dark cycles influence about 25% of the 

transcriptome (Ashworth et al., 2013). In the pennate diatom Phaeodactylum tricornutum, it was shown 

that the cell cycle synchronization occurs strongly with light: dark cycle (Chauton et al., 2013; Huysman 

et al., 2013), yet the molecular mechanism underlying this process are still unknown. Recently, RITMO1 

protein (bHLH1a) of the bHLH-PAS transcription factor family were identified as first regulator of 

circadian rhythms in P. tricornutum (Annunziata et al., 2019). 

Previously, a peculiar type of blue-light receptor was identified in a Xanthophyte, Vaucheria 

frigida, and named as Aureochrome. It contains a LOV (Light, Oxygen, Voltage) domain and a bZIP 

(basic leucin zipper) domain enabling it to act as a transcription factor (Takahashi et al., 2007). It has 

been so far found only in Stramenopiles with the exception of related, but generally non-photosynthetic, 

oomycetes (Ishikawa et al., 2009; Schellenberger Costa et al., 2013; Kroth et al., 2017). Four paralogues 

of aureochromes (1a, b, c & 2) have been found in the model diatom P. tricornutum, of which Aureo1a 

has been extensively studied in vivo (Schellenberger costa et al., 2012, 2013; Serif et., 2017; Madhuri et 
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al., 2019;). The diel expression pattern of aureochromes is differentially regulated implying distinct 

functional roles (Banerjee et al., 2016). It has been shown in Arabidopsis that various photoreceptors such 

as ZTL (ZEITLUPE) and FKF1 (FLAVIN BINDING, KELCH REPEAT, F-BOX 1) act as blue light 

receptors that interact with GIGANTEA (GI), a clock-associated protein whose accumulation is tightly 

controlled at both transcriptional and post-translational levels (Fowler et al., 1999; Kim et al., 2007; Sawa 

et al., 2007). The blue light receptor PtCPF1 was shown to repress CLOCK: BMAL1-regulated 

expression of a reporter gene in a heterologous system, demonstrating a role in circadian clock regulation 

(Coesel et al., 2009). Circadian rhythms have been observed in organisms from prokaryotic cyanobacteria 

to mammals, which is anticipated to rely on transcriptional/translational feedback loops involving 

transcription factors (TFs) (Annunziata et al., 2019; Bell-Pedersen et al., 2005; Harmer, 2009; O’Neill et 

al., 2011). The recent availability of gene-editing tools for diatom P. tricornutum, efficaciously expanded 

the opportunity to explore diatom biology via reverse genetics. Therefore, aureochromes, which are blue-

light receptors as well as TFs, were appropriate candidates for our study to investigate if they were 

involved in the regulation of diel biological rhythms of P. tricornutum. So far, it was shown that 

PtAureo1a affects expression of diatom-specific cyclin (dsCYC2) which is implicated in G1 to S phase 

transition after dark arrest and is involved in photoacclimation (Schellenberger costa et al., 2013; Serif et., 

2017; Huysman et al., 2013).  

In this work, we cultured used Pt4 WT, PtAureo1a knockout mutant (KO8) (Serif et al., 2017) 

and PtAureo1a complemented mutant (Co.48) (Madhuri et al., 2019) in photobioreactors under 

turbidostat conditions. To further understand the molecular mechanism, we generated overexpression 

lines of aureochromes (Aureo1a and b) in P. tricornutum and characterized the mutants. With an 

amalgamated approach, we intended to get clues of molecular mechanism orchestrating the vital circadian 

rhythms as well as aureochrome’s integral regulatory mechanism in diatoms. 

7.3 MATERIALS and METHODS 

7.3.1 Experimental set-up and growth conditions:  

A. Airlift Reactors (ALRs) 

The day/night cycle experiment was carried out in tubular ALRs containing 300ml medium. 

Cultures were normalized on the cell number using Multisizer 4 Coulter Counter (Beckman, USA) and 

acclimated to 16h:8h L: D cycle, pH 7.0 at 20°C for up to one generation in ALRs (1 L: D cycle) before 

sample collection. The ALRs were bubbled using a mini diaphragm vacuum pump (VP86, VWR 

International Ltd., UK). For continuous dark condition (D: D), the experiment was performed in the dark 
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chamber with aluminum foil covered ALRs. Samples were harvested for 45hrs starting from midnight i.e. 

ZT0 for every 3hrs until 2nd day after dawn i.e. ZT9. The samples were frozen in liquid nitrogen and 

stored at -80°C for further analysis. 

 

B. Photobioreactors (PBRs)  

The day/night cycle experiments were carried out in photobioreactors (PBR102-STM, 

Phenometrics, Inc., East Lansing, USA) containing 400ml medium. Cultures were grown in the 

polycarbonate vessels at 20°C with sparging by using a mini diaphragm vacuum pump (VP86, VWR 

International Ltd., UK) as well as with programmable stirring at 300rpm. The pH was maintained at 7.4. 

The white LED (full sunlight spectrum) light was programmed to provide a continuous light of 100 µmol 

photons m− 2 s− 1 in a 16h:8h L:D cycle. For continuous dark condition (D: D) during the diurnal 

experiment, the lights were programmed to switch off after 16h:8h L: D cycle acclimatization. The 

cultures were maintained in their logarithmic phase with constant dilution using fresh F/2 medium 

according to set optical density which was optimized by measuring Chl a concentration/ml. Cells were 

acclimated to these conditions for at least 5-7 generations (5-7 day: night cycles) before sample collection 

for diurnal experiment. Samples were harvested after the dawn, starting at ZT8 (8 am) for every 4hrs 

interval until 3rd day before dawn i.e. at ZT52. The samples were frozen in liquid nitrogen and stored at -

80°C for further analysis. After the light: dark experiment ended, we ran one regular 16h:8h light: dark 

cycle and then, switched off the light during the subjective day photoperiod and harvested the samples to 

find out if gene were regulating without the light entrainment. The experimental design with ALRs and 

PBRs used in the study is shown in Table 7.1. 

 Airlift Reactor (ALRs) Photobioreactors (PBRs) 

Duration 45hrs 52hrs 

Sampling Interval 3hrs 4hrs 

Organism WT WT, Aureo1aKO8, 
Aureo1aCo.48 

L: D/ D: D 16h:8h/ 24h 16h:8h/ 24h 

Western Blotting AUREO1a and 1b None 

mRNA Expression Yes Yes 

Test Genes Aureo1a, b, c and 2; CPF1, 2, 4 and 
bHLH1a 

Aureo1a, b, c and 2; CPF1, 2, 
4; bHLH1a and b; Lhcx1 

 

Table.7.1 Tabular representation of experimental design and conditions used in the study with the 

airlift reactors (ALRs) and photobioreactors (PBRs) system. 
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7.3.2 Growth characteristics of diatom cultures 

The P. tricornutum (Bohlin) strain UTEX646 (Pt4) was obtained from the culture collection of 

algae of the University of Texas (UTEX, Austin, USA). Along with the Pt4 wild type, the TALEN 

mediated knockout mutant strains PtAureo1a KO8 of P. tricornutum (Serif et al.,2017) and 

PtAureo1aKO8 complemented strain no.48 (Madhuri et al.,2019) was grown axenically in liquid F/2 

medium without added silica and 16.5 % salt content or on solid F/2 media which contained additionally 

1.2% (w/v) Bacto Agar (BD, Sparks, MD, USA). Cells in liquid f/2 medium were cultivated in a 16h/8h 

light/dark cycle in Erlenmeyer flasks under continuous shaking at 20°C and an illumination of 45 µmol 

photons m− 2 s− 1 (Osram Lumilux L58W/840, Munich, Germany). 

7.3.3 Determination of growth curve 

The cell number was counted using Multisizer 4 Coulter Counter (Beckman, USA) and the 

growth curve experiment was set up with equal number of cells. Cell number was measured over a period 

of 10 days to observe the growth phases until stationary phase. 

7.3.4 Determination of growth rate  

The growth rate (r), was calculated during the exponential phase using the following formula: 

r = ln (Nt)- ln (N0) 
Δt 

where, ln Nt= Natural Logarithm of cell no. at day 5 

ln N0= Natural logarithm of cell no. at day 3 

                 Δt= t1 – t0 

7.3.5 Chlorophyll fluorescence measurement 

Mid-exponential phase diatom cultures were analyzed to determine their maximum 

photosynthetic efficiency of PSII as Fv/Fm ratio [Fv/Fm = (Fm- F0)/Fm where Fm = maximum fluorescence 

measured in the dark-adapted intact cells before onset of high light and F0 = minimum fluorescence of 

dark-adapted cells] using an AquaPen-C AP100 (Photon Systems Instruments, Czech Republic) using 

light pulses with an intensity of 2100 µmol photons m−2 s−1 applied every 20 s (10 times) to induce 

maximal fluorescence and 700 µmol photons m−2 s−1 actinic light for 3 min. 

7.3.6 RNA Isolation and cDNA synthesis  

The RNA isolation was performed using a modified protocol from Peqgold RNAPure and 

Peqgold Total RNA Kit S-Line with an on-column DNA digest using the Peqgold DNase I Digest kit 
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(VWR, Germany). RNA was extracted from samples normalized on 1.5µg/ml Chlorophyll and 

concentration was measured spectrophotometrically using Nanodrop 2000 UV/VIS Spectrometer 

(Thermo Fisher, Schwerte, Germany). The cDNA synthesis was performed using Primescript kit (Takara 

Bio Europe, France). 

7.3.7 Quantitative Real-Time PCR (qPCR) 

We analysed 10 genes namely Aureo1a, Aureo1b, Aureo1c, Aureo2, CPF1, CPF2, CPF4 and 

bHLH1a, bHLH1b and Lhcx1 using the HPLC grade primers by qPCR. 18S_rRNA (Ensembl Gene ID: 

EPrPhatr3G00000013183) and RPS (ribosomal protein S1, JGI ID: 44451) was used as reference gene for 

qPCR analysis (see Table. S7.1 for primers). qPCR was run on 7500 Fast RT-PCR system (Applied 

Biosystems, USA) and few samples were run on CFX ConnectTM Real-Time system (Bio-Rad, USA). 

There were no significant differences between the obtained data from two different machines. Samples 

were measured in biological triplicates as well as technical duplicates for each gene. Ct value (cycle 

threshold) and gene amplification efficiency was calculated using PCR Miner 4.0 (Zhao et al.,2005) from 

the obtained raw data. Relative mRNA transcript levels were calculated according to Pfaffl et al., 2001.  

7.4 RESULTS 

7.4.1 Diatom cultivation system (ALRs and PBRs) for diurnal experiment 

We performed the diurnal experiments using two different systems namely, Airlift reactor 

(ALRs) and Phenometrics photobioreactor (PBRs). The ALRs were custom made at the workshop of 

University of Konstanz for batch cultivation of algae with an option to control bubbling from external 

source. It was well-suited system for cultivation of algae for shorter experiments, keeping the cells under 

homogenous phase. ALRs were used without diluting the medium with fresh nutrients for the diurnal 

experiments lasting not more than 3-4 days, including at least 24hrs of acclimatization in the system. 

Depletion of nutrients in the medium was a possibility. To determine the involvement of PtAureo1a in the 

circadian clock process in P. tricornutum, we chose a sophisticated turbidostat based system for 

continuous cultivation of diatoms with controlled dilution of culture according to the set optical density 

that eliminates the chances of depletion of nutrients into the medium. This way, we avoided changes in 

gene expression which otherwise could be potentially induced by nutrient deprivation. We performed the 

diurnal experiment with wild type, PtAureo1a knockout (KO8) and PtAureo1a complemented (Co.48) 

mutant. 
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7.4.2 Growth characteristics of WT, KO8 and Co.48 

To compare gene expression variations, it is important to obtain similar growth characteristics in 

the different strains. The growth curve of WT, KO8 and Co.48 was measured over a period of 10 days 

until the cultures were in stationary phase. There was no significant difference observed in their growth 

rate during exponential phase, i.e. the phase we keep the cells in the bioreactors constantly (Fig. 7.1A & 

B). The maximum photosynthetic efficiency of PSII of diatom cultures (WT, KO8 and Co.48) was also 

determined (Fig. 7.1C). There was no significant difference observed in their maximum quantum yield of 

PSII indicating comparable photosynthetic ability for further diel expression study. The non-

photochemical quenching (NPQ) capacity of KO8 was significantly reduced in comparison to WT which 

was rescued in Co.48 (Madhuri et al., 2019). 
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Fig. 7.1 Comparison of growth characteristics of wild type (WT), PtAureo1a knockout (KO8) and 

Aureo1a8 complemented mutant (Co.48). A: Growth curve until stationary phase, B: Growth rate, r 

and C: Maximum photosynthetic efficiency of PSII (Fv/Fm). The arithmetic means of n= (3) were 

calculated; the bars represent standard error mean value (SEM) and students t-test was performed for 

statistics (p<0.05). 

 

The growth characteristics of the diatom cultures (WT, KO8 and Co.48) were found to be 

significantly similar. This enables to exclude the possibility of differences in their 

growth/photosynthetic parameter affecting the mRNA expression during the diel expression study. 

7.4.3 Diel expression profile of Aureochromes (1a, b, c and 2); other blue-light 

photoreceptors CPF (1, 2 and 4) and bHLH-PAS TF’s (bHLH1a) in P. 

tricornutum 

The diel mRNA expression of aureochrome 1a, b, c and 2 were analysed from the qPCR data 

performed on the samples harvested every 3h from ALRs system. Along with aureochromes, another 

blue-light photoreceptor, Cryptochrome Photolyase Family protein i.e. CPF1, 2 and 4 were also 

analysed for their diel mRNA expression. Since it was recently shown that bHLH1a is a key 

component in the complex circadian rhythm process in P. tricornutum (Annunziata et al., 2019), we 

included this gene as well for our study (Fig. 7.2).  

The rhythm analysis was performed using the online tool BioDare2 (biodare2.ed.ac.uk) by 

empirical JTK_CYCLE method (Hutchison et al., 2015). Kendal rank correlation coefficient (τ) was 

calculated between the data and a reference function over a range of possible reference function 

phases. If τ= +1, it implies a perfectly correlated series score; τ= -1, it implies an anti-correlated series 

score while τ= 0, implies uncorrelated series score. The score obtained are further optimized by 

applying a powerful statistical tool called Benjamini Hochberg correction (BH-factor) to reduce the 

false discovery rate. We used the tool to analyze the rhythmicity of our test genes (see Table 7.2). 

Under 16h:8h (L: D) condition, PtAureo1a, 1c, CPF1 & 2 and bHLH1a mRNA were found to be 

statistically rhythmic throughout the cycle.  

To further explore the rhythmicity of these gene whether its endogenous or entrainment 

dependent, cells acclimated to 24h darkness were used to sample for next 45hrs with 3hrs interval 

starting from midnight. Under continuous darkness, only PtAureo1a mRNA showed statistical 

significant rhythm with a phase shift compared to L: D cycle while bHLH1a was observed to lose the 

rhythm, 24hrs after beginning of the experiment, suggesting the importance of light input for its 

diurnal rhythm. The bHLH1a was reported to be rhythmic, independent of light entrainment by 

Annunziata et al., 2019 in P. tricornutum strain Pt1 8.6 until 32hrs of continuous darkness, which is 

congruent with our results irrespective of the strain difference and light intensities variation used in 
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both studies, while it lost the oscillation on the 2nd day of darkness after acclimatization. The other 

genes (PtAureo 1b, 1c, CPF1 & 2) which showed mRNA oscillation under L: D cycle but not under 

darkness D: D cycle, suggested their light-dependent diurnal expression.  

 

Cellular Unit Gene 

Name 

Kendall Rank Correlation 

Coefficient (r) 

L: D D: D 

Aureochrome Isoforms Aureo1a 0.63** 0.61** 

Aureo1b 0.36 0.34 

Aureo1c 0.68*** 0.21 

Aureo 2 0.34 0.31 

Cryptochrome/ 

photolyase family 

protein1 

Cry-DASH like protein 

family 

CPF1 0.63** 0.28 

CPF2 0.68*** - 

CPF4 0.43 0.14 

Circadian clock-related bHLH1a 0.76*** 0.31 

 

Table. 7.2 Rhythm analysis of time-series data obtained using qRT-PCR of Aureochromes 

(1a, b, c and 2); other blue-light photoreceptors CPF (1, 2 and 4); bHLH-PAS proteins (bHLH1a) in P. 

tricornutum under ALR: Airlift reactors. Kendal rank correlation coefficient (τ) was calculated using 

empirical JTK_CYCLE method from the online tool BioDare2. τ = 1 would state a perfectly correlated 

time-series. Statistical significance (p-value) is represented as * < 0.1; ** < 0.05; *** < 0.01 with 

Benjamini Hochberg correction. 
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Fig. 7.2 Diel expression of aureochromes (PtAureo1a, 1b, 1c & 2), cryptochromes photolyase 

family (CPF1, 2 & 4) and bHLH1a in P. tricornutum under 16h:8h (L: D) and continuous dark (D: D) 

conditions upto 45hrs. Cells grown under 16h:8h (L: D) were acclimated under darkness for 24hrs for 

the continuous dark (D: D) samples. The relative gene expression is represented as mean Log2 value 

with SEM, n=3. The white and grey regions represent light and dark periods. *There was no qRT-PCR 

amplification observed for CPF2 under D: D. 

 

To further analyse diel expression of Aureochromes, we examined their protein expression 

throughout the day. The custom-made antiserum specific against PtAUREO1a and b were used in 

immunoblotting. The protein expression of PtAUREO1a and b under L: D as well as D: D conditions 
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was calculated quantitatively according to Madhuri et al., 2019 (Fig. 7.3). PtAUREO1a was observed 

to be regulated under light: dark (Fig. 7.4) and continuous dark condition while PtAUREO1b protein 

was found to be stably expressed throughout suggesting an entrainment of light for its regulation (Fig. 

7.5). 

  

Fig.7.3 Average PtAUREO1a and b expression of two biological and 3-4 technical replicates, 

normalized with the loading control anti-D1 protein under light: dark LD cycle. The bars represent 

standard error mean and dash-line shows the pattern using average values. Grey bars represent the 

dark phase while yellow bars represent the light phase. 

 

  
Fig.7.4 Western blot showing the diurnal protein expression of PtAUREO1a and b in 16h:8h 

L: D cycle until 45hrs. The expected molecular weight of PtAUREO1a and b, are 41.5kDa and 

46.7kDa. A D1 specific antiserum was used as loading control. The yellow and black lines indicate the 

light and dark period, respectively. 
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Fig.7.5 Western blot showing the diurnal protein expression of PtAUREO1a and b in D: D cycle 

until 45hrs. The expected molecular weight of PtAUREO1a and b, are 41.5kDa and 46.7kDa. A D1 

specific antiserum was used as loading control. The black line indicates the dark period even during 

subjective day. 

7.4.4 Transcriptional regulation of diatom genes by PtAureo1a  

We designed the diurnal experiment to investigate a possible involvement of PtAureo1a in 

regulation of circadian rhythm in P. tricornutum. We performed the diurnal experiment (in biological 

triplicates) for 52hrs after 5-days of acclimatization under 16h:8h L: D and continuous darkness D: D 

with: 

I. Wild type as control,  

II. PtAureo1a knockout (KO8), to observe the genotypic/phenotypic changes in diel expression of 

genes due to lack of functional PtAureo1a and  

III. PtAureo1a complemented (Co.48) mutant, to confirm if the genotypic/phenotypic changes in diel 

expression of genes (if any) were rescued after complementing the knockout line with a 

functional wild type PtAUREO1a. 

The relative log2 transformed gene expression of PtAureo1a, 1b, 1c, CPF1, 2 & 4, bHLH1a & 1b 

and Lhcx1 under L: D and D: D conditions were normalized either on the geometric mean of 18S and RPS 

or 18S and TBP (Fig. 7.6). The Aureo1a mRNA expression peaks after two hours of light onset at ZT12 

and this expression pattern was recurring the next day in WT and Co.48 albeit with differential expression 

levels under L: D while in WT under D: D, the expression peaked at ZT12 and was recurring the next 

day, implying a light-independent diurnal expression. 

The mRNA diel expression profile of Aureo1b was observed to be diurnally regulated with light 

entrainment in WT while minor shift in expression pattern was observed in KO8 compared to WT under 

L: D which was rescued in Co.48, suggesting weak/negligible involvement of Aureo1a in its gene 

regulation. Moreover, in another 12h time-course experiment under L: D, we observed a reduction in 

PtAUREO1b protein in another independent PtAUREO1a knockout (KO9) (Serif et al., 2017) mutant 

compared to WT without complete obstruction in its diel regulation, suggesting a coherent post-

transcriptional regulation by Aureo1a (Fig. 7.7). 

Aureo1c mRNA oscillation was ascertained to be regulated similar to Aureo1a in terms of gene 

expression peaking two hours after light onset under L: D condition in WT while disoriented expression 

was observed in KO8 which was recovered in Co.48. Aureo2 mRNA expression profile was also affected 

in KO8 compared to WT which seems to recover in Co.48 under L: D conditions. This is in contrary to 

previous reports where PtAureo 2 was observed to show time and independent diel expression (Banerjee 
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et al., 2016; Serif PhD Thesis 2017). Under D: D, aureochrome isoforms (1b, c & 2) showed relatively 

similar mRNA diel expression.  

The mRNA oscillation of another blue light photoreceptor, the cryptochrome/photolyase family protein 1 

(CPF 1) was promptly induced at the beginning of the day with an expression peak one hour after dark to 

light transition in WT under L: D, which is congruent to results reported by Coesel et al., 2009 and 

Oliveri et al., 2014. In D: D, the transcript expression increased with subjective beginning of light phase 

like L: D condition which was abolished in KO8 on 2nd D: D cycle. The swift increase in expression at the 

end of dark period and the maintaining of the expression level without light input suggests the ability to 

anticipate light onset and light-independent diel regulation, which is typical for circadian-regulated genes 

and circadian clock components (Coesel et al., 2009). A more intriguing observation was disoriented diel 

expression of CPF1 in KO8 which was retrieved in Co.48 under L: D, hinting towards a prominent 

direct/indirect intervention of Aureo1a. The diel mRNA expression of Cry-DASH-like CPF (2 & 4) in 

WT correlated with Oliveri et al., 2014. CPF2 mRNA attains moderately high expression around midday 

under L: D in WT, KO8 and Co.48 while under constant darkness no gene amplification was observed, 

probably due to below detection level expression, prompting towards its light-dependent diurnal 

regulation. CPF4 mRNA expression showed gradual increase throughout the day with a peak at the end 

of light period in WT and Co.48 while in KO8, it was feeble under L: D while under constant darkness in 

WT, there was modest mRNA oscillation which was absent in KO8, suggesting a possible Aureo1a 

governance under light-independent condition.  

The mRNA oscillation of Lhcx1 whose encoded protein provides all energy dependent quenching 

capacity in cells grown under low light conditions (Buck et al., 2019) showed a strong light dependent 

diurnal regulation, with an expression peak at ZT8 in WT and Co.48.  
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Fig. 7.6 Diel expression of aureochromes (PtAureo1a, 1b, 1c & 2), cryptochromes photolyase 

family (CPF1, 2 & 4) and bHLH1a & b in P. tricornutum (WT), PtAureo1a knock out (KO8) and 
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PtAureo1a8 complemented mutant (Co.48) under 16h:8h (L: D) and D: D conditions. The relative gene 

expression is represented as mean Log2 value with SEM, n = 3 (WT & KO); n = 2 (Co.48), normalized on 

18S, TBP and RPS. The white and grey regions represent light and dark periods, respectively.  

 
Fig. 7.7 Western blot showing PtAUREO1b protein expression during a time-course of 12h in 

Aureo1a knockout mutant compared to WT. The expected molecular weight of PtAUREO1b protein is 

46.5kDa. A 35kDa D1 specific antiserum was used as loading control. 

 

In KO8, this strong fluctuation was virtually completely abolished, suggesting a regulatory 

involvement of PtAureo1a. Under D: D, Lhcx1 gene was not regulated implying the importance of light 

entrainment. 

The bHLH 1a and b have been shown to possess a rhythmic expression which is independent of 

light input by Annunziata et al.,2019. Indeed, we saw a pronounced and regular diurnal fluctuation in 

transcript level of both genes. Interestingly, we observed an obscured bHLH1a and b rhythm in KO8 

compared to WT, being rescued in Co.48 under L: D. On the first day of constant darkness (Day 4) we 

observed an upregulation of bHLH1a and b mRNA expression without light entrainment which was lost 

the recurring day, yet the level of expression remained constantly high in WT. In KO8 their expression 

persisted at the same level advocating a direct/indirect involvement of PtAureo1a in regulation of the diel 

biological rhythm. 

We used the BioDare online tool to analyze the rhythmicity of our test genes and compare 

between WT, KO8 and Co.48 (Table 7.3). Although the complemented mutant was shown to rescue wild 

type phenotype, one cannot consider it exactly similar as the wild type. Additionally, weaker rhythm or 

reduced oscillation amplitude under continuous darkness could result from the fact that photosynthesis is 

counterproductive under constant darkness in P. tricornutum (Annunziata et al.,2019). Therefore, to avoid 

misleading conclusions from the diel expression of complemented mutant under constant darkness, we do 

not interpolate the complemented (Co.48) mutant in D: D rhythm analysis. Under 16h:8h (L: D) 

condition, PtAureo1a, 1c, CPF1 & 4, bHLH1a & b and Lhcx1 mRNA were found to be statistically 

rhythmic throughout the cycle (shown in Table.7.3). For D: D, we did not calculate the Kendall rank 

coefficient since the sampling interval was not regular. 
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The lack of PtAureo1a significantly altered the mRNA oscillation of CPF1, Lhcx1 and bHLH1b 

(p < 0.01) while it was significantly rescued in the complemented mutant under 16h: 8h L: D cycle (p < 

0.05) It was observed that Aureo1a, Aureo1c, CPF1 and bHLH1a & b were upregulated without the 

subjective light input under D: D. However, only Aureo1a, Aureo1c and CPF1 mRNA appeared to be 

upregulated in the 2nd D: D cycle while bHLH1a & b appeared to lose the oscillation, suggesting a light-

independent robust rhythm of Aureo1a, Aureo1c and CPF1 in P. tricornutum. 

Cellular Unit Gene Name 

Kendall Rank Correlation Coefficient (τ) 

L: D 

WT KO8 Co.48 

Aureochrome Isoforms 

Aureo1a 0.76**  0.66* 

Aureo1b 0.59 0.36 0.71** 

Aureo1c 0.67* 0.52 0.78** 

Aureo 2 0.55 0.4 0.64** 

Cryptochrome/photolyase 

family protein1 
CPF1 0.88***** 0.4 0.74** 

Cry-DASH like protein 

family 

CPF2 0.46 0.59 0.72** 

CPF4 0.64* 0.56 0.83**** 

Circadian clock-related 
bHLH1a 0.88***** 0.42 0.92***** 

bHLH1b 0.88***** 0.46 0.89**** 

Photoprotection Lhcx1 0.87***** 0.38 0.9**** 

 

Table. 7.3 Rhythm analysis of time-series data obtained using qRT-PCR of Aureochromes (1a, b, 

c and 2), other blue-light photoreceptors CPF (1, 2 and 4), bHLH-PAS proteins (bHLH1a and b), and 

photoprotection gene (Lhcx1) from WT, KO8 and Co.48 cultivated in photobioreactors under L: D 

conditions. Kendal rank correlation coefficient (τ) was calculated using empirical JTK_CYCLE method 

from the online tool BioDare2. τ = 1 would state a perfectly correlated time-series. Statistical significance 

(p-value) is represented as * < 0.1; ** < 0.05; *** < 0.01; **** < 0.005 and ***** < 0.001 with 

Benjamini Hochberg correction. 

 

Further, to understand the impact of Aureo1a on the significantly diurnal regulated genes 

identified by the Kendall rank coefficient, , we used the arithmetic mean of gene expression to perform 

MESA (Maximum Entropy Spectral Analysis). Using MESA, we can calculate period, phase estimates 

and amplitude under L: D condition. As for the Kendall coefficient, we did not apply MESA for the D: D 

condition as the sampling intervals were irregular (Table. 7.4). Phase-time estimation using the MESA 
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method identified significant shifts of ~4h in Aureo1a mRNA expression in the Aureo1a complemented 

mutant (Co.48) compared to WT. In KO8, Aureo1c exhibited a comparable phase to WT while in Co.48, 

it was shortened to ~2h. There was not much difference in their amplitude. Similarly, CPF1 mRNA 

expression in KO8 and Co.48 showed no significant phase shift compared to WT. Lhcx1 mRNA 

expression in KO8 showed a significant prolonged phase of ~5h compared to WT while in Co.48 it was 

~3h prolonged. bHLH1a showed a ~10h significant phase-shift in KO8 compared to WT which was 

partially recovered to WT level in Co.48. Phase shifts of ~10h were seen in KO8 compared to WT in 

bHLH1b expression which was rescued in Co.48. Period estimation showed lengthened period of CPF1, 

bHLH1a, and 1b in KO8 compared to WT, implying sort of collateral impact of Aureo1a on these gene’s 

diel expression in P. tricornutum. 

 
Table. 7.4 Period (h), phase (h), amplitude and rhythm analysis of PtAureo1a, PtAureo1c, CPF1, 

Lhcx1, bHLH1a & b in WT, KO8 and Co.48 under 16h:8h (LD). BioDare2 online tool was used to apply 

MESA (Maximum Entropy Spectral Analysis) to calculate period and phase estimates while 

eJTK_CYCLE for rhythm analysis. Kendal rank correlation coefficient (τ) was calculated to define 

rhythm in the time-series data. if τ = +1, a perfectly correlated series; τ = -1, anti-correlated series; τ = 0, 

uncorrelated series. Statistical significance (p-value) is represented as * < 0.1; ** < 0.05; *** < 0.01; 

**** < 0.005 and ***** < 0.001 with Benjamini Hochberg correction. 

7.4.5 Correlation analysis of diel expression in P. tricornutum 

In addition to rhythmicity analysis, we also performed correlation analysis with all WT, KO8 and 

Co.48 genes to apprehend the elaborate network of connections if existent under light/dark and constant 
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darkness. We used R statistical tool to perform the Pearson product moment correlation coefficient 

analysis (URL http://www.R-project.org/) (see Supplements, Table S7.2, S7.3 and S7.4). In WT, under L: 

D, the positive corelation between diel expression of aureochrome isoforms was significant, 

substantiating their inter-connected nexus. The cryptochrome/photolyase family 1 (CPF1) appeared to be 

strongly correlated to only photoprotection gene (Lhcx1) out of all tested genes. The cry-DASH like 

family, gene CPF2 was found to be unrelated to any other tested genes while CPF4 was significantly 

correlated to the bHLH1b which was strongly correlated to Aureo1a and 1c. bHLH1a was shown to be 

positively correlated with Aureo1b, 1c, bHLH1b and CPF4, suggesting an extensive impact. The 

correlation among tested genes were significantly abrupted in KO8 and in Co.48, it appeared similar to 

wild type (Fig. 7.8), indicating relevance to the hypothesis of a complex nexus where PtAureo1a might 

act as a switch. 

 
Fig. 7.8 Pearson’s correlation matrix analysis of diel expression of aureochromes (Aureo1a, b, c 

& 2), cryptochrome/photolyase family protein (CPF1), Cry-DASH like family protein (CPF2 & 4), 

bHLH-PAS TF’s (bHLH1a & b) and photoprotection gene (Lhcx1) of wild type (WT), PtAureo1a 

knockout (KO8) and PtAureo1a complemented mutant (Co.48) under L: D condition (Upper); 

Correlogram showing correlation with significance level of alpha value <0.05 where insignificant 

correlation are left with blank boxes in the correlogram (Lower). The circle size indicates strength of 

correlation coefficient, r value (small circle ≤ ±0.2; medium circle ≤ ±0.5; normal circle ≤ ± 1). The 
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matrix analysis was performed using “R: A language and environment for statistical computing”, R 

Foundation for Statistical Computing, Vienna, Austria. R Core Team (2013) URL http://www.R-

project.org/. 

In figure 7.9, under D: D, Aureo1b and 1c seemed to be positively correlated with each other 

while they were negatively correlated to bHLH1b. Interestingly, Aureo1c was strongly correlated with 

photoprotection gene (Lhcx1) under constant darkness. bHLH1a and 1b were found to be weakly 

correlated with each other. Comprehensively, the correlation analysis demonstrated the convoluted 

relation between the blue light receptors, bHLH-PAS proteins, and a key regulator from photoprotection 

unit calling for further molecular evidences. 

	  

Fig. 7.9 Pearson’s corrleation matrix analysis of diel expression of aureochromes (Aureo1a, b, c 

& 2); cryptochrome/photolyase family protein (CPF1), Cry-DASH like family protein (CPF2 & 4), 

bHLH-PAS TF’s (bHLH1a & b) and photoprotection gene (Lhcx1) of wild type (WT) P. tricornutum 

under D: D condition (Left). Correlogram showing upper type correlation with significance level of alpha 

value <0.05 where insignificant correlation is left with blank boxes in the correlogram (Right). The circle 

size indicates strength of correlation coefficient, r value (small circle ≤ ±0.2; medium circle ≤ ±0.5; 

normal circle ≤ ± 1). The matrix analysis was performed using “R: A language and environment for 

statistical computing”, R Foundation for Statistical Computing, Vienna, Austria. R Core Team (2013) 

URL http://www.R-project.org/. 

7.5 DISCUSSION 

This study shows the first clues of involvement of a blue light receptor which acts as a 

transcription factor i.e. aureochrome (Aureo1a and b), in the regulation of circadian rhythm in the model 

diatom P. tricornutum. In green algae, plants and animals it has been profusely demonstrated that their 
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circadian clock regulation involves blue light as well as red/far red light receptors (Fowler et al., 1999; 

Kim et al., 2007; Kondo et al., 1991; Kottke et al., 2017; Matsuo & Ishiura, 2011; Schulze et al., 2010; 

Somers et al., 1998; Welsh et al., 2005). The regulatory mechanisms in controlling/involvement of the 

light input to the clock are not understood in diatoms, which we tried to entice here in our study. 

Furthermore, studying the rhythmic/periodic gene expression patterns poses two major factors that limit 

the quality of data i.e. the sampling density and the degree of culture synchrony that influences the 

congruity of gene expression patterns related to specific processes such as cell division (Zones et al., 

2015). Therefore, to address these issues, we used sophisticated experimental set up i.e. Phenometrics 

Photobioreactors (PBRs) to study diel expression profiles.  

The expression profile of 4-isoforms of aureochrome (Aureo1a, b, c and 2) shows distinct diel 

expression indicating differential functions in P. tricornutum. Aureo1a shows a robust rhythm 

independent of light entrainment while Aureo1b show mRNA diel regulation but no significant rhythm. 

Aureo1c shows significant rhythm under L: D while none under D: D condition. Aureo 2 mRNA 

expression is stable as it is neither time nor light dependent. The other blue light photoreceptors 

Cryptochrome/Photolyase Family protein CPF1 and Cry DASH-like CPF4 shows statistically significant 

rhythm while CPF 2 shows prominent diel regulation but no significant rhythm under L: D condition.  

bHLH-PAS proteins are involved in the regulation of rhythmic processes in animals (Dunlap, 

1999).  Annunziata et al.,2019 found two transcription factors with bHLH-PAS domains, bHLH1a and b 

which showed a robust rhythmic expression in P. tricornutum (Pt1 8.6), and bHLH1a overexpression 

influences diatom photoperiodicity. This rhythmic expression under L: D is congruent with our studies in 

P. tricornutum (Pt4), indicating a stringent and tightly constituted clock process among different strains.  

Furthermore, the transcriptomic studies of P. tricornutum (Pt4) and PtAureo1a knockout under 

red light to blue light shift condition showed a massive impact on global gene expression in the knockout 

mutants compared to WT, suggesting a key role of Aureo1a in P. tricornutum (Mann et al., 2020, 

Submitted).  

In our work, we showed the potential impact of PtAureo1a on the diel mRNA expression of 

PtAureo1a, 1b, 1c, CPF1, 2 & 4, bHLH1a & 1b and Lhcx1 under L: D and D: D conditions. The 

influence of Aureo1a in the photoacclimation in P. tricornutum was shown previously (Schellenberger 

costa et al., 2013; Serif et al., 2017; Madhuri et al., 2019). The mRNA expression of photoprotection gene 

(Lhcx1) in P. tricornutum shows light-dependent diel regulation which is altered in KO8 and rescued in 

Co.48 providing another testimony of its regulation by Aureo1a. We have observed a significant altered 

mRNA oscillation of Aureo1c, CPF1 & 4, bHLH1a & b and Lhcx1 indicating a quiescent involvement of 

Aureo1a in regulating these genes directly/indirectly. The reduced amplitude of Aureo1c, CPF1 & 4, 

bHLH1a & b and Lhcx1 and their significant phase-shift in the KO8 compared to WT, with an eloquent 
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rescue in the Co.48, suggested direct or unambiguous regulation, respectively, by Aureo1a. Also, the 

correlation analysis of diel expression revealed stringent significant relationship between aureochrome 

isoforms as well as with bHLH-PAS TF’s. Interestingly, the matrix showed compelling correlation of 

Aureo1a & b with circadian clock genes as well as Aureo1c, which necessitate for experimental 

validation. Thus, the overexpression of Aureo1a and b concluded significant impact on other 

aureochromes (Aureo1c & 2), cryptochrome/photolyase family protein (CPF1, 2 & 4), bHLH-TF’s (a & 

b) and Lhcx1 transcripts (see Chapter 4). Strikingly, the counter response of Lhcx1 to Aureo1a & b 

overexpression, stimulates another testimony towards distinct roles of aureochromes in P. tricornutum. A 

notable 5-fold upregulation of bHLH1a alongside Aureo1b overexpression could hint towards an altered 

bHLH1a diurnal rhythm as reported by Annunziata et al., 2019. Furthermore, physiological characteristics 

of Aureo1a and b overexpression mutants such as NPQ capacity and photosynthetic efficiency of PSII 

investigated in Chapter 4. The NPQ capacity of 1aOv.16 mutant was significantly reduced to about 40% 

compared to wild type which is similar to a phenotype observed in Aureo1a knockout mutants (Serif et 

al., 2017), while it was significantly increased up to 46% compared to wild type in 1bOv.22. For both 

mutants, NPQ capacity correlated with a lower and higher amount of Lhcx1 protein, respectively. 

Contrastingly, the photosynthetic efficiency of Aureo1a and b overexpression mutants remained similar to 

wild type, suggesting that aureochromes do not affect basic photosystem II machinery (Fig. 7.10). 

 

Fig. 7.10: Physiological characterization of Aureo1a and b overexpression mutant (1aOv.16 and 

1bOv.22) compared to wild type. A. & B. Western blot of wild type (WT) and overexpression mutants 

(1aOv.16 and 1bOv.22). The expected molecular weight of PtAUREO1a protein is 41.5kDa, 



Chapter 7 

105	
	

PtAUREO1b protein is 46.5kDa and PtLHCX1 protein is ~ 18 kDa. A 35kDa D1 specific antiserum was 

used as loading control; C. & D. NPQ capacity and Maximum quantum yield of PSII of WT and 

overexpression mutants (1aOv.16 & 1bOv.22). Data represent the arithmetic mean of n= 3-4 biological 

replicates, bars show the standard error mean (SEM). Statistically significant differences were calculated 

using student’s t-test, to compare wild type & overexpression mutants, “*”: p < 0.05. 

With Aureo1b, we could not achieve a biallelic knock out with several attempts, for which one 

could speculate it to be a vital gene for diatom (Serif., 2017 and Madhuri., 2020, PhD Thesis). Also, we 

observed reduction in AUREO1b protein in KO8 and no significant changes in its mRNA while recovery 

of protein amount comparable to WT in Co.48, implying a post-transcriptional regulation by Aureo1a. 

These results indicate a direct/indirect co-regulation of Aureo1a and b. Since Aureo1a displays a 

significant diel rhythm independent of light, we could altogether advocate it to be a promising candidate 

to be involved in the complex circadian clock regulation along with Aureo1b. This demonstrates a 

complex inter-twined co-regulation of aureochromes (Aureo1a & b) and the bHLH-PAS proteins in P. 

tricornutum. PtAureo1a might act as a switch while PtAureo1b could be the controller in regulating the 

circadian rhythm. Although there are a lot of missing links in understanding the molecular mechanisms in 

regulation of circadian rhythm, our results indeed are of relevance to further explore the domain of 

chronobiology in diatoms. 

ACKNOWLEDGEMENTS 

The authors are thankful to Mariia Molchanova, Soo Hyun Im, Ole Lessmann and Dr. Manuel 

Serif for their help in the night sampling. This work was supported by the University of Konstanz, 

Graduate school Biological Sciences (GBS) and the DAAD (57214224). 



Chapter 8 

106	
	

8. General Discussion 

In late 19th century, scientist and artist Ernst Haeckel first observed and described diatoms 

(Breidbach, 2005; Saade & Bowler, 2009). Subsequently, German biologist Robert Lauterborn made 

exquisite microscopic descriptions of subcellular events occurring during diatom cell division, which, a 

century later was verified using light and electron microscopy by Jeremy Pickett-Heaps (De Martino et 

al., 2009; Edgar & Pickett-Heaps, 1984). This was the beginning to understand ecologically relevant 

photosynthetic eukaryotes, the diatoms. The first genetic transformation protocols for microprojectile 

bombardment of various diatom species were established (Apt et al., 1996; Dunahay et al., 1995). With 

further developments, the diatom research community advanced towards high-end molecular tools such as 

TALEN (Transcription activator-like effector nucleases), CRISPR/Cas9 (Clustered regularly interspaced 

short palindromic repeats) systems etc. were developed by researchers to understand diatom biology. 

8.1 Reverse genetics in diatom biology 

Genome sequencing and annotation of T. pseudonana, 32Mbp (Armburst et al., 2004) and P. 

tricornutum, 27Mbp (Bowler et al., 2008), have facilitated the utility of powerful computational 

approaches for predicting vital genes, to help understand the biology and evolutionary origins of diatoms. 

Advancements in transgenic technologies also include to the manipulation of the expression of single 

genes and the observation of the consequences of such genetic modulation for the diatom.  

Reverse genetics allows various gene manipulation techniques. The delivery of foreign DNAs 

into diatom cells has been originally been done via microprojectile bombardment (Miyagawa�

Yamaguchi et al., 2011; Poulsen et al., 2006; Zaslavskaia et al., 2000). This methodology was first 

reported for Cyclotella cryptica and Navicula saprophila (Dunahay et al., 1995), and subsequently 

applied for P. tricornutum (Apt et al., 1996) and other diatoms with minor modifications. Further, the 

DNA delivery is possible via electroporation in P. tricornutum, with variable transformation efficiency 

(Niu et al., 2012; Xie et al., 2014). Biolistic and electroporation techniques include the random integration 

of transgenes into the genome with possibly multiple integration events, causing significant variability in 

transgene expression levels in independent lines. Biolistic methods also affect the integrity of genomes 

due to physical forces produced to break the double strands of DNA that is repaired by non-homologous 

end joining (J. Liu et al., 2019). These drawbacks were addressed with newly designed vectors containing 

yeast-derived sequences, which can be replicated as episomes in diatom cells (Karas et al., 2015). Vectors 

were constructed to express foreign genes in diatoms plastids as well as vectors designed for protein 
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tagging, promoter-reporter transgenes to study gene expression and functions (Table. 8.1) Antisense and 

inverted repeat sequences of target genes were expressed to downregulate gene expression in diatoms (De 

Riso et al., 2009). Further, TALEN and CRISPR/Cas9 became promising genome-editing tools in 

studying molecular biology of diatoms.  

Table.8.1 Available reverse genetics tools for P. tricornutum highlighting the specific outcome 

along with publication details. (Modified from review of (Falciatore et al., 2020)). 

Techniques P. tricornutum Highlights 

Nuclear 

transformation  

 

Biolistic (Apt et al., 1996), 
(Falciatore et al., 1999) 

Introduction of resistance to Zeocin and 
phleomycin. 
Introduction of nonselectable marker gene, LUC 

Conjugation (Karas et al., 2015) Identification of yeast-derived sequence for first 
nuclear episomal vector 

Electroporation (Niu et al., 2012) Introduction of resistance to chloramphenicol 
Plastid 
transformation 

 

Biolistic (Materna et al., 2009) Induced mutation of psbA gene in plastid genome 
Electroporation (Xie et al., 2014) High-level accumulation of heterologous gfp protein 
Molecular cloning 
technology 

 

Gateway (Siaut et al., 2007)   
Gene Silencing   
Inverted repeats and 
antisense fragments 

(De Riso et al., 2009) First phenotype from gene knockdown of cpf1 

Genome editing 
methods 

 

CRISPR/Cas9 (Nymark et al., 2016) Targeted CpSRP54 and reported high light 
sensitivity in mutants 

Delivered as RNP (Serif et al., 2018) Multiple gene knockouts by DNA free genome 
editing 

TALEN and 
Meganucleases 

(Daboussi et al., 2014) Disruption of UDP-glucose pyrophosphorylase 
resulting in 45-fold increase in TAG accumulation 

Complementation  
Using Yeast-one hybrid (Huysman et al., 2013) Interaction of PtAUREO1a with dsCYC2 promoter 
Biolistic (Madhuri et al., 2019), 

(Nymark et al., 2019) 
WT PtAUREO1a and NPQ rescue in  
PtAureo1a knockout mutants. 
Modified ALB3 rescues WT brown coloration 

 
Overexpression (Dinamarca et al., 2017) DAGT2D overexpression lead to increased flux of 

carbon towards lipids 
 (Hao et al., 2018) Lhcx3 overexpression lead to increased Dd+Dt 

content and high NPQ 
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Abbreviations: LUC, Luciferase; psbA, Photosystem II protein D1; gfp, Green fluorescent 

protein; cpf1, Cryptochrome/photolyase family protein1; CpSRP54, Chloroplast signal 

recognition particle 54; UDP, Uridine diphosphate; TAG, Triacylglycerol; PtAUREO1a, 

Aureochrome1a; dsCYC2, Diatom specific cyclin 2; WT, Wild type; NPQ, Non-photochemical 

quenching; ALB3, ALBINO3 protein; DAGT2D, Diacylglycerol acyltransferase type II, Dd, 

Diadinoxanthin; Dt, Diatoxanthin. 

Overexpression of a gene of interest can provide valuable information, especially when its 

inactivation is lethal as in case of PtAUREO1b (see Chapter 3). Since an overexpressed gene causes a 

change in phenotype, it allows a useful understanding of its function. For example, PtAUREO1b 

overexpression leads to transcriptional increase of bHLH1a (RITMO1), which is a circadian clock related 

gene and Lhcx1, which is involved in regulating photoprotection in P. tricornutum (see Chapter 4).  

Gene knockouts with conventional techniques require a verification that the observed phenotypes 

are related to the deleted genes and not due to possible off-targeting effects. There are various methods 

available to complement a knocked-down/out gene in different systems (Lu et al., 2017, Sakaguchi et al., 

2011). Although, while in plant biology, complementation can be obtained via backcrossing, this often 

cannot be applied for diatoms as they rarely/never reproduce sexually in the lab. However, several reports 

showed the utility of yeast hybrid systems for the complementation purpose (Coale et al., 2019; W. 

Huang et al., 2018). Thus, we complemented PtAUREO1a in its respective knockout mutants of P. 

tricornutum and showed rescue of wild type phenotype (Madhuri et al., 2019) (see Chapter 2). Nymark et 

al., also used our strategy to complement alb3 knockout mutants restoring its brown coloration like wild 

type (Nymark et al., 2019). Altogether, reverse genetics tools will help in characterization of genetic and 

epigenetic processes in diatoms to apprehend their ecological success and evolutionary past. 

8.2 Blue light photoreceptors involved in photoprotection and nutrient sensing 

Diatoms are exposed to fluctuating environments with respect to light intensities and qualities 

within the water column. To sustain under variable circumstances, diatoms have developed some rapidly 

regulated photoprotective mechanisms to avoid photodamage. These mechanisms include two main 

strategies, regulation of light absorption and dissipation of excess absorbed light. Sessile plants and green 

algae can move their chloroplasts away from light (avoidance response), whereas motile algae swim away 

from light (photophobic response (Allorent & Petroutsos, 2017; Suetsugu, 2012). To dissipate excess 

light energy, both plants and algae execute a photoprotective mode known as non-photochemical 

quenching (NPQ) (Goss and Lepetit 2015). The fastest component of NPQ is the energy quenching (qE), 

strongly dependent on light intensity, manifesting the balance between fluorescence quenching and an 
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increase in thermal dissipation (Genty et al., 1990). The qE process depends on pH-sensing proteins from 

LHC-Stress Related Family (LHCSR) (X.-P. Li et al., 2000; Niyogi & Truong, 2013; Peers et al., 2009). 

In Arabidopsis thaliana, chloroplasts accumulate at the cell surface under low light, while in response to 

strong light, they move away. Blue light activated kinases PHOT1 and 2 control chloroplast 

accumulations, while chloroplast avoidance response is specifically controlled by PHOT2 (Jarillo et al., 

2001; Kagawa et al., 2001), in combination with the downstream effector “Chloroplast Unusual 

Positioning 1” (CHUP1) (Oikawa et al., 2003). Phototaxis signaling in Chlamydomonas reinhardtii is 

mediated by photoreceptors Channelrhodopsin (ChR) 1 and 2, light-gated proton and calcium channels 

(Nagel et al., 2002, 2003). PHOT, via its kinase function is a regulator of phototaxis, which desensitize 

the eyespot when blue light intensities increase. Phototropin was deleted by homologous recombination 

affecting light regulation of eyespot size. Further complementation with phototropin kinase restored the 

regulation of eyespot size independent of light (Trippens et al., 2012). Moreover, it was also demonstrated 

that phototropin is involved in adjusting the level of chanelrhodopsin-1 (dominant receptor within eyespot 

for phototaxis) (Trippens et al., 2012). 

It was shown that blue light induces the qE response and LHCSR3 accumulation in C. reinhardtii 

much more effectively than red light; although cells absorbed both red and blue light almost equally 

(Petroutsos et al., 2016). This observation showed that blue light photoreceptor, PHOT, controls induction 

of LHCSR3 and qE, in response to high light, indicating links between photoprotection and blue light. 

However, the interconnected roles of blue light and photoprotection were not limited to green lineage. 

P. tricornutum encodes the four of LHCX isoforms 1/2/3/4. Two blue light receptors of the 

cryptochromes/photolyase family, CPF1 and CryP, have been shown to modulate light-dependent 

expression of LHCX1/2/3 (Coesel et al., 2009; Juhas et al., 2014), but not of LHCX4, which is induced 

by an extended period of darkness (Taddei et al., 2016). PtLhcx1 is vital for responses to high light 

conditions (Bailleul et al., 2010, Buck et al., 2019). In P. tricornutum, there are genes encoding for four 

paralogues of blue light activated transcription factors, aureochromes Aureo1a/b/c/2 in the genome 

(Schellenberger Costa et al., 2013). PtAureo1a knockdown by RNAi leads to increased NPQ 

(Schellenberger Costa et al., 2013) while TALEN-mediated knockout of PtAureo1a led to 40% reduction 

in NPQ (Serif et al 2017), that was rescued in PtAureo1a complemented mutant (Madhuri et al., 2019). 

PtAureo1a overexpression resulted in 40% reduction in NPQ, like knockout phenotype (see Chapter 4). 

PtAureo1a altered the diel expression of PtLhcx1 (see Chapter 7). PtAureo1b overexpression affected 

univocal overexpression of PtLhcx1 transcript as well as protein (see Chapter 4). Taken together, this 

indicates an involvement of blue light photoreceptors in modulating NPQ, but mechanisms controlling 

this process are yet to be characterized. 
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8.3  Key role of blue light photoreceptors in circadian clock regulation of plants, 

animals, algae, and diatoms 

Circadian rhythms are self-sustaining molecular program that regulates metabolic, 

physiological/behavioral events at optimal phases of the daily cycle. These biological clocks can be reset 

by endogenous and exogenous inputs, with light and temperature being the main resetting environmental 

inputs in most organisms. Circadian clocks have an intrinsic period length of approximately 24h under 

constant conditions. The molecular architecture of biological clocks described in eukaryotes is composed 

of transcription-translation regulatory feedback loops (TTFLs) that include posttranslational regulation 

(Saini et al., 2019). TTFLs could be affected by light input at different levels. For example, in the fungus 

Neurospora crassa, photoreceptors are TTFL components (Creux & Harmer, 2019). The clock genes, 

however, across the kingdoms lacks genetic conservation of TTFL components (Farré, 2020). Kinases 

and methyltransferases are a group of protein involved in posttranslational modifications, which have 

been demonstrated to be involved in the circadian clock of several eukaryotic lineages, for example, 

Casein Kinase 1 (CK1), CK2, Glycogen Synthase Kinase 3, and Protein Arginine N-Methyltransferase 5 

protein function in the circadian clocks of fungi, animals and plants (Hong et al., 2010; S. X. Lu et al., 

2011; Ode & Ueda, 2018; Sanchez et al., 2010). A summary of circadian clock components and their 

mechanisms in cyanobacteria, fungi, green microalgae, plants, insects, and animals are shown in Table 

8.2. 

There are reports of circadian regulation of cell division in both unicellular and multicellular 

species of stramenopiles, including diatoms (Annunziata et al., 2019; Chisholm et al., 1978; Ragni & 

d’Alcalà, 2007), brown alga (Makarov et al., 1995) and Nannochloropsis (Poliner et al., 2019). P. 

tricornutum shows blue light regulated cell division, which is hypothesized to be the mechanism for 

synchronized cell division under light: dark cycles (Huysman et al., 2013). Genome annotations of 

stramenopiles demonstrated that they lack key components of green lineage circadian clocks (Armbrust et 

al., 2004; Bowler et al., 2008; Cock et al., 2012; Vieler et al., 2012). Green algae and land plants share 

several characteristic components of circadian oscillators such as the PRRs (pseudo response regulators) 

containing receiver and CCT domains (Constans, Constans-like, TOC1), Constans-like transcription 

regulators containing, Double B-BOX and CCT domains, and MYB-related transcription factors of the 

SHQKYF-motif containing type, such as LHY and RVE that plays a role in circadian and photoperiod 

control (Corellou et al., 2009; Linde et al., 2017; Ryo et al., 2016). 
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Table 8.2. A summary on circadian clock core components and their basic regulatory mechanisms 

across the kingdoms of life. Modified from (Saini et al., 2019)and (Matsuo & Ishiura, 2011). 

 

 

Cyanobacteria Fungi Green 

microalgae 

Plant Insects and 

Mammals 

Organism Synechococcus 

elongattes 

Neurospora 

crassa 

Chlamydomona

s reinhardtii 

Arabidopsis 

thaliana 

Drosophila, 

Mouse 

Core clock 

component 

KaiA, KaiB and KaiC WC1 and 2, 

FRQ & FRH 

CK1, 

CHLAMY1 

(C1 and C3), 

ROC, 

MyB-like TFs, 

CCA1, LHY, 

TOC1, GI 

dCLK & 

dCYC; 

mCLOCK & 

mBMAL1 

Mode of 

regulation 

Transcription and 

translation-based auto-

regulatory loop; no 

genetic feedback 

regulation 

TTFL Auto-regulatory 

negative 

feedback 

regulations 

At least 3 

interlocking 

TTFLs 

TTFL; E-box 

cis-regulatory 

elements: 

dPer, dTim; 

mPer1,2,3, 

mCry1,2 

Mechanism KaiC: 

Phosphorylation/Dephos

phoryl- 

-ation cycles 

Post-

translational 

regulation; 

FRQ 

phosphorylatio

n 

Not established 

concretely 

Reciprocal 

genetic 

interaction 

between 

“morning” 

(LHY, CCA1) 

& “evening” 

(TOC1, LUX) 

mCRY/mPE

R 

(dPER/dTIM

) auto-repress 

their 

transcription 

Light input 

source 

CikA & LdpA WC1 and 

VVD-blue light 

Not established 

concretely 

Phytochromes, 

Cryptochromes

, ZTL, FKF1, 

LKP2 

Animal 

CRYs, SCN, 

Melanopsin 

(Opn4) 

Abbreviations: TTFL, Trancription-translation feedback loop; CiKA, Circadian input kinase A; LdpA, light-
dependent period A; WC, WHITE COLLAR; FRQ, FREQUENCY; FRH, FRQ-INTERACTING RNA HELICASE; 
VVD, VIVID; CK1, Casein kinase 1; ROC, RHYTHM OF CHLOROPLAST; TFs, Transcription factors; CCA1, 
Circadian Clock Associated 1; LHY, Late Elongated Hypocotyl; TOC1, Timing Of Cab Expression 1; GI, 
GIGANTEA; LUX, Lux Arrhythmo; ZTL, Zeitlupe; FKF1, Flavin binding, Kelch repeat, F-box 1; LKP2, LOV 
Kelch protein 2; dCLK, dCLOCK; dCYC, dCYCLE; Per, Period; Tim, Timeless; Cry, Cryptochrome; SCN, 
suprachiasmatic nucleus. 
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Even though stramenopiles lacks PRRs and Constans-like proteins, they possess SHQKYF-motif-

containing transcription factors (Thiriet-Rupert et al., 2016) and CCT domain-containing proteins (Vieler 

et al., 2012, Poliner et al., 2019). However, they also lack cyanobacterial clock Kai factors and fungal 

clock components (GATA-type zinc finger containing transcription regulators WHITE COLLAR 1 (WC1 

and WC2) (Thiriet-Rupert et al., 2016) (Fig. 8.1).  

 

Fig. 8.1 Comparison of potential clock components involved in the transcription-translation 

circadian oscillation of other organisms: mouse, the fungus Neurospora crassa and the plant Arabidopsis 

thaliana) with the model diatom Phaeodactylum tricornutum. This scheme is adapted from a review by 

Farré E. M. 2020. These models highlight one representative member of clock components with similarity 

to genes in annotated in Stramenopile genomes. Yellow light arrow depicts photoreceptor function. 

Pointed arrow indicates regulation direction while a horizontal/vertical bar at the end of line indicates 

feedback control. Abbreviations: CK1, casein kinase 1; PER, period, CRY, cryptochrome; CLK, clock; BMAL, 

brain and muscle ARNT-like, FRQ, frequency; VVD, vivid; WC1, white collar 1; WC2, white collar 2; PHY, 

phytochromes; CRY-P, plant cryptochrome; LHY, late elongated hypocotyl; RVE, reveille; PRR, pseudo response 

regulator; ZTL, zeitluppe; Aureo, aureochrome; CPF1, cryptochrome/photolyase protein family 1; bHLH, basic 

helix loop helix domain, CCT, constans/constans-like/TOC1 domain; PAS, Per/Arnt/Sim domain; LOV, 

light/oxygen/voltage sensing domain; GATA, DNA binding sequence of several zinc fingers. 
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Alternatively, recent reports showed that Stramenopiles contain proteins with domain structures 

similar to clock components found in animals such as bHLH-PAS (basic Helix-Loop-Helix-Per/Arnt/Sim) 

proteins and a unique set of photoreceptors, called aureochromes (Annunziata et al., 2019, Takahashi et 

al., 2007). The bHLH-PAS domain proteins are central components of animal circadian clocks (Crane & 

Young, 2014). The bHLH-PAS protein RITMO1 (bHLH1a) from the diatom P. tricornutum is the first 

and so far, only clock component known for Stramenopiles. A second bHLH-PAS gene, PtbHLH1b 

demonstrated the similar expression pattern to RITMO1 under light: dark cycle might have similar 

function (Annunziata et al., 2019). The two PtbHLH1a and b mRNA lost their diel expression pattern in 

PtAureo1a knockout, which was rescued in PtAureo1a complemented mutant under light: dark cycle (16: 

8), suggesting involvement of PtAureo1a in circadian clock regulation (see Chapter 7). However, it has 

been proposed that blue light photoreceptors play a key role in the entrainment of aquatic photosynthetic 

organisms (Annunziata et al., 2019, Poliner et al., 2019), because blue light penetrates deeper into the 

water column than light of longer wavelengths. The Cry-P-like protein of P. tricornutum shows similarity 

to bacteria cyclobutane pyrimidine dimer CPD photolyase type III and plant cryptochromes (Cry-P), it 

influences the expression of light regulated genes as well as the expression of other blue light 

photoreceptors (Juhas et al., 2014). PtCPF1 was shown to repress the trans-activation activity of 

BMAL/CLOCK and bHLH-PAS domain proteins in a heterologous mammalian system (Coesel et al., 

2009). Our study demonstrates that PtAureo1a might regulate diel transcript expression of various genes 

including other aureochrome isoforms and blue light photoreceptors. Further, we demonstrated molecular 

and statistical evidences of co-regulation of aureochrome isoforms through diel expression study and 

overexpression in P. tricornutum. 

8.3.1  Aureochromes co-regulation in P. tricornutum 

The Pearson’s product moment correlation analyses of diel expression of four aureochrome 

isoforms of P. tricornutum under light: dark (LD) or continuous dark (DD) conditions, suggests a strong 

positive correlation in diel expression of PtAureo1a and c under LD while no correlation under DD. 

Surprisingly, the diel expression of PtAureo1b and 1c were found to be strongly correlated under LD and 

DD conditions. Further, the diel expression of PtAureo 2 correlated positively with PtAureo1a and b 

under LD condition while it correlated negatively with PtAureo1b under DD condition (Fig. 8.2). 

Moreover, PtAureo1a knock out showed abolished correlation in the diel expression among aureochrome 

isoforms (except between PtAureo1b and c), which was restored in PtAureo1a complemented mutants 

under LD conditions, indicating an essential role of PtAureo1a in transcriptional regulation and protein-

protein interaction. However, this analysis provided statistical evidence of a co-regulation of aureochrome 

isoforms, which was further, characterized via molecular approach of loss-of-function and overexpression 
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of aureochromes. Loss of function approach provided evidence of reduction of PtAUREO1b protein in 

PtAUREO1a knockout mutants that was rescued in PtAureo1a complemented mutant, possibly due to 

post-transcriptional or translational repression of PtAureo1b by PtAureo1a (see Chapter 6). PtAureo1a 

overexpression resulted in induction of PtAureo 2-transcript expression while PtAureo1b overexpression 

lead to downregulation of PtAureo1c illustrating transcriptional co-regulation and probably need of 

stoichiometric balance among aureochrome isoforms in P. tricornutum. (see Chapter 4). The genetic 

network interaction (system genetic analysis) has been successfully characterized in Saccharomyces 

cerevisiae (yeast) and Caenorhabditis elegans (Davierwala et al., 2005; Lehner et al., 2006; Tong et al., 

2001, 2004). Nonetheless, aureochrome protein-protein interaction either via immunoprecipitation or 

yeast two-hybrid assays (Y2H) should be the next molecular approach in finding the mechanism behind 

their complex network.  

 

Fig. 8.2 Schematic representation of diel expression of aureochrome isoforms and their 

statistically significant Pearson’s product moment correlation under light: dark and continuous dark 

condition. The yellow shade indicates functional FMN binding site in LOV domain while grey shading 

indicates absence of FMN binding site. Bluish shade indicates blue light photoreceptor. Green line 

indicates strong positive correlation (r ≥ +0.7) while green dotted line indicates moderate positive 

correlation (r ≤ 0.7). Red dotted line indicates moderate negative correlation (r ≤ -0.6). 

8.3.2 Impact of aureochromes on the circadian clock in P. tricornutum 

We demonstrated the impact of PtAureo1a on diel transcript expression of other aureochrome 

isoforms (PtAureo1b, c and 2), blue light photoreceptors (CPF1, 2, 4), a gene involved in photoprotection 

(Lhcx1) and bHLH-PAS transcription factors (bHLH1a and b) where bHLH1a (RITMO1) is involved in 

circadian clock regulation in P. tricornutum (see Chapter 7). Interestingly, PtAureo1a significantly 
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modulated the diel expression pattern of Lhcx1 and bHLH1b, indicating a prompt role in photoprotection 

and possibly in regulation of biological diel rhythm. Gene expression of PtCPF1 oscillates under light: 

dark cycles with a peak expression at dawn, which is dampened in PtAureo1a knockout and rescued in 

PtAureo1a complemented mutants, indicating a sort of regulatory intervention of PtAureo1a to PtCPF1 

expression (see Chapter 7). PtCPF1 had been shown that it might be involved in circadian clock 

regulation (Coesel et al., 2009) but further studies are needed to test the interaction of PtCPF1 with 

Stramenopile bHLH-PAS proteins (key mammalian clock component). The correlation analysis of diel 

expression data of PtCPF1 showed strong correlation with Lhcx1, which is most likely regulated by 

PtAureo1a and b, indicating an indirect regulatory network (see Chapter 7). Furthermore, overexpression 

studies demonstrated a significant impact of PtAureo1b on recently characterized first clock component 

(RITMO1) in P. tricornutum. Our results show involvement of at least two aureochrome isoforms i.e. 

PtAureo1a and b in circadian clock regulation, however the mechanism and other potential clock 

components (other than RITMO1) are yet to be demonstrated.  

 

Fig. 8.3 Working model of involvement of blue light activated transcription factors (TFs) 

(PtAureo1a and b) in transcriptional regulation of genes (CPF1 and nitrate reductase) and genes 

associated with circadian clock regulation  (bHLH-PAS TFs) as well as photoprotection process (Lhcx1) 

based upon the experimental evidences presented in this study. Green arrow shows induction of transcript 
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expression (upregulation) while red line shows downregulation of transcript numbers. Blue arrows show 

an impact on respective diel expression whereas grey dotted arrow/line shows speculative connection 

with no direct evidence. 

However, we can speculate about additional candidate genes based on conserved domain among 

circadian associated proteins in other organisms. Proteins containing CCT-domains are part of circadian 

and/or photoperiod sensing regulatory networks in plants (Ryo et al., 2016, Linde et al., 2017), which are 

also present in Stramenopiles as well as other algal lineages such as Rhodophyta and Alveolata. Proteins 

containing CCT domains shows oscillation under light/dark cycles, but none have been identified 

displaying cyclic expression under free running condition (constant light or dark) (Annunziata et al., 

2019). In Archaeplastida, key clock proteins are SHQKYF-motif MYB-related transcription factors which 

have been identified in stramenopiles as well (Thiriert-Rupert et al., 2016). 

Yet, considering the information known so far, a hypothetical working model of circadian clock 

components could be drawn as shown in Fig. 8.1. The importance of posttranslational regulation in 

functional oscillation of circadian clock has been shown across the kingdoms. Among aureochrome 

isoforms, only PtAureo1b showed a potential single site of phosphorylation with phosphoproteome data 

(Z. Chen et al., 2014). However, considering the known properties of aureochromes, especially 

PtAureo1a influencing approximately 90% of global gene expression including RITMO1, might act as a 

switch in regulation of circadian clock, similar to PER protein (R.-C. Huang, 2018). Another possible role 

of PtAureo1a could be in phase-resetting mechanism similar to ROC15, which also undergoes light 

dependent proteasomal degradation (Niwa et al., 2013) (PtAUREO1a degradation data not shown). On 

the other hand, PtAureo1b being vital for diatom cells, influencing RITMO1 strongly than PtAureo1a, 

might act as a switch controller in regulation of molecular clock.  

Furthermore, studying circadian clock rhythms and its components is not limited with only 

mRNA expression studies as shown in the present work. There are various other molecular tools available 

such as circadian controlled luciferase reporter lines or detection of chlorophyll fluorescence method, that 

can facilitate the characterization and identification of circadian components in multiple (Welsh et al., 

2005). Further investigation of circadian rhythms will enable help in understanding of the endogenous 

clocks in the adaptation to life in the ocean. 
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8.4 Conclusions and Outlook 

The reverse genetics tools have empowered the molecular studies to help understanding diatom 

biology and to explore its biotechnological applications. The design of an efficient complementation 

strategy enabled verification of the involvement of PtAureo1a in high light acclimation (see Chapter 2), 

which could be utilized with other aureochrome isoforms phenotype verification. Contemporarily, 

genome-editing via CRISPR/Cas9 could be applied to obtain PtAureo1b and 2 gene knockouts, in order 

to functionally characterize the respective proteins. Overexpression of PtAureo1a/b/2 suggested a 

complex network of the aureochromes with other blue light photoreceptors and circadian clock 

component in P. tricornutum (see Chapter 4). However, overexpression of PtAureo1c might unveil 

interesting characteristics, as its correlation analysis with other isoforms appeared quiet compelling (see 

Chapter 7). Preliminary studies suggest a potential influence of N-sources on aureochromes expression 

while PtAureo1a may affect expression of nitrate reductase (NR) gene. This should be further 

investigated with knockout and complemented mutants to understand role of aureochromes in N-sensing 

(see Chapter 5). We also report downregulation of PtAUREO1a protein with 60 min blue light exposure 

after red light acclimation (see Chapter 6). The strong NPQ phenotype observed in knockout and 

overexpressed strains, displays a clear link of photoperception and photoprotection (see Chapter 4 and 7). 

Although, the studies demonstrate interesting functional aspects of novel blue light activated transcription 

factors (PtAureo1a and b), yet a plethora of diverse questions remains unanswered such as aureochrome 

protein protein interaction or their dimerization partners etc. The protein interaction studies using yeast 

hybrid systems could be efficient and promising towards comprehending aureochromes 

involved/associated metabolic or physiological processes in the diatom.  Further, the effect of different 

light wavelengths on diel pattern and transcript abundance of aureochromes could provide an insight to 

their daily cycles and light response. The diel protein expression of aureochromes under light: dark and 

free running conditions (constant light or darkness) of well-cultivated diatoms in photobioreactors could 

be important for our understanding of aureochromes function. It would be essential to procure molecular 

evidences to conclude role of aureochromes in circadian clock regulation and their co-regulation.   
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A. SUPPLEMENTS 
CHAPTER 2 

Table.S2.1 Primer sequences used in this study. AAGCTT- HindIII and GTTTAAAC – 

MssI restriction sites.  

Primer Application Sequence 

fcpA_del_for fcpA promotor deletion AAGCTTGTTTAAACGAACAGTTGGGAGTCT
C 

fcpA_del_rev GGGGGATCTGGTTCTATAGTG 

Pro-Aureo1a-Term_for Amplify PtAureo1a with its 
promoter and terminator 

GGCTAATTACATCGGATATGGC 

Pro-Aureo1a-Term_rev GCGAGGTAGCGCCCTTT 

Au1a_Colonypcr_for Colony PCR screening of 
PtAureo1a insert into 
pM9_4Compln 

CCACCACCACCAACACTAGG 

Au1a_Colonypcr _rev AGGCGTGAACATGACGTCT 

SDM_Au1a_for Site-directed mutagenesis of 
TALEN sites in PtAureo1a 
gene 

TCAAGACTTCCATCCGAAGCCATCTTGGAG
AAGAAAAGGCCGATACCCTCA 

SDM_Au1a_rev GCTTTTCATTTTCTTCTTTCAAAAGCGAGAC
CGACTGCTGGAGGG 

Au1a_Left TALEN_for PCR screening of modified 
TALEN left site 

TCGCTTTTGAAAGAAGAAAATG 

Au1a_Left TALEN_rev GTTGAGAAAGCCCTGCGAGG 

Au1a_Right 
TALEN_for 

PCR screening of modified 
TALEN right site 

AACCCATCACTTGCAGTACGC 

Au1a_Right 
TALEN_rev 

CTTCTCCAAGATGGCTTCGGAT 
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Fig.S2.1 Graphical representation of Chlorophyll a concentration (pg/cell) of wild type, knockout 

mutants (KO), complemented mutants (Compl.) and not complemented mutants (NC) showing the 

general trend analysis among different population sizes. WT was measured with 10 biological replicates 

while KO lines were measured with 7 biological replicates, while single measurements of all 

complemented lines of KO8 were pooled up together showing a general rescue or non-rescue pattern of 

wild type phenotype, respectively. For KO9, the two obtained complemented strains were measured in 

biological triplicates and pooled together. Box = 25th and 75th percentile; Whiskers = 10 and 90 

respectively; x represents the outliers. 

 

CHAPTER 3 

Table S3.1 Primers used for genetic screening of PtAureo1b and 2 biallelic knockout mutants. 

Primer Name Sequence (5’->3’) Application 

Aureo1b for. ATGGATGATTTTGATTTGAAC Full-length amplification of 

Aureo1b Aureo1b rev. CTCGCTACTATCATCTTTTGTC 

Au1b probe for. CGGTATATGCCTCTCTAGGGGG Primers for Southern blot 

probe Au1b probe rev TCAGAAGAGGTCCGTTTCACAG 

Aureo2for. ATGGCCCAAAATTTGCAAATGC Full-length amplification of 

Aureo1b Aureo2 rev GCAAATTACATCATACTTATGTCTGCG 

Aureo2-Allele1 for. CGATAATGGTATCTGTAAATAGTTCGCTGA Allele-specific primers 

Aureo2-Allele1 rev. GCCCAAAAAGGCGGATC 

Aureo2-Allele2 for. CGATAATGGTATCTGTAAATAGTTCGCTGT 

Aureo2-Allele2 rev. GCCCAAAAAGGCGGATG 

 

 CHAPTER 4 

Table S4.1 Primers used for genetic screening of PtAureo1b and 2 biallelic knockout mutants. 

Primer Name Sequence (5’->3’) Application 

Aureo1a gene for. ATGACCGACAACAACAAAAGC Full-length Aureo1a 

amplification 
Aureo1a gene rev. TTAGTCTTCGTCATCGTTGGC 

Aureo1a Colony PCR for. TCACCACTTGTGCGAAC For colony PCR 
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Aureo1b cDNA XbaI for. AGCCTCTAGAATGGATGATTTTG

ATTTGAAC 

Full-length Aureo1b 

amplification with RE sites 

Aureo1b cDNa HindIII rev. ACTGAAGCTTTCACTCGCTACTAT

CATCTTTTGTC 

Au1b Flag for. ATGGATGATTTTGATTTGAACGA

AATCTTTGCCGAG 

Full-length Aureo1b 

amplification with FLAG 

tag 
Au1b Flag rev. TCACTTGTCGTCATCGTCTTTGTA

GTCCTCGCTACTATCATC 

Aureo2 for. ATGGCCCAAAATTTGCAAATGC Full-length Aureo1a 

amplification 
Aureo2 rev. CTACGACGATCTACCTGCGG 

Au2 colony PCR rev. ACATGTCAACGTCGAATGCG For colony PCR 

 

CHAPTER 6 

Table S6.1 Primers used in the study for RT-qPCR describing respective target genes and sequences. 

qPCR Primer Name Sequence (5’->3’) Target gene 

UDP/PGM_for. GTCTCGTCTCGGGTGATTCC UDP-Glucose-

Pyrophosphorylase 

 
UDP/PGM_rev. CGTCCCCCTTGACTGGCAA 

G3PD for. TCATCGGTAGCGGTAACTGG Glycerol-3-phosphate 

dehydrogenase G3PD rev. ACCTGCGATTCGAAAAAGGG 

HSF-2 for. ATGACTTACGCATCTCCCAATA Heat shock factor 2 

HSF-2 rev GGGTCGGTCAGTAGTTTTCGAG 

HKG47943 for. ATGCCGACACAGTCTACCG Housekeeping gene 

HKG47943 rev GGAGAGGTGGTTGTTGTTGC 

38559 for. TACTTGGAACGTCTCGGTCG Phatr3_J38559 

38559 rev. TAGAAAGCGGTTGCCAAGAC 

Aureo 2 for. GTTCTCAAGGAGCTGGTCAAG Aureo 2 

Aureo 2 rev. AACGAGTGTTGGGAACTCTGG 
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Aureo1b for. GCTGTACCTCGAGTCCGTTG Aureo 1b 

Aureo1b rev. AAGCATTGCTGTCCCATTGTC 

 

CHAPTER 7 

Table S7.1. Primers used in the study for RT-qPCR describing respective target genes and sequences. 

Target gene qPCR Primer Sequence 5'->3' 

Aureo1a Aureo1a for. CCACCACCACCAACACTAGG 

Aureo1a rev. AGGCGTGAACATGACGTCT 

Aureo1b Aureo1b for. GCTGTACCTCGAGTCCGTTG 

Aureo1b rev. AAGCATTGCTGTCCCATTGTC 

Aureo1c Aureo1c for. ACGTTGCGTCCACACACATA 

Aureo1c rev. GTCGTCGAGATCCAGAGTGG 

Aureo 2 Aureo 2 for. GTTCTCAAGGAGCTGGTCAAG 

Aureo 2 rev. AACGAGTGTTGGGAACTCTGG 

CPF1 CPF1 for. TTCTTGCACTGCCCATTTCT 

CPF1 rev. CATGTCCTTGAACTGAGGCA 

CPF2 CPF2 for. TCCTTCCGCCTTGAAACA 

CPF2 rev. CTCGTCATGGGTTTCGACTT 

CPF4 CPF4 for. GACTAGCCCATCCCAAACAG 

CPF4 rev. CCTTTGAATCGAGCAGTCG 

bHLH1a bHLH1a for. CGACCATGAGTGATTTTCAGTTT 

bHLH1a rev. ACGTGGACGATTCCGAACC 

bHLH1b bHLH1b for. GCAATTGCCTGTAAACACGGT 

bHLH1b rev. TGTTGTTGACTATTGATGGCTCC 

Lhcx1 Lhcx1 for. CAAACAAGCCGTGCGTC 

Lhcx1 rev. CGAATCCAAGAGGGTCGAA 

18S 18S for. AAGTTCTCGCAACCAACAC 

18S rev. CGCCTCAATCAAGGTCAAGAT 

RPS RPS for. AATTCCTCGAAGTCAACCAGG 

RPS rev. GTGCAAGAGACCGGACATAC 
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II. Pearson’s Correlation Analysis: 

 

Table.S7.2 Pearson’s correlation coefficient (r) analysis of diurnal rhythm of test genes used in 

this study between 3 groups as : WT and Aureo1a knock out mutant (KO8); KO8 and Aureo1a 

complemented mutant (Co.48); WT and Co.48 under L: D condition. The correlation was calculated using 

Sigmaplot version 14. The pair(s) of variables with positive correlation coefficients and p-values below 

0.05 tend to increase together. Statistical significance (p-value) is represented as * < 0.1; ** < 0.05; *** < 

0.01; **** < 0.005 and ***** < 0.001. 

S.No. Gene Name WT and KO8 KO8 and Co.48 WT and Co.48 

r-value p-value r-value p-value r-value p-value 

1 Aureo1a 0.129 0.69 -0.0314 0.923 0.655** 0.02 

2 Aureo1b -0.406 0.19 -0.215 0.503 0.606** 0.03 

3 Aureo1c -0.265 0.405 0.0481 0.882 0.702** 0.01 

4 Aureo 2 0.0483 0.881 0.299 0.344 0.535* 0.07 

5 CPF1 -0.384 0.217 -0.211 0.511 0.815**** 0.001 

6 CPF2 -0.0149 0.965 -0.038 0.912 0.238 0.457 

7 CPF4 0.414 0.181 0.494 0.102 0.67** 0.017 

8 bHLH1a -0.0389 0.904 0.251 0.431 0.884***** 0.0001 

9 bHLH1b 0.361 0.248 0.562 0.0569 0.849***** 0.0004 

10 Lhcx1 -0.0418 0.897 -0.16 0.619 0.744*** 0.005 

 

Table. S7.3 Pearson’s correlation coefficient (r) analysis of WT test gene’s diurnal rhythm to WT 

Aureo1a and Aureo1b under L: D condition. The correlation was calculated using Sigmaplot version 14. 

The pair(s) of variables with positive correlation coefficients and p-values below 0.05 tend to increase 

together. Statistical significance (p-value) is represented as * < 0.1; ** < 0.05; *** < 0.01; **** < 0.005 

and ***** < 0.001. 

S. No. First variable: WT 

Gene name 

WT Aureo1a WT Aureo1b 

r-value p-value r-value p-value 

1 Aureo1a - - 0.708**** 0.009 

2 Aureo1b 0.708**** 0.0099 - - 

3 Aureo1c 0.844***** 0.0005 0.876**** 0.0001 

4 Aureo 2 0.671** 0.016 0.599** 0.039 

5 CPF1 -0.025 0.939 -0.185 0.566 

6 CPF2 0.0645 0.842 0.0796 0.806 
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7 CPF4 0.267 0.402 0.505* 0.0941 

8 bHLH1a 0.427 0.166 0.831***** 0.0008 

9 bHLH1b 0.691** 0.0127 0.569* 0.053 

10 Lhcx1 0.0569 0.861 -0.0946 0.77 

 

 

Table. S7.4 Pearson’s correlation coefficient (r) analysis between WT test gene’s diurnal rhythm 

to Aureo1a knock out mutant (KO8) as well as to WT Aureo1a and Aureo1b under D: D condition. The 

correlation was calculated using Sigmaplot version 14. The pair(s) of variables with positive correlation 

coefficients and p-values below 0.05 tend to increase together. Statistical significance (p-value) is 

represented as * < 0.1; ** < 0.05; *** < 0.01; **** < 0.005 and ***** < 0.001. 

S. No. Gene name WT and KO8 WT Aureo1a WT Aureo1b 

r-value p-value r-value p-value r-value p-value 

1 Aureo1a - - - - 0.0242 0.955 

2 Aureo1b 0.71** 0.048 0.0242 0.955 - - 

3 Aureo1c 0.559 0.15 -0.0507 0.905 0.93***** 0.0008 

4 Aureo 2 -0.27 0.517 0.154 0.716 -0.524 0.182 

5 CPF1 0.423 0.296 -0.0858 0.84 0.257 0.539 

6 CPF2 - - - - - - 

7 CPF4 0.865*** 0.0052 -0.133 0.754 -0.444 0.27 

8 bHLH1a 0.597 0.119 -0.306 0.461 -0.44 0.276 

9 bHLH1b 0.931***** 0.0007 0.278 0.505 -0.544 0.164 

10 Lhcx1 0.195 0.643 0.311 0.453 0.669** 0.0694 
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