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ABSTRACT 

In the next fifty years world population will reach 9-10 billion of people. This increment 

will drastically increase energy and food demand. The current global food and energy 

supply chain is not sustainable and it causes increasing CO2 emissions, exacerbating the 

greenhouse effect and the climate change, whose effects we are already experiencing. The 

Climate Change conference hold in Paris in 2015 showed a global consensus on the need 

to drastically reduce carbon emissions to avoid the environmental disaster, which is 

leading to many negative effects like desertification, animal and plants species extinction 

and ocean acidification.  

In order to face this challenge different strategies are under study and development. 

Microalgae are emerging as an interesting possibility for the production of energy and 

food. Being photosynthetic organisms, algae biomass is produced from CO2 fixation, and 

contains proteins, and lipids exploitable as food or fuel.  

Despite their potential, microalgae production on a large scale is still not competitive on 

the food and energy market. One of the main limitation is that photosynthetic efficiency 

at the industrial scale is reduced, negatively affecting growth and biomass accumulation. 

All first attempts of algae large scale cultivation have been pursued cultivating wild type 

strains (WT) that evolved in an environment extremely different and thus they are not 

adapted to have a maximal productivity in the industrial system. As done with crops 

domestication, there is the need to modify genetically strains in order to adapt them to 

grow in industrial systems and increase productivity. There are different algal species that 

are emerging as promising candidates for food and fuel production and among them the 

largest part of this work is focused on Nannochloropsis gaditana, a marine microalga able 

to accumulate lipids and molecules like β-carotene interesting for nutraceutical purposes.  

After a general introduction, chapter 2 described the generation of a collection of random 

mutants of N.gaditana exploiting two different mutagenic approaches, one based on the 

use of the mutagen compound Ethyl Methane Sulfonate (EMS) and the other one based 

on random insertion of a resistance cassette to zeocin. The collection was screened for 

strains altered in the photosynthetic apparatus using a multiple steps in vivo fluorescence 

analysis. In Appendix 1 I collaborated in evaluation of the productivity for one of these 

strains (E2) in a fed batch system mimicking an industrial culture. E2 was selected for a 

reduction in the chlorophyll content and also in the PSII antenna size. One of the 
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limitations in algae mass cultures is that light penetration negatively affects growth and 

thus a strain with a reduction in the light absorption capacity could have a productivity 

advantage. This work indeed showed that the strain E2 had increased productivity with 

respect to WT, but also highlighted the seminal influence of the cultivation parameters on 

strains performances.  

Most of the PhD work was then invested on the characterization of two promising 

insertional strains. The first strain presented in chapter 3 is I29. This is a low chlorophyll 

(Chl) content mutant with no difference in the antenna size of PSII. In flask culture I29 

showed a reduction of 20% in the Chl content respect to the WT, which leaded also to a 

higher electron transport rate (ETR). The site of insertion of the resistance cassette was 

identified but there was no apparent effect on transcription level of closest genes. The full 

genome of the strain was thus re-sequenced revealing a point mutation in a key gene 

involved in the chlorophyll biosynthetic pathway, a highly likely candidate to justify the 

phenotype. I29 in lab scale PBR was also assessed evidencing an increase in productivity 

of 14% with respect to the WT.   

An analogous work was done in chapter 4 for the characterization of another interesting 

mutant from the collection isolated in chapter 2, the mutant I48. This mutant has a severe 

reduction in the non-photochemical quenching (NPQ) activation. The site of insertion was 

not identifiable because of the presence of tandem insertions and again the strain genome 

was re-sequenced highlighting the presence of point mutations due to electroporation. 

Among these we found an interesting one in the gene codifying for the protein LHCX1. 

This is a stress-related antenna protein which in other species like Phaeodactylum 

tricornutum has already been recognized as a key component of the fast NPQ response.  

The loss of the protein accumulation was confirmed by Western Blot. Strain response to 

different illumination conditions was also evaluated highlighting the ability of the mutant 

to grow also in high light condition. The last part of the characterization was devoted to 

productivity evaluation since a depletion of NPQ could be advantageous in an industrial 

condition of a dense culture, where only the external layer are exposed to intense light. A 

low NPQ phenotype can avoid undesired energy dissipation in the internal layers. We 

observed a 24% higher productivity for I48 respect to the WT but, as discussed in 

Appendix 1 this was dependent from growing conditions.  

In diatoms NPQ has been associated not only to the high light response but also to the 

fluctuating light (FL) response, which is a condition easily experienced in outdoor 
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cultivation system. We take advantage from the isolation of this mutant with a severe 

reduction in NPQ to verify what can be the impact of NPQ  in N.gaditana response. In 

chapter 5 we set up an experiment in which we exposed the cultures to 150 μmol of 

photons m-2s-1 but in the control sample the light intensity was constant, in FLs it was the 

result of a combination of a low light exposition with high light flashes given with 

different frequencies and duration. We found that those FL treatments caused a severe 

growth reduction in WT but I48 showed no increased sensitivity. The growth reduction 

was proportional to the flash frequency and stronger with higher flash frequency. An 

analysis of photosynthetic apparatus functionality evidenced that in FL PSII activity is not 

affected while PSI is largely inactivated. This suggests that alternatives electron transport 

around PSI, that are active in avoiding its over-excitation, are not as efficient in 

N.gaditana as in other organisms. 

These first 5 chapters highlight the potential of microalgae engineering to find new strains 

more productive respect to the WT. FL experiment not only adds new knowledge about 

NPQ role in N.gaditana, but taking in count that FL is a condition easily found if we want 

to exploits sunlight in industrial system, it can be the starting point to find new gene 

targets to improve productivity. This work started with an insertional approach that in 

principle should facilitate identification of the genes responsible of the phenotype. In this 

case this advantage is impaired by the frequent presence of tandem insertions and 

accumulation of point mutations during transformation. Alternative strategies are thus 

more suitable and will be pursued in the future.   

In chapter 6 we tested the chemical mutagenesis and the screening method set up for 

N.gaditana with Scenedesmus obliquus to evaluate if the approach could be generally 

applied to any species of interest. Indeed at least a strain with interesting properties was 

isolated (SOB17). In this work we also evaluated productivity in a flat panel in 

continuous mode. Indeed the geometry of a flat panel leads to a better light distribution 

and homogeneity respect to other system like the bottles. Moreover the continuous mode 

provides a stable culture continuously producing. This culture showed remarkable 

stability for more than 30 weeks and SOB17 showed a higher productivity in one of the 

conditions tested but, as observed for Nannochloropsis gaditana strains also in this case 

operational conditions were shown to have a fundamental influence on strains 

performances.  
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In addition to the Appendix 1 described above, other two appendix sections are also 

included in the thesis. They are the results of two different collaboration in which some of 

the experimental techniques exploited in this work were applied with different aims. 

In Appendix II, there is the published work “Genetic Engineering of algae photosynthetic 

productivity using mathematical models” that describes the development of a 

mathematical model to evaluate the key factors influencing algae biomass productivity in 

PBR. The model was shown to be able to predict the effect of genetic modifications on 

algae performances in an industrial context, thus providing a valuable tool to identify the 

genotypes with the best advantages for productivity. 

In Appendix III is reported the collaboration with Prof. Angela Falciatore (Diatom 

Functional Genomics team, at the UPMC-Paris). A screening procedure similar to those 

one set up for N.gaditana was adapted to search photosynthetic alterations in a collection 

of Phaeodactylum tricornutum transgenic lines genetically modified by the RNA 

interference approach, in order to modulate the expression of transcription factors (TF). 

Thank to this screening procedure we found some promising correlation between the 

genetic modulation of a class of TFs and the photosynthetic phenotype of mutants strains 

isolated. Now this correlation phenotype-TF expression level is under validation by 

confirming the screening phenotype and evaluating the transcripts level. 
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RIASSUNTO 

Si stima che nei prossimi 50 anni la popolazione mondiale aumenterà fino a raggiungere i 

9-10 miliardi di persone. Un incremento di queste proporzioni porterà inevitabilmente ad 

una maggior richiesta di produzione di cibo ed energia. L’attuale metodo di 

approvvigionamento di queste risorse non è sostenibile in quanto è la causa principale 

dell’aumento delle emissioni di CO2 in atmosfera, le quali stanno alimentando il 

cambiamento climatico. Nella conferenza che si è tenuta a Parigi nel 2015 sul 

cambiamento climatico è emersa chiaramente la necessità di un cambio di tendenza per 

poter evitare il collasso ambientale, che sta già portando alla desertificazione di molti 

terreni un tempo fertili, all’estinzione di massa di specie animali e vegetali  e 

all’acidificazione degli oceani. Per invertire questa tendenza quindi bisogna rivedere il 

nostro sistema di produzione alimentare ed energetica. Tra le possibilità al vaglio le 

microalghe stanno emergendo come un interessante candidato sia per la produzione di 

energia che di cibo. Infatti le microalghe sono organismi fotosintetici che producono 

biomassa fissando CO2. Molte specie sono ricche di proteine e lipidi utilizzabili come 

nutrimento o come matrice per la produzione di biodiesel. Tuttavia nonostante le loro 

potenzialità le microalghe non sono ancora utilizzate su larga scala perché la loro 

produzione continua ad aver un costo troppo elevato a fronte di produttività insufficienti. 

Uno dei maggiori limiti è legato al calo di efficienza fotosintetica che si registra nel 

passaggio in scala industriale, la quale impatta negativamente sulla crescita delle 

microalghe e quindi sulla produzione di biomassa. Tuttavia bisogna tenere conto che ad 

ora si stanno coltivando ceppi wild type, che quindi si sono evoluti ed adattati per crescere 

al meglio in un ambiente naturale estremamente diverso da quello industriale. Perciò 

come si è fatto con la domesticazione delle piante per uso alimentare, sarà necessario un 

passaggio di ingegnerizzazione dei ceppi parentali per ottenere dei nuovi ceppi più adatti 

alle condizioni industriali e quindi più produttivi una volta coltivati su larga scala.  

Ci sono svariate specie algali al vaglio come candidati per la produzione alimentare ed 

energetica, ma questo lavoro si focalizza principalmente su Nannochloropsis gaditana.  

Questa è una microalga marina capace di accumulare sia lipidi sia molecole di interesse 

per la nutraceutica come il β-carotene. Dopo una introduzione generale, nel capitolo 2 

viene descritto l’ottenimento di una collezione di mutanti casuali generati attraverso due 

diversi approcci di mutagenesi. Il primo è un approccio di mutagenesi chimica, che 

utilizza come agente mutageno l’etil-metano-sulfonato (EMS) e il secondo è un approccio 
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di mutagenesi inserzionale che sfrutta l’inserimento casuale nel genoma di DNA esogeno 

che conferisca al ceppo la resistenza per la zeocina. Da questa collezione si sono isolati 

solo i mutanti alterati nell’apparato fotosintetico utilizzando cicli progressivi di selezione 

attraverso misure di fluorescenza in vivo. In Appendice 1 è riportata la collaborazione 

nella valutazione delle produttività di uno dei mutanti ottenuti con EMS (E2), in 

condizioni di semi continuo che mimano una coltura industriale. E2 è stato selezionato 

perché presentava un ridotto contenuto di clorofilla abbinato anche ad una riduzione del 

numero di proteine antenna legate al PSII. Infatti uno dei maggiori problemi su scala 

industriale è la scarsa penetrazione della luce, dovuta alle densità elevate raggiunte dalle 

colture, la quale ha un impatto negativo sulla produzione. Un mutante con una ridotta 

capacità di assorbimento della luce può essere vantaggioso perché migliora la 

distribuzione della luce nel sistema con un conseguente incremento nella crescita. Questo 

lavoro infatti dimostra come E2 sia più produttivo del WT, ma sottolinea anche che le 

condizioni di coltura sono fondamentali per utilizzare al meglio il potenziale del ceppo 

mutato. 

La maggior parte di questa tesi è stata poi dedicata alla caratterizzazione di due ceppi 

promettenti ottenuti per mutagenesi inserzionale. Il primo è I29 ed è presentato nel 

capitolo 3. Questo mutante è stato selezionato perché presentava un ridotto contenuto di 

clorofilla anche se il numero di proteine antenna per PSII è analogo al WT. In beuta la 

coltura di I29 mostra un 20% in meno di clorofilla rispetto al WT, che si accompagna con 

un trasporto elettronico che si satura ad intensità di luce maggiori (maggiore ETR 

electron transport rate). Il sito di inserzione della cassetta è stato identificato come 

singolo, ma sembra non influenzare i livelli di trascrizione dei geni vicini. Il completo ri-

sequenziamento del genoma ha evidenziato una mutazione puntiforme in un gene chiave 

nella biosintesi della clorofilla, che può essere un promettente candidato per giustificare il 

fenotipo di I29. Di questo mutante si è valuta anche la produttività e si è visto un 

incremento del 14% rispetto al WT. 

Un lavoro analogo è stato fatto per il mutante I48, isolato sempre nel capitolo 2. Questo 

mutante ha una importante riduzione nell’attivazione dei meccanismi di dissipazione 

dell’eccesso di energia luminosa come calore (NPQ). Non è stato possibile individuare il 

sito di inserzione a causa della presenza di inserzioni multiple in tandem, perciò anche in 

questo caso il genoma è stato ri-sequenziato. Il sequenziamento ha evidenziato 

nuovamente la presenza di mutazioni puntiformi dovute al protocollo di trasformazione. 
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Tra queste è emersa una mutazione nel gene codificante per la proteina LHCX1. Questa è 

una proteina antenna coinvolta nella risposta allo stress luminoso, il cui ruolo chiave nella 

risposta rapida del NPQ è già stato evidenziato in altre specie come Phaeodactylum 

tricornutum. Il mancato accumulo di questa proteina è stato confermato attraverso 

Western Blot. Si è valutata la capacità di questo ceppo di crescere in diverse condizioni 

luminose. È emerso che I48 è in grado di crescere anche in alta luce nonostante questa 

riduzione nella risposta di NPQ. L’ultima parte della caratterizzazione ne ha valutato 

invece la produttività. Infatti una riduzione nel NPQ può essere vantaggiosa in condizioni 

industriali in quanto in una coltura densa solo lo strato esterno è esposto a luci intense. 

Perciò un NPQ ridotto può evitare una dissipazione indesiderata di energia negli strati più 

interni dove la luce è già limitante. I48 ha mostrato un aumento di produttività del 24% 

rispetto al WT, ma come già discusso in Appendice 1 questo è strettamente dipendente 

dalle condizioni di coltura. 

Nelle diatomee il NPQ è stato associato non solo alla risposta ad alta luce ma anche a 

quella alla luce fluttuante (FL), una condizione facilmente sperimentabile nei sistemi di 

coltura all’esterno. 

Abbiamo sfruttato questo mutante con una marcata riduzione nel NPQ per verificare qual 

è l’impatto di questi meccanismi nella risposta di N.gaditana alla luce FL. Nel capitolo 5 

quindi è stato messo a punto un esperimento in cui le colture sono state esposte ad una 

intensità luminosa di 150 μmol di fotoni m-2s-1, i quali nel controllo sono somministrati in 

modo costante, mentre nelle FL sono frutto di una combinazione di una bassa luce di base 

inframmezzata da flash di alta luce, dati con frequenze e durate diverse. Il risultato è un 

forte impatto delle FL sulla crescita del WT. Il difetto di crescita è proporzionale alla 

frequenza dei flash ed è più marcato alle frequenze maggiori. Tuttavia I48 non mostra una 

sensibilità maggiore a questo genere di trattamento rispetto al WT, perciò il NPQ non 

sembra essere coinvolto in modo significativo nella risposta di N.gaditana alla luce FL. 

Approfondite analisi sulla funzionalità dell’apparato fotosintetico hanno evidenziato che 

l’attività del PSII non è compromessa, bensì è il PSI ad essere pesantemente inattivato. 

Questo risultato suggerisce che i trasporti alternativi attorno al PSI, che in altri organismi 

fotosintetici sono attivati per evitare la sovraeccitazione del PSI, non sono così efficienti 

in N.gaditana. 

I primi 5 capitoli quindi hanno evidenziato il potenziale dell’ingegnerizzazione delle 

microalghe per trovare ceppi più produttivi rispetto al WT. Gli esperimento in FL in 
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particolare non solo hanno aiutato a chiarire il ruolo del NPQ in questa microalga, ma 

tenendo conto che la FL è una condizione facilmente trovabile in sistemi industriali che 

utilizzano la luce del sole come fonte di energia, può fornire un punto di partenza per 

trovare nuovi targets di ingegnerizzazione per aumentare la produttività. Inizialmente ci 

siamo focalizzati su un approccio inserzionale, perché avrebbe dovuto facilitare 

l’identificazione dei geni responsabili del fenotipo. In questo caso la frequente presenza 

di inserzioni in tandem e l’accumulo di mutazioni puntiformi ha vanificato questo 

vantaggio, perciò strategie alternative sono in fase di ottimizzazione per il futuro.  

Nel capitolo 6 abbiamo invece testato l’approccio di mutagenesi chimica ed il protocollo 

di selezione, ottimizzati per N.gaditana, su un’altra specie: Scenedesmus obliquus, per 

valutare se questo metodo può essere applicato con successo a qualsiasi specie di 

interesse. Almeno un ceppo promettente è stato isolato (SOB17). In questo lavoro si è 

messo a punto anche un diverso sistema di valutazione delle produttività, attraverso un 

pannello messo in coltura in continuo. Infatti la geometria del pannello migliora la 

distribuzione della luce, rendendola più omogenea rispetto ad altri sistemi come la 

bottiglia. Inoltre la coltura in continuo fornisce una coltura stabile che ha una produzione 

continua di biomassa. Questa coltura ha avuto una buona stabilità nel tempo, arrivando ad 

essere, mantenuta per più di 30 settimane e SOB17 ha mostrato anche una maggiore 

produttività in una delle condizioni testate, anche se di nuovo come si era visto per 

N.gaditana, le condizioni di coltura sono fondamentali per ottenere il miglior risultato da 

ogni ceppo. 

In aggiunta all’Appendice 1 descritta prima, altre due appendici sono incluse nella tesi. 

Queste sono il risultato di due diverse collaborazioni in cui gli approcci sperimentali 

messi a punto in questa tesi sono stati applicati con fini diversi.  

In Appendice 2 è riportato il lavoro già pubblicato “Genetic Engineering of algae 

photosynthetic productivity using mathematical models” che descrive lo sviluppo di un 

modello matematico per valutare i fattori che influenzano la produttività delle microalghe 

nei fotobioreattori. Il modello è in grado di predire gli effetti di modifiche genetiche in un 

contesto di produzione industriale, fornendo uno strumento per identificare i genotipi più 

vantaggiosi in termini di produttività. 

In Appendice 3 è riportata una collaborazione con la Prof.ssa Angela Falciatore (Diatom 

Functional Genomics team, UPMC-Paris).  In questo lavoro è stato adattato il protocollo 

di selezione ottimizzato per N.gaditana per trovare fenotipi fotosintetici in una collezione 
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di mutanti di Phaeodactylum tricornutum, ottenuti per RNA interference così da 

modulare l’espressione di diversi fattori di trascrizione. Con questo approccio è stato 

possibile stabilire alcune promettenti correlazioni tra fenotipo e modulazione di una 

determinata classe di fattori di trascrizione, che ora saranno validati con un’analisi 

approfondita del fenotipo di questi mutanti e dei livelli di trascrizione in questi ceppi 

mutati. 
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CHAPTER 1:  

Introduction 
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Microalgae are a group of unicellular microscopic photosynthetic organisms counting 

more than 200.000 species (Bleakley and Hayes 2017). Microalgae evolved to tolerate a 

wide variety of environmental conditions. Indeed they account for about 50% of global 

carbon fixation so they already have a major impact on CO2 levels (Palma et al. 2017).  

In the last few years microalgae are emerging as promising candidates as biomass source 

potentially exploitable both for food and energy production. If we consider food 

production some species of microalgae are potentially interesting for their high protein 

levels, similar to those of traditional protein sources, such as meat, eggs, soybean, and 

milk and they can be even richer in essential amino acids. Several algae species produce 

compounds, such as carotenoids, polyunsaturated fatty acid (PUFA), astaxanthin and 

lutein, widely used in the nutraceutical industry (I-Son et al. 2017). 

Considering instead the energy market some microalgae species show the ability to 

accumulate high amount of oil (20-50% w/w) that can be converted into liquid fuels 

(Chisti 2007). With respect to plants, microalgae present some advantages, for example: 

- they convert captured solar energy into biomass with efficiencies that generally 

exceed those of terrestrial plants (an efficiency of 3% reported for marine 

microalgae compared with 0.2–2% for terrestrial plants) (Stephenson et al. 2011); 

- as unicellular organisms the allocation of energy and resources for the production 

of heterotrophic tissues is avoided (Palma et al. 2017); 

- they do not need arable land to be cultivated, so they do not compete with food 

production (Ishika, Moheimani, and Bahri 2017); 

- they do not need freshwater for their cultivation. On the contrary wastewaters can 

be used as source of nitrogen and phosphorous, coupling the bioremediation 

processes with industrial production (Salama et al. 2017). 

Despite these advantages several limitations for microalgae industrial production are still 

present. Especially for biofuels production cultivation costs are still too high, making the 

product not economically competitive. According to some recent estimations the cost of a 

barrel of algae-based fuel using current technology is around US$300, compared with 

petroleum which is available at US$40 to 60 per barrel (I-Son et al. 2017). So to explore 

microalgae possibilities in next years the goal for the scientific community will be to find 

a way to increase the production while also reducing costs. 
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CONVERSION OF LIGHT INTO CHEMICAL ENERGY IN OXYGENIC 

PHOTOSYNTHESIS 

 

Microalgae potential as sustainable source of biomass for food and fuel applications is 

strictly connected with their ability to perform oxygenic photosynthesis. Algae as 

photosynthetic organisms exploit oxygenic photosynthesis to covert light energy into 

ATP and NADPH that are then used to fix CO2, producing also molecular oxygen as 

secondary product. The process can be divided into a light and dark phase (fig 2-A). 

During the light phase the solar energy is used to oxidize water and produce ATP and 

NADPH. During the dark phase ATP and NADPH are involved in CO2 fixation by 

Calvin-Benson cycle (Bassham, Benson, and Calvin 1950).  

In eukaryotes photosynthesis takes place in specialized organelles called chloroplasts. 

Two external membranes separate a compartment called stroma, that contains all the 

enzymes involved in dark reaction, plastidial DNA, RNA and ribosomes. Within the 

stroma there are also the thylakoid membranes, which form a three dimensional network 

around thylakoids lumen. Four major protein complexes are localized in the thylakoids 

membrane and catalyze the processes of the light phase: Photosystem II, cytochrome b6f 

complex, Photosystem I and ATP synthase (fig 2-B). Photosynthetic process starts with 

light absorption by a pigment, chlorophyll, that uses excitation energy for a charge 

separation. Primary electron donor during this process is water. O2 is generated as 

secondary product after water oxidation. 

Water oxidation releases on the lumenal side of thylakoid membrane 4 protons. These 

protons are translocated through the thylakoid membrane during the so called Q-cycle, 

which involves the reduction and oxidation of plastoquinone/plastoquinol pool. 

Plastoquinone reduction to plastoquinol is due to Cytb6f, which oxidizes two 

plastoquinols, reduces one plastoquinone, and  translocates 3 H+ for every 2 electrons 

transported to PSI. The formation of a proton gradient across the thylakoid membrane 

leads to the generation of free energy and reducing power, in the form of ATP and 

NADPH + H+.  
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(GAP) from three CO2 molecules and in the regeneration of Ribulose 1,5‐bisphospate 

(RuBP). Nine ATP and six NADPH are consumed for the production of one GAP. 

 

MOLECULAR BASES OF LIGHT HARVESTING 

 

The first step of photosynthesis is light harvesting by pigments, namely chlorophyll and 

carotenoids (Koziol et al. 2007). Chlorophyll is the major light harvesting pigment, its 

structure comprises a phytol tail and a porphyrin ring. The former appears dissolved in 

the membrane lipids of the chloroplast. The alternating single and double bonds of the 

porphyrin moiety act as antenna to capture light with the magnesium atom at the center 

carrying the electrons necessary for the photosynthesis reactions to take place (Carvalho 

et al. 2011). Carotenoids instead are isoprenoids compounds with a variable structure. 

They are not only involved in light harvesting but also in stress response. They  have an 

antioxidant function which can reduce the oxidative damage due to reactive oxygen 

species (ROS) formation in stress condition. 

These pigments are bound to pigment protein complexes found in both photosystems. In 

eukaryotes most of the pigments are bound to members of Light Harvesting Complex 

(LHC). LHC are a multigene family evolved from an internal gene duplication/unequal 

crossing-over of tandem genes (Engelken, Brinkmann, and Adamska 2010). They are 

nuclear genes but their products are then directed to the chloroplast by an N-terminal 

signal peptide. In the chloroplast they associate with pigments and they are inserted into 

the thylakoid membrane (Koziol et al. 2007). Antenna proteins possess three α-helical 

transmembrane regions, connected by stroma and lumen exposed loops (fig 3). LHCs are 

divided in several subfamilies. For example there are LHCAs and LHCBs that are found 

in green algae and they form PSI and PSII supercomplexes. FCPs also called LHCfs bind 

fucoxanthin or violaxanthin and they are mainly found in brown algae and Heterokonts 

(Koziol et al. 2007; Litvin et al. 2016; Nield, Redding, and Hippler 2004). There are also 

LHCRs and LHCARs, which are found in red algae and in secondary endosymbiont like 

diatoms. These ones bind Chl a/c, zeaxanthin and β-carotene. Instead LHCSRs or LHCXs 

are stress induced chlorophyll binding proteins (fig 3), which play a role in the response 

to the excess of light called Non Photochemical Quenching (NPQ) (Bailleul et al. 2010; 

K. K. Niyogi and Truong 2013). 
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CHAPTER 2: 

Generation of random mutants to improve light-use 

efficiency of Nannochloropsis gaditana cultures for 

biofuel production 
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ABSTRACT 

 

Background: The productivity of an algal culture depends on how efficiently it converts 

sunlight into biomass and lipids. Wild type algae in their natural environment evolved to 

compete for light energy and maximize individual cell growth; however, in a 

photobioreactor, global productivity should be maximized. Improving light use efficiency 

is one of the primary aims of algae biotechnological research, and genetic engineering can 

play a major role in attaining this goal.  

Results: In this work, we generated a collection of Nannochloropsis gaditana mutant 

strains and screened them for alterations in the photosynthetic apparatus. The selected 

mutant strains exhibited diverse phenotypes, some of which are potentially beneficial 

under the specific artificial conditions of a photobioreactor. Particular attention was given 

to strains showing reduced cellular pigment contents, and further characterization 

revealed that some of the selected strains exhibited improved photosynthetic activity; in at 

least one case, this trait corresponded to improved biomass productivity in lab-scale 

cultures. 

Conclusions: This work demonstrates that genetic modification of Nannochloropsis 

gaditana has the potential to generate strains with improved biomass productivity when 

cultivated under the artificial conditions of a photobioreactor. 
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INTRODUCTION 

 

Biodiesel production using microalgae biomass represents one interesting alternative for 

replacing fossil liquid fuels and reducing emission of greenhouse gasses into the 

atmosphere. Several thousand different algae species exist in nature, and thus far, few of 

them have been identified as being particularly suitable for these types of applications [1]. 

Species of the Nannochloropsis genus are included in the list of biodiesel production 

candidates due to their ability to accumulate large amounts of lipids, especially during 

nutrient starvation [2, 3].  

Algae are photosynthetic organisms and thus depend on sunlight for energy to support 

their metabolism [4]. Solar light is an abundant resource, but it is also distributed on a 

very large surface, making the average amount of energy available per unit area relatively 

low (1,084 x 1016 J/km2 [5]). Consequently, algae growing in outdoor ponds and 

photobioreactors (PBR) are commonly limited by light availability, and their efficiency in 

converting light into biomass substantially influences overall productivity [6, 7]; this 

limitation is particularly true for photoautotrophs, such as the species belonging to the 

Nannochloropsis genus [8]. To make algae-based products competitive on the market it is 

therefore imperative that biomass production be maximized by optimizing the light use 

efficiency of these organisms in industrial-scale cultivation systems [6, 7]. 

One of the major problems associated with growing algae in any large scale PBR (or 

pond) is that cultures have high optical densities, resulting in strongly inhomogeneous 

light distributions [9, 10]. Consequently, most of the available light is absorbed by 

superficial cells, which easily absorb energy exceeding their photochemical capacity. This 

surplus excitation leads to oxidative damage and photoinhibition, which can be avoided in 

part by dissipating a fraction of the absorbed energy as heat through a photoprotective 

mechanism known as Non-Photochemical Quenching (NPQ) [11]. NPQ effectively 

protects cells from photoinhibition, but it can drive the dissipation of up to 80 % of the 

absorbed energy as heat, strongly decreasing the light use efficiency of cells exposed to 

excess irradiation [12–14]. While the external cells absorb most of the available energy 

and use it with low efficiency, cells underneath are strongly light-limited, reducing the 

overall accumulation of biomass. Due to this inhomogeneous light distribution, algae 

grown in large scale PBRs are significantly less productive than algae grown under 

laboratory conditions [15–17].  
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The large antenna system of the algae photosynthetic apparatus binds hundreds of 

chlorophyll molecules (Chl) per reaction center. These pigments maximize light-

harvesting efficiency as an evolutionary adaptation to a natural environment where solar 

radiation is often limiting for growth, and competition with other organisms for light is 

essential [5, 18]. In contrast, in a large scale PBR, such large antenna systems limit light 

penetration into algal cultures and the capacity for competition exists at the expense of 

overall productivity. In this artificial environment, an “ideal” organism should harvest 

only the amount of light that it can use with high efficiency, without removing useful 

energy that other cells could use; such a domesticated strain would have reduced fitness 

in a natural context but improved productivity in the artificial environment of a PBR [16, 

19]. 

Following on this hypothesis, genetically engineered strains have been generated in past 

years with altered composition and regulation of the photosynthetic apparatus to reduce 

their competitive capacity, for example with reduced cell pigment content [6, 16, 20]. 

Reduction of culture light harvesting efficiency is indeed conceivable and it has been 

suggested that only approximately 50/350 and 90/300 of the chlorophyll molecules found 

in Photosystems II (PSII) and PSI (PSI), respectively, in Chlamydomonas reinhardtii are 

strictly necessary, while the rest are bound to light-harvesting complexes (LHC) and are, 

in principle, dispensable [19, 21]. The mutations responsible for Chl content reduction 

should bear two positive effects: first, a cell will harvest less light when exposed to strong 

irradiation, reducing the need for the activation of energy dissipation mechanisms, and 

second, light will be better distributed in the culture volume, making more energy 

available to support the growth of biomass in cells in the internal light-limited layers [16]. 

Several recent reports have demonstrated that it is possible to isolate algae mutant strains 

with reduced Chl content and/or reduced antenna size, defined as TLA (truncated light-

harvesting) mutant strains, especially in the model organism Chlamydomonas reinhardtii 

[15, 22–25]. These modifications were achieved by altering genes that are involved in the 

chlorophyll biosynthetic pathway [26] and genes that encode LHC proteins [27], as well 

as factors involved in their co- or post-translational regulation [28] or in their import into 

the chloroplast [18, 29]. Some of these TLA mutant strains have been shown increased 

maximum photosynthetic rates and a greater photosynthesis light saturation [28]; 

however, strains with reduced antenna systems might also exhibit enhanced 

photosensitivity under high light conditions because the pigment-binding complexes 
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function not only in harvesting light but also in photoprotection and NPQ activation [11, 

30, 31]. 

Despite promising results obtained in lab-scale experiments, TLA mutant strains 

produced contrasting results with regards to the improvement of biomass productivity 

when tested in a larger scale PBR [25, 32, 33], likely because the mutations can carry 

negative consequences, such as the aforementioned increased sensitivity to light stress. 

To effectively improve productivity, it is therefore necessary to find the optimal 

compromise between the benefits of reducing light harvesting and the disadvantages 

associated with the potential reduction in photo-protection [34]. 

Here, we isolated and characterized mutant strains with photosynthetic apparatus 

alterations that were generated by chemical and insertional random mutagenesis in 

Nannochloropsis gaditana, an interesting model organism for biofuel production and 

large scale cultivation [35]. Such a collection of strains will facilitate the search for 

mutant strains with reduced competitive capacity that could potentially provide positive 

advantages in the artificial environment of a PBR. We also characterized those strains 

with reduced cellular Chl contents in greater detail, identifying strain E2 as having a 

reduced PSII antenna size, improved photosynthetic activity and improved productivity in 

lab-scale fed-batch cultures, representing a promising starting point in the search for 

improved productivity outdoors. 

 

MATERIAL AND METHODS 

 

Microalgae growth.  

Nannochloropsis gaditana (strain 849/5) from the Culture Collection of Algae and 

Protozoa (CCAP) were used as the WT strain for the generation of mutant strains. Cells 

were grown in sterile F/2 media with sea salts (32 g/L, Sigma Aldrich), 40 mM Tris-HCl 

(pH 8) and Guillard’s (F/2) marine water enrichment solution (Sigma Aldrich) in 

Erlenmeyer flasks with 100 μmol photons m-2 s-1 illumination and 100 rpm agitation at 22 

± 1 °C in a growth chamber. Fed-batch cultures were grown in 5 cm diameter Drechsel’s 

bottles with a 250 ml working volume and bubbled using air enriched with 5 % CO2 

(v/v); in this case, F/2 growth media was enriched with added nitrogen, phosphate and 

iron sources (0.75 g/L NaNO3, 0.05 g/L NaH2PO4 and 0.0063 g/L FeCl3•6 H2O final 

concentrations). Illumination at 400 μE m−2 s−1 was provided by a LED Light Source SL 
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3500 (Photon Systems Instruments, Brno, Czech Republic). The pH of the fed-batch 

cultures was set to 8.00 and fresh media was added every other day to restore the starting 

cell biomass concentration of 1 gr/L. Algal growth was measured by the change in optical 

density at 750 nm (OD750; Cary Series 100 UV–VIS spectrophotometer, Agilent 

Technologies) and cells were counted using a cell counter (Cellometer Auto X4, 

Nexcelom Bioscience). The biomass concentration was measured gravimetrically as a dry 

weight (DW) by filtering 5 ml of culture that had been diluted 1:5 to dissolve salts using 

0.45 µm pore size cellulose acetate filters. The filters were then dried at 70 °C for at least 

24 h and the dry weights were measured in grams per liter. Biomass productivity was then 

calculated as ([Cf] - [Ci]) / (tf - ti), where C is the final or initial biomass concentration of 

the culture and t is the day number. 

 

Chemical mutagenesis 

To generate the mutant collection, mutagenesis conditions were set to induce 90 % cell 

mortality, ensuring a high mutation frequency. Microalgae suspensions (2 * 107 cells/mL) 

in the late exponential growth phase were mutagenized using 70 mM EMS (Sigma 

Aldrich) for 1 h in darkness at room temperature with mild agitation. The treated cells 

were then centrifuged at 5000 g for 8 min, washed four times with sterile F/2 media to 

remove excess EMS and then plated on F/2 agar dishes. Plates were cultured at 22 ± 1 °C 

with 20 μmol photons m−2 s−1 illumination until algae colonies emerged (5 and 8 weeks 

after mutagenesis). 

 

Insertional mutagenesis.  

A library of insertional mutant strains was generated via transformation of the N. 

gaditana strain CCAP 849/5 with the Sh-ble gene (from Streptoalloteichus hindustanus, 

kindly provided by Prof. Matthew Posewitz [35]) conferring resistance to zeocin. The 

DNA cassette (approximately 1.3 kb) containing the Sh-ble gene with an endogenous 

UBIQUITIN promoter and the FCPA terminator [35], was digested from the pPha-T1-

UEP vector and purified on an agarose gel (0.8 % (w/v)). For transformations, 5 * 108 N. 

gaditana cells were washed four times with 375 mM sorbitol at 4 °C and resuspended in 

100 µl 375 mM cold sorbitol. Cells were then incubated with 5 µg DNA for 10 minutes 

on ice and then electroporated in a 2 mm cuvette using an ECM630 BTX electroporator 

set (500 Ω, 50 µF and 2400 V). Following electroporation, the cells were maintained on 

ice for 5 minutes, resuspended in 10 ml F/2 media and recovered for 24 hours at 22 ± 1 
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°C with agitation and 20 μmol photons m−2 s−1 before plating onto F/2 plates containing 

3.5 µg/ml zeocin. Resistant colonies were detected after 3 weeks and picked after 4-5 

weeks.  

 

Mutant selection and in vivo fluorescence-based high-throughput screening.  

Approximately 5-6 weeks after mutagenesis or transformation, colonies were collected 

and transferred. Colonies were then analyzed by in vivo fluorescence using a FluorCam 

FC 800 video-imaging apparatus (Photon Systems Instruments, Brno, Czech Republic) to 

identify those with mutations affecting the regulation of the photosynthetic apparatus. The 

selected mutant strains were retained if they were positively selected in at least three 

successive screening rounds. 

 

Pigment content analysis.  

Chlorophyll a and total carotenoids were extracted from cells after 4 days of growth at the 

end of exponential phase using a 1:1 biomass to solvent ratio of 100 % N,N-

dimethylformamide (Sigma Aldrich) [43]. Pigments were extracted at 4 °C in the dark for 

at least 24 h. Absorption spectra were determined between 350 and 750 nm using a Cary 

100 spectrophotometer (Agilent Technologies) to spectrophotometrically determine 

pigment concentrations using specific extinction coefficients [43]. 

Absorption values at 664 and 480 nm were used to calculate the concentrations of 

Chlorophyll a and total carotenoids, respectively.    

 

Measurements of photosynthetic activity and PSII functional antenna size.  

Oxygen evolution activity was recorded using a Clark-type O2 electrode (Hansatech, 

Norfolk, UK) at 25 °C. Cell suspensions (1.3 ml) containing 325 * 106 cells were 

illuminated with a halogen lamp (KL 1500, Schott, Germany) after a 5 minutes dark 

adaptation. The concentrations of Chl a were determined after pigment extraction. PSII 

functionality was assessed in vivo by measuring Chl fluorescence using a PAM 100 

fluorimeter (Heinz-Walz, Effeltrich, Germany) after a 20’ dark adaptation. Samples were 

treated with increasingly intense light up to 2000 µmol photons m-2 s-1, and the light was 

then switched off to evaluate NPQ relaxation. NPQ and ETR values were calculated as 

previously described [38].  

PSII antenna sizes were determined at the end of exponential phase (4th day of growth) 

using a JTS10 spectrophotometer. Samples (200 * 106 cells/ml final concentration) were 
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adapted to the dark for 20 minutes and then incubated with 80 µM DCMU for 10 minutes. 

Fluorescence induction kinetics were then monitored upon excitation with 320 µmol 

photons m-2 s-1 of actinic light at 630 nm. The t2/3 values obtained from the induction 

curves were then used to calculate the size of the PSII functional antenna. 

 

SDS-PAGE electrophoresis and western blotting 

 Samples for western blotting analysis were collected from 4 day cultures in the late 

exponential phase. Cells were lysed using a Mini Bead Beater (Biospec Products) at 

3500 RPM for 20 s in the presence of glass beads (150–212 μm diameter), B1 buffer 

(400 mM NaCl, 2 mM MgCl2, and 20 mM Tricine–KOH, pH 7.8), 0.5% milk powder, 

1 mM PMSF, 1 mM DNP-ε-amino-n-caproic acid and 1 mM benzamidine. Broken cells 

were then solubilized in 10% glycerol, 45 mM Tris (pH 6.8), 30 mM dithiothreitol, and 

3% SDS at RT for 20 min. Western blot analysis was performed by transferring the 

proteins to nitrocellulose (Bio Trace, Pall Corporation) and detecting them with alkaline 

phosphatase-conjugated antibodies. The antibodies recognizing D2, LHCf1 and LHCX1 

proteins were produced by immunizing New Zealand rabbits with purified spinach 

protein [UniProt: P06005 for D2] or recombinant proteins obtained from cDNA 

overexpression in E. coli [UniProt: W7T4V5 for LHCf1, and Uniprot: K8YWB4 for 

LHCX1].  

 

 

RESULTS AND DISCUSSION 

 

Isolation of a collection of Nannochloropsis mutant strains with alterations in the 

photosynthetic apparatus. 

A Nannochloropsis gaditana culture in the late exponential growth phase was treated 

with ethyl methane sulfonate (EMS) to induce random genomic mutations. EMS is an 

alkylating agent that causes a high frequency of nucleotide substitutions and has been 

largely employed to induce mutations in various organisms. In recent years, EMS 

mutagenesis has also been employed in algae, e.g., to induce the over-production of 

metabolites such as astaxanthin, carotenoids and eicosapentaenoic acid [36]. Unlike other 

approaches, chemical mutagenesis avoids the issues connected with the outdoor 

cultivation of genetically modified organisms (GMOs), and generates strains that are 
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readily applicable to large-scale systems; however, chemical mutagenesis readily induces 

multiple mutations (typically point mutations), making the identification of the gene(s) 

responsible for the phenotype complex and time-consuming. For this reason, we also 

generated a second insertional mutant collection in parallel by transforming 

Nannochloropsis gaditana cells by electroporation and selecting transformants on plates 

containing zeocine [35]. Colonies surviving the antibiotic treatment contained at least one 

copy of the resistance gene integrated in the genome, and this was verified using PCR 

(Supplementary Figure S1). In principle, the insertion of exogenous DNA occurs 

randomly throughout the genome and can thus alter the expression of a wild type (WT) 

gene to generate a mutant. The probability of gene disruption is expected to be very high 

in N. gaditana due to the high density of genes in its nuclear genome (10646 genes in 

27.5 Mbp, approximately 387 genes/Mbp) compared with that of Chlamydomonas 

reinhardtii (17741 genes in 111.1 Mbp, approximately 160 genes/Mbp [37]).  

Following EMS and insertional mutagenesis, independent colonies (7 and 5x103, 

respectively) were screened by measuring in vivo Chl fluorescence, which is a powerful 

approach for assessing the presence of changes to the composition and/or regulation of 

the photosynthetic apparatus [38]. This widely-used technique is based on the principle 

that once light is absorbed by a chlorophyll molecule within an algal cell, excitation 

energy can take three alternative pathways: it can drive photochemical reactions, be 

dissipated as heat or be re-emitted as fluorescence. These three processes compete for the 

same excited states and although only a relatively small amount of energy is re-emitted as 

fluorescence (1-2 % of the absorbed light), this fluorescence can be measured and used to 

gather indirect information about the other pathways [38].  

To gather information about possible changes in photosynthesis, we measured the Chl 

fluorescence of algal mutant collections on agar plates using a video-imaging apparatus 

(Figure 1).  
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Figure 1. Example of screen for altered fluorescence intensity. A) Fluorescence imaging (F0) of an F/2 agar plate 

with 52 Nannochloropsis gaditana colonies generated by insertional mutagenesis. Three WT colonies are circled 

in red, and five colonies selected for either decreased or increased fluorescence signals are circled in white. B) 

Chl signal quantification (fluorescence intensity/colony area) of the samples shown in A. WT colonies are circled 

in red, and the average of all 52 colonies ± SD is indicated with green triangles. Strains that were selected for 

their altered fluorescence intensities are circled in blue.  

 

Several parameters were monitored during screening to facilitate the selection of various 

phenotypes (Table S1). The first parameter was the fluorescence of dark-adapted cells 

(F0); when normalized to the colony area, this metric provides an estimate of the cellular 

Chl content, allowing the identification of mutant strains with potentially reduced 

pigment contents. As shown by the false color image in figure 1A, a few colonies had 

fluorescence signals that were either more or less intense than the others. Quantification 

of the fluorescence signal per area (Figure 1B) facilitated the selection of potentially 

interesting mutant strains with altered pigment contents. Because most of the cells in the 
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plate are not likely to have an altered photosynthetic apparatus, the average value for all 

of the colonies on the plate was used as a reference. This method was preferable over 

direct comparison with WT colonies present on the plate as it allowed a more reliable 

evaluation of variability and this choice was validated by the fact that WT colonies fell 

close to the average value of the screened population, as shown in figure 1B. 

Fluorescence intensity signals have substantial variability, and we observed that the 

standard deviations for each plate were between 20 and 35% of the average (33% for the 

plate shown in figure 1A). We used the average value ± 1.5 SD as a threshold and 

selected mutant strains falling outside of that interval for further investigation (e.g., the 

five mutant strains highlighted in figure 1A). An incontrovertible problem with this 

screening approach is the selection of several false positive strains during the first round 

analysis for simple statistical reasons. Using more stringent selection criteria would have 

reduced their number but would have also yielded only those strains with the strongest 

phenotypes, which are undesirable as extensive alterations in the photosynthetic apparatus 

would most likely negatively affect productivity. 

Other parameters determined from in vivo Chl fluorescence measurements were used to 

identify mutant strains with additional alterations in the photosynthetic apparatus 

(Supplementary Table S1). The maximum quantum yield of PSII (ΦPSII, or Fv/Fm) 

estimates the fraction of absorbed light used for photochemistry [38] and therefore 

quantifies the maximum photochemical capacity of dark-adapted cells. When deviating 

from WT values, this metric suggests the existence of alterations in the cell’s 

photochemical reactions. The same parameter can also be monitored in cells that have 

been exposed to an actinic light (ΦPSII’, or Fm’-F/Fm’); in this case, its value decreases 

in part due to the oxidation of PS reaction centers, making them unavailable for 

photochemistry (the so-called “closed” state). Light-sensitive strains will show a greater 

decrease in PSII quantum yield, while strains with higher potential photochemical 

capacity will have greater ΦPSII’ values.  

The same fluorescence measurements after cell illumination can also be used to evaluate 

the mutant’s capacity to regulate photosynthesis through NPQ. In natural environments, 

the loss of heat dissipation mechanisms would be detrimental [11]; however, these strains 

are potentially interesting for use in PBRs as they do not waste energy under light-limited 

conditions [19]. 

As mentioned above, all of the strains selected for one or more parameters (approximately 

10 % of the initial number) were subjected to a second round of screening to identify 
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those showing reproducible alterations to reduce the number of false positives. At this 

stage, the relative number of mutant strains was theoretically enriched and WT colonies 

grown on the same plate were used as a reference instead of the average value of all 

colonies.  

In several cases, differences in colony size or density affected fluorescence 

measurements, leading to the use of a third round of screening. All strains were 

homogenously spotted onto solid media (Supplementary Figure S2) at equal cellular 

concentrations (OD750 = 0.2). Although homogenizing the inoculum is time-consuming 

for a large number of colonies, it is extremely helpful for increasing screening sensitivity, 

as colony heterogeneity often prevents the detection of mutant strains with weak 

phenotypes [24]. Following this third round of screening, the strains exhibiting confirmed 

phenotypes were retained for further characterization; examples of the identified 

phenotypes are shown in figure 2.  

 

 

Figure 2. Examples of selected mutant strains with altered fluorescence parameters. Cells were diluted to the 

same cell density (OD750 = 0.2) prior to measurements, and examples of EMS-induced mutant strains exhibiting 

significant variation from WT are shown in each panel. A) F0/Area; B) PSII quantum yield in dark-adapted 

colonies; C) PSII quantum yield in colonies illuminated with 450 µmol photons m-2 s-1; D) NPQ induction and 

recovery (light was switched off after 300 seconds). WT n = 9. 
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In total, 48 were selected from the collection of insertional mutant strains (named I1-48) 

and 49 were selected from the EMS mutant strains (named E1-49) (Supplementary Figure 

S3). This screen identified mutant strains with altered fluorescence density, PSII quantum 

yield in dark-adapted and illuminated cells, and NPQ kinetics (Figures 2A, 2B, 2C and 

2D, respectively). Selection according to the first parameter led to the isolation of mutant 

strains exhibiting potential alterations in their cellular Chl contents compared with the 

WT strain, that could be advantageous in an artificial growth system through improved 

light penetration in the entire culture volume. The second parameter was used to isolate 

strains with either improved or unaltered PSII maximum quantum yield compared with 

WT. The third parameter identifies strains that can saturate photosynthesis at higher 

irradiances than WT. The NPQ kinetics were instead useful for identifying those strains 

that were unable to constitutively activate excess energy dissipation, which may be 

valuable when grown in photobioreactor regions that are heavily light-limited. It is worth 

underlining that at this stage all mutants showing reproducible phenotypes were retained 

even if their phenotype, such in the case of strains exhibiting larger NPQ than the WT are 

likely not advantageous for industrial applications. In some cases (figure 2), the same 

strain (e.g., clone E32) was altered in more than one parameter; this feature was expected, 

as the parameters are not entirely independent. 

 

Isolation of Nannochloropsis strains with reduced pigment contents. 

The work described thus far produced a collection of mutant strains carrying a broad 

spectrum of alterations in the photosynthetic apparatus that was useful for isolating strains 

with a specific phenotype of interest. For all mutant strains, the mutation’s effect on cell 

growth is key piece of information. Nannochloropsis gaditana is a strict photoautotroph 

and we can assume that some photosynthesis mutant strains may also have growth defects 

that would prohibit their use in large-scale cultivation applications. 

For this reason, we tested all selected strains for growth in liquid media; it should be 

noted that the cells were grown in flasks containing F/2 media, under conditions in which 

the duplication rate is largely limited by CO2 and nutrient availability rather than light use 

efficiency [39]. Consequently, these tests did not facilitate the identification of mutant 

strains with improved biomass productivity but rather the elimination of those with 

growth defects.  
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Cellular Chl contents were monitored during the late exponential phase (4th day of 

growth) to highlight alterations in the composition of the photosynthetic apparatus. The 

overall results obtained for strains produced by chemical mutagenesis are reported in 

figure 3.  

 

 

Figure 3. Growth rates and pigment contents of selected strains. Selected mutant strains produced by chemical 

mutagenesis were tested in liquid cultures and monitored for growth and cellular pigment content at the end of 

exponential phase (4th day of growth, see methods for details). Mutant strains with reduced cellular pigment 

content but unaffected growth compared to WT are circled with a continuous line. Mutant strains exhibiting 

both reduced pigment content and growth compared with WT colonies are circled with a dashed line. Strains 

with unaltered pigment content but with reduced growth are circled with a dotted line. WT (n = 7) is shown as 

black circle; mutant strains n = 2.  

 

There was a group of mutant strains with altered growth but not altered cellular Chl 

content; for these strains, the reduced growth rate caused a reduction in cell concentration 

and a consequent decrease in fluorescence signal, leading to their selection during the 

screening stage even without a change in the cellular pigment content (e.g., E1 and E4 in 

Supplementary Figure S2). This result is reasonable considering that N. gaditana is an 

obligate phototroph and its growth depends entirely on photosynthesis [8], therefore any 

growth impairment, even if independent of photosynthesis, will result in reduced 

fluorescence.  

Another group of mutant strains exhibited a reduced growth rates that were accompanied 

by a reduced  cellular pigment contents. These mutant strains, whose phenotypes are 

particularly severe in some cases (e.g., I1 and E3 in Supplementary Figure S2), likely 
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carry mutations that impair the photosynthetic apparatus but also drastically affect growth 

and are therefore of limited interest for biotechnological applications.  

A third group of strains exhibited growth rates and pigment contents that were 

indistinguishable from WT. There were a few residual false positives within this group; 

however, this group also contained mutant strains with altered fluorescence parameters 

(e.g., NPQ and/or Fv/Fm) without significant effects on either growth rates or pigment 

contents.  

Finally, the fourth group includes mutant strains with reduced cellular pigment contents 

but not growth defects (Figures 3 and S2, E2, I2 and I3). These mutant strains are 

interesting for applied research as they could potentially drive improved light distribution 

and productivity in large-scale cultures. 

Similar analysis of the insertional mutant strains produced comparable results even 

though the growth conditions used in the two experiments were slightly different 

(Supplementary Figure S4). One difference between the two strategies was that for the 

insertional mutant strains, strains with increased fluorescence levels were retained, 

leading to the isolation of strains with increased Chl contents. Another difference between 

the two experiments is that no insertional mutant strains had dramatically impaired 

growth as observed for the chemical mutant set (Figure 3). One possible explanation for 

this observation is that in the case of chemical mutagenesis, mutant strains were chosen 

for screening over a longer interval (up to 8 weeks), therefore even slowly growing 

mutant strains could form detectable colonies and be screened. In contrast, the insertional 

mutant colonies were all collected between 4 and 5 weeks to standardize the fluorescence 

imaging screening, leading to the elimination of the slowest growing colonies. 

Furthermore, the EMS-induced mutant strains likely carry many mutations and their 

combined effects can cause dramatic growth phenotypes. 

 

Characterization of mutants with reduced pigment contents. 

The collection of mutant strains described thus far includes strains with various 

photosynthetic properties from which smaller groups of mutant strains with the desired 

phenotypes can be selected. We focused on selecting mutant strains with reduced cellular 

Chl contents that may improve light distribution in mass cultures [19]. To this end, 7 

strains from both screens were identified as being the most promising due to their 

unchanged growth rates and reduced pigment contents; these mutant strains were then 
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analyzed in greater detail. Repetition of the growth curve analysis confirmed that these 

strains have between 45 and 80% of the WT cellular Chl content (Figure 4A), with no 

change in growth rate under the tested conditions (Figure 4B).  

 

 

 

Figure 4. Validation of Chl contents and growth rates of mutant strains selected for reduced Chl contents. The 

phenotypes of seven mutant strains selected for their reduced Chl contents regardless of the mutagenesis 

method, were validated by measuring Chl content (A) and growth rate (B). Growth rates were evaluated using 

the concentrations of cells on the 4th day when the cells were still growing exponentially. The data are expressed 

as the mean ± SD, n = 6; all mutant strains exhibited significantly different Chl contents compared with WT 

(ANOVA, p-value < 0.05). 

 

As previously stated, the cultures were grown in flasks with CO2 and nutrient-limiting 

conditions, potentially minimizing the growth differences between WT and mutant 

strains; regardless, this step was useful in confirming the reduced cellular Chl contents of 

the selected mutant strains.  

First, we used western blotting to test whether two highly expressed pigment-binding 

proteins present in the Nannochloropsis gaditana photosynthetic apparatus were 

responsible for the selected phenotype. We used antibodies recognizing LHCf1 and 

LHCX1, the major antenna proteins of N. gaditana, which are expected to bind a 

significant fraction of the Chl molecules within the cell [40, 41]. Western blotting 

analysis revealed that five of the seven mutant strains exhibited consistently reduced 

LHCf1 levels compared with WT (E2, E23, E30, I2 and I29; Figure 5A). In some cases 

(I2 and I29), this reduction was also accompanied by a reduction in a major PSII core 

subunit, D2, suggesting that PSII was reduced overall in these cells. For two other strains, 

E23 and E30, D2  levels were instead close to WT levels, suggesting a specific decrease 

in the LHCf1 antenna. For strain E2, D2 levels appeared to be greater than in WT, 
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emphasizing the reduction in LHCf1 levels. In contrast, the two other strains selected for 

their reduced Chl contents (I3 and I15) exhibited increased LHCf1 levels.  

The levels of another major antenna protein, LHCX1, were also reduced in five of the 

seven strains (E2, E23, I15, I2, and I29). For strains E2 and I15, D2 levels were 

maintained or even increased compared with WT, suggesting specific reductions in 

LHCX1 subunits (Figure 5B).  

 

 

 

Figure 5. Evaluation of alterations in the composition of the photosynthetic apparatus of selected mutant strains. 

Western blot quantifications of LHCf1 (A) and LHCX1 (B), two major antenna proteins of the Nannochloropsis 

gaditana photosynthetic apparatus. As a control, the PSII core subunit D2 was also detected on the same 

membrane. Equivalents of 4 and 8 * 106 cells were loaded for the detection of LHCf1 and LHCX1, respectively; 

C) Representative traces of fluorescence induction kinetics for WT and E2 DCMU-treated cells. On the 4th day of 

growth, 200 * 106 cells in late exponential phase were used for fluorescence measurements following excitation 

with 320 µmol photons m-2 s-1 of actinic light at 630 nm; D) Fluorescence induction curve t2/3 values were used to 

calculate the size of the PSII functional antenna. The data are expressed as the mean ± SD, n = 4; values that 

significantly differ from wild-type are marked with an asterisk (ANOVA, p-value < 0.05).  

 

Together, these results clearly suggest that reductions in the pigment contents of various 

strains are caused by different molecular alterations to the photosynthetic apparatus. 

Among the identified strains, I2 and I29, exhibited a clear general decrease in the levels 

of all three tested proteins, suggesting a global reduction in the accumulation of all of the 

photosynthetic complexes. Two other strains, E2, and less obviously, E30, exhibited 
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reduced LHCf1 and LHCX1 levels while the reaction center contents were more stable, 

suggesting specific effects on the antenna proteins. In contrast, strains I15 and I3 

exhibited more specific effects on LHCX1 while the other two proteins were present at 

levels that were similar to or even greater than in WT.  

Complementary information on the light-harvesting efficiency of the photosynthetic 

apparatus can be obtained using fluorescence induction kinetics to estimate PSII 

functional antenna size in vivo. In cells treated with 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU), electron transport from PSII is inhibited, and PSII reaction 

centers are saturated upon illumination, resulting in an increase in the emitted 

fluorescence over time (figure 5C). The time required to completely saturate all of the 

reaction centers depends on the number of pigments that are harvesting light and 

transferring energy; consequently, fluorescence kinetics provide an estimate of the 

number of antenna complexes associated with each PS [2, 24]. In the case of strain E2, 

the fluorescence rise was clearly slower than for WT (Figure 5C), suggesting a specific 

reduction in antenna proteins in this strain and confirming the above western blotting 

results. In contrast, the functional antenna sizes of the other mutant strains, e.g., E23, E30, 

I2, I3, I15 and I29, are very similar to WT, suggesting that the  pigment content 

reductions in these strains are not due to specific effects on the antenna complexes, or at 

least on those associated with PSII (Figure 5D). This result is also consistent with our 

biochemical data, with the exception of strain E30, for which it is possible that other 

antennas compensate for the decrease in LHCf1 levels.  

 

Photosynthetic efficiency and productivity of strains with reduced pigment contents. 

Photosynthesis functionality in all strains was verified using a PAM fluorimeter to 

measure Chl fluorescence kinetics (see methods for details). First, we analyzed PSII 

maximum quantum yield [38]; this parameter was not reduced for strains with reduced 

cellular Chl contents compared to the WT strain, suggesting that their mutations were not 

deleterious to photosynthesis. Four strains (E2, I2, I15 and I29) even exhibited increased 

PSII maximum quantum yield compared with the WT strain (Figure 6A). Second, we 

analyzed the photosynthetic electron transport rate (ETR), which can be estimated by 

monitoring the PSII quantum yield of cells treated with increasingly intense light [38]. 

For WT Nannochloropsis, ETR progressively increased with increased illumination up to 

540 µmol photons m-2 s-1 (Figures 6B and C). At this point, photosynthesis reached 
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saturation and further increases in light intensity did not induce an increase in ETR; in 

contrast, ETR began to decline (Figures 6B and C). Most mutant strains behaved like the 

WT strain, while some showed an increase in maximal ETR (E2, E30, E23, I2 and I29), 

and two also reached saturation at higher light intensities (E2 and E30), which is a desired 

phenotype that could lead to increased productivity (Figures 6B and C).  

Another important feature of photosynthetic organisms is their ability to dissipate light 

energy as heat, a property that strongly influences algal light use efficiency [6]. This 

ability was quantified using an NPQ parameter, and the data revealed that most of the 

mutant strains did not significantly differ from WT, with the exception of E23, I2 and I29, 

which exhibited a small but reproducible reduction in NPQ activation. Strain E2 exhibited 

the strongest reduction in NPQ activation kinetics (Figure 6D) enhancing its potential 

utility in large scale cultivation systems as it could also use light much more efficiently in 

the inner PBR layers that are often light-limited. It is worth emphasizing that this 

reduction in NPQ agrees with our western blotting results (Figure 5B) showing a 

reduction in LHCX1 protein levels in E2 compared with the WT strain. This analysis 

suggests a role for LHCX proteins in protection from light stress, similar to what has been 

observed for other algae species [42]. In contrast, strain E30 showed greater NPQ when 

exposed to strong illumination; in this case, it is worth noting that strong NPQ did not 

result from photoinhibition, as it was rapidly deactivated after the light was switched off 

(Figure 6E).  
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Figure 6. Measurements of photosynthetic activity in strains with reduced Chl contents. Photosynthetic activity 

in liquid cultures was monitoring using in vivo Chl fluorescence (see methods for details) at the end of 

exponential phase (4th day of growth). A) PSII maximum quantum yield); B-C) Photosynthetic electron 

transport rate (ETR); D-E) NPQ activation in cells exposed to increasing intensities of actinic light followed by 3 

minutes of recovery in the dark. Only those mutant strains that significantly differed from WT are shown. The 

data are expressed as the mean ± SD, n = 4; values that significantly differed from wild-type are marked with an 

asterisk (ANOVA, p-value < 0.05).  
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For the mutant strain showing the largest increase in ETR photosynthetic efficiency (E2), 

we also measured the Photosynthesis-Irradiance (PI) curves to evaluate the dependence of 

the oxygen evolution rate on light intensity (see methods section for details). Similar to 

our observations of ETR measures, mutant strains E2 exhibited greater photosynthetic 

activity, with maximal activity that was (Pmax) 44 % greater than the wild type strain 

(Figure 7A). 

E2 strain productivity was also tested in fed-batch cultures, in conditions optimized for 

biomass productivity by providing excess CO2 and enriching the media for nitrogen, 

phosphorus and iron (see methods for details). The light intensity was set to 400 µmol 

photons m-2 s-1 to reach light saturation in WT cells exposed to direct illumination and 

leave the cells deeper within the culture light-limited. The pH of the fed-batch culture was 

set to 8.0 and fresh media was added every other day to restore the initial cell biomass 

concentration to 1 gr/L to reproduce the high cell density conditions in industrial 

photobioreactors. As shown in Figure 7B, the E2 strain exhibited a 21 % increase of 

biomass productivity with respect to the WT strain under these conditions. It is worth 

emphasizing that this strain is the one that exhibited a reduced PSII antenna size, 

confirming the hypothesis that a specific decrease in these pigment-binding complexes 

without altering the reaction center contents could indeed be beneficial [19]. Although 

they do not ensure increased productivity in industrial-scale PBRs, these results are proof 

of concept that the photosynthetic productivity of WT algae can indeed be improved by 

genetic modification in an industrially relevant species such as Nannochloropsis 

gaditana.  
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Figure 7. Photosynthesis-Irradiance (PI) and biomass productivity of a selected strain. 

A) Photosynthesis-Irradiance (PI) curves of a selected strain (E2) showing increased photosynthetic activity; 

data are expressed as the mean ± SD, n = 4. B) Evaluation of the biomass productivity of strain E2 in lab-scale 

fed-batch cultures. Illumination was set to 400 μmol photons m−2 s−1 at pH 8.00. The starting culture 

concentrations were 150 * 106 cells/ml (corresponding to OD750 = 4.5, a 1 gr/L biomass concentration), and these 

concentrations were re-established every 2 days while the cells were still actively growing. Biomass productivity 

was calculated as reported in the methods section, and the presented values are the averages obtained from 4 

weeks of culture; significant differences from WT are marked with an asterisk (ANOVA, p-value < 0.05). 

 

CONCLUSIONS 

 

Industrial cultivation of algae for biofuel production is highly promising, but will likely 

require the genetic optimization of these organisms. Here we described the generation and 

selection of a collection of Nannochloropsis gaditana strains with mutations affecting the 

photosynthetic apparatus, which is a valuable tool for achieving this objective. 

Several mutant strains exhibiting reduced cellular chlorophyll contents were investigated 

in greater detail and they indeed exhibited improved photosynthetic activity, which in one 

case resulted in an improved biomass productivity. This work shows that the genetic 

approaches described are indeed capable of generating strains with potentially improved 

productivity in an obligatory phototroph such as Nannochloropsis gaditana. Moreover, it 

is worth emphasizing that the isolated mutant strains contain a pool of photosynthetic 

alterations that the entire scientific community can use to better understand 

photosynthesis regulation in such a new, promising, model organism.  
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TABLE S1. 

 In vivo Chl fluorescence parameters used for screening mutant strains.  

FIGURE S1.  

Verification of the successful integration of the Sh-ble gene into N. gaditana colonies.  

FIGURE S2.  

Example of fluorescence screening using homogenized inoculum.  

FIGURE S3.  

Outline of the three-step screening used to isolate N. gaditana photosynthetic mutant 

strains.  

FIGURE S4.  

Growth rates and pigment contents of selected insertional mutant strains.  

FIGURE S5.  

Western blot analysis of strains with reduced Chl contents that were selected from both 

screens.  
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SUPPLEMENTARY MATERIAL 

 

Table S1. In vivo Chl fluorescence parameters used for screening mutant strains. 

The parameters reported below were employed to select strains with potential alterations 

in photosynthetic apparatus. 

 

Fluorescence 

parameter 
Phenotype 

F0/Area 
Fluorescence intensity per area, indication of alteration 

in pigment contents 

ΦPSII in dark adapted 

cells 
Alteration in cells photochemical ability 

ΦPSII in light adapted 

cells 

Strong decrease / higher values in quantum yield  

indicate light sensitivity / improved photochemical 

ability. 

NPQ in light adapted 

cells 
Alteration in cell ability of heat dissipation 
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Figure S1. Verification of the successful integration of the Sh-ble gene in N. gaditana 

colonies. Colony PCR in N. gaditana insertional mutant strains confirming the presence 

of the transgene in six independent transformants (lanes 1-6), and its absence in a WT 

control (C-). Colony PCR templates were obtained with the Chelex-100 (BioRad) method 

(Cao et al., 2009) and were performed using the following primers: ZEO_FOR: 

ATGGCCAAGTTGACCAGTGC, ZEO_REV: TCAGTCCTGCTCCTCGGCC. C-, WT 

N. gaditana strain electroporated with water; C+, plasmid DNA (pPha-T1-UEP vector). 

(Cao, M., Fu, Y., Guo, Y., and Pan, J. (2009). Chlamydomonas (Chlorophyceae) colony 

PCR. Protoplasma 235: 107–10.) 
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Figure S2. Example of fluorescence screening using homogenized inoculum. 

Fluorescence imaging (F0) of F/2 agar plates in which all colonies were spotted 

homogenously, at equal cellular concentration (OD750 = 0.2). The first two lanes on the 

left show mutant strains coming from the chemical (E1-4) and the insertional mutagenesis 

(I1-4), respectively. The third lane shows 4 replicas of the WT strain. 
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Figure S3. Outline of the three-step screening used to isolate N. gaditana 

photosynthetic mutant strains. In red is underlined the third round of screening after 

colonies inoculation at the same starting cellular concentration.  

 

 

 

Figure S4. Growth rates and pigment contents of selected insertional mutant strains. 

Selected mutant strains produced by insertional mutagenesis were tested in liquid cultures 

and monitored for growth and cellular pigment content at the end of exponential phase 

(4th day of growth, see methods for details). Mutant strains with reduced cellular pigment 

content but unaffected growth compared to WT are circled with a continuous line. Mutant 

strains exhibiting both reduced pigment content and growth compared with WT colonies 

are circled with a dashed line. Strains with unaltered pigment content but with reduced 

growth are circled with a dotted line. WT (n = 7) is shown as red circle; mutant strains n 

= 2.  
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Figure S5. Western blot analysis of strains with reduced Chl contents that were 

selected from both screens. Western blot quantification of LHCf1 (A) and LHCX1 (B), 

two major antenna proteins of Nannochloropsis gaditana photosynthetic apparatus. As a 

control, the PSII core subunit D2 was also detected on the same membrane. Total cells 

extracts corresponding to the same total Chl content were loaded (0.4 µg for LHCf1 and 

0.8 µg for LHCX1).  
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ABSTRACT 

 

In this chapter we presented the phenotypical and molecular characterization of 

Nannochloropsis gaditana insertional mutant strain I29 isolated, as described in chapter 

2, because of a 20% decrease in chlorophyll (Chl) content with respect to the parental 

strain. A point mutation causes a frame shift and the early termination in a gene, which 

codifies for a key gene in the chlorophyll biosynthetic pathway and it was identified as 

the most likely responsible for the strain phenotype. Chl reduction in the cells leads to a 

global lower content in all components of photosynthetic apparatus whose relative 

composition is not significantly affected. 

Cultivation of the strain in different conditions showed that I29 is able to remodel its 

photosynthetic apparatus in response to the light supply, maintaining its reduced 

chlorophyll content with respect to the wild type. The low chlorophyll phenotype of I29 is 

also maintained upon cultivation in lab scale PBR and this results in an improved 

productivity, most likely thanks to a better light penetration in the culture. 

 

INTRODUCTION  

 

As discussed in previous chapters, fossil fuel represents the largest fraction of global 

energy supply. Oil and other liquid fuels remain the largest source of energy for the 

transportation and industrial sector. The massive exploitation of fossil fuel leads to a 

release of large amount of carbon dioxide and other pollutants in the atmosphere. It is 

thus evident that there is a strong need of alternative, renewable and environmentally 

compatible sources of energy. Among all possible alternative solutions under 

development, microalgae are promising as sustainable source of biomass thanks to a high 

photosynthetic efficiency per area. Indeed cells are all photosynthetically active and their 

production can avoid seasonality (Matsumoto et al. 2017; Stephenson et al. 2011). In 

addition they do not compete with food production for arable land and they can couple 

biofuel production with wastewaters bioremediation, providing additional environmental 

benefits (Hannon et al. 2010; Palma et al. 2017). Despite these advantages microalgae 

biofuels production is still far from reality since costs are still not competitive with 

respect to the fossil fuel production. One of the main causes for this lack of 

competitiveness is the insufficient productivity obtained cultivating microalgae in an 
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industrial system. This low biomass accumulation is mainly due to the reduced 

photosynthetic efficiency experienced by microalgae in the industrial cultivation system, 

such as photobioreactors (PBR). In natural environment microalgae experience often a 

limiting light condition and to improve their competitiveness in their habitat, they evolved 

various class of antenna proteins to increase their ability to harvest light. While this 

property is advantageous in a natural environment, in an industrial system it leads to a 

strong optical density of the culture. Most of the available light is absorbed by the 

external layer, leaving the largest fraction of the cells in limiting light conditions 

(Mussgnug et al. 2007).   

Chlorophyll is the main pigment responsible of light harvesting and it was suggested that 

the isolation of mutant strains with a reduced content could enhance the productivity by 

improving light penetration in the culture (Stephenson et al. 2011). 

In this work we focused the attention on N.gaditana which is a marine microalga that has 

been identified as a promising candidate for biofuel production thanks to its ability to 

accumulate lipids, especially in nitrogen starvation condition (Simionato et al. 2013). Its 

metabolism is photoautotrophic, so its photosynthetic efficiency is strictly correlated with 

biomass accumulation. As described in chapter 2 we isolated a collection of N.gaditana 

random mutant strains altered in the photosynthetic apparatus with alterations in the 

pigment content or in regulatory mechanisms of photosynthesis. In this chapter we 

focused our attention on one of the most promising among all the selected, I29, that 

showed a reduction in the chlorophyll content respect to the WT. The results of its 

molecular and a physiological characterization are reported, also testing its productivity in 

lab scale PBRs. 

 

MATERIAL AND METHODS  

Microalgae growth  

Nannochloropsis gaditana (strain 849/5) from the Culture Collection of Algae and 

Protozoa (CCAP) is the WT strain. Cells were cultured in sterile F/2 media with sea salts 

(32 g/l, Sigma Aldrich), 40 mM Tris–HCl (pH 8) and Guillard’s (F/2) marine water 

enrichment solution (Sigma Aldrich) in Erlenmeyer flasks with 100 μmol photons m−2 s−1 

illumination and 100 rpm agitation at 22 ± 1 °C in a growth chamber.  

Using a Multicultivator MC 1000-OD system (Photon Systems Instruments, Czech 

Republic) different light regimes were tested. The temperature was maintained at 21° C 
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and illumination was provided over a 16-h photoperiod (16-h light, 8-h dark) at intensities 

of 10, 100, and 1000 µmol of photons m-2 s-1 using an array of white LEDs. In this case, 

experiments were performed using a F/2 medium enriched with added nitrogen, 

phosphate and iron sources (0.75 g/l NaNO3, 0.05 g/l NaH2PO4 and 0.0063 g/l FeCl3·6 

H2O final concentrations). The suspension culture was constantly mixed and aerated 

through air bubbling. 

A fed batch system was exploited for productivity evaluation. Algae were grown in 5 cm 

diameter Drechsel’s bottles with a 250 ml working volume. Air enriched with 5 % CO2 

(v/v) was bubbled constantly. Illumination at 400 μmol of photons m−2 s−1 was given by a 

Neon Light Source. The pH of the fed-batch cultures was set to 8.00 and fresh media 

added every other day to restore the starting cell biomass concentration of 1 g/l or 1.7 g/l. 

Algal growth was measured by cells counting using a cell counter (Cellometer Auto X4, 

Nexcelom Bioscience). The biomass concentration was measured as a dry weight (DW) 

by filtering 5 ml of culture using 0.45 μm pore size cellulose acetate filters. The samples 

had been diluted 1:10 to dissolve salts. The filters were then dried at 70 °C for at least 24h 

and the dry weights were measured in grams per liter. Biomass productivity was then 

calculated as  

 

([Cf] − [Ci])/(tf − ti) 

 where C is the final or initial biomass concentration of the culture and t is the day 

number. 

 

Pigment content analysis 

Chlorophyll a and total carotenoids were extracted using a 1:1 biomass to solvent ratio of 

100 % N,N dimethylformamide (Sigma Aldrich). Cells were collected after 4 or 9 days of 

growth at the end of exponential phase. Pigments were extracted at 4 °C in the dark for at 

least 24h. Absorption spectra between 350 and 750 nm using a Cary 100 

spectrophotometer (Agilent Technologies) were used to determine pigment 

concentrations using specific extinction coefficients. Absorption values at 664 and 480 

nm were used to calculate the concentrations of chlorophyll a and total carotenoids, 

respectively.  
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Fluorescence measurements 

Photosynthesis evaluation was done by measuring in vivo Chl fluorescence using a PAM 

100 fluorimeter (Heinz-Walz, Effeltrich, Germany). PSII functionality was expressed as 

PSII maximum quantum yield (Fv/Fm), according to (Maxwell and Johnson 2000). 

Samples were exposed to increasing light intensity up to 2000 µmoles photons m-2 s-1, 

and then light was switched off to evaluate NPQ relaxation kinetic. NPQ values were 

calculated as previously described (Maxwell and Johnson 2000).  

PSII antenna sizes were determined in active growth conditions, using a JTS-10 

spectrophotometer (Biologic, France). Samples (200 x 106 cells/ml final concentration) 

were dark-adapted for 20 minutes and incubated with 80 µM 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU) for 10 minutes. An excitation with 320 µmoles photons m-2 s-1 of 

actinic light at 630 nm was used to evaluate the fluorescence induction kinetics. The t2/3 

values obtained from the fluorescence induction curves were used to calculate the size of 

the PSII functional antenna (Bonente et al. 2011; Perin et al. 2015). 

The P700 and the total electron flow (TEF) spectroscopic quantifications were performed 

measuring P700 (the primary electron donor to PSI) absorption at 705 nm in intact cells. 

Analyses were conducted exposing the samples (300 x 106 cells/ml final concentration) to 

saturating actinic light (2050 μmol of photons m-2 s-1, at 630 nm) for 15 seconds to 

maximize P700 oxidation (P700) and reach a steady state. Then the light was switched off 

to follow the P700 re-reduction kinetic in the dark for 5 seconds. The total electron flow 

(TEF) was calculated from the monitoring of the P700 re-reduction rates after 

illumination in untreated cells. The electron transport rate was calculated assuming a 

single exponential decay of P700. 

In this way the rate constant of P700 reduction was calculated as 1/Ĳ. By multiplying the 

rate constant with the fraction of oxidized P700, and considering this value as 1 in 

DCMU- and DBMIB-treated cells we could evaluate the number of electrons transferred 

per unit of time per PSI unit (Simionato et al. 2013). The PSI content was evaluated from 

the maximum change in the absorption of P700 in cells treated with DCMU (80 μM) and 

DBMIB (dibromothymoquinone, 300 μM) at a saturating actinic light (2050 μmol of 

photons m-2 s-1, at 630 nm) (Meneghesso et al. 2016). 
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DNA extraction, TAIL-PCR and whole genome re-sequencing. 

N. gaditana strains genomic DNA was extracted from cultures in the exponential phase, 

grown in Erlenmeyer flasks using F/2 liquid media. Cells were lysed using a Mini Bead 

Beater (Biospec Products) at 3500 RPM for 20 s in the presence of glass beads (150–212 

μm diameter). Genomic DNA was then purified using the EUROGOLDTM Plant DNA 

Mini Kit (Euroclone), applying minor modifications. DNA concentration and purity was 

determined by 100 UV–VIS spectrophotometer (Cary Series, Agilent Technologies).  

Thermal asymmetric interlaced (TAIL)-PCR utilizes nested-specific primers in successive 

reactions together with a shorter arbitrary degenerate primer. The relative amplification 

efficiencies of specific and non-specific products can be thermally controlled (Dent et al. 

2005; Liu, Y G, Norihiro Mitsukawa, Teruko Oosumi 1995). The nested-specific primers 

used in the present study are reported in table 1. They were designed to be specific for the 

3’-end of the gene conferring resistance to zeocine (Perin et al. 2015). The short 

degenerate oligonucleotides are called RMD227 and RMD228 and they were already 

successfully used by (Dent et al. 2005). Details of the PCR reaction mix and thermal 

cycles have been described in (Dent et al. 2005) 

 

Table 1: In the table were reported the name of the primer and its sequence (5’ – 3’). 

Primer I        GAGATCGGCGAGCAGCCGTG 

Primer II       GCCCTGCGCGACCCGGCCGG 

Primer III     GTGGCCGAGGAGCAGGACTG 

RMD227        NTCGWGWTSCNAGC 

RMD228        WGNTCWGNCANGCG 

 

The whole genome re-sequencing for mutant strain I29 was performed by IGA 

Technologies Services (Udine, Italy), with the Illumina MiSeq platform, using 100 bp 

pair-end sequences leading to a 70-fold genome coverage. The N. gaditana B-31 genome 

published in (Corteggiani et al. 2014), was used as reference. Genetic variants annotation 

and their prediction effects was carried out using the SnpEff software. 
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Total RNA extraction and cDNA preparation. 

Total RNA was extracted from the N. gaditana  batch cultures after 4 days of growth in in 

Erlenmeyer flasks with F/2 media. Cells were lysed using liquid nitrogen and a Mini 

Bead Beater (Biospec Products) at 3500 RPM for 20 s in the presence of glass beads 

(150–212 μm diameter). Total RNA was thus purified using the TRI Reagent™ (Sigma 

Aldrich), applying minor modifications to the manufacturer’s instruction. Total RNA 

concentration and purity was determined by 100 UV–VIS spectrophotometer (Cary 

Series, Agilent Technologies).  

The cDNA was prepared from 1 μg of total RNA-template with the RevertAid Reverse 

Transcriptase cDNA kit (Thermo Fisher Scientific, Epson, UK). The cDNA was 

previously treated with the DNAse I kit (Sigma Aldrich). 

 

RT-PCR 

The cDNA was used as template for the RT-PCR reactions, in order to amplify the second 

exon of the founded gene from the WT and I29 strains templates. KAPA HIFI high-

fidelity DNA polymerase (KAPA Biosystems) was used for this purpose. 

 

Real time PCR 

Quantitative PCR was performed using FluoCycle kit (Euroclone) in a 7500 Real-Time 

PCR System instrument (Applied Biosystems). Primers used are listed in table 3 and they 

were designed on the genes tRNA methyltransferase (Naga_100165g15), short chain 

dehydrogenase reductase (Naga_100165g16) and S-adenosyl methionine synthetase 

(Naga_100084g4) (Rosic et al. 2011) as housekeeping gene. Primers design and 

amplification protocol were previously described in (Nolan, Hands, and Bustin 2006), 

only minor adjustment were applied. 
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Table 2: Primers sequences used in the Real Time PCR experiment. 

Metil_RT_for   TGCACTACACGCTCCAGGAT 

Metil_RT_rev  GTACCCGGCGTTGATGAG 

Dei_RT_for      GTGCGTGTGACTAACGTGCT 

Dei _RT_rev    CATGATTTCGAGCGCATTTAC 

Sam_RT_for    CACCCTTTGTCGGTCTTTGT 

Sam_RT_rev    GGGCCGTTTCAAATTCAGGT 

 

 

Southern Blot 

Different restriction enzyme where tested to digest the genomic DNA, like EcoRI and 

ApoI(NEB). The probe was prepared by DIG DNA labeling and Detection kit (Roche) 

using as template the resistance cassette or the ubiquitin promoter, that is the endogenous 

promoter present in the resistance cassette of the mutant strains. The digested DNA was 

transferred to a Hybond-N membrane (GE Healthcare, Little Chanfont, UK) by capillary 

transfer and hybridized with the labeled DNA probe overnight. The immunological 

detection was done by using an alkaline phosphatase conjugated secondary antibody. 

 

 

RESULTS 

 

Molecular identification of gene mutation responsible of the phenotype. 

I29 is one of the insertional mutants selected for its altered photosynthetic apparatus 

(Perin et al. 2015), as described in chapter 2. The phenotype identified during the 

screening procedure was first confirmed in batch flask cultures with minimum medium 

and continuous light where I29 showed a ≈ 20% reduction in the chlorophyll content 

respect to the WT strain grown in the same conditions (fig 1-A). The PSII antenna size, 

evaluated using fluorescence kinetics, was instead not altered (fig 1-B). The 

photosynthetic electron transport rate (ETR), estimated from in vivo fluorescence, is 

higher respect to the wild type (fig 1-C), a feature that makes this mutant potentially 

interesting for improved biomass productivity. In flasks cultures, however, this improved 
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organisms. For this reason it was important to assess if the mutation also affected the I29 

ability to remodel the chlorophyll content under different light regimes. Indeed we 

verified that this acclimation response has a major impact on productivity in PBR cultures 

(Perin et al. 2017, Appendix 1). To this aim I29 and WT were cultivated under different 

light intensity using three light regimes: HL (high light 1000 µmol photons m-2s-1), ML 

(medium light 100 µmol photons m-2s-1), LL (low light 10 µmol photons m-2s-1). The 

experiment was performed in a Multicultivator system where CO2 was provided by air 

bubbling. 

Evaluation of growth curve (fig 6-A) showed that I29 duplication rate was similar to WT 

in all light regimes, including HL. Photosynthetic efficiency of the culture was also 

evaluated monitoring Fv/Fm (fig 6-B) by in vivo fluorescence analysis. As shown in fig 

6-B I29 had the same photosynthetic efficiency of the WT also in HL cultures, without 

any increase in photosensitivity. This is particularly significant because instead plant 

mutants lacking one of this kind of genes showed a high light sensitivity. For 

Nannochloropsis this is not the case and I29 showed instead no apparent increase in 

sensitivity to excess illumination. 

As it is described in (Meneghesso et al. 2016) changes in Nannochloropsis photosynthetic 

apparatus composition are the response to different light conditions, which induces a 

remodeling of its Chl content. For example as it is shown in figure 6-C Chl content 

decreases with the exposition to more intense light in order to reduce the excess light 

absorption. I29 was able to remodel cellular pigments content in response to different 

light intensities as the WT (fig 6-C). In all conditions however, I29 total chlorophyll 

content remained lower than the WT, despite the activation of an acclimation response.  
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DISCUSSION 

 

Nannochloropsis gaditana genetic engineering: a powerful tool but with some issues. 

I29 molecular characterization revealed a single insertion event, which is the ideal 

situation to correlate phenotype with genotype. The insertion locus was identified by 

TAIL PCR in a non-coding region between two genes encoding for a short chain 

dehydrogenase reductase and a tRNA methyltransferase. The insertion however did not 

impair the transcription of any of the genes that was unaffected in I29. Genome 

resequencing evidenced the presence of a large number of point mutations, likely due to 

electroporation high voltage (Sosnowski et al. 1997; Stacey et al. 2003) or to the use of 

zeocine as selection (Chankova et al. 2007), that can induce double strand breaks of the 

DNA. Such a large number of point mutations is a significant issue during the molecular 

characterization, because it makes laborious the identification of the mutation responsible 

for the phenotype. This issue would have to be addressed, even if till now electroporation 

is the only transformation protocol demonstrated to be effective for Nannochloropsis. 

N.gaditana cell wall is composed of a layer of algaenans which makes the digestion not 

possible at present. 

 

A promising candidate for a low chlorophyll content phenotype 

Genome resequencing allowed identifying a candidate point mutation that is the most 

likely responsible for I29 phenotype. It is located in a gene encoding for a gene involved 

in the biosynthesis of the Chl and it resulted in the absence of the corresponding mRNA 

in I29. This mutation in I29 is not lethal because Chl biosynthesis can be partially 

sustained by the second copy of this gene, which transcription is not impaired in the 

mutant respect to the WT. Full demonstration of this conclusion is still missing since it 

will require complementation with a WT gene to confirm that other mutations don’t 

influence the phenotype. Until now all the complementation experiments have been 

unsuccessful. I29 showed recalcitrance to transformation with very low yields. We made 

a similar observation with WT strains kept in the lab for a long time. In the case of WT 

this was solved restarting from frozen stocks. For this reason we are pursuing an 

alternative strategy by RNAi and CRISPR approach. 
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In I29 the mutation decreased the efficiency of chlorophyll biosynthesis resulting in a 

decreased pigments content per cell. Only in stable conditions with excess illumination 

(250_1200 in semi continuous see Appendix 1) the Chl biosynthesis appeared to not be 

limited even in the mutant.  

The mutation in other plants was shown to cause leaf necrosis due to the accumulation of 

intermediate biosynthetic compounds, which are phototoxic in high light treatments. I29 

instead did not show any increased photosensitivity with respect to WT nor in batch nor 

in semi-continuous cultures. Indeed I29 was able to grow and to perform photosynthesis 

with the same efficiency of the WT, and even higher, in all the light conditions tested. I29 

also maintained the ability to acclimation to different light intensity by modulating its 

photosynthetic apparatus, a useful trait to employ I29 in an industrial cultivation system. 

 

I29 productivity evaluation in a fed batch system  

The last part of the work demonstrated that I29 exploitation can result in a higher biomass 

productivity respect to the WT. It was interesting to notice that the best improvement of 

productivity was correlated with ETR and TEF increase and with the reduction in the Chl 

content of about 43% in 150_400. This result confirmed as highlighted in Appendix 1 that 

the productivity strictly correlates with photosynthetic apparatus functionality. P700 

measurement showed at 150_400 a reduction in I29 P700 per cell, but PSII/PSI ratio was 

the same respect to the WT, so there was a reduction in the content both of PSII and PSI. 

A 43% Chl reduction led to a higher light penetration. An hypothesis can be that this 

reduction in I29 photosystems content can be due to the acclimation of the higher light 

perceived by the mutant cells respect to the WT.  

In 250_400 I29 is similar to the WT both in growth and in photosynthetic performance. A 

reduction of 27% was not sufficient to result in a gain in biomass productivity because it 

was not sufficient to lead to a higher electron transport. Indeed comparing results from all 

mutants (see Appendix 1) there is a strong correlation between reduced Chl content per 

cell, increased TEF and productivity. The latter in particular appears to be a good 

predictor of productivity in these conditions.  
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ABSTRACT  

 

In natural environment light intensity is continuously changing. In conditions in which 

absorbed light exceeds the capacity of photosynthetic apparatus to exploit energy to fuel 

photochemical processes, both algae and plants experience an over-excitation of 

photosynthetic chain. This can lead to the production of harmful reactive oxygen species, 

finally causing oxidative stress and cell damage. Plants and algae evolved photoprotective 

mechanisms to avoid the damage from light excess. Non photochemical quenching (NPQ) 

contributes to this protection by dissipating excess light energy as heat and it has an 

important role in response of photosynthetic organisms to dynamic growing conditions. In 

this chapter we analyzed I48, another Nannochloropsis gaditana mutant isolated from the 

collection described in chapter 2, which has a severe reduction in NPQ. Molecular 

characterization leads to the identification of a point mutation in the gene LHCX1 which 

results in the loss of this protein. LHCX1 is an antenna protein, homologous of LHCSR 

proteins, known to be involved in the NPQ response in green algae. For this reason we 

used this mutant to analyze how the loss of LHCX1 can influence the response to variable 

light conditions and the impact that such an alteration in photosynthesis regulation can 

have upon cultivation in industrial cultivation conditions.  

 

 

INTRODUCTION 

 

Physiology and metabolism of photosynthetic organisms are highly influenced by 

external factors as light, temperature and nutrient availability. The reaction to 

environmental dynamics and the activation of appropriate responses has a fundamental 

influence on photosynthetic performances (Taddei et al. 2016). In particular high light 

exposure can be harmful because the reactions of oxygenic photosynthesis involve the 

formation of excited and highly reactive intermediates in the thylakoid membranes of 

chloroplasts (Baroli and Niyogi 2000). Indeed chlorophyll, the essential pigment for light 

harvesting to photochemical energy conversion, can act in its triplet excited state as a 

potent photosensitizer in the generation of singlet oxygen, a highly reactive species 

(Rinalducci, Pedersen, and Zolla 2008). The undesired result is an oxidative stress leading 

to damage of the photosynthetic apparatus (photoinhibition) and eventually cell death 
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(Lepetit et al. 2017). Plants and microalgae evolved different mechanisms to prevent 

photo-oxidative damage. One of them is the so called non-photochemical quenching 

(NPQ), which dissipates excess light energy as heat. Different components have been 

identified in NPQ: a fast component (called high energy quenching, qE) due to the 

proteins LHCSRs  in algae (Maruyama, Tokutsu, and Minagawa 2014) or PsbS in  plants 

(Alboresi et al. 2010), a slower one due to zeaxanthin accumulation (qZ) and the slowest 

associated to photo-inhibitory quenching (qI) (Muller, Li, and Niyogi 2001; Nilkens et al. 

2010). When absorbed sunlight exceeds a plant capacity for CO2 fixation this results in a 

buildup of the thylakoid ∆pH generated by photosynthetic electron transport. The 

decrease in pH within the thylakoid lumen is an immediate signal of excessive light that 

triggers the feedback regulation of light harvesting and activates NPQ (Muller, Li, and 

Niyogi 2001). The rapid qE component cooperates in a synergic way with the slower qZ 

to reduce the photodamage (Nilkens et al. 2010).  

Proteins encoded by a gene family called lhcsr, in green algae and lhcx in diatoms are 

responsible for qE. They are antenna proteins constitutively involved in light energy 

dissipation, which are absent from higher plants (Niyogi and Truong 2013). In higher 

plants NPQ is instead mediated by the protein PsbS. This protein is active in NPQ thanks 

to interactions with different LHCII complexes that still remain not completely clear 

(Gerotto et al. 2015).  

The slower qZ  is due to activation of xanthophyll cycle, which consists in the 

accumulation of zeaxanthin from violaxanthin by two successive de-epoxidations 

(Arnoux et al. 2009; Goss and Jakob 2010).  

NPQ is present in all photosynthetic eukaryotes but the comparison between land plants 

and algae unraveled distinct molecular machineries. The study of the LHC-dependent 

light energy dissipation in algal species may provide insight into an evolutionary turning 

point of high light stress acclimation in the green plant lineage (Alboresi et al. 2010). 

In chapter 2 we described the generation and selection of a collection of Nannochloropsis 

gaditana random mutant strains, altered in the photosynthetic apparatus. Among them we 

isolated I48 with a severe reduction in the NPQ activation. This chapter presents its 

molecular and physiological characterization to investigate how this mechanism 

influences photosynthetic efficiency in different light conditions.  
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MATERIAL AND METHODS  

Microalgae growth  

Nannochloropsis gaditana (strain 849/5) from the Culture Collection of Algae and 

Protozoa (CCAP) were used as the WT strain. Cells were cultivated in sterile F/2 media 

with sea salts(32 g/l, Sigma Aldrich), 40 mM Tris–HCl (pH 8) and Guillard’s (F/2) 

marine water enrichment solution (Sigma Aldrich) in Erlenmeyer flasks with 100 μmol 

photons m−2 s−1 illumination and 100 rpm agitation at 22 ± 1 °C in a growth chamber.  

The comparison between different light regimes using a Multicultivator MC 1000-OD 

system (Photon Systems Instruments, Czech Republic) and the fed-batch experiment were 

performed as already described in chapter 3. 

 

Pigment content analysis 

Chlorophyll a and total carotenoids were extracted from cells at the end of the exponential 

phase of growth using a 1:1 biomass to solvent ratio of 100 % N,N dimethylformamide 

(Sigma Aldrich) at 4 °C in the dark for at least 24 h. Absorption spectra were determined 

between 350 and 750 nm using a Cary 100 spectrophotometer (Agilent Technologies) as 

described in chapter 3. 

 

Fluorescence measurements 

Photosynthesis evaluation was performed by measuring in vivo Chl fluorescence using a 

PAM 100 fluorimeter (Heinz-Walz, Effeltrich, Germany). PSII functionality was defined 

as PSII maximum quantum yield (Fv/Fm), according to (Maxwell and Johnson 2000). 

Samples were exposed to increasing light intensity up to 2000 µmoles photons m-2 s-1, 

and then light was switched off to evaluate NPQ relaxation kinetic. NPQ values were 

calculated as previously described (Maxwell and Johnson 2000).  

PSII antenna sizes were determined using a JTS-10 spectrophotometer (Biologic, France). 

Samples (200 x 106 cells/ml final concentration) were dark-adapted for 20 minutes and 

incubated with 80 µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) for 10 minutes. 

Fluorescence induction kinetics were then monitored upon excitation with 320 µmoles 

photons m-2 s-1 of actinic light at 630 nm. The t2/3 values obtained from the fluorescence 

induction curves were exploited to calculate the size of the PSII functional antenna 

(Bonente et al. 2011; Perin et al. 2015). 
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The P700 and the total electron flow (TEF) spectroscopic quantifications were done 

measuring P700 (the primary electron donor to PSI) absorption at 705 nm in intact cells. 

Analyses were conducted exposing the samples (300 x 106 cells/ml final concentration) to 

saturating actinic light (2050 μmol of photons m-2 s-1, at 630 nm) for 15 seconds to 

maximize P700 oxidation (P700) and reach a steady state. Then the light was switched off 

to follow the P700 re-reduction kinetic in the dark for 5 seconds. The total electron flow 

(TEF) was derived  from the monitoring of the P700 re-reduction rates after illumination 

in untreated cells. The electron transport rate was calculated assuming a single 

exponential decay of P700. 

In this way the rate constant of P700 reduction was calculated as 1/Ĳ. By multiplying the 

rate constant with the fraction of oxidized P700, and considering this value as 1 in 

DCMU- and DBMIB-treated cells we could evaluate the number of electrons transferred 

per unit of time per PSI unit (Simionato et al. 2013) 

The PSI content was evaluated from the maximum change in the absorption of P700 in 

cells treated with DCMU (80 μM) and DBMIB (dibromothymoquinone, 300 μM) at a 

saturating actinic light (2050 μmol of photons m-2 s-1, at 630 nm). Under these conditions, 

re-reduction of P700 through photosynthetic electron flow is largely slowed down, al 

lowing to evaluate the full extent of photooxidizable P700 (Meneghesso et al. 2016) 

 

DNA extraction, TAIL-PCR and whole genome re-sequencing. 

N. gaditana strains genomic DNA was extracted as described in chapter 3 from 4-day-old 

cultures, performed in Erlenmeyer flasks using F/2 liquid media. Thermal asymmetric 

interlaced (TAIL)-PCR was performed utilizing the same nested-specific primers 

exploited in chapter 3. 

They were used in successive reactions together with a shorter arbitrary degenerate 

primer (Dent et al. 2005; Liu, Y G, Norihiro Mitsukawa, Teruko Oosumi 1995). Details 

of the PCR reaction mix and thermal cycles have been described in (Dent et al. 2005). 

The whole genome re-sequencing for mutant strain I48 was performed by IGA 

Technologies Services (Udine, Italy), with the Illumina MiSeq platform, using 100 bp 

pair-end sequences leading to a 70-fold genome coverage. The N. gaditana B-31 genome 

published in (Corteggiani et al. 2014), was used as reference. Genetic variants annotation 

and their prediction effects was carried out using the SnpEff software. 
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Total RNA extraction and cDNA preparation. 

Total RNA was extracted from the N. gaditana batch cultures. Cells were lysed using a 

Mini Bead Beater (Biospec Products) at 3500 RPM for 20 s in the presence of glass beads 

(150–212 μm diameter). Total RNA was thus purified using the TRI Reagent™ (Sigma 

Aldrich), applying minor modifications to the manufacturer’s instruction. Total RNA 

concentration and purity was determined by 100 UV–VIS spectrophotometer (Cary 

Series, Agilent Technologies). cDNA was prepared from 1 μg of total RNA-template with 

the RevertAid Reverse Transcriptase cDNA kit (Thermo Fisher Scientific, Epson, UK). 

The cDNA was previously treated with the DNAse I kit (Sigma Aldrich). 

 

RT-PCR. 

The cDNA was used as template for the RT-PCR reactions, in order to amplify the 

LHCX1 (Naga_100173g12) gene from the WT and I48 strains templates. The primer 

sequences reported in table 1 and KAPA HIFI high-fidelity DNA polymerase (KAPA 

Biosystems) were used for this purpose. 

 Table 1: Primers sequences used to amply LHCX1  

LHCX1_FOR     

CATCATCACCACCATCACCGTGTACTCTCTTTCCTTGCTATTA 

LHCX1_REV      

GTGGCGGCCGCTCTATTATTAGAAGAAGAAGTTGTAGACGTCC 

 

 

Southern Blot 

The probe was prepared by DIG DNA labeling and Detection kit (Roche) using as 

template the ubiquitin promoter, that is the endogenous promoter present in the resistance 

cassette of the mutant strains. The digested DNA was transferred to a Hybond-N 

membrane (GE Healthcare, Little Chanfont, UK) by capillary transfer and hybridized 

with the labeled DNA probe overnight. The immunological detection was done by using 

alkaline phosphatase conjugated secondary antibody. 
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SDS-page and western blot. 

A 12% SDS–page analysis for protein extracts was performed using a TRIS–glycine 

buffer system. The samples were solubilized for 20 minutes at RT in 10% glycerol, 45 

mM TRIS (pH 6.8), 0.03 M dithiothreitol and 3% SDS. Western blot analyses were 

performed after transferring the proteins to nitrocellulose (Bio Trace, Pall Corporation), 

using alkaline phosphatase conjugated secondary antibodies. The antibody against D2 

[UniProt: P06005 for D2] was generated by immunizing New Zealand rabbits with the 

spinach protein, whereas the recombinant proteins were used for the antibodies against 

VCP and LHCX1, which were obtained by cloning the two cDNA into pETite N-HIS 

(Lucigen-Expresso T7 Cloning and Expression System), expressing the proteins in 

Escherichia coli BL21 (DE3, Invitrogen), and purifying as inclusion bodies [UniProt: 

W7T4V5 for LHCf1, and Uniprot: K8YWB4 for LHCX1]. 

 

 

RESULTS 

 

Molecular characterization of a NPQ depleted mutant.  

I48 was selected among the strains isolated in previous chapter as particularly interesting 

to clarify molecular bases of NPQ mechanism in N.gaditana. In lab scale flask cultures 

I48 showed a growth (fig 1-A) and a pigment content indistinguishable from the wild type 

(fig 1-B) but confirmed the severe non photochemical quenching reduction with a 

complete depletion of the fast component qE (fig 1-C). Also in control light conditions 

maximum quantum yield of PSII (Fv/Fm) was reduced (fig1-D), even if it has not effect 

on growth kinetics. 
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The presence of tandem insertions also explains why the attempts to identify the insertion 

site by TAIL PCR were unsuccessful. Since TAIL PCR protocol amplified the region 

nearby the exogenous terminator we only obtained UEP promoter as the flanking 

sequence. The mutant strain was therefore subjected to the whole genome re-sequencing 

for the systematic identification of the mutations to identify the one(s) responsible for its 

photosynthetic phenotype. The latter was performed on an Illumina MiSeq to obtain a 

theoretical 70-fold genome coverage. The software SnpEff was then run to annotate the 

genetic variants identified in strain I48 on the N. gaditana reference genome, identifying 

80 point mutations in total. The list of potentially affected genes included a gene 

(Naga_100173g12) encoding for LHCX1. This is a light-harvesting complex (LHC) 

protein belonging to the sub-clade of LHCX, which are known to be required for NPQ in 

diatoms (Bailleul et al. 2010). This is also the most abundant LHCX isoform in 

N.gaditana according to transcriptomic and proteomic analysis (Alboresi et al. 2016) and 

thus the mutation in this gene clearly was the most likely responsible for I48 NPQ 

phenotype and it was thus analyzed in more detail.  

The genetic variant was located in position 1510841 bp of chromosome 01, falling in the 

genomic locus occupied by LHCX1 gene. The identified point mutation involves a 

deletion of a thymine, that is not part of the coding sequence but it is part of the first two 

nucleotides of the 5’-donor splicing site of the 4th intron (GT). It was observed that all 

intron sequences in eukaryotes (both plants and animals) contain two highly conserved di-

nucleotides, a GT at 5’-end and an AG at the 3’-end, which are responsible for the 

efficient binding of the spliceosome. Therefore, the identified deletion of the thymine of 

the donor splicing site could have a major effect on the splicing efficiency, leading to the 

possible retention of the intron in the mature mRNA (fig 3-A). In order to confirm this 

hypothesis we performed a RT PCR that showed an amplification product of 700bp for 

the WT and about 1000bp for the mutant (fig 3-C). The sequencing of both the 

amplification products of WT and I48 confirmed that the increase in the LHCX1 mRNA 

length in I48 is due to the retention of the fourth intron. 
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Biological role of NPQ in response to different light intensities  

Previous results strongly suggest that LHCX1 is responsible for non-photochemical 

quenching activation in Nannochloropsis. This is consistent with mutants with an 

alteration in NPQ, both of microalgae and mosses even if a definitive demonstration will 

require the complementation of the strain. In order to assess the biological role of NPQ in 

this organism we investigated I48 response to different light regimes. We grew in a 

Multicultivator system WT and I48 with three different light intensities: 

 

- LL: low light 10 μmol of photons m-2 s-1; 

- ML: medium light 100 μmol of photons m-2 s-1; 

- HL: high light  1000 μmol of photons m-2 s-1. 

 

I48 showed a growth (fig 5-A) comparable with the WT in all the conditions tested and in 

ML it is even higher respect to the WT. In this Multicultivator experiment respect to the 

preliminary flask cultures, the samples reached higher density, due to the rich media 

exploited. So it seems that the low NPQ phenotype can be advantageous when the optical 

density of the culture is increased. Moreover in ML conditions I48 showed also a small 

reduction both in the Chl and Car content respect to the WT (fig 5-B) even though the 

Chl/Car is maintained. This pigment content reduction can increase light penetration and 

so I48 growth. Instead the pigment content is similar to the WT in LL and HL condition. 

The maximum quantum yield of PSII (Fv/Fm) is similar to the  WT in LL and ML, but it 

is significantly reduced in HL condition with respect to WT. This is a clear indication that 

the lack of the fast component of NPQ caused a stronger photoinhibition respect to the 

WT, when the HL exposition is prolonged. In any case this photoinhibition does not 

affect the growth in a significant way and so it seems that other NPQ mechanisms like 

xanthophyll cycle are sufficient to avoid cell death. 
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4- 150 x 106 cells/ml as starting concentration and light intensity 400 µmol photons 

m-2s-1, (150_400); 

5- 250 x 106 cells/ml as starting concentration and light intensity 400 µmol photons 

m-2s1, (250_400); 

6- 250 x 106 cells/ml as starting concentration and light intensity 1200 µmol photons  

m-2s-1, (250_1200). 

 

First of all we quantified the productivity by dry weight measurement, in terms of grams 

of biomass produced per liter per day. As is shown in table 2 I48 had a significantly 

higher productivity respect to the WT in the first two conditions where light was limiting. 

Instead in the last one in which the exposure light had a higher intensity there was no 

statistically significant difference, suggesting that absence of NPQ does not cause 

reduction of growth under intense illumination.  

In 150_400  I48 had a 20% increased productivity with respect to the WT, which became 

even higher when the starting cell density was increased, reaching the 24%. This thus 

suggests that a reduction in NPQ is advantageous in conditions mimicking industrial 

system. The advantage is larger in 250_400 where the culture is denser and thus light is 

less homogeneously distributed.  

Table 2: In the table is reported the productivity in terms of grams of biomass per liter per day (g/l/d).  In bold 

type and with the asterisks is marked the statistically significant differences between WT and strain I48 (one-

way ANOVA, p-value < 0.05). 

 

Dry weight (g/l/d)  

 150_400 250_400 250_1200 

WT 

(n=37) 

0.33 ± 0.05 0.37 ± 0,07  0.48± 0,11 

I48 

(n=23) 

0.40 ± 0,05** 0.47 ± 0,04** 0.56 ± 0,05 
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(like TAACCC) near to the resistance cassette, without any possibility to find any other 

genomic position.  

This, combined with the development of sequencing technologies that allow fast and 

cheap resequencing of isolated mutants, suggests that chemical strategies are likely more 

suitable for generation of random mutants collections. Once the mutation of interest is 

identified a modified strain can be produced by using genome editing approaches, 

avoiding the main limitation of chemical mutagenesis, the accumulation of multiple 

mutations.  

 

Biological role NPQ in Nannochloropsis gaditana 

The isolation of I48 showing a severe qE reduction is a seminal tool to clarify the 

molecular mechanisms for NPQ activation in N.gaditana and the biological role of this 

regulatory mechanism in this organism. Genome sequencing combined with the 

transcriptomic data, leads to the identification of a mutation which likely correlates with 

the phenotype. LHCX1 is already been studied in other species like Phaeodactylum 

tricornutum, in which it was clearly established a correlation with the fast component of 

NPQ. RT PCR confirmed the effect of the point mutation, which avoids the splicing of 

the fourth intron. This retention inserts an early stop codon which results in a truncated 

protein. The prediction of the LHCX1 protein 3D structure suggests the loss of the third 

membrane-spanning alpha helix in the mutated version of the protein. All LHC proteins 

share the presence of three transmembrane helixes. The absence of one of them would 

strongly impact on the mutated protein structure causing a misfolding .   

By Western Blot we confirmed the loss of LHCX1 protein in I48, which can lead to the 

recorded sever reduction in qE. Obviously as already described in I29 we could not 

completely exclude that the other unidentified mutations also affect the phenotype and 

this should be verified by complementation. Unfortunately also for I48 attempts in this 

direction have been unsuccessful until now and as for I29 we are pursuing an alternative 

strategy demonstrating LHCX1 role in NPQ by RNAi and CRISPR/Cas9 approach. 

Independently from this uncertainty the biological role of NPQ in response to excess of 

light was evaluated assessing I48 response to different light treatments. In batch cultures 

in HL I48 showed a decrease in PSII yield, a suggestion of increased photoinhibition. 

This however do not impact on the growth negatively since other mechanisms like the 

xanthophyll cycle, can be sufficient to protect the cells in order to avoid major 
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photodamage. Indeed zeaxanthin leads to enhanced dissipation of excess excitation 

energy in the photosystem II (PSII) antenna system. It forms a radical pair with Chl a 

upon excitation of the light-harvesting complex, thereby providing a route for energy 

dissipation. Multicultivator experiment, when the culture reached higher density respect 

to flask, revealed also that in ML, I48 seems to grow better than the WT. This suggests a 

possible advantage in a condition of high density culture as the industrial one. 

 

NPQ impact on productivity 

Productivity evaluation confirmed the positive effect of NPQ reduction on biomass 

accumulation. We saw that the gain in biomass of I48 respect to the WT can reach the 

24% in 250_400 when  light is more limiting with respect to the other conditions tested.  

In a photobioreactor the culture is stratified with an external layer exposed to saturating 

light and an internal one in a condition of limiting light, which are continuously mixed. 

HL experiments showed that NPQ reduction has not great impact on the growth also in 

saturating light condition. Instead NPQ activation reduces light use efficiency and it 

remains active for minutes also after cell switch in the internal layer. A reduction in NPQ 

activation could avoid undesired energy dissipation in the internal layer. This saved 

energy can be used for photochemistry especially in the internal parts of a 

photobioreactor, with a gain in biomass growth.  

It should be noted that in I48 there was also a reduction of pigments content per cell, 

justified by the fact that LHCX most likely also binds pigments (Bonente et al. 2011). 

Indeed a low pigment content also leads to a decrease in light harvesting, which avoid the 

oversaturation of the photosynthetic apparatus. The final result is that even if cells in the 

external layer experienced a reduction in photosynthetic efficiency, the internal ones has a 

gain in energy utilization efficiency which is higher respect to loss of the external one. 

This condition leads to a general advantage of the industrial system with NPQ defective 

strains. 
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ABSTRACT 

 

Photosynthetic organisms are exposed to highly dynamic conditions in natural 

environment that include frequent changes in light availability. Microalgae evolved 

different mechanisms to modulate their photosynthetic machinery allowing for the 

colonization of diverse habitats. Two major mechanisms have been suggested to be 

involved in response to fluctuating light: non photochemical quenching of the energy 

excess and regulation of auxiliary electron transports. The aim of this work is to clarify 

the role of those mechanisms in response to fluctuating light in the Heterokont 

Nannochloropsis gaditana. Fluctuating light is shown to have a major negative impact on 

N.gaditana growth. Deeper photosynthetic analysis revealed that fluctuating light does 

not affect PSII photosynthetic efficiency but instead drastically reduces the number of 

active PSI per cell, leading to an overall reduction in the total electron transport capacity. 

PSI damage seems to be due to the lack of the key alternative electron transport 

components in this microalga.  

 

INTRODUCTION 

 

In natural environment photosynthetic organisms, both plants and algae, are exposed to 

continuous fluctuations in light intensity. Sun position, clouds movements, wind, waves 

and phytoplankton migration are all phenomena that cause changes in incident light 

(Allahverdiyeva et al. 2015). In such a dynamic environment an optimal performance of 

photosynthesis requires a continuous tuning between light harvesting and metabolic 

reactions involved in the energy conversion (Peltier, Tolleter, and Billon 2010). 

While the basic photochemical reactions are highly conserved, different mechanisms for 

regulation of photosynthetic apparatus have been identified in various group of 

organisms. Investigation of the diversity of photosynthetic organisms and how they deal 

with dynamic light conditions can thus be highly informative to understand the principles 

for this regulation. In this context algae with their large biodiversity and complex 

evolutionary history can be particularly informative.   
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One of the major mechanisms for response to light variations is Non Photochemical 

Quenching (NPQ). NPQ has a key role in avoiding over excitation of the photosynthetic 

apparatus under excess illumination that can lead to the generation of reactive oxygen 

species (ROS) (Goss and Lepetit 2015). NPQ in plants have been shown to be seminal for 

plants fitness upon growth in natural dynamic conditions (Kulheim, Agren, and Jansson 

2002). 

In algae this mechanism depends from light harvesting stress related protein (LHCSR or 

LHCX proteins) identified both in green algae and diatoms (Maruyama, Tokutsu, and 

Minagawa 2014; Taddei et al. 2016). NPQ has been suggested to be involved in the algae 

response to FL even if there are opposing opinions about its role and regulation in this 

response. (Grouneva et al. 2016) showed that the diatom Thalassiosira pseudonana under 

fluctuating light experiences a remodeling of the LHC and LHC-like protein abundance. 

In particular they found a down-regulation of LHCX6, an antenna protein involved in 

photoprotection, which suggests reduced need of photoprotection in FL condition. On the 

contrary in (Lepetit et al. 2017) in Phaeodactylum tricornutum the acclimation strategy to 

FL was suggested to be enhancing NPQ activation thanks to a transcriptional and post 

transcriptional regulation of LHCXs antenna proteins involved in non-photochemical 

quenching mechanism (in particular LHCX2 and LHCX3).  

Another major regulatory mechanism for photosynthesis is the modulation of electron 

transport reactions that avoids the over-reduction of the photosynthetic apparatus in 

stressful light condition, that is particularly damaging for PSI. Forward and reverse 

genetic approaches allowed identifying auxiliary electron transports that modulates 

NADPH/ATP ratio (Peltier, Tolleter, and Billon 2010) such as proton gradient regulator 5 

(PGR5), proton gradient regulator like 1 (PGRL1), NAD(P)H dehydrogenase type 2 

(Ndh-2), plastid terminal oxidase (PTOX) and flavodiiron proteins (FLV). These are the 

molecular components involved in these auxiliary electron transport pathways and 

interestingly these components are differently distributed in different organisms (Peltier, 

Tolleter, and Billon 2010; Shikanai 2016). 

Among all these components, FLV emerged as one of the auxiliary electron transport 

pathway more involved in fluctuating light response (Allahverdiyeva et al. 2015; Gerotto 

et al. 2016; Shikanai 2016). They work as a dimer and they catalyze NAD(P)H-mediated 

O2 reduction to water. FLV proteins maintain the redox balance of the electron transfer 

chain in condition of over-excitation providing photoprotection for PSI.  



107 

 

The aim of this work is to clarify what is the mechanism adopted by Nannochloropsis 

gaditana to deal with fluctuating light. N.gaditana was chosen because from an 

evolutionary point of view it holds a peculiar position since it originated from a secondary 

endosymbiotic event and it has a peculiar photosynthetic apparatus, in which only 

chlorophyll a is present and violaxanthin is the main carotenoid in the antenna proteins 

(Basso et al. 2014). Its investigation can contribute to the exploration of response to FL in 

marine organisms.  

 

MATERIAL AND METHODS 

Microalgae growth  

Nannochloropsis gaditana (strain 849/5) from the Culture Collection of Algae and 

Protozoa (CCAP) were exploited for this experiment. Cells were cultivated in sterile F/2 

media with sea salts (32 g/l, Sigma Aldrich), 40 mM Tris–HCl (pH 8) and Guillard’s 

(F/2) marine water enrichment solution (Sigma Aldrich) in Erlenmeyer flasks with 100 

μmol photons m−2 s−1 illumination and 100 rpm agitation at 22 ± 1 °C in a growth 

chamber.  

The comparison between different light regimes were done using a Multicultivator MC 

1000-OD system (Photon Systems Instruments, Czech Republic), in which the 

temperature was maintained at 21° C and illumination was provided with a photoperiod 

of 16-h light, 8-h dark at an averaged intensities of 150 µmol of photons m-2 s-1 using an 

array of white LEDs. Control sample were exposed to a continuous light intensity, the 

fluctuating ones were exposed to: 

- FL1: 10 min of 1000 µmol of photons m-2 s-1  every 60 min of 10 µmol of photons 

m-2 s-1 

- FL2: 1 min of 1000 µmol of photons m-2 s-1  every 6 min of 10 µmol of photons 

m-2 s-1  ; 

- FL3: 10 sec of 1000 µmol of photons m-2 s-1  every 60 sec of 10 µmol of photons 

m-2 s-1   

 

In Multicultivator system experiments were performed using a F/2 medium enriched as 

already described in chapter 3. The suspension culture was constantly mixed and aerated 
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through air bubbling. Algal growth was measured by cells counting using a cell counter 

(Cellometer Auto X4, Nexcelom Bioscience). 

  

Pigment content analysis 

Chlorophyll a and total carotenoid extraction from entire cells was done after 9 days of 

growth using a 1:1 biomass to solvent ratio of 100 % N,N dimethylformamide (Sigma 

Aldrich). Pigments were extracted at 4 °C in the dark for at least 24 h. Absorption spectra 

were performed between 350 nm and 750 nm using a Cary 100 spectrophotometer 

(Agilent Technologies) to spectrophotometrically determine pigment concentrations using 

specific extinction coefficients. Absorption values at 664 and 480 nm were used to 

calculate the concentrations of chlorophyll a and total carotenoids, respectively.  

 

Photosynthetic analysis 

In vivo Chl fluorescence was measured using a PAM 100 fluorimeter (Heinz-Walz, 

Effeltrich, Germany). PSII functionality was expressed as PSII maximum quantum yield 

(Fv/Fm), as described by (Maxwell and Johnson 2000). The light treatment exposed the 

samples to increasing light intensity up to 2000 µmoles photons m-2 s-1, and then light 

was switched off to evaluate NPQ relaxation kinetic. NPQ was evaluated in accord with  

(Maxwell and Johnson 2000). 

PSII antenna sizes were determined using a JTS-10 spectrophotometer (Biologic, France). 

Samples of 200 x 106 cells/ml final concentration were dark-adapted for 20 minutes and 

incubated with 80 µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) for 10 minutes. 

Fluorescence induction was measured after an excitation with 320 µmoles photons m-2 s-1 

of actinic light at 630 nm. The t2/3 values were calculated from the fluorescence 

induction curves and then the size of the PSII functional antenna was calculated as 

described in (Perin et al. 2015).  

Electron chromic shift (ECS) measurements were done on 200 x 106 cells/ml (intact 

cells). Data were analyzed as the difference between the signals at 520 and 498 nm 

(which represent the positive and negative peaks of the ECS signal in Nannochloropsis, 

respectively) to deconvolute this signal from other spectral changes not related to the 

building of the transmembrane potential (Simionato et al. 2013). 
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The P700 and the total electron flow (TEF) spectroscopic quantifications were performed 

measuring P700 (the primary electron donor to PSI) absorption at 705 nm in intact cells. 

Samples of 300 x 106 cells/ml final concentration were exposed to 2050 µmoles photons 

m-2 s-1, at 630 nm for 15 seconds to maximize P700 oxidation and reach a steady state. 

Then P700 re-reduction kinetic in the dark for 5 seconds was followed. The total electron 

flow (TEF) was evaluated from P700 re-reduction rates after illumination in untreated 

cells. Assuming a single exponential decay of P700 the rate constant of P700 reduction 

was calculated as 1/Ĳ. By multiplying the rate constant with the fraction of oxidized P700, 

and considering this value as 1 in DCMU- and DBMIB-treated, the number of electrons 

transferred per unit of time per PSI unit was calculated (Simionato et al. 2013). 

The PSI content was estimated from the maximum change in the absorption of P700 in 

cells treated with DCMU (80 μM) and DBMIB (dibromothymoquinone, 300 μM) at 2050 

µmoles photons m-2 s-1at 630 nm (Simionato et al. 2013). 

 

Bioinformatic analysis  

In order to investigate if N.gaditana has one or more of the proteins recognized as to be 

involved in the alternative electron transports, a BLAST alignment was done in the 

genome browser of N.gaditana (http://www.nannochloropsis.org/). An e-value cut-off 

from e-12 to e-3 was tested to align the protein sequences reported in table 1. 

Table 1: In the table are reported the ID of the protein sequences that have been aligned on N.gaditana genome 

browser. We used sequences from A.thaliana, P. patens, M. polymorpha and C. reinhardtii. 

 Protein ID used in the analysis 

PGR5 XP_001769396-XP_001755090-XP_001700905 

PGRL1 NP_567672-XP_001772047-XP_001692513 

PTOX XP_001692600- XP_001703466 

NDH-2 XP_001691969- XP_001691969 

FLVA XP_001759251-AMJ52189 

FLVB XP_001756079-AMJ52190 

 

 

http://www.nannochloropsis.org/
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however the duration of the light treatments was much faster (from 30ms to 100ms) and 

not sufficient to oversaturate electron transport chain. 

Pigment content analysis showed that also there is no activation of any acclimation 

response. This is highly unusual since all photosynthetic organisms modulate the 

composition of their photosynthetic apparatus in response to different illumination. 

Indeed as reported in (Meneghesso et al. 2016) N.gaditana is not different, it remodels its 

photosynthetic apparatus in response to different light treatments. As it is shown in fig 2 

B and C HL leads to a reduction of in the Chl content, in order to reduce the absorption 

and to avoid the over saturation of the photosynthetic apparatus in a condition of excess 

of light. In FL treatment instead the pigment content is similar to the CL even if the 

culture is exposed to HL flashes. This suggests that in these conditions the signals 

activation acclimation are not activated. 

Spectroscopic analysis revealed that FL light treatments employed here have a limited 

effect on PSII that is normally the major target for photoinhibition upon strong 

illumination. Indeed there is no reduction of Fv/Fm except in FL3, but the small reduction 

recorded is not sufficient to justify the growth impairment observed. On the other hand 

we observed a major inactivation of PSI, whose content per cell is reduced by 50%. 

Fluctuating light has been shown to have negative effects on PSI in other organisms 

because of an over-reduction of PSI (Kono, Noguchi, and Terashima 2014; Shikanai 

2016) 

In these conditions PSI is limited by the acceptor side and excess electrons are damaging 

PSI. Remarkably it has been observed that PSI does not have an efficient repair system in 

place and thus any damage has a major impact on growth. 

While an impact on PSI stability by FL on PSI has been already observed it has to be 

mentioned that this is the case only for mutants affected in cyclic or alternative electron 

transport mechanisms. In plants and green algae WT instead does not easily show damage 

to PSI. It thus appears that such mechanisms active in protecting PSI from excess 

radiation are not present in N. gaditana.  

BLAST research on N.gaditana genome with sequences derived from A.thaliana, 

P.patens, M.polymorpha and C.reinhardtii showed that this microalga does not present 

homologous to fundamental proteins involved in auxiliary electron transports. There isn’t 

any protein homologous to Flvs and PGRL1. Ndh-2 and PTOX showed homologous 

sequences but the putative proteins are predicted to be located in the mitochondrion, so 

their role is uncertain. PGR5 is the only protein that seems to be present also in 
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N.gaditana (table 2). In this case however the functionality is far from sure since in plants 

PGR5 needs PGRL1 to be active in cyclic electron transport. This situation is really 

similar to those one described for diatoms (Grouneva et al. 2016; Peltier, Tolleter, and 

Billon 2010). Indeed also in diatoms FLV and NDH proteins are missed. It seems to be 

present an homologous of PTOX but its function has still to be clarified. PGR5 and 

PGRL1 are the only detectable proteins found. (Grouneva et al. 2016; Lepetit et al. 2017) 

suggested that alternative electron flows do not play any significant role in photosynthesis 

regulation in diatoms. Instead regulation of NPQ, in particular LHCXs expression, seems 

to be one of the key responses in FL conditions, even if there are variable responses in 

different diatoms species. 

 

Table 2: Summary of the BLAST research on N.gaditana genome for the protein involved in cyclic and 

alternative electron transport. ? marked the proteins that gives a result but the proteins highlighted seem to have 

a target peptide to the mitochondria.  

 

PROTEIN BLAST on N.gaditana genome 

PGR5 FOUND (Naga_100940g3) 

PGRL1 NOT FOUND  

PTOX ? 

NDH-2 ? 

FLVs NOT FOUND 

 

 

This is not the case for N.gaditana as confirmed by I48 growth in FL in N.gaditana NPQ 

has no a significant effect in FL responses. So these data suggest that Nannochloropsis is 

particularly sensitive to FL because of the absence of many molecular players in cyclic 

electron transport. 
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ABSTRACT  

 

In this chapter was evaluated the potential of a low chlorophyll content mutant of  

Scenedesmus obliquus, a green microalga already recognized as a promising feedstock 

not only for biofuel but also for proteins and edible oil production. The mutant strain was 

screened from a collection of chemically induced mutants because of a lower pigment 

content, also to verify the applicability of the methods developed for Nannochloropsis to 

other species. The selected strain showed indeed a ≈50 % reduction of total chlorophyll 

content with respect to the wild type. The strain performances in industrially significant 

conditions were assessed using a flat panel photobioreactor run in continuous mode, also 

allowing a comparison with analogous experiments with semi-continuous cultures. Three 

different residence times were evaluated and at least in one of them the mutant showed a 

higher productivity respect to the wild type. 

 

INTRODUCTION 

 

Scenedesmus obliquus is a green microalga that has been suggested as a candidates 

species for biofuels feedstock, thanks to the ability to accumulate TAG up to 30%-45% 

dry weight. It also has the advantage of a constant biomass composition being less 

dependent from nutrients supply than other species (Gris et al. 2014). Total fatty acids 

(TFA) composition is enriched in saturated and monounsaturated fatty acids that are 

suitable for biodiesel production. S.obliquus has also potential as source of protein and 

edible oils and various works highlighted the possibility to combine its cultivation with 

wastewaters bioremediation (Chaudhary, Dikshit, and Tong 2017).  

As discussed extensively in previous chapters, algae potential is still not fulfilled at the 

industrial scale. We already discussed in chapter 1 and in chapter 3 how genetic 

engineering can be an instrument to achieve this objective by improving productivity for 

the industrial cultivation of algae in photobioreactors. In this work we tested the 

possibility of applying the mutagenesis approach developed for Nannochloropsis in 

(Perin et al. 2015) to another species of industrial interest. To this aim we generated a 

collection of random mutants by ethyl methane sulfonate (EMS) treatment and selected 
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the ones with a reduced pigment content. The most promising strain (SOB17) was 

assessed in flat panel photobioreactors run in continuous mode. The advantage of a 

continuous system is that there is a constant supply of fresh media and a consequent 

constant biomass collection and they can yield higher productivities and culture stability 

on a large scale (Sforza, Gris, and Farias 2014). When a continuous system after a 

transitory phase reaches a so called stationary state, the culture has always the same 

concentration and also the same physiological-chemical characteristics (Bertucco, 

Beraldi, and Sforza 2014; Sforza, Enzo, and Bertucco 2013). For this reason continuous 

cultivation is especially suitable for large-scale industrial plants, becouse it can result in a 

stable and continuous biomass production. 

In the present work we also assessed how the strain performances are influenced by 

operating variables as residence time and biomass concentration also analyzing the 

alterations in cells properties such as pigment content or biochemical composition in 

different stable conditions.  

 

MATERIAL AND METHODS 

 

 Algal strain and culture media  

S. obliquus 276.7  was obtained from SAG-Goettingen, Germany. It was maintained in 

sterile BG11 medium, with 1.5 g /l NaNO3 (247 mg/l N) and 30.5 mg/l  K2HPO4 (5.4 

mg/l P), buffered with 10 mM HEPES pH 8. In continuous experiments, BG11 was 

further modified in order to guarantee non limiting nutrient concentrations with 494 mg/l 

of N and 89 mg/l P.  

 

Mutagenesis and mutant selection 

Mutant collection was generated setting mutagenesis condition to induce 90% cell 

mortality to ensure a high mutation frequency. Microalgae suspensions (OD750= 0.5) in 

the late exponential growth phase were mutagenized using 200 mM EMS (Sigma 

Aldrich) for 1 h in darkness at room temperature with mild agitation. Then cells were 

centrifuged at 5000g for 8 min. To remove the excess of EMS cells were washed four 
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Biomass production estimation 

Algal growth was measured by cells counting using a cell counter (Cellometer Auto X4, 

Nexcelom Bioscience) and by optical density evaluation at 750nm (OD750) with a Cary 

100 spectrophotometer (Agilent Technologies). The biomass concentration was measured 

gravimetrically as a dry weight (DW) by filtering 8 ml using 0,45 μm pore size cellulose 

acetate filters. The filters were then dried at 70 °C for at least 24 h and the dry weights 

were measured in grams per liter.  

 

Pigment extraction and quantification 

Chlorophyll a and total carotenoids were extracted by adding 1:2 volume of dimethyl 

sulfoxide (DMSO) (Sigma Aldrich) after mechanical lysis in a Mini Bead Beater 

(Biospec Products) with the help of glass beads (150–212 µm in diameter). The samples 

were warmed at 65 degree for 8 minutes and then centrifuged. Absorption spectra were 

determined between 350 and 750 nm using a Cary 100 spectrophotometer (Agilent 

Technologies) to spectrophotometrically evaluate pigment concentrations using specific 

extinction coefficients. Absorption values at 664, 649 and 480 nm were used to calculate 

the concentrations of chlorophyll a, chlorophyll b and total carotenoids, respectively.  

 

Antenna size measurement 

PSII antenna sizes were determined in active growth conditions, using a JTS-10 

spectrophotometer (Biologic, France). Samples (30 x 106 cells/ml final concentration) 

were dark-adapted for 10 minutes and incubated with 20 µM 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU) for 2 minutes. Fluorescence induction kinetics were then 

monitored upon excitation with 320 µmoles photons m-2 s-1 of actinic light at 630 nm. 

The t2/3 values obtained from the fluorescence induction curves were used to calculate the 

size of the PSII functional antenna (Bonente et al. 2011; Perin et al. 2015). 
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RESULTS 

 

At the beginning of this work a culture of S. obliquus  in the late exponential growth 

phase was treated with ethyl methane sulfonate (EMS). As already described in chapter 2, 

EMS is an alkylating agent that induces a high frequency of nucleotide substitutions and 

has been largely exploited to induce random point mutations in various organisms. 

Chemical mutagenesis generates mutants that are not considered as genetically modified 

organisms (GMOs). This approach allows obtaining strains that are potentially readily 

applicable to large-scale systems. Low pigments strains were selected as in (Perin et al. 

2015), retaining only the pale mutants, generating a collection of 23 strains.  

For those strains the reduction in Chl content was confirmed by growth curves in flasks. 

Among all strains isolated, SOB17 was particularly promising because of a strong 

reduction in total Chl content per cell (44% less than WT) as shown in fig 2-A. Chl a/b 

ratio was also increased, suggesting a selective reduction in Chl b (fig 2 A-B). Since in 

green algae Chl b is specifically bound to antenna complexes, this reduction suggests a 

specific depletion in these proteins, a property that should provide advantages in terms of 

productivity (De Mooij et al. 2014). In flasks SOB17 also showed a slightly reduced 

growth with respect to the WT, which instead is a negative property (fig 2-C). 
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combination mixing was not sufficient to maintain completely in suspension the culture 

because of Scenedesmus tendency to sediment. Clearly this is not an optimal condition 

since this biomass can influence productivity evaluations by for instance subtracting 

nutrients. In the future experiments thicker panels could possibly address this issue.  

Despite these problems different residence time evaluations highlighted that also in this 

case as already described in Appendix 1 the acclimation response has a major effect on 

algae properties and productivity. With the higher residence time (3.7 d) cell 

concentration was higher and cells were light limited because of the shading effect. In this 

condition cells responded by increasing the Chl content per cell, both in WT and in 

SOB17. This increase had the final effect of canceling the mutant low Chl content 

phenotype, losing any advantage in light distribution. Since SOB17 had also a slower 

growth rate in these conditions the overall productivity in SOB17 was even lower than the 

WT. In 1.3 d cultures cell concentration was lower and SOB17 maintained the low Chl 

content but the advantage in light distribution and the growth impairment appeared to be 

balanced, yielding no net advantage or disadvantage. In fact in these conditions cells 

duplication rate is maximal to keep pace with the dilution rate, which is close to the 

washout threshold.  

Instead at 2.6 d the advantage due the reduction in Chl content compensate the growth 

impairment of the mutant and it leaded also to an overall higher productivity for the 

mutant. This work with a completely different mutant and algal species confirms results 

reported in Appendix 1, suggesting that the operational conditions have a fundamental 

influence on performances of a mutant strain with a possible promising phenotype not 

only in N.gaditana. Moreover the use of a powerful tool like a flat panel continuous 

system to evaluate productivity results successful even if it is still possible to improve the 

geometry in order to enhance an efficient mixing. 
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APPENDIX I :  

Cultivation in industrially relevant conditions has 

a strong influence on biological properties and 

performances of Nannochloropsis gaditana 

genetically modified strains. 
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ABSTRACT 

 

Microalgae are promising feedstocks for the production of biofuels thanks to their high 

biomass yield and the lack of competition with food crops for arable land. Algal industrial 

exploitation, however, still needs to address several technological challenges to reach 

energetic and economic sustainability. Genetic improvement of microalgae strains is 

seminal to fully exploit the potential of these organisms.  

In this work, we investigated how key environmental parameters affected productivity of 

a promising genetically modified algal strain cultivated in industrially relevant conditions. 

We observed that intensive growth conditions strongly influenced algae biology, as 

evidenced by molecular and functional analyses. We also showed that specific operational 

conditions significantly affected performances, enhancing or reducing the advantages of 

the strains genetic modification, such as the chlorophyll content per cell and the 

abundance of photosynthetic apparatus components.   

This work demonstrates the presence of a strong influence of cultivation environment on 

the phenotype of improved strains, suggesting that operational parameters have a seminal 

influence on algae performances and must be taken into full account during strains 

development efforts. 

 

KEYWORDS 

 

Photosynthesis; biomass productivity; Nannochloropsis; microalgae; genetic engineering; 

photobioreactor. 

 

LIST OF ABBREVIATIONS 

 

Abbreviations used are: AEF, alternative electron flow; AS, antenna size; Car, 

Carotenoids; CEF, cyclic electron flow; Chl, Chlorophyll; DBMIB, 

dibromothymoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; ECS, 

electrochromic shift; EMS, Ethyl Methane Sulfonate; ETR, Electron Transport Rate; GC-

FID, gas-chromatography coupled to a flame ionization detector; GC-MS, gas-

chromatography coupled to mass spectrometry; HA, hydroxylamine; Lab, laboratory; FA, 

fatty acid; FAME, fatty acid methyl esters; LHC, Light Harvesting Complex; MV, methyl 
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viologen; NPQ, Non-Photochemical Quenching; PE, photosynthetic efficiency; PBR, 

Photobioreactor; PS, Photosystem; RT, room temperature; ROS, Reactive Oxygen 

Species; TAG, triacylglycerol; TEF, total electron flow; WT, Wild Type. 

 

INTRODUCTION  

 

The current global economy strongly relies on fossil fuels that are responsible for a 

massive release of greenhouse gases in the atmosphere with detrimental effects on the 

climate and environment [1–3]. The development of renewable and clean energy sources 

to mitigate the effects of the intensive exploitation of fossil fuels is thus an unavoidable 

challenge for our society. The exploitation of microalgae biomass as a source of energy 

and materials could provide a valuable contribution [3,4] thanks to these organisms high 

efficiency in the fixation of carbon dioxide via photosynthesis [5]. Some species of algae 

are indeed able to accumulate high amounts of triacylglycerols (TAGs), which are 

convertible into biofuels [6–9]. Algae cultivation can also be combined with wastewater 

treatment [10] or with the sustainable production of valuable molecules (e.g. pigments, 

food additives [11–13]) that, coupled with the energy production, could enhance overall 

environmental benefits and the economic balance.  

Despite these advantages, the industrial potential of algae is far from being fulfilled. One 

of the major limitations is that the potential of these organisms is not fully exploitable 

using wild type (WT) strains isolated in nature that do not reach their maximal 

productivity in artificial cultivation systems [14]. The industrial exploitation of algae 

biomass thus requires efforts in strains improvement or domestication as well in the 

selection of specific genetic features that are advantageous for the cultivation in intensive 

conditions [15–17].  

One of the main factors influencing algae productivity is the sunlight fueling 

photosynthetic metabolism. Despite being highly abundant, in fact, sunlight is distributed 

on large surfaces and algae growth is often limited by the available irradiance [18]. The 

improvement of light energy to biomass conversion efficiency is therefore seminal to 

increase the productivity of algae industrial cultivation and make it economically and 

energetically sustainable [19]. As example, light-use efficiency of algae in 

photobioreactors (PBRs) is strongly influenced by the inhomogeneous distribution of 

light in the culture due to cells self-shading. In these conditions, cells exposed to full 
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sunlight easily experience saturating irradiation while the rest of the culture is under 

limiting illumination conditions, reducing overall light-use efficiency [19].  

One possibility to improve light-use efficiency for algae in PBRs is to tune their 

photosynthetic properties and optimize them to cultivation in intensive growth conditions. 

Microalgae evolved in a natural environment that was often limited by light availability 

and their ability to absorb photons is increased by pigment binding proteins called 

antennas, that enhanced their competitiveness with other organisms [18]. In a PBR 

culture, however, such a competition for light is instead detrimental for overall 

productivity and the reduction of cells antenna content has been suggested as a strategy to 

improve algae growth performances [14,20]. In the past few years, several efforts have 

been made to alter composition and/or regulation of the photosynthetic apparatus [21,22], 

and succeeded in isolating strains with a higher maximum photosynthetic rate in lab scale 

evaluations. This work was mostly performed in the model genus Chlamydomonas 

reinhardtii [23–28] but also in a few other species of industrial interest [17,29–31].  

Despite promising achievements at the lab scale, improved strains produced contrasting 

results when tested in larger scale PBRs [31,32]. A clear understanding of how the 

artificial environment of cultivation affects algae productivity is indeed still missing, 

affecting the ability to predict which phenotypes isolated in the lab can lead to higher 

productivities in PBRs. In order to address this limitation, we used a Nannochloropsis 

gaditana strain altered in specific photosynthetic properties (strain E2) and showing 

improved productivity [17], to assess the impact of operational parameters in intensive 

growth conditions. We observed that intensive operational conditions have an extensive 

biological effect on algae and strongly influence E2 strain performances, by either 

enhancing or masking the advantages of the genetic modification. Our results demonstrate 

that the intensive environment of cultivation has a strong influence on improved strains 

phenotype, suggesting the need to take the former into full account during strain 

development and evaluation. 
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MATERIAL AND METHODS 

 

Culture conditions and growth determination.  

Strains used in this work. Nannochloropsis gaditana, strain 849/5, from the Culture 

Collection of Algae and Protozoa (CCAP) were used as the WT strain. A random 

mutagenesis was performed as previously described [17], and the E2 strain tested here 

was isolated among a pool of ethyl methane sulfonate (EMS) treated mutants, 

consequently selected for altered photosynthetic performances. In brief, Nannochloropsis 

gaditana strain CCAP 849/5 was mutagenized with EMS. 5000 colonies were collected 

and screened with a FluorCam FC 800 imaging apparatus (Photons Systems Instruments, 

PSI, Brno, Czech Republic) to identify strains showing alterations in photosynthetic 

apparatus. Among them, strain E2 was selected for a 45% reduction in Chl / cell content 

upon cultivation in flasks. 

 

Cultivation conditions.  

Algae were maintained in F/2 solid media, with 32 g/L sea salts (Sigma Aldrich), 40 mM 

Tris-HCl (pH 8), Guillard’s (F/2) marine water enrichment solution (Sigma Aldrich), 1 % 

agar (Duchefa Biochemie). Cells were pre-cultured in sterile F/2 liquid media in 

Erlenmeyer flasks irradiated with 100 μmoles photons m-2 s-1 (illumination rate was 

determined using the LI-250A photometer (Heinz-Walz, Effeltrich, Germany)) and 100 

rpm agitation at 22 ± 1 °C in a growth chamber. In this work, we refer to this condition of 

cultivation as the flask condition. 

Semi-continuous cultures starting from high biomass concentrations (> 1 g/L) were 

performed in 5 cm diameter Drechsel bottles, illuminated from one side, with a 250 ml 

working volume and bubbled using air enriched with 5 % CO2 (v/v), at a total flow rate of 

1 L/h (for bubbling apparatus set-up see [33]) (Figure 1A and supplementary figure S1). 

In this case, F/2 growth media was enriched with added nitrogen, phosphate and iron 

sources (0.75 g/L NaNO3, 0.05 g/L NaH2PO4 and 0.0063 g/L FeCl3•6 H2O final 

concentrations). In this work we refer to these growth conditions as intensive cultivation 

conditions, simulating what happens in industrial PBRs. Constant illumination was 

provided by a white LED light source SL 3500 (Photons Systems Instruments, PSI, Brno, 

Czech Republic). The pH of the semi-continuous cultures was set to 8.00 and fresh media 

was added every other day to restore the starting cell concentration (Figure 1B and C). 
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The light transmitted by the cultures was measured using LI-250A photometer (Heinz-

Walz, Effeltrich, Germany) with a circular probe thus detecting also scattering. 

Transmitted light was sampled in 9 different points to obtain an average value. 

 

Analytical procedures and energy balance.  

Algal growth was monitored using a cell counter (Cellometer Auto X4, Nexcelom 

Bioscience) and by evaluation of biomass concentration (dry weight), measured 

gravimetrically as previously reported in [17]. The specific growth rate was calculated by 

the slope of logarithmic phase for the number of cells. Biomass productivity was 

calculated as ([Cf] - [Ci]) / (tf - ti), where C is the final or initial dried biomass 

concentration of the culture and t is the number of days.  

The photosynthetic efficiency (PE) of semi-continuous cultures (expressed as percentage 

of the Photosynthetic Active Radiation (PAR)), which represents the fraction of received 

light energy converted into biomass, was calculated according to the following equation: 

 

𝑃ܧ = 𝑃௫ ∙  𝑉𝑃஻ோ  ∙ ௔௕௦ܦܨ𝑉𝑃ܪܮ  ∙ ௣ܧ   ∙  𝑃஻ோܣ 

 

where Px is the biomass productivity of the algae strains used in this work (g L-1 d-1), VPBR 

is the volume of the culture (L), LHV is the lower heating value of the dry microalgae 

(assumed equal to 22.2 kJ/g, [34]), PFDabs is the PAR photon flux density absorbed by the 

culture (μmoles photons/ m-2 s-1), Ep is the energy of photons (kJ/μmoles photons) and 

APBR is the irradiated surface of the reactor (m2). In addition, the specific light supply rate 

per unit mass of cell rEx (mmoles photons g-1 d-1) in the growth conditions of this work 

was calculated, according to [34], as: 

 

𝑟ா௫ = 𝑃ܦܨ௔௕௦ ∙ ௫ܥ𝑃஻ோܣ ∙ 𝑉𝑃஻ோ  

 

where Cx is the starting biomass concentration inside the culture (g L-1) and all the other 

mentioned parameters were described above. 
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Pigments extraction 

Pigments were extracted from cells grown in semi-continuous conditions, during active 

growth. Chlorophyll a and total carotenoids were extracted from intact cells, using a 1:1 

biomass to solvent ratio of 100 % N,N-dimethylformamide (Sigma Aldrich) [35], at 4 °C 

in the dark, for at least 24 h. Absorption spectra were registered between 350 and 750 nm 

using a Cary 100 spectrophotometer (Agilent Technologies) to determine pigment 

concentrations, using specific extinction coefficients [36,37]. 

High-pressure liquid chromatography (HPLC) analyses were carried out to determine the 

individual carotenoids content of the cells. Pigments were extracted from cells lysed 

using a Mini Bead Beater (Biospec Products) at 3500 RPM for 20 s in the presence of 

glass beads (150 – 212 μm diameter, Sigma Aldrich) and 80 % acetone. HPLC analyses 

were performed using a Beckman System Gold instrument equipped with a UV-VIS 

detector and a C-18 column (25 cm by 4.6 mm; Zorbax octyldecyl silane). Runs were 

performed using 86.7 % acetonitrile, 9.6 % methanol and 3.6 % Tris-HCl, pH 7.8 and 

then 80 % methanol and 20 % hexane as elution solvent. The peaks of each sample were 

identified through the retention time and absorption spectrum [38] and quantified as 

described previously [39]. The vaucheriaxanthin retention factor was estimated by 

correcting that of violaxanthin for their different absorption at 440 nm. 

 

Thylakoids isolation 

Intact thylakoids from N. gaditana cells were extracted according to the protocol 

previously described in [40], performing all the steps at 4 °C and at dim light. The 

thylakoids in the appropriate buffer were immediately frozen in liquid nitrogen and stored 

at −80 °C until further use. Total pigments were extracted using 80 % acetone, and the 

chlorophyll concentration of the samples was determined spectrophotometrically as 

described above. 

 

Fluorescence measurements 

Photosynthetic performances estimation. Photosynthesis monitoring was performed by 

measuring in vivo Chl fluorescence using a PAM 100 fluorimeter (Heinz-Walz, 

Effeltrich, Germany). PSII functionality was expressed as PSII maximum quantum yield 

(ɸPSII), according to [41].  
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PSII functional antenna size evaluation. PSII antenna sizes were determined for semi-

continuous cultures in active growth conditions, using a JTS-10 spectrophotometer 

(Biologic, France). Samples (200 x 106 cells/ml final concentration) were dark-adapted 

for 20 minutes and incubated with 80 µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea 

(DCMU) for 10 minutes. Fluorescence induction kinetics were then monitored upon 

excitation with 320 µmoles photons m-2 s-1 of actinic light at 630 nm. The t2/3 values 

obtained from the fluorescence induction curves were used to calculate the size of the 

PSII functional antenna [17,42]. 

 

Spectroscopic analysis  

All the following spectroscopic analyses were performed using a JTS-10 

spectrophotometer (Biologic, France). 

Electrons flows estimation. The spectroscopic quantification of the electrons which flow 

through the photosynthetic electron transport chain was performed measuring P700 (the 

primary electron donor to PSI) absorption at 705 nm in intact cells. Analyses were 

conducted exposing the samples (300 x 106 cells/ml final concentration) to saturating 

actinic light (2050 µmoles photons m-2 s-1, at 630 nm) for 15 seconds to maximize P700 

oxidation (P700
+) and reach a steady state. Then the light was switched off to follow the 

P700
+ re-reduction kinetic in the dark for 5 seconds. 

The total electron flow (TEF), namely the sum of all the electron transport processes 

through PSI, was calculated from the monitoring of the P700
+ re-reduction rates after 

illumination in untreated cells. The electron transport rate was calculated assuming a 

single exponential decay of P700
+. This allowed calculating the rate constant of P700

+ 

reduction as 1/Ĳ. By multiplying the rate constant with the fraction of oxidized P700 

(comparing DCMU- and dibromothymoquinone (DBMIB)-poisoned cells, see below for 

concentrations details), and considering this value as 1 in DCMU- and DBMIB-treated 

cells (see below) we could evaluate the number of electrons transferred per unit of time 

per PSI unit [43].  

The same procedure was followed to evaluate the contribution of cyclic electron flow 

(CEF), in samples treated with DCMU (80 µM), and to measure any possible residual 

electron injection into PSI, with DCMU in combination with DBMIB (300 μM). 

PSI content. The total PSI content was evaluated from the maximum change in the 

absorption of P700
+ in cells treated with DCMU (80 µM) and DBMIB (300 μM) at a 
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saturating actinic light (2050 µmoles photons m-2 s-1, at 630 nm). Under these conditions, 

re-reduction of P700
+ through photosynthetic electron flow is largely slowed down, 

allowing to evaluate the full extent of photo-oxidizable P700 [43,44]. The treatment was 

previously assessed to completely oxidize P700 [45]. 

PSI antenna size evaluation. The PSI antenna size was assessed by measuring the rate 

constant of P700 oxidation kinetics at 705 nm in isolated dark-adapted thylakoids (40 µg 

of Chl) incubated with methyl viologen (MV) (375 µM) and ascorbate (2 mM) for 5 min. 

The photo-oxidation kinetics was measured upon excitation with 150 µmoles photons m-2 

s-1 of actinic light at 630 nm [42,46]. 

Photosynthetic complexes amount evaluation. Changes in the amount of functional 

photosynthetic complexes were evaluated after measuring the electrochromic shift (ECS) 

spectral change in intact cells (200 x 106 cells/ml final concentration), representing a shift 

in the pigment absorption bands associated with changes in the membrane potential. Data 

were collected as the difference between the signals at 520 and 498 nm (which represent 

the positive and negative peaks of the ECS signal in Nannochloropsis cells, respectively) 

to deconvolute this signal from other spectral changes not related to the building of the 

transmembrane potential [47]. The PSII contribution to this shift was evaluated by 

poisoning the algae with DCMU (80 µM) and hydroxylamine (HA) (4 mM). PSI 

contribution was instead estimated as the fraction of the signal that was insensitive to 

these inhibitors.  

 

Lipids analysis 

Nile-Red staining. The neutral lipid content was determined by staining cells (2 x 106 

cells in 1.9 ml final volume of deionized water) with Nile Red dye, 2.5 µg/mL final 

concentration, for 10 min at 37 °C. The fluorescence was measured using a 

spectrofluorimeter (OLIS DM45) with excitation wavelength at 488 nm and emission 

wavelength range between 500 and 700 nm. The relative fluorescence of Nile Red for the 

neutral lipids was obtained by subtracting the auto-fluorescence of the cells and Nile Red 

alone. 

Fatty-acids profile. Total lipids were extracted from lyophilized samples, preserved in 

liquid nitrogen. Pellet were then broken with a pestle to facilitate lipids extraction and the 

transesterification reaction. The latter was performed in glass tubes. Samples (5-10 mg) 

were weighed with an analytical scale (Crystal 300 CAL, Gibertini) and 0.5 ml of boron 
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trifluoride (10 % w/v in methanol) (Fluka), 50 µg of nonadecanoic acid (C19:0) (1 mg/ml 

in hexane) (FA-FAME kit 14, Supelco, USA) were added as internal standards. Samples 

were mixed vigorously for 30 seconds and then extracted in an ultrasonic bath (Ultrasonic 

cleaner, VWR), for 15 min at room temperature (RT). Samples were then transferred to 

80 °C for 1 h. Fatty acid methyl esters (FAME) were purified through liquid-liquid 

purification, adding 0.5 ml ultrapure water (Simplicity 185, Millipore) and 0.5 ml hexane 

(GC-grade VWR). Samples were mixed vigorously to induce FAME extraction in the 

hexane phase. This procedure was repeated twice. The non-polar fraction was further 

purified and dehydrated through an anhydrous MgSO4 (Sigma-Aldrich) purification 

column. FAME identification was performed by gas-chromatography coupled to mass 

spectrometry (GC-MS) (5975T, Agilent Technologies, USA). FAME quantitative 

analyses were performed through by GC coupled to a flame ionization detector (GC-FID) 

(GC-2010 Plus, SHIMADZU, Japan). The GC carrier gas was helium with a constant flux 

of 1 ml/min, and separation was obtained with a non-polar capillary column ZB5-MS (30 

m length, 250 μm diameter and stationary phase thickness of 0,25 μm, 5 % phenyl-

arylene and 95% of poly-dimethyl siloxane stationary phase) (Phenomenex, USA). GC-

FID FAME separation was performed in the same conditions, by using a similar column. 

Mass spectrometer parameters were: ionization energy of the ion source set to 70 eV and 

the acquisition mode set to 50-350 m/z. Separated molecules were identified through 

comparison of mass fragmentation spectra with reference spectra of the software NIST 

v2.0 and libraries NIST 98, by comparison of Kovats indexes and the internal standard 

injection (C17 – Sigma-Aldrich, C20:4, C20:5 - Supelco, USA). FAME quantification 

was realized by using nonadecanoic acid (C19) as internal standard. At least three 

biological replicates were run for each sample. 

 

Statistical analysis 

Descriptive statistical analysis with mean and standard deviation was applied for all the 

data reported in this work. Statistical significance was evaluated by one-way analysis of 

variance (One-way ANOVA), applied using the OriginPro 8 software 

(http://www.originlab.com/). Samples size was > 40 for all the measurements performed 

in this work.  

 

 

http://www.originlab.com/
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shown in Supplementary Table S1 growth rate was undistinguishable suggesting that 

growth was not limited. A further advantage of this approach is that it allows working at 

high cell concentrations to simulate the growth conditions achieved in industrial 

cultivation systems [49], with the consequent inhomogeneous light distribution in the 

culture (Figure 1A). Nutrients (nitrogen, phosphate and iron particularly) were provided 

in excess, as well as the CO2 (Figure 1A), to ensure that the biomass productivity 

depended mainly from strains light-use efficiency. 

The effect of a different light availability on N. gaditana cultures productivity was 

assessed by changing the illumination intensity and cell concentration. The light 

transmitted through the culture in both WT and E2 strains was also measured (see 2.1.2 

for details and Supplementary Figure S2), allowing for the calculation of the light supply 

rate per unit mass of  cell (rEx) in different conditions [34]. Three conditions with 

increasing light supply rates of respectively 500, 700 and 1500 mmoles photons (g 

biomass)-1 d-1 (hereafter named CI, CII and CIII), were chosen for a deeper analysis. 

 

Biomass productivity and fatty acids content in lab-scale intensive cultures 

WT and E2 were maintained in semi-continuous cultivation described above for ≈ 9 

months (approximately 3 months for each of the 3 growth conditions here tested), 

repeating the cultivation cycle twice for both strains, starting from a pre-inoculum in 

flask. Results obtained from the two cycles showed no distinguishable differences and all 

data for each growth condition were eventually pooled together. 

The parental WT strain showed a similar biomass productivity when cultivated in the two 

lower light supplies (CI and CII, 500 and 700 mmoles photons (g biomass)-1 d-1, 

respectively). Biomass productivity was instead higher when light supply rate was 

increased further in CIII (Figure 2A, one-way ANOVA, p-value < 0.05). 
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both CI and CII strain E2 showed a higher PE than the WT (Table 1) while this was the 

same in CIII 

 

Table 1. Photosynthetic efficiency (PE) of Nannochloropsis gaditana WT and E2 strains.  

The calculated PE (ratio between energy stored as biomass produced and light absorbed by the culture) is 

expressed as percentage of the photosynthetic active radiation (PAR). Data are expressed as the average ± SD (n 

> 40). Statistically significant differences between WT and strain E2 are marked with an asterisk, while the same 

alphabet letter indicates statistically significant differences for the same strain in different growth conditions 

(one-way ANOVA, p-value < 0.05). 

 

In order to rationalize the differences in biomass productivity and PE so far observed, we 

estimated a simplified distribution of light in the cultures for both strains, measuring the 

light transmitted by the culture (Supplementary figure S2) and assuming the light 

absorption followed the Lambert- Beer law [50] (Figure 3). In the case of WT, 

Nannochloropsis cells have the highest biomass productivity when exposed to over 50 

µmoles photons m-2 s-1 [51]. Area exposed to this illumination is the largest in CIII 

(Figure 3C), thus explaining its high biomass yield. In CIII a large fraction of the culture 

is also exposed to saturating light (> 150 µmol photons m-2 s-1), explaining its lower 

photosynthetic efficiency.  

Light distribution in the culture allowed also explaining the observed different 

performances between the two strains since in both CI and CII E2 has a lower fraction of 

the culture exposed to light intensity below the compensation point, 5 µmoles photons m-2 

s-1, where photosynthesis is slower that respiration and the culture is not productive 

(Figure 3). 

 CI CII CIII 

 WT E2 WT E2 WT E2 

PE (% 
PAR) 

4.42 ± 

0.85
*,a

 

5.41 ± 

1.21
*,c

 

3.84 ± 

0.59
*,b

 

4.38 ± 

0.84
*,d

 

2.01 ± 

0.59
a,b 

2.01 ± 

0.44
c,d 
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suggesting lipids biosynthesis is not affected by its genetic modification. Lipids content 

was however lower in CIII (Figure 4A), suggesting in this strain light excess had a 

smaller effect in inducing lipids biosynthesis. It should be mentioned that the difference 

in lipid content between the strains in CIII has an influence on the energy content of the 

cells (in this work assumed equal to 22.2 kJ/g, [34]) and thus also influences PE 

estimations presented in table 1. 

The analysis of the fatty acid methyl esters (FAME) profile of the cultures showed no 

significant differences between the two strains, with C16:0 representing the main fatty 

acid (FA) followed by C16:1, C20:5 and C14:0, respectively (see figure 4B and 4C and 

supplementary Table S2). A decrease in C16:0 content was observed in E2, but only in 

CIII, explaining the total FA reduction previously observed (Figure 4D and 

supplementary Table S2). Since in N. gaditana cells C16:0 and C16:1 are the major 

constituents of TAGs [52–54], this observation suggested a reduction in reserve lipids in 

CIII. This was confirmed by quantifying the neutral lipids fraction from the fluorescence 

of Nile Red-stained cells, which showed that E2 indeed had a reduction in neutral lipids 

content with respect to the WT in CIII (Figure 4E). 

 

Photosynthetic apparatus composition is modulated by intensive growth conditions 

Results presented above suggest that cultures productivity is largely determined by how 

the intensive environment influence algae light-use efficiency, thus we decided to 

investigate the molecular bases of these results by evaluating the properties of 

photosynthetic machinery of the different cultures.  

 

Table 2. Chlorophyll content of Nannochloropsis gaditana WT and E2 strains in different growth conditions. 

Chlorophyll a values (picograms per cell – pg/cell) for N. gaditana WT and E2 are reported for the different 

growth conditions tested in this work. Data are compared to cultures in flask conditions collected during the 

screening [17]. Data are reported as average ± SD (n = 24). Statistically significant differences between WT and 

E2 are marked with asterisks, while the same alphabet letter indicates significant differences for the same strain 

in different growth conditions (one-way ANOVA, p-value < 0.05). 

 
Flask 

Lab scale PBR 

 CI CII CIII 
 WT E2 WT E2 WT E2 WT E2 

Chl content 
(pg/cell) 0.08 ± 

0.01
*, a, b 

0.04 

± 

0.01
*, 

c 

0.14 ± 

0.01
*, a 

0.12 ± 

0.01
*, c, d 

0.12 ± 

0.01
*, b

 

0.10 ± 

0.01
*, c, d 

0.05 ± 

0.01
a, b 

0.05 

± 

0.01
d  
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Pigments are major components of the photosynthetic apparatus and their content 

determines cells light harvesting ability. The WT strain cultivated at high cell 

concentration (CI) showed a strong increase in Chl content per cell with respect to flask 

cultures (Table 2). The increase of light supply rate in CII and CIII stimulated a 

significant reduction in pigments content, which was particularly strong in CIII, as typical 

of a culture exposed to excess light.  

Strain E2 responded with the same trend in the different conditions, showing that the 

mutation did not affect its ability to activate an acclimation response. During the 

acclimation to CI and CII, the increase in Chl content was even higher than observed for 

the WT, reducing the difference with respect to the parental strain. In CIII this difference 

was completely lost (Table 2).  

Carotenoids (Car) are also seminal pigments for photosynthetic apparatus, being involved 

in light harvesting but also in protection from light stress. In CI and CII, Chl /Car ratio 

was maintained in both strains (Table 3) while CIII showed a relative increase in Car 

content (Table 3), confirming the activation of a light excess response. Carotenoids 

composition was analyzed by HPLC in both strains and no differences in their relative 

content were observed between the flask cultures and CI and CII, with violaxanthin and 

vaucheriaxanthin being the most abundant carotenoids, as expected for Nannochloropsis 

cells [40]. On the contrary, CIII showed a reduction of violaxanthin with an increased 

accumulation of antheraxanthin, zeaxanthin and cantaxanthin, which is consistent with 

the photo-protective role of these carotenoids. Car composition had no significant 

differences between WT and E2, both showing a very similar response to cultivation 

conditions.  
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Table 3. Effect of growth conditions on carotenoids content of Nannochloropsis gaditana WT and E2 strains.  

Carotenoids content, expressed as Chl / Car ratio, was evaluated for N. gaditana WT and mutant strain E2. 

Individual carotenoids content, obtained from HPLC analysis, is expressed as mol/100 Chls. Data from WT cells 

cultivated in flasks are also reported as comparison. Data are expressed as average ± SD (n = 10). The same 

alphabet letter indicates significant differences for the same strain in different growth conditions (one-way 

ANOVA, p-value < 0.05). Violax, violaxanthin; Vaucheriax, vaucheriaxanthin; Anterax, anteraxanthin; Zeax, 

zeaxanthin; Cantax, cantaxanthin; β-car, β-carotene. 

 

The regulation of accumulation of photosynthetic machinery components in N. gaditana 

was investigated in more detail using spectroscopic methods. The photosystem I (PSI) 

content per cells was evaluated by quantifying the maximum signal of P700
+ absorption in 

samples illuminated with saturating light and in presence of DCMU and DBMIB to 

prevent P700 re-reduction (see supplementary figure S3 and methods for details). WT cells 

in CI and CII in the PBR strongly increased their PSI content per cell with respect to flask 

cultures (Figure 5A). However, when the available light was increased in CIII, P700 

content was strongly reduced (Figure 5A). 

 
Flask 

Lab scale PBR 

 CI CII CIII 
 WT WT E2 WT E2 WT E2 

Chl/Car 
3.00 ± 

0.44
a 

2.94 ± 

0.24
b 

2.78 ± 

0.23
d 

2.99 ± 

0.1
c 

3 ± 

0.08
e 

2.23 ± 

0.09
a,b,c 

2.12 ± 

0.09
d,e 

Violax 
20.52 ± 

3.31
a 

20.49 ± 

1.27
b 

21.82 ± 

1.36
d 

19.50 ± 

0.93
c 

18.27 ± 

1.31
e 

8.87 ± 

1.04
a,b,c 

10.06 ± 

2.28
d,e 

Vaucheriax 
7.62 ± 

1.89 

7.84 ± 

0.58 

7.85 ± 

0.68 

7.23 ± 

0.29 

7.17 ± 

0.15 

8.65 ± 

2.01 

7.95 ± 

2.48 

Anterax 
2.24 ± 

0.45
a,b 

1.17 ± 

0.28
a,c 

1.02 ± 

0.53
e 

0.81 ± 

0.14
b,d 

0.65 ± 

0.12
f 

2.63 ± 

0.38
c,d 

2.30 ± 

0.63
e,f 

Zeax 
1.25 ± 

0.63
a,b

 

0.77 ± 

0.23
a,c

 

0.77 ± 

0.27
e
 

0.53 ± 

0.27
b,d

 

0.80 ± 

0.57
f
 

3.87 ± 

1.96
c,d

 

2.84 ± 

1.26
e,f

 

Cantax 
0.81 ± 

0.18
a,b

 

2.42 ± 

0.84
a,c

 

2.86 ± 

0.56
e
 

1.18 ± 

0.50
b,d

 

1.88 ± 

0.64
f
 

9.12 ± 

1.73
c,d

 

10.17 ± 

2.74
e,f

 

β-Car 
5.02 ± 

0.18 

3.01 ± 

1.18 

2.85 ± 

0.66 

3.43 ± 

1.54 

2.61 ± 

0.64 

6.85 ± 

1.24 

7.50 ± 

2.50 
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the balance between the two photosystems was maintained (Figure 5B). The strain E2 did 

not show any major alteration in PSI and PSII content with respect to the parental strain 

and also the different growth conditions had a very similar influence on both strains 

(Figure 5). 

Photosystems are composed also by an antenna moiety, responsible of increasing their 

light harvesting ability, whose content can be modulated depending from growth 

conditions [55]. The functional antenna size (AS) of both PSI and PSII was evaluated by 

measuring respectively the P700 oxidation (Supplementary figure S4) and fluorescence 

induction kinetics [17,42,45]. WT cells cultivated in PBR showed a reduction in the PSI 

functional antenna size (Figure 6A) that was reduced further increasing the light supply 

(Figure 6A). Strain E2 showed the same PSI functional antenna size of the WT in all the 

tested conditions, suggesting its composition and regulation is not affected by the genetic 

modification (Figure 6A).  

Cultivation in PBR led on the contrary to an increase of PSII functional antenna size 

(ASII) for the WT strain, with respect to the flask culture (Figure 6B). Different light 

supplies had a limited effect on ASII, although this should be taken with some caution for 

CIII, considering that photo-inhibition may cause over-estimation. Strain E2 showed a 

reduced ASII in flask with respect to the WT [17] but this difference was reduced upon 

cultivation in PBR (Figure 6B). 
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composition between the two strains with respect to previous comparisons in flask 

conditions [17] and in CIII, where cells experienced excess illumination, E2 become 

indistinguishable from WT. 

 

Modulation of photosynthetic efficiency in PBR cultures.  

The remodeling of the photosynthetic apparatus components observed in PBR cultures 

affected both PSI and PSII and it was thus expected to influence N. gaditana 

photosynthetic performances.  

 

Table 4. PSII maximum quantum yield (ΦPSII) of Nannochloropsis gaditana WT and E2 strain in lab-scale PBRs. 

ΦPSII is as indicator of the PSII functionality, according to [41]. Data are expressed as average ± SD (n > 20). 

Data from flask cultures are reported as comparison [17]. Statistically significant differences between WT and 

E2 are marked with asterisks, while the same alphabet letter indicates significant differences for the same strain 

in different growth conditions (one-way ANOVA, p-value < 0.05). 

 

 

 

 

 

Photosynthesis functionality in PBR cultures was first assessed exploiting in vivo Chl 

fluorescence measurements. PSII functionality, evaluated from its maximum quantum 

yield (ΦPSII) [41] (Table 4), showed in CI and CII optimal values for WT 

Nannochloropsis cells. On the contrary, when the light supply rate increased further in 

CIII, we observed a decrease in its value, indication that a significant fraction of PSII 

units suffered from photoinhibition due to light excess (Table 4). Mutant strain E2 

showed a slightly higher ΦPSII with respect to the parental strain in both CI and CII (Table 

4), suggesting a possible improvement in photosynthetic efficiency (Table 4). When the 

light supply rate increased in CIII, also in this case there was a significant decrease in 

ΦPSII, reaching WT levels (Table 4). 

Cells photosynthetic electron transport capacity can be evaluated from the PSI reduction 

kinetics after a treatment with saturating light (Figure 7 and supplementary figures S5). 

 
Flask 

Lab scale PBR 
 CI CII CIII 
 WT WT E2 WT E2 WT E2 

ΦPSI

I 

0.59 ± 

0.01
a 

0.61 ± 

0.02
*, b 

0.65 ± 

0.03
*, d 

0.63 ± 

0.02
*, c

 

0.65 ± 

0.02
*, e

 

0.48 ± 

0.04
a, b, c 

0.43 ± 

0.03
d, e 
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capacity is attributable to an increase in the linear transport from water to NADP+ since 

cyclic/alternative electron flows [56] had a minor contribution in all tested conditions 

(Supplementary Figure S7). It is noteworthy that cyclic electron flow (CEF) remains 

minor (< 2 % of the whole TEF) also in the most stressful condition of this work (CIII_ 

Supplementary Figure S7B). 

 

DISCUSSION 

 

 Algae acclimation response to intensive growth conditions strongly influences strains 

performances 

N. gaditana WT and mutant strain E2, previously isolated for an altered photosynthetic 

apparatus [17], were tested in a lab-scale PBR working at high cells concentration to 

evaluate the impact of intensive cultivation environment on biomass productivity and 

strain properties [48]. The similarity between analyzed cultures and Nannochloropsis 

outdoor cultivations was confirmed by observations such as the PE values measured [48] 

and fatty acid content in CI and CII [49].  

Analyzed cultures responded to different growth conditions tested by modulating the 

composition of their photosynthetic apparatus activating a response called acclimation. A 

typical indication of this process is the modulation of Chl content, that is a general 

response to different illumination intensities shared by all photosynthetic organisms [55]. 

Another typical response is the accumulation of carotenoids under stronger illumination 

as observed here in CIII, where we indeed observed an increase in antheraxanthin and 

zeaxanthin, involved in the xanthophyll cycle [57], and cantaxanthin, active in free 

radicals scavenging [58].  

The characterization of cells in lab-scale PBR clearly showed significantly different 

properties than algae from flask cultures. The different light supply also played an 

influence and in CI and CII cells showed features typical of a light limited culture such as 

the increase in Chl content per cell. On the contrary, in CIII cells showed indications of a 

light excess such as the reduction of the Chl content per cell, the reduction of PSII 

quantum yield and the accumulation of carotenoids. It should also be noted that the 

response activated in PBR cultures is different from the one of Nannochloropsis cultures 

in flasks acclimated to different light intensities [45] such as a different modulation of 

PSII / PSI ratio and PSII antenna size that in flasks decreased with the stronger 
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illuminations but not in PBR cultures. PSI content and its functional antenna size were 

instead regulated similarly, increasing in light limitation [45,59]. Under strong 

illumination, the content of all photosynthetic components decreased with a strong 

reduction in P700 content in both WT and E2 and no induction of cyclic electron transport. 

This suggested that cells acclimation response does not depend only on light intensity but 

also that other environmental parameters (e.g. CO2 supply) play a significant influence. 

The most relevant observation obtained from the detailed characterization of 

photosynthetic properties of the different cultures was the strong increase in 

photosynthetic electron transport capacity observed in PBR cultures. This higher transport 

in conditions where the influence of other major parameters such as CO2 and nutrients 

were minimized, correlated with a much higher biomass yield. Also when comparing 

different genotypes when E2 showed a higher photosynthetic capacity than WT it 

correlated with higher biomass productivity by 15 and 20% depending from the growth 

conditions. This observation suggest that the photosynthetic electron transport capacity 

can be a valuable proxy to predict biomass productivity of different cultures. Overall 

these results also suggest that acclimation response is influencing algae also in outdoor 

conditions and, by modulating the photosynthetic electron transport capacity, it plays a 

major influence on cultures performances.  

The N. gaditana mutant strain E2 was selected after a screening of a large collection of 

random mutants for its specific photosynthetic features, reduced Chl content and ASII, 

that were potentially interesting in the perspective of an industrial cultivation [17]. In this 

work this strain was shown to be capable of acclimating to different growth conditions 

similarly to the WT, showing that the mutation does not affect its ability to activate this 

response. However, cell acclimation influenced E2 phenotype and the difference in Chl 

content was in general smaller in PBR cultures with respect to flask and negligible when 

cells were acclimated to the highest light supply rate, in CIII. This demonstrates that the 

PBR environment plays a major influence on multiple phenotypic features, and that the 

operational conditions can strongly influence the effects of a given genetic modification, 

enhancing or reducing its advantages. 

Recent efforts for improving algae productivity led to some promising results at lab-scale 

[26,31,60] but strains potential was not always confirmed in larger scale conditions [32]. 

Results presented here provide a possible explanation by suggesting that different results 

are likely due to the influence of the specific environmental conditions that heavily 

influences strains performances also possibly masking potential benefits of the genetic 



162 

 

modifications. On the other hand, this conclusion also motivates the need for a deeper 

investigation of the impact that environment has on algae physiology and metabolic 

regulation during cultivation in industrially relevant conditions to drive more efficient 

genetic modifications efforts. 

 

The genetic modification of selected strain is stable over a long-term cultivation 

Algae cells undergo a huge number of duplication events during mass cultivation and thus 

phenomena like genetic drift are expected to occur in long term cultures. Genetic drift 

endangers the rationale of isolating genetically modified strains, since could affect the 

newly introduced features [61,62]. It is thus fundamental to assess if the effect of 

improved strains genetic modification is stable over generations going from the lab-scale 

isolation to large scale cultivation. This issue was poorly investigated in literature despite 

its seminal relevance for the successful industrial cultivation of improved strains. The 

present work indeed provides an indication on the stability of a selected genetic 

modification in an improved strain over thousands of generations upon cultivation in 

intensive conditions, simulating an industrial PBR 

In our experiments, both WT and E2 were maintained in semi-continuous cultivation for a 

total of ≈ 9 months. The cultivation was however repeated twice and in one case the 

conditions were changed going from CI to CII and then CIII, while the other following 

the opposite direction. In both cases the results were indistinguishable and all data were 

eventually pooled together. This observation demonstrates that observed differences 

between WT and E2 were stable over many generations and are thus attributable to the 

selected genetic modification in strain E2. Differences observed in the three cultivation 

conditions were thus due to the acclimation of the culture and not to a genetic drift. These 

are seminal observations in the perspective of intensive algae cultivation, where any 

genetic feature newly introduced in a strain must be stably transmitted between 

generations, in order to be effective. 
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CONCLUSION 

In this work, a genetically modified N. gaditana strain was exploited to assess how 

cultivation in industrially relevant conditions affected phenotype performances of 

improved strains. Operational conditions were indeed shown to influence the phenotype 

of this strain, enhancing or reducing the advantages of the selected genetic modification. 

A better understanding of the influence of the PBR environment on algae biology is thus 

seminal to drive further genetic engineering approaches to make strains development 

efforts more effective, and this work provides indeed a deep insight on it 
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SUPPLEMENTARY MATERIAL 
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Supplementary Table S2. Fatty acids composition of Nannochloropsis gaditana WT and 

E2 strains in intensive growth conditions. 
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Supplementary Figure S4. Representative traces of functional PSI antenna size 
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Supplementary Figure S5. Representative traces of oxidized P700 re-reduction kinetics. 

Supplementary Figure S6. ETR measured at the PSII level for Nannochloropsis gaditana 

WT and E2 strains in lab-scale PBR. 

Supplementary Figure S7. Cyclic/alternative electron transport efficiency in intensive 

cultures of Nannochloropsis gaditana WT and E2 strains. 

SUPPLEMENTARY MATERIAL 

 

Supplementary Tables. 

 

 WT E2 

 2 days 3 days 2 days 3 days 

µ (d
-1

) 0.22 ± 0.02 0.22 ± 0.03 0.26 ± 0.02 0.25 ± 0.04 

 

Supplementary Table S1. Specific growth rates (µ) for Nannochloropsis gaditana 

WT and E2 strains, restoring the starting biomass concentration value every 2 or 3 

days. Data were collected for cells cultivated in CII of this work. Data are expressed as 

mean ± SD for 10 samples and were collected from 2 month of cultivation in both 

operational conditions. Data for the same strain were not statistically different (one-way 

ANOVA, p-value > 0.05).  
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 CI CII CIII 

 WT E2 WT E2 WT E2 

C8:0 0.22 ± 0.01 0.19 ± 0.01 0.27 ± 0.18 0.28 ± 0.21 0.14 ± 0.05 0.11 ± 0.01 

C10:0 0.14 ± 0.01 0.13 ± 0.02 0.20 ± 0.09 0.22 ± 0.15 0.12 ± 0.05 0.09 ± 0.01 

C12:0 0.67 ± 0.05 0.69 ± 0.01 0.71 ± 0.30 0.59 ± 0.32 0.64 ± 0.04 0.72 ± 0.07 

C14:0 8.05 ± 1.27 7.52 ± 0.12 8.09 ± 3.00 6.64 ± 3.32 9.04 ± 0.70 9.50 ± 1.34 

C15:0 0.42 ± 0.02 0.41 ± 0.06 0.43 ± 0.20 0.53 ± 0.32 0.12 ± 0.05 0.09 ± 0.04 

C16:0 
65.77 ± 
17.92a 49.14 ± 5.84c 62.44 ± 

9.44b 
53.57 ± 
14.84d 

122.62 ± 
11.70a,b,* 

85.64 ± 
9.55c,d,* 

C16:1 
57.82 ± 
10.18a 47.71 ± 3.40c 55.85 ± 

9.56b 
46.03 ± 
14.26d 82.47 ± 10.28a,b 66.08 ± 8.19c,d 

C16:2 1.75 ± 0.02 1.61 ± 0.06 2.21 ± 1.46 2.25 ± 2.02 1.11 ± 0.09 1.20 ± 0.14 

C18:0 0.87 ± 0.23a 0.85 ± 0.10c 1.45 ± 0.81b 1.45 ± 0.89d 5.05 ± 2.59a,b 3.13 ± 1.01c,d 

C18:1 3.37 ± 1.07a 2.78 ± 0.60c 3.13 ± 0.95b 3.85 ± 1.89d 10.81 ± 1.04a,b 7.29 ± 0.99c,d 

C18:2 1.16 ± 0.22 0.97 ± 0.01 1.52 ± 0.46 2.23 ± 1.37 1.96 ± 0.36 1.34 ± 0.21 

C18:3 0.44 ± 0.07 0.37 ± 0.03 0.84 ± 0.60 0.79 ± 0.63 0.81 ± 0.39 0.57 ± 0.20 

C18:4 0.66 ± 0.01 0.55 ± 0.01 0.85 ± 0.60 0.84 ± 0.75 0.18 ± 0.03 0.25 ± 0.04 

C20:0 0.10 ± 0.03 0.08 ± 0.01 0.12 ± 0.12 0.14 ± 0.15 0.72 ± 0.62 0.31 ± 0.12 

C20:3 0.55 ± 0.19 0.47 ± 0.01 0.63 ± 0.16 0.80 ± 0.44 0.58 ± 0.18 0.52 ± 0.13 

C20:4 6.87 ± 0.81 5.69 ± 0.07 6.40 ± 2.83 6.73 ± 3.84 5.94 ± 1.51 5.57 ± 1.33 

C20:5 
30.89 ± 
0.21a,b 

28.08 ± 
0.73c,d 

21.35 ± 
4.39a 19.81 ± 4.55c 23.08 ± 4.38b 22.42 ± 4.49d 

  

Supplementary Table S2. Fatty acids composition of Nannochloropsis gaditana WT 

and E2 strains in intensive growth conditions. The data are expressed as mg of lipids 

per gram of dried biomass (mg/g). The data are expressed as mean ± Standard Deviation 

(SD), n = 12; statistically significant differences between the WT and the E2 strain are 

marked with an asterisk, while the same alphabet letter indicates differences between the 

same strain in different growth conditions (one-way ANOVA, p-value < 0.05).  
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ABSTRACT 

 

The optimization of algae biomass productivity in industrial cultivation systems requires 

genetic improvement of WT strains isolated from nature. One of the main factors 

affecting algae productivity is their efficiency in converting light into chemical energy 

and this has been a major target of recent genetic efforts. However, photosynthetic 

productivity in algae cultures depends on many environmental parameters, making the 

identification of advantageous genotypes complex and the achievement of concrete 

improvements slower than expected. In this work, we developed a mathematical model to 

describe the key factors influencing algae biomass productivity in PBR, using 

experimental measurements of photosynthesis for the wild type strain of Nannochloropsis 

gaditana. The model was then exploited to predict the effect of potential genetic 

modifications on algae performances in an industrial context, showing the ability to 

predict the productivity of mutants with specific photosynthetic phenotypes. These results 

show that such a quantitative model can be exploited to predict the genetic modifications 

with the highest effect on productivity taking into full account the complex influence of 

environmental conditions, efficiently guiding genetic engineering efforts. 

 

KEYWORDS 

Modeling, biomass productivity, photobioreactor, Nannochloropsis, genetic engineering 

 

ABBREVIATIONS2 

 

  

                                                 
2 ASII, antenna size of photosystem II; chl, chlorophyll; DCMU, 3-(3,4-dichlorophenyl)-

1,1-dimethylurea; NPQ, non-photochemical quenching; P, oxygen evolution rate; PBR, 

photobioreactor; PI, photosynthesis-irradiance; PSII, photosystem II; ROS, reactive 

oxygen species; TAGs, triacylglycerols; WT, wild type.  
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INTRODUCTION 

 

Global demand for products derived from biomass such as food, feed or fuels is 

continuously expanding and not satisfactorily fulfilled. New technologies to improve the 

current biomass production are thus strongly needed to meet this increasing demand and 

also to improve sustainability. One major strategy to increase biomass production is to 

develop technologies to exploit new biomass sources to complement plant crops. 

Microalgae are highly promising for this purpose since they are diverse, unicellular, 

eukaryotic photosynthetic organisms that use sunlight to produce biomass and oxygen 

from carbon dioxide (CO2), water, and nutrients. They can be cultivated in marginal or 

saline water on unproductive land and thus do not compete with agriculture for arable 

soils and freshwater, making them a promising resource for a highly sustainable 

production of biomass (Gangl et al., 2015; Leu and Boussiba, 2014). Microalgae 

advantages are largely recognized and several promising applications have been 

suggested (e.g. bio-plastics, human diet supplements, feed and biofuels) and developed, 

but the potential of these organisms still remains largely untapped. Significant 

improvement in strains performances and cultivation technologies is in fact strongly 

required to reduce the currently high production costs of algal biomass, which is limiting 

their exploitation to the only production of high-value bio-products. Efforts in this 

direction are thus seminal to expand the possible applications of algae biotechnology to 

commodities with a lower market value. 

Algae large scale cultures are often limited by available irradiation and a main target of 

optimization efforts aims to improve their efficiency in converting light energy into 

reduced carbon. Wild type (WT) algae adapted during evolution to a natural environment 

where conditions are largely different from those found during industrial cultivation in a 

photobioreactor (PBR) and thus genetic modifications are expected to have a seminal 

impact to reach the maximal potential productivity. As example, in nature algae often 

deal with limiting light conditions and accumulate a large number of chlorophylls to 

compete with other organisms for energy capture. This ability is instead detrimental in 

intensive cultivation systems where algae normally reach high cellular densities, with 

external layers absorbing most of the energy and leaving the rest of the culture in strong 

light limitation. On the other hand, algae also evolved mechanisms (non-photochemical 

quenching, NPQ) to deal with excess irradiation, to avoid over-excitation and the 

generation of reactive oxygen species (ROS) that compromise photosynthesis 
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functionality. These mechanisms are especially activated by external cells more exposed 

to illumination, which thus activate NPQ with a reduction of their light use efficiency 

(Simionato et al., 2013), dissipating up to 80 % of absorbed energy as heat (Peers et al., 

2009). 

Algae thus need to be domesticated to optimize their productivity upon cultivation in 

industrial conditions. Several modifications of the photosynthetic apparatus were 

proposed in recent years to improve light homogeneity inside the culture and 

consequently productivity (Formighieri et al., 2012; Wobbe et al., 2015). Among them, 

one often suggested strategy is the generation of strains with a reduced chlorophyll (Chl) 

content. Out of the ~300 chlorophyll molecules bound to both photosystems, in fact, only 

about one third are associated to the core complexes and thus involved in fundamental 

reactions of the photosynthesis, while the others are in principle dispensable (Melis, 

1991). It is thus theoretically possible to reduce the pigment content of a cell by 2/3 

leading to more transparent mass cultures where light is more homogenously distributed 

and increases overall productivity. Another often suggested strategy is to reduce the 

number of antenna complexes, the chlorophyll (Chl) binding proteins bound to the two 

photosystems, that are responsible for most of the light harvesting (Dall’Osto et al., 2015; 

Polle et al., 2002). In a mass culture context a reduction in antenna content should reduce 

cells light harvesting ability but also prevent over-excitation in excess light conditions, 

increasing the amount of light energy exploitable at high efficiency (Mitra et al., 2012; 

Simionato et al., 2013; Wobbe and Remacle, 2014). A third strategy concerns the 

reduction of NPQ, which, channeling more energy into photochemistry rather than 

wasting it through heat dissipation, could lead to increase the efficiency of light energy 

conversion in biomass (Erickson et al., 2015). 

Genetic modifications of algae photosynthetic properties have been shown to be 

beneficial for productivity in lab scale conditions by several groups, including ours 

(Berteotti et al., 2016; Kirst et al., 2012; Perin et al., 2015). These advantages however 

still need to be validated on a larger cultivation scale and first attempts were successful in 

some cases but not others (Cazzaniga et al., 2014; de Mooij et al., 2014). One major 

explanation for the different results is that environmental conditions experienced in large 

scale cultivation are significantly different from lab scale and have a major unexpected 

impact on performances of genetically improved strains (Perin et al., submitted). Algae 

cultivated in a PBR / pond are in fact exposed to a complex environment, where many 
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different parameters influence productivity, impairing the possibility of extrapolating the 

impact of a genetic modification on productivity from simple lab scale evaluations.  

On the other hand, productivity evaluations on a large scale are highly time consuming, 

expensive and thus discourage a trial and error approach, supporting the need for a more 

rational approach. One strategy to tackle this issue is to develop mathematical models 

capable of describing quantitatively the influence of major cultivation parameters on 

algae performances. The metabolism of light-energy conversion spans numerous time-

scales ranging from milliseconds to days and it is thus particularly intricate. We presently 

have developed a model capable of reliably describing photosynthetic light conversion, 

accounting for processes like photoproduction, photoinhibition and photo-regulation 

(Bernardi et al., 2016; Nikolaou et al., 2015). In this work, this model was further 

implemented to account for the light distribution in a PBR, achieving a reliable 

description of algae photosynthetic productivity in an industrially relevant environment. 

This model was exploited to predict the effect of genetic modifications of the 

photosynthetic apparatus and to assess their impact on biomass productivity during large 

scale cultivation. These predictions were shown to be consistent with experimental data, 

proving that modelling approaches represent powerful tools for productivity improvement 

and can be exploited for predicting the effect of a given genetic modification, making the 

identification of the ones providing the largest advantages much more effective. 

 

MATERIALS AND METHODS 

 

Nannochloropsis gaditana was selected for this work because it is widely recognized as 

model organism for algae industrial applications, because of its ability to accumulate 

triacylglycerols (TAGs) (Bondioli et al., 2012; Rodolfi et al., 2009; Simionato et al., 

2013). 

 Culture conditions and growth determination  

Nannochloropsis gaditana, strain 849/5, from the Culture Collection of Algae and 

Protozoa (CCAP) was used as the WT strain. Mutants with altered photosynthetic 

apparatus were isolated using random mutagenesis approaches, as previously described in 

(Perin et al., 2015). The three most promising strains (E2, I48 and I29) were employed in 

this work. 
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Cultivation conditions  

All strains were maintained in F/2 solid media, with sea salts (32 g/L, Sigma Aldrich), 40 

mM Tris-HCl (pH 8), Guillard’s (F/2) marine water enrichment solution (Sigma Aldrich), 

1 % agar (Duchefa Biochemie). Cells were pre-cultured in sterile F/2 liquid media in 

Erlenmeyer flasks with 100 μmoles photons m-2 s-1 illumination and 100 rpm agitation at 

22 ± 1 °C in a growth chamber. Growth tests in PBR simulating industrial cultivation 

were performed with semi-continuous cultures in 5 cm diameter Drechsel bottles with a 

250 ml working volume. Bottles were illuminated from one side (illumination rate was 

determined using the LI-250A photometer (Heinz-Walz, Effeltrich, Germany)) and 

bubbled using air enriched with 5 % CO2 (v/v), at a total flow rate of 1 L/h, as detailed in 

(Sforza et al., 2012). In this case, F/2 growth media was enriched with added nitrogen, 

phosphate and iron sources (0.75 g/L NaNO3, 0.05 g/L NaH2PO4 and 0.0063 g/L FeCl3•6 

H2O final concentrations). Constant illumination at 400 μmoles photons m−2 s−1 was 

provided by a white LED light source SL 3500 (Photons Systems Instruments, PSI, Brno, 

Czech Republic). The pH of the semi-continuous cultures was set to 8.00 and fresh media 

was added every other day to restore the starting cell concentration to values between 150 

and 250 x 106 cells/ml (corresponding to biomass concentration values between 1.0 and 

1.8 g/L).  

 

 

 Analytical procedures and energy balance.  

Algal growth was monitored using a cell counter (Cellometer Auto X4, Nexcelom 

Bioscience) and evaluating biomass concentration. The specific growth rate was 

calculated by the slope of logarithmic phase for the biomass concentration (dry weight) 

measured gravimetrically as previously reported in (Perin et al., 2015). Biomass 

productivity was calculated as ([Cf] - [Ci]) / (tf - ti), where C is the final (f) (before 

dilution) or initial (i) (after dilution) biomass concentration of the culture and t is the 

growth time interval, expressed as number of days. The specific light supply rate per unit 

mass of cell, rEx (mmoles photons g-1 d-1), in the growth conditions of this work was 

calculated according to (Sforza et al., 2015) as: 

 

 𝑟ா௫ = 𝑃ܦܨ௔௕௦ ∙ ௫ܥ𝑃஻ோܣ ∙ 𝑉𝑃஻ோ  
(1) 
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where PFDabs is the PAR photon flux density absorbed by the culture (μmoles photons m-

2 s-1), APBR is the irradiated surface of the reactor (m2), Cx is the microalgae concentration 

inside the PBR (g/L) and VPBR is the volume of the culture.  

 

Pigments extraction 

Pigments were extracted from cells grown in semi-continuous conditions, during active 

growth. Chlorophyll a was extracted from intact cells, using a 1:1 biomass to solvent ratio 

of 100 % N,N-dimethylformamide (Sigma Aldrich) (Moran and Porath, 1980), at 4 °C in 

the dark, for at least 24 h. Absorption spectra were registered between 350 and 750 nm 

using a Cary 100 spectrophotometer (Agilent Technologies) to spectrophotometrically 

determine pigment concentrations, using specific extinction coefficients (Porra et al., 

1989; Wellburn, 1994). Absorption values at 664 were used to calculate the 

concentrations of Chlorophyll a.  

 

Photosynthetic performances.  

Photosynthesis monitoring was performed by measuring in vivo Chl fluorescence using a 

PAM 100 fluorimeter (Heinz-Walz, Effeltrich, Germany). Samples were treated with 

increasing light intensity up to 2000 µmoles photons m-2 s-1 and then light was switched 

off to evaluate NPQ relaxation kinetic. NPQ was calculated as in (Demmig-Adams et al., 

1989; Maxwell and Johnson, 2000).  

 

 

PSII functional antenna size evaluation 

PSII antenna sizes were determined for semi-continuous cultures in active growth 

conditions, using a JTS-10 spectrophotometer (Biologic, France). Samples (200 x 

106 cells/ml final concentration) were dark-adapted for 20 minutes and incubated with 80 

µM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) for 10 minutes. Fluorescence 

induction kinetics were then monitored upon excitation with 320 µmoles photons m-2 s-1 

of actinic light at 630 nm. The t2/3 values obtained from the fluorescence induction curves 

were used to calculate the size of the PSII functional antenna (Perin et al., 2015). 
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Mathematical modelling. 

Simulations of the growth model were conducted in the modelling environment gPROMS 

(Process System Enterprise, gPROMS v 4.1, www.psenterprise.com/gproms, 1997-2016). 

Model parameters for the wild type strain were obtained in (Bernardi et al., 2016) using 

maximum likelihood optimisation criterion.  

 

Statistical analysis. 

We applied descriptive statistical analysis with mean and standard deviation for all the 

experimental data reported in this work. Statistical significance was evaluated by one-way 

analysis of variance (One-way ANOVA), using the OriginPro 8 software 

(http://www.originlab.com/). Samples size was > 40 for all the measurements performed 

in this work. 

 

THEORY AND CALCULATION 

 

Model for microalgae photosynthetic productivity. 

The photosynthetic productivity of Nannochloropsis gaditana WT strain, as function of 

the incident irradiation, was described according to a previously developed model 

(Bernardi et al., 2016; Nikolaou et al., 2015), whose overall set of equations is provided 

below:  

 

ܨ  = ܵி𝜎ɸ𝑓 (2) 

 ɸ𝑓 =  ͳܣɸ𝑓஺ + ɸ𝑓஻ܤ + ɸ𝑓஼ܥ
 

(3) 

ܣ̇  = ܣ𝜎𝑃ௌ2ܫ−  + ͳ𝜏  ܤ
(4) 

ܤ̇  = ܣ𝜎𝑃ௌ2ܫ −  ͳ𝜏 ܤ +  ݇௥ܥ−  ݇𝑑𝜎𝑃ௌ𝐼𝐼ܤܫ 

(5) 

 ͳ = ܣ + ܤ +  (6) ܥ

 𝜎𝑃ௌ2 =  𝜎𝑁௩ ɸ𝑃஺ (7) 

 ɸ𝑃஺ =  𝜂𝑃ɸ𝑓஺ (8) 



188 

 

 ɸ𝑓஺ =  ͳͳ + 𝜂𝑃 +  𝜂஽ +  𝜂௤ா 
(9) 

 ɸ𝑓஻ =  ͳͳ +  𝜂஽ +  𝜂௤ா 
(10) 

 ɸ𝑓஼ =  ͳͳ +  𝜂𝐼 +  𝜂஽ +  𝜂௤ா 
(11) 

 𝛼̇ி =  𝜉ி ሺ𝛼ௌௌ − 𝛼ிሻ (12) 

 𝛼̇ௌ =  𝜉ௌ ሺ𝛼ௌௌ − 𝛼ௌሻ (13) 

 𝛼ௌௌ = ௤ா௡ܫ௡ܫ   +  ௡ܫ 
(14) 

 𝜂௤ா =  𝛼ி (𝜂̅௤ாி +  𝛼ௌ 𝜂̅௤ா஼ ) +  𝛼ௌ 𝜂̅௤ாௌ  (15) 

 

Equation 2 defines the fluorescence flux, F (V), as a function of the total cross-section, ı 

(m2 g-1
chl), the fluorescence quantum yield, ɸf (−), and a parameter depending on the 

characteristics of the pulse amplitude modulation (PAM) fluorometer and the chlorophyll 

content of the sample, SF (VgChl m
−2). The fluorescence quantum yield given in equation 3 

is the harmonic mean of the fluorescence quantum yields of open (A), closed (B) and 

damaged (C) reaction centers of photosystem II (RCII). The dynamics of A, B and C are 

described according to the Han model (Han et al., 2000) in equations 4-6, according to the 

parameters: the effective cross-section of the PSII, ıPS2 (m2 μE−1), the turnover rate, Ĳ 

(s−1), the damage rate constant, kd (−), and the repair rate constant kr (s−1). Equation 7 

relates the effective cross-section, ıPS2 of the Han model with ı, linking the state of the 

RCII with the fluorescence flux. It is worth noting that while ıPS2 is a constant in the Han 

model, here it becomes a function of the photoregulation activity (equation 15), via the 

quantum yield of photosynthesis of an open RCII (equations 8 and 9). The parameter N 

represents the chlorophyll specific number of photosynthetic units (μmolesO2 g
−1chl), and 

υ is a stoichiometric factor reflecting the minimum theoretical value of 4 electrons for 

each dissociated water molecule, according to the water dissociation reaction (2H2O + 4e- 

→ O2 + 4H+).  

Equation 10 defines the quantum yield of photosynthesis of an open RCII. Equations 11-

13 define the quantum yield of fluorescence of the open, closed and inhibited 

photosynthetic units (PSUs), with the parameters ηP, ηD and ηI representing the rates of 

photoproduction, basal thermal decay in dark-adapted state and qI-quenching, 

respectively. Parameter ηqE represents the combined quenching effect of light harvesting 
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complex (LHC) proteins involved in photoprotection (LHCX in Nannochloropsis species 

(Alboresi et al., 2016; Vieler et al., 2012)) and zeaxanthin, and it is calculated from 

equation 15, where the parameters 𝜂̅௤ாி  and 𝜂̅௤ாௌ  represent the rates of the fast (LHCX-

related) and slow (zeaxanthin-related) components of the non-photochemical-quenching 

(NPQ) process, both relative to the rate of fluorescence; the parameter 𝜂̅௤ா஼ represents the 

enhancing effect of zeaxanthin in the quenching capability of the LHCX proteins. The 

activities of the fast and slow NPQ components are described by the conceptual variables 

αF and αS, both modelled as first-order processes. Moreover, the reference αSS is the same 

in equations 12 and 13 since LHCX- and zeaxanthin-related quenching are both triggered 

by low lumenal pH (Pinnola et al., 2013), yet with different time constants ξF and ξS. This 

reference is modelled by a sigmoid (Hill) function in equation 14, in agreement with 

experimental measurements of the NPQ index as function of I, according to (Kramer et 

al., 2004), with IqE and n representing the irradiance level at which half of the maximal 

NPQ activity is triggered (αSS = 0.5) and the sharpness of the switch-like transition, 

respectively. 

Finally, the maximum and minimum fluorescence fluxes, F’m and F’0, can be calculated 

from equations 2 and 3, by varying A and B. Specifically F’m is obtained by imposing A 

= 0 and B = 1 − C, whereas F’0 by imposing A = 1 − C and B = 0. Moreover, the 

distinction between dark- and light-adapted fluxes depends on the value of the variables 

αF and αS, assuming αF = αS = 0 for the dark-adapted state. 

 

Conversion of photosynthetic productivity in growth rate. 

The model described in 3.1 expresses microalgae photosynthetic productivity as oxygen 

evolution rate, P [gO2/gchlh]. In order to predict microalgae biomass growth, we thus 

needed to convert the oxygen productivity into the growth rate constant, μ [d−1], 

according to the product of four terms: 

 

A conversion factor of 0.76 grams of biomass (gbiomass) per gram of O2 (gO2) produced 

(Béchet et al., 2015); 

The [Chl]/ cell, which is 1.2 ·  10−13 g for the microalgae cultivated in the intensive growth 

conditions of this work; 

The inverse of the cell weight, which corresponds to 1.5 ·  1011 g-1;  

A factor of 24 to have the growth rate constant in d-1.  
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Modelling of light attenuation in algal culture and model validation 

In order to reliably describe the light attenuation profile inside the PBR the Lambert-Beer 

law is the simplest model available. This model assumes that the light intensity, I (z), 

decreases exponentially with the culture depth, z, according to equation 16: 

 

ሺ𝑧ሻܫ  =  𝐿஻𝑧ሻ (16)ܭ−ሺͲሻexpሺܫ

 

where ܭ𝐿஻ is the light attenuation coefficient, assumed to be linearly related with the 

biomass concentration of the sample. Since this is not the case in highly concentrated 

samples (> 1 g/L), we moved on the model by Yun et al. (Yun and Park, 2001) that 

overcomes this limitation and includes both absorption and scattering phenomena. This 

empirical model assumes a hyperbolic form to describe the variation of KLB with the 

biomass: 

 

=𝐿஻ሺ𝑥௕𝑖௢௠ሻܭ  𝐿஻௠௔௫ܭ  𝑥௕𝑖௢௠𝑥௕𝑖௢௠ +  ݇஻ 

(17) 

 

where ܭ𝐿஻௠௔௫ is the maximum absorption coefficient and ݇஻ is a constant. According to 

this model, at low biomass concentrations, the attenuation change is linear with ሺ𝑥௕𝑖௢௠ሻ, 

while at high biomass concentration it shows an asymptotic tendency towards a 

maximum. 

Model calibration was performed by assessing the light absorbed by microalgae samples 

at different cell concentrations, using a 1-cm-path-length cuvette, irradiated from a fixed 

distance with increasing light intensities (Supplementary Table S1) with a halogen lamp 

(KL1500, Schott, Germany). For each sample, ܭ𝐿஻ሺ𝑥௕𝑖௢௠ሻ was calculated as: 

 

=𝐿஻ሺ𝑥௕𝑖௢௠ሻܭ   ͳℎ ln ቆ ,ሺℎܫ௪ሺℎሻܫ 𝑥௕𝑖௢௠ሻቇ 

(18) 
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where h is the path length, ܫ௪ሺℎሻ is the light measured using a cuvette filled with water 

(blank) and I ሺℎ, 𝑥௕𝑖௢௠ሻ is the light measured when the cuvette is filled with the 

microalgae sample.  

3.3.1 Light attenuation profile for photosynthetic mutants. The effects of hypothetical 

alterations of photosynthetic apparatus in mutants on light attenuation profile inside the 

PBR were described by modifying the light attenuation coefficient as:  

 

𝐿஻௠௨௧ܭ  = 𝐿஻𝑊்ܭ   𝑐ℎ݈௠௨௧𝜎௠௨௧𝑐ℎ݈𝑊்𝜎𝑊்  
(19) 

 

where ܭ𝐿஻௠௨௧ and ܭ𝐿஻𝑊் are the light attenuation coefficients for the mutants and the wild 

type, respectively, 𝑐ℎ݈௠௨௧ and 𝑐ℎ݈𝑊் represent the chlorophyll contents of mutants and 

the wild type, respectively and 𝜎௠௨௧ and 𝜎𝑊் are the chlorophyll specific total cross 

sections of the photosystems in mutants and wild type, respectively. 

 

Modelling microalgae growth in PBR 

In order to predict the growth of Nannochloropsis gaditana WT strain in PBR, we 

combined the model developed in (Bernardi et al., 2016) and here implemented to convert 

photosynthetic productivity in specific growth rate as function of the incident irradiation 

(see 3.2 for details), with the model describing the light attenuation profile in PBR 

developed in this work and presented in 3.3.  

In order to account for the inhomogeneous light distribution in the mass culture: 

 The photobioreactor was divided in ten discrete sub-regions, based on the distance 

from the half-circumference illuminated by the light source (see Supplementary 

Figure S1 for the scheme). In each region, a constant light intensity equal to the 

value predicted from the light attenuation model at the median point of the 

corresponding area was assumed. Therefore, as the biomass concentration 

increases during growth, light attenuation is expected to increase as a function of 

time.  

 The model predictions of the growth rate constant in each region of the PBR were 

used to calculate the biomass concentration variations, assuming that cultures 

remain in an exponential growth phase; 
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 The biomass concentration inside the photobioreactor was obtained as the 

volumetric mean of the biomass concentrations in the different regions; 

 The average growth rate constant was calculated according to the following 

equation: 

 

 µሺܶሻ =  ͳܶ log ቆ𝑥௕𝑖௢௠ሺܶሻ𝑥௕𝑖௢௠ሺͲሻቇ 
(20) 

 

where T is the growth time interval, expressed in days (d). 

 

Model implementation to predict the growth of photosynthetic mutants in PBR 

In order to predict the effect on growth in PBR of mutants showing alterations on 

photosynthesis, we modified a subset of model parameters values, earlier developed to 

describe WT photosynthetic productivity (see  3.1, (Bernardi et al., 2016)). For instance, 

in order to simulate in silico a mutant with a reduced NPQ activation, it is sufficient to 

reduce the values of the parameters 𝜂̅௤ாி  , 𝜂̅௤ாௌ  and 𝜂̅௤ா஼ , which describe the different 

components of photo-regulation of microalgae cells, according to equation 15 of 3.1. 

Modifications of photosystem II (PSII) functional antenna size (ASII) and cell 

chlorophyll content are instead expected to lead to a variation of the following model 

parameters: ı, Ĳ and N, representing the chlorophyll specific total cross section of the 

photosystems, the turnover rate of the PSII and the inverse of the Emerson and Arnold 

number (a measurement of the chlorophyll molecules associated with each reaction center 

of PSII), respectively. In particular: 

 

 The antenna size in the model is represented by the ratio between ı and N, 

therefore to represent a reduction of antenna size this ratio has to be modified 

accordingly; 

 The variation of Chl might lead to an increase in ı due to the self-shading effect 

between chlorophyll molecules (Falkowski and Raven, 2013); 

 The parameter Ĳ can decrease if the chlorophyll reduction leads to a reduction of 

the number of reaction centers (Falkowski and Raven, 2013). 
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 According to these considerations, we set the parameter ı varying linearly as 

function of the chlorophyll content of the cells, according to the following 

equation: 

 𝜎 =  𝜎𝑊் + 𝜎𝑊்  𝑐ℎ݈𝑊்  −  𝑐ℎ݈𝑐ℎ݈𝑊்  
(21) 

 

with and the relative ı variation being equal to the opposite of the relative Chl variation.  

This assumption was validated using Nannochloropsis gaditana photosynthetic mutants 

with altered Chl content (strains E2 and I48 of this work) observing that the ratio between 

ımut and ıWT is always greater than one in high density cultures (cells concentration > 150 

x 106 cells/ml, corresponding to > 1 g L-1), indicating that ı indeed increases as 

chlorophyll content decreases (see supplementary figure S2). 

Another parameter that can vary according to the variations of Chl and ASII is the 

maximum turnover rate, Ĳ. If we consider that Chl ∝ ASIIXN, where XN is the number of 

photosynthetic units, a reduction in the values of Chl content and ASII is consistent with a 

reduction in the number of reaction centres, which is also expected to lead to a reduction 

of the maximum turnover rate (Falkowski, 1993). Therefore, we set the maximum 

turnover rate, Ĳ, varying as function of the both the chlorophyll content and the ASII of 

the cell, according to the following mathematical relation: 

 𝜏 =  𝜏𝑊் (Ͳ.ͳ + ሺͳ − Ͳ.ͳሻ ∗ 𝑐ℎ݈𝑐ℎ݈𝑊் ܫܫܵܣ𝑊்ܫܫܵܣ ) 
(22) 

 

with the variation of Ĳ being directly proportional to the variation of the ratio chl/ASII. In 

order to assure that the parameter Ĳ is always greater than zero an intercept of 0.1 has 

been imposed. The proposed formulation assures that if Chl and ASII are equal to the WT 

values, then 𝜏 =  𝜏𝑊் and that 𝜏 can be reduced maximum by one order of magnitude, 

which is consistent with the data reported in (Falkowski and Raven, 2013). 
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Modelling the growth of Nannochloropsis gaditana wild type strain in a PBR. 

In order to describe quantitatively algae biomass productivity in intensive growth 

conditions, the mathematical description of the light attenuation profile inside a PBR (4.1) 

was combined with the model describing the dependence of algae photosynthetic 

productivity from incident irradiation (Bernardi et al., 2016) (see 3.1, 3.2 and 3.4 for 

details), including the photosynthetic performances of algal cells as a function of the 

available irradiation and considering different phenomena spanning different timescales, 

photoproduction, photoinhibition and photo-regulation.  

The correspondence between model and experimental data were analysed using algae 

cultivated in lab-scale PBRs simulating industrial cultivation conditions (supplementary 

figure S1, (Benvenuti et al., 2016; De Vree et al., 2015), see 2.1.2 for details). Nutrients 

and CO2 were provided in excess, in order to ensure that algae growth was mainly 

dependent from their light to biomass conversion efficiency. Incident light intensity I(0) 

was set at 400 μmoles photons m-2s-1 in order to achieve a light supply rate between 500 

and 700 mmoles photons (g biomass-1) d-1, depending from the xbiom(0) value, which 

spanned between 1 and 1.8 g/L (see 2.1.3 and equation 1).  

In order to predict cells growth in these conditions, the fluorescence model of (Bernardi et 

al., 2016) was calibrated using experimentally determined values of [chl]/cell (expressed 

in pg chl/cell), ASII (expressed as e- per second), photosynthesis-irradiance (PI) curve 

and the fluorescence kinetic for the WT strains during cultivation in PBR. Figure 2 shows 

that the model is capable of representing accurately the experimental growth data of WT 

N. gaditana cultivated in the intensive conditions of a PBR. The model also correctly 

predicts that with the increase in biomass concentration (xbiom(0)) there is a progressive 

reduction in the specific growth rate constant (Figure 2A) but also a slight increase in 

biomass productivity (Figure 2B), as a consequence of the lower light intensity available 

per cell in more dense cultures. 
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Strain NPQmut/NPQWT ASIImut/ASIIWT chlmut/chlWT Productivitymut/ProductivityWT  µmut/ µWT 

I48 0.05 0.95 0.85 1.13 ± 0.05 1.12 ± 0.04 

E2 0.5 0.9 0.8 1.15 ± 0.06 1.18 ± 0.04 

I29 1 0.75 0.57 1.17 ± 0.05 1.44 ± 0.05 

 
Table 1. Photosynthetic properties and growth of selected Nannochloropsis gaditana mutant strains in PBR. The 

photosynthesis and growth data here reported were determined experimentally for microalgae cultivated in PBR 

operated in semicontinuous mode, as described in section 2.1.2. All data are here represented relatively to WT 

strain, while the whole panel of experimentally determined values is shown in supplementary figure S3. All these 

data indicate statistically significant differences between mutants and parental strain (One-way ANOVA, p-

value < 0.05); n > 20 for photosynthetic data; n > 40 for growth data. (no color, 2-columns fitting table) 

 

As shown in Table 1, I48 shows the largest reduction (95 %) in NPQ with respect to the 

WT strain and a smaller reduction, 5 and 15 %, in both ASII and Chl content, 

respectively. On the contrary, strain E2 shows a larger difference in ASII and Chl content 

and a more contained reduction in NPQ (50 %), as reported in Table 1. The third mutant, 

I29, shows instead an unaltered NPQ value than the parental strain and the largest 

reduction in both ASII and Chl content (Table 1). All three strains also showed an 

increased biomass productivity and specific growth rate with respect to the parental 

strain, during the cultivation in PBR (Table 1 and supplementary figure S3). 

Experimental productivities were thus compared with model predictions for strains 

showing specific alterations in photosynthetic properties. As shown in figure 7, there is a 

very good fit for both E2 and I48 strains, while the increase in the specific growth rate for 

I29 exceeds the model prediction. Measured productivities also fully confirmed the model 

prediction, that alterations in NPQ activation have limited effects on N. gaditana 

productivity, at least for cells exposed to the growth conditions tested in this work (Figure 

3A). On the other hand, the reduction in Chl content confirmed to have the largest impact 

on productivity in the tested conditions (Figure 7). I29 indeed showed the largest 

reduction in both ASII and Chl content with respect to the WT strain (Table 1) and also 

the best performances (Figure 7, Supplementary figure S4). 

 





203 

 

experimental costs to achieve concrete improvements in the field of algae genetic 

engineering. 

 

DISCUSSION 

 

In this work, we developed a quantitative model to predict microalgae growth during 

intensive cultivation in a PBR, combining a model describing photosynthetic productivity 

as function of the available light (Bernardi et al., 2016) with the mathematical description 

of the light attenuation profile in a microalgae dense culture. The model was shown to be 

able to describe quantitatively microalgae growth in such environment and the influence 

of different light supply rates (Figure 2). It can be concluded that the presented model 

thus accounts for major parameters influencing microalgae growth in a PBR (see section 

3 for details). 

We thus decided to exploit the model developed in this work to simulate in silico 

alterations in key photosynthetic parameters, in order to evaluate whether their effect on 

light use efficiency could influence the growth in PBR. We assumed hypothetical 

reductions in ASII, Chl content and NPQ and observed that such alterations were 

predicted to have an overall positive effect on growth of microalgae cells (Figure 3). 

Model predictions suggested that different modifications had different impact on growth, 

with NPQ showing a negligible effect, while the Chl content was identified as the most 

promising target of genetic engineering (Figure 3). The reliability of the model 

predictions was tested with three photosynthetic mutants showing variable combinations 

of modifications of the photosynthetic apparatus, obtaining a satisfactory correspondence 

with experimental data (Figure 7). The developed model can thus be used to efficiently 

predict the effect of genetic modifications of the photosynthetic apparatus on algae 

productivity in PBR and it pushes genetic engineering towards the isolation of mutants 

with the greatest reduction in both ASII and Chl content parameters. 

In the case of one mutant, I29, the difference between the model prediction and real data 

was larger, likely because the mutation also caused an alteration in cells size that was not 

included in the model. If a genetic modification indeed affects a feature which was not 

parametrized in the model, the latter would lose accuracy in its prediction capacity. This 

observation is useful as reminder that the model cannot predict phenomena that are not 

included and properly described. On the other hand, the satisfactory fit between 
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predictions and experimental data suggests that major phenomena affecting productivity 

are mathematically described and included.   

This result suggests that the model can be exploited to predict reliably the performances 

of a modified strain without expensive larger scale validations. The presented model 

clearly suggests that the Chl content is the most impactful parameter and this, in 

combination with a reduction in antenna size, has the potential to provide a 43 % increase 

in biomass productivity (see supplementary figure S5). This model could thus make the 

whole process of isolation of improved strains much more efficient, reducing 

experimental time and costs. It is also worth underlining that once proved its 

applicability, such a model can be also applied to tailor the genetic modifications to reach 

the best productivities depending on the cultivation system used (e.g pond vs. PBR, 

semicontinuous vs continuous cultivation etc.) or on the environmental conditions at the 

installation site (e.g tropical or temperate areas). In the longer term, such model will be 

implemented to provide specific answers for each cultivation condition and will open the 

gates for the generation of strains tailored to a specific cultivation site. 

It is also important to point out the limitations of the model, due to its construction. First 

of all, this model assumes that growth depends strictly from the available light, that is a 

correct assumption only when nutrients and CO2 are provided in excess to the cultures as 

done here. Another limitation of the current model is that it describes algae growth in a 

stable cultivation environment where cells indeed show a unique photosynthetic 

acclimation state and it does not include the effects of a dynamic light environment.  

Finally, the biological significance of model equations is general and do not depend from 

the species. However, the parameters were estimated using photosynthesis data of 

Nannochloropsis gaditana cells. The developed model could thus be applied to predict 

the growth in PBR of other algae species and consequently the effect on growth of 

modifications of their photosynthetic metabolism, after re-parametrization with new 

experimental data.  
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CONCLUSIONS 

 

In this work, we developed an empirical light attenuation model to describe the light 

profile inside high density algae cultures. By combining this model with the mathematical 

description of algae photosynthetic productivity as function of available light, we 

predicted the growth of Nannochloropsis gaditana during cultivation in PBR. By 

changing the values of key photosynthetic parameters of the model is was possible to 

predict the growth of strains with altered photosynthetic phenotypes. Model predictions 

were validated with data from photosynthetic mutants, demonstrating that this tool can be 

exploited to direct genetic engineering in silico towards those photosynthetic targets 

showing the highest impact on biomass productivity.  
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SUPPLEMENTARY MATERIAL 
 

Supplementary Table S1. Values of Iw 
(h) and I

WT
 (h, xbiom) for the Nannochloropsis gaditana WT 

and mutant strains I48 and E2. 

Supplementary figure S1. Schematic representation of the lab-scale PBR used in this work. 

Supplementary figure S2. Estimated ratio between σ in Nannochloropsis gaditana mutants 

showing a reduction in both Chl content and ASII in PBR and the value of the wild type strain. 

Supplementary figure S3. Experimental data collected for all the Nannochloropsis gaditana 

strains exploited in this work. 

Supplementary figure S4. Model validation. 

Supplementary Figure S5. Model prediction of the greatest improvement in growth achievable in 

Nannochloropsis gaditana. 
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SUPPLEMENTARY MATERIAL 

 

SUPPLEMENTARY TABLES. 

Parameter/Variable Description Unit 

ASII Antenna size of photosystem II e- per sec per PSI 
Chl Chlorophyll content per cell pg / cell 
F Fluorescence flux V 

F’m Maximum fluorescence fluxe V 
F’0 Minimum fluorescence fluxe V 
kd Damage rate constant / 
kr Repair rate constant s−1 ࡮ࡸࡷ Light attenuation coefficient m-1 

I Light intensity 
µmoles photons m-2 

s-1 

M Respiration factor gO2/gchlh 

N 
Chlorophyll specific number of 

Photosynthetic units 
μmolesO2 g

−1chl 

P Oxygen evolution rate gO2/gchlh 
SF Fluorescence instrument parameter Vgchl m

−2 
z Culture depth m 𝒙࢈𝒊𝒐𝒎 Biomass concentration g L-1 

αF Fast component of NPQ / 
αS Slow component of NPQ / 

ı 
Chlorophyll specific total cross section 

of the photosystems 
m2 g-1

chl 

Ĳ Turnover rate of the PSII s−1 
ɸf Fluorescence quantum yield / 

υ Stoichiometric factor for water 
molecule dissociation 

/ 

ηP Rate of photoproduction / 

ηD 
Rate of basal thermal decay in dark-

adapted state 
/ 

ηI Rate of qI-quenching / 
ηqE Quenching of LHC and zeaxanthin / 𝜼̅𝒒ࡲࡱ  Rate of fast components of NPQ / 𝜼̅𝒒ࡱ𝑺  Rate of slow components of NPQ / 𝜼̅𝒒࡯ࡱ  

Enhancing effect of zeaxanthin in 
LHC quenching 

/ 

ξF Fast quenching time constant s-1 

ξS Slow quenching time constant s-1 

μ Growth rate constant d−1 
 

Supplementary Table S1. Summary of all model variables and parameters including 

unit of measure.   
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I (0) I
w 

(h) xbiom I
WT

 (h, xbiom) I
E2

 (h, xbiom) I
I48

 (h, xbiom) 

104 33 50 20.17 26.73 25 
210 55.67 50 44.50 48.67 48.33 
310 102 50 61.60 73.83 74.33 
430 119 50 70.67 80.33 81.33 
788 239 50 148.33 169.33 168 
1300 414 50 233 283.67 274.67 

104 33 150 11.67 12.67 12.87 
210 55.67 150 20.83 19.67 23.67 
310 102 150 30.33 34.33 34.33 
430 119 150 36.33 41 41.33 
788 239 150 72.67 88.67 80.00 
1300 414 150 117.33 151.67 138 

104 33 250 8.27 7.87 7.13 
210 55.67 250 15 12.67 11.13 
310 102 250 21.67 24.33 24.30 
430 119 250 27.33 30 29 
788 239 250 47.83 60 63 
1300 414 250 81.33 99.33 93.33 

104 33 350 6.27 6.43 6.33 
210 55.67 350 12.13 9.97 9.83 
310 102 350 18.17 21.33 19 
430 119 350 20.67 23.87 22.2 
788 239 350 36.90 47.67 42.67 
1300 414 350 69 89 76.67 

104 33 500 5.03 5.1 4.7 
210 55.67 500 9.1 10.67 8.1 
310 102 500 13.17 17 16 
430 119 500 15.37 20.67 18.43 
788 239 500 29.83 41.67 35.67 
1300 414 500 54.03 73 66.67 

 

Supplementary Table S2. Values of I
w 

(h) and I (h, xbiom) measured for the 

Nannochloropsis gaditana WT and mutant strains I48 and E2. These strains were 

considered for calibrating the light attenuation model in a PBR and to validate the 

assumption that when the chl content of a mutant strain decreases, ı increases. All light 

intensity values are expressed in μmoles photons m-2s-1, while the biomass concentration 

(xbiom) is expressed as (x 106
 cells/ml). h is the path length of the cuvette, ܫሺͲሻ is the 

incident light intensity, ܫ௪ሺℎሻ is the light measured using a cuvette filled with water 

(blank) and I ሺℎ, 𝑥௕𝑖௢௠ሻ is the light measured when the cuvette was filled with the 

microalgae sample. 
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 5 cm diameter PBR 

 The Netherlands Italy  Gibraltar 

 WT E2 WT E2 WT E2 

 Productivity (g d
-1

) Productivity (g d
-1

) Productivity (g d
-1

) 

January 0 ± 0.02 
0.01 ± 
0.01 

0.07 ± 
0.02 

0.11 ± 
0.01 

0.21 ± 
0.03 

0.28 ± 
0.02 

July 0.51 ± 0.1 
0.64 ± 
0.11 

0.57 ± 0.1 
0.72 ± 
0.12 

0.6 ± 0.1 
0.75 ± 
0.12 

  

 10 cm diameter PBR 

 The Netherlands Italy Gibraltar 

 WT E2 WT E2 WT E2 
 Productivity (g d

-1
) Productivity (g d

-1
) Productivity (g d

-1
) 

January 0 ± 0.07 0 ± 0.05 0 ± 0.07 0 ± 0.05 0.1 ± 0.08 
0.31 ± 
0.06 

July 
0.68 ± 
0.18 

0.96 ± 
0.19 

0.78 ± 
0.17 

1.1 ± 0.19 
0.86 ± 
0.17 

1.17 ± 0.2 

 

Supplementary Table S3. Total biomass production predictions in PBRs with 

different depth. The average total biomass production (g d-1) predictions during a day of 

outdoor cultivation of both Nannochloropsis gaditana WT strain and the photosynthetic 

improved strain E2 are here represented as a function of the cultivation site (The 

Netherlands; Italy (Padova) and Gibraltar) and season (January and July), in a cylindrical 

PBR with 5 or 10 cm diameter and 1 m length. Latitude: 52.4 (The Netherlands); 45.4 

(Padova); 36.1 (Gibraltar). 
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APPENDIX III :  

Identification of novel regulators of diatom 

photoacclimation and growth. 
 

 

 

CONTRIBUTION: 

 
The following data result from a collaboration with Prof. Angela Falciatore (Diatom Functional Genomics 

team, at the UPMC-Paris). This is a big project, but in this appendix will be presented only the part in 

which I was involved.  A manuscript about the generation of the TF mutants and the screening procedure is 

in preparation. 
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INTRODUCTION   

 

This work is integrated in a bigger project started by the team of Diatom Functional 

Genomics, at the UPMC-Paris. The basic idea was to generate the first collection of 

Phaeodactylum tricornutum transgenic lines genetically modified by the RNA 

interference approach (De Riso et al. 2009). Transcription Factors (TFs) are master 

regulators of cellular processes and have been shown to be excellent candidates both for 

fundamental research approaches (global understanding of biology) and for applied 

research (modification of complex traits) (Century et al. 2008; Rabara, Tripathi, and 

Rushton 2014). The expression of each of the 220 TF found in the diatom genome (Rayko 

et al. 2010) was modulated by RNAi. 10 transgenic lines potentially silenced for each TF 

(for a total of ~ 2200 strains) are currently generated, a number that, considering the high 

efficiency of the RNAi methodology (>30%) to perturb gene expression in diatoms (De 

Riso et al. 2009), is expected to be sufficient to generate a saturated collection. 1000 

strains are already available and the entire collection will be completed by the end of 

2017. In order to find new regulators of diatom photosynthesis the collection was 

analyzed by in vivo fluorescence as reported in (Perin et al. 2015). I was involved in this 

first large scale phenotyping of the TF-RNAi collection to isolate the best candidates to 

further detailed molecular and physiological characterization.  

 

METHODS  

 

Mutant selection and in vivo fluorescence-based high-throughput screening.  

350 colonies have been screened using fluorescence imaging to identify alterations in 

growth or in photosynthetic apparatus, as in (Perin et al. 2015). To this aim Wild type 

(WT) and transformed strains were grown for 5 days on F/2 medium, adding 100µg/ml of 

zeocin in the case of RNAi lines. Strains resistant to zeocin (ZEO) after transformation 

with an empty vector were also included as controls in the analysis. All strains were 

analyzed by in vivo fluorescence using a FluorCam FC 800 video-imaging apparatus 

(Photon Systems Instruments, Brno, Czech Republic). Strains were retained for further 

analysis if they showed consistent differences from controls in three rounds of screening. 

In the 3rd round of selection all strains were inoculated from liquid cultures at the same 

OD750 to decrease experimental variability. In this final round the measurements were 
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done for plates grown in continuous light or photoperiod (16h light/8h dark) to verify the 

possible dependence of the phenotype from light/dark cycles. 

 

RESULTS  

 

In vivo chlorophyll fluorescence is widely used as a tool to evaluate the efficiency of the 

photosynthetic apparatus. Once a photon is adsorbed by a chlorophyll molecule the 

excitation energy can undergo three alternatives pathways: photosynthesis, heat 

dissipation, or fluorescence. These three pathways compete for the same excitation 

energy so it is possible to exploit variations in fluorescence to obtain indirect information 

on the others. In this work we used a video imaging apparatus to measure in vivo 

fluorescence in order to evaluate if the altered expression of transcriptional factors 

affected the strains fluorescence. Different parameters were measured: Fluorescence 

intensity per area (F0/area), PSII quantum yield in dark adapted cells (Qymax) and after 5 

minutes of actinic light illumination (Qy’). The former parameter is indicative of the 

chlorophyll content per cell but is also affected by any genetic modification causing 

growth alteration also if independent from photosynthesis (see Figure 1). The latter two 

parameters are instead more specific and are able to evidence eventual major alterations 

in photosynthetic efficiency (fig 2 and 3).  

Selection started from a pool of 350 strains and 37 of them were retained after the first 3 

rounds of selection (table 1). 

  

Table 1: Mutant strain selected after 3 round of screening 

Transcription factor Selected mutants Phenotype 

bHLH 1a-KD 4 Growth and Qy’ reduction 

bHLH 1b-KD 6 Growth alteration 

bHLH 2-KD 5 Qymax reduction 

bHLH 3-KD 3 Qy’ reduction 

bHLH 4-KD 4 Growth alteration 

bHLH 5-KD 5 Growth alteration 

bHLH 6-KD 4 Qy’ reduction 

bHLH domain KD 6 Altered response to light and dark cycle 
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ABBREVIATIONS 

 

ASII, functional antenna size of  PSII 
bHLH, basic helix-loop-helix 
C, control 
Car, carotenoid 
CCAP, Culture Collection of Algae and 
Protozoa 
Chl, chlorophyll 
DBMIB, dibromothymoquinone 
DCMU, 3-(3,4-dichlorophenyl)-1,1-
dimethylurea 
DMF, N,N’-dimethylformamide 
EMS, ethyl methane sulfonate 
EPA, eicosapentaenoic acid 
ETR, electron transport rate 
GMO, genetically modified organism 
HL, high light 
ID, identifier 
LC-PUFA, long chain poly-unsatured 
fatty acids 
LHC, light harvesting complex 
LHCX / LHCSR, stress-related light-
harvesting complex 
LL, low light 
ML, medium light 
FL, fluctuating light 
N, nitrogen 
NPQ, non-photochemical quenching 
1O2, singlet oxygen 
OD, optical density 
PAM, pulse-amplitude-modulation 
PAR, photosynthetic active radiation 
PBR, photobioreactor 
PSI, photosystem I 
PSII, photosystem II 
PSBS, photosystem II subunit S 
PUFA, poly-unsatured fatty acids 
qE, fast relaxed kinetic of the NPQ 
(energy dependent NPQ component) 
RNAi, RNA interference 
ROS, reactive oxygen species 
RT, room temperature 
 
 
 
 
 

RT-PCR, reverse transcriptase 
polymerase chain reaction 
SDS, sodium-dodecyl-sulphate 
TAG, triacylglycerol 
TEF, total electron flow 
TF, transcription factors 
TLA, truncated light harvesting 
WT, wild type 
ZE, zeaxanthin epoxidase 
ZEO, zeocin 
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