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Chili ou ailleurs, je ressens votre soutien et vos encouragements, et je vous en suis infiniment 
reconnaissant. À nos prochaines soirées ou escape Games. 

À tous ceux que j’ai pu oublier, rencontrer chacun d’entre vous a rendu la vie plus douce ! Merci 
pour tout.  

À mes grands-parents, mes oncles et tantes, mes cousins et cousines, vous êtes mes premiers 
soutiens, et je ressens pleinement l’amour et la fierté que vous me portez. À mon grand-père 
Abdelaziz, je sais que tu es fier de là où tu te trouves, je n’oublierai jamais ce que tu as pu apporter 
dans ma vie. Merci infiniment pour tout ce que vous êtes. 

Et enfin, à ma mère... À ma maman, Nadia, cege superwoman qui m’a entourée d’un amour et 
d’un souien incondiionnels tout au long de ma vie. Tu as été une inspiraion pour moi, autant 
par ton parcours que par ton dévouement personnel. Toujours prête à affronter le monde enier 
pour moi, ton enfant, tu m’as inspirée par ta force et ton courage, sans relâche. Tu seras, 
aujourd’hui et pour toujours, la femme de ma vie, un pilier irremplaçable et une source infinie 
d’amour et de joie. Je sais que, dans l’ombre, tu as toujours travaillé sans relâche pour assurer 
notre avenir et ma réussite. Merci pour ton amour, pour nos moments de rires aux éclats, pour 
nos voyages, pour nos disputes et pour toutes choses. C’est grâce à toi que j’ai pu vivre mes 
rêves. Hâte de coninuer à écrire nos histoires, ensemble et avec beaucoup d’amour. Je t’aime 
profondément maman. 
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RESUME EN FRANÇAIS 

Depuis la récente légalisation du cannabis au Canada en 2018, le marché de la  est en forte 

expansion. Plusieurs études ont permis de démontrer le potentiel médical et thérapeutique des 

cannabinoïdes, dans le traitement d’une variété de maladies, une action à la fois précise et large 

dans la fonction et dans l’effet physiologique. Ses cannabinoïdes sont utilisées lors des thérapies 

neurologiques et dans le traitement de plusieurs syndromes, tels que l’épilepsie, la maladie de 

Parkinson, d’Alzheimer, les tumeurs cérébrales et les traumatismes crânien. De plus, il a été 

démontré que chez l’humain, il existerait un système endocannabinoïde central, permettant 

d’interagir, via des récepteurs (CB1 et CB2), avec le cannabis. Ce système joue un rôle clé dans 

l'homéostasie générale et régule de nombreux processus physiologiques tels que l'inflammation, 

la perception de la douleur et l'immunité. Cependant, afin de minimiser l'impact environnemental 

causé par l’agriculture conventionnelle industrialisée, nous continuons à rechercher des 

approches modernes qui intègrent des solutions écologiques et durables pour l'avenir.  

Les diatomées sont un groupe majeur du phytoplancton responsable de près de 50 % de la 

production primaire nette dans les océans. Malgré un effort considérable porté sur l’étude 

biologique de ces organismes, ce groupe de microalgue n’avait pas encore été étudié et utilisé 

pour la production de cannabinoïdes. La capacité photosynthétique de Phaeodactylum 

tricornutum, les outils moléculaires disponible et son fort potentiel de production de molécules 

d’intérêts, rendent l’étude et le développement d’un châssis biologique de production de 

cannabinoïdes inévitable.  

Dans cette thèse, deux axes ont été investigués. Le premier visait à mettre en place une stratégie 

afin de produire l’acide cannabidiolique (CBDA) par la diatomée P. tricornutum. Cette stratégie 

nous a permis d’obtenir des clones exprimant et accumulant la protéine CBDAS, responsable de 

la production de CBDA. De plus, les essais enzymatiques ont été positif, montrant une activité 

détectable de cette enzyme. Notre deuxième axe d’investigation a consisté à élucider le clivage 

in vivo de la séquence de la thrombine LVPRGS dans P. tricornutum, afin de développer un outil 

moléculaire permettant l’expression polycistronique de plusieurs gènes, facilitant la production 

de cannabinoïdes dans P. tricornutum.  En plus du clivage, nos résultats suggèrent l'existence de 
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nouvelles protéases de type thrombine chez P. tricornutum. De plus, la structure de ses protéases 

ont été prédit dans cette étude. 

ABSTRACT 

Since the legalization of cannabis in Canada in 2018, the cannabis market has experienced rapid 

growth. Numerous studies have demonstrated the medical and therapeutic potential of 

cannabinoids in treating a wide range of diseases, showcasing both targeted and broad 

physiological effects. These molecules are widely used in neurological therapies and for the 

treatment of various syndromes, including epilepsy, Parkinson’s disease, Alzheimer’s disease, 

brain tumors, and traumatic brain injuries. Furthermore, research has shown the existence of a 

central endocannabinoid system in humans, which interacts with cannabis through CB1 and CB2 

receptors. This system plays a crucial role in overall homeostasis, regulating several physiological 

processes such as inflammation, pain perception, and immunity. However, to reduce the 

environmental impact caused by conventional industrialized agriculture, efforts continue to focus 

on developing modern approaches that incorporate eco-friendly and sustainable solutions for the 

future.  

Diatoms represent a major group of phytoplankton, contributing nearly 50% of the net primary 

production in the oceans. Despite extensive biological studies on these organisms, diatoms have 

not yet been explored or utilized for cannabinoid production. The photosynthetic capacity of P. 

tricornutum, combined with the availability of molecular tools and its strong potential for 

synthesizing valuable biomolecules, makes the development of a biological platform for 

cannabinoid production both relevant and inevitable. 

This thesis explores two main research directions. The first focuses on establishing a strategy for 

producing cannabidiolic acid (CBDA) using the diatom P. tricornutum. Through this approach, we 

successfully generated clones expressing and accumulating the Cannabidiolic acid synthase 

(CBDAS) protein, which is responsible for CBDA biosynthesis. Additionally, in vitro enzymatic 

assays confirmed detectable activity of the enzyme. The second research objective was to 

investigate the in vivo cleavage of the thrombin recognition sequence LVPRGS in P. tricornutum. 
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Our findings suggest not only the successful cleavage of this sequence but also the presence of 

unidentified thrombin-like proteases in P. tricornutum. Furthermore, the structure of these 

proteases was predicted as part of this study. 
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CHAPTER I 
 

1 Introduc+on 
 

1.1 Plant specialized metabolites 
 
 
Plants synthesize hundreds of thousands of organic compounds. Based on their funcions, 

researchers classify these compounds into three categories: primary metabolites, which are highly 

conserved and essenial for plant growth and development[1]; hormones, which regulate 

developmental processes and signaling networks involved in plant responses to a wide range of 

bioic and abioic stresses[2]; and specialized metabolites, previously named as secondary 

metabolites, which facilitate plant-environment interacions (Figure 1-1). 

 

 
Figure 1-1: Organic compounds in plants, classified in three groups; primary metabolites, hormones, or specialized metabolites 
(secondary metabolites). Source:[3] 
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Plant specialized metabolites are organic compounds that are not directly involved in the primary 

metabolism, but play crucial roles in plant defense, communicaion, and adaptaion to 

environmental stresses[4]. These compounds are highly diverse and oyen unique to specific plant 

species or groups. In C. sa6va, the cannabinoids are biosynthesized with other various classes of 

specialized metabolites, including terpenoids, flavonoids, fagy acids, acyl sugars, and other[5, 6]. 

Interesingly, they are interconnected to the primary carbon metabolism and to each other, 

sharing pathways (Figure 1-2). Beyond their diverse funcions in naive organism, cannabinoids 

have a wide array of industrial applicaions. 

 
Figure 1-2: Biosynthesis pathways of some specialized metabolite in C. sa>va, Terpenes (green), Cannabinoids (blue) and 
flavonoids (pink).  

The MEP pathway, the MVA pathway and the phenylpropanoid pathway are represented by thick blue, green and pink arrows 
respecAvely. White background represents cytosolic compartment, while pale orange background represents cellular 
compartments or the apoplast. Enzymes defined as follow: AACT: acetoacetyl-coenzyme A thiolase; MCS: malonyl-CoA 
synthetase; DMS: 1-deoxy-d-xylulose 5-phosphate synthase; DXR: 1-deoxy-D-xylulose 5-phosphate reductoisomerase; MCT: 2-C-
methyl-D-erythritol 4-phosphate cyAdylyltransferase; HDS: 4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HDR: (E)-4-
hydroxy-3-methylbut-2-enyl diphosphate reductase; HMGS: hydroxymethylglutaryl-CoA synthase; HMGR: 3-hydroxy-3-methyl-
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glutaryl-coenzyme A reductase; MK: mevalonate kinase; PMK: phosphomevalonate kinase; MPDC: mevalonate pyrophosphate 
decarboxylase; IPPI: isopentenyl diphosphate isomerase; GPPS: geranyl diphosphate synthase; AAE1: acyl acAvaAng enzyme 1; 
TKS: 3,5,7-Trioxododecanoyl-CoA synthase (polykeAde synthase); OAC: olivetolic acid cyclase; FPPS: farnesyl pyrophosphate 
synthase; PAL: phenylalanine ammonia-lyase; C4H: cinnamate 4-hydroxylase; 4CL: 4-coumaroyl CoA-ligase; CHS: chalcone 
synthase; CHI: chalcone isomerase; SQS: squalene synthase; PT4: olivetolate geranyl transferase; THCAS: THCA synthase; CBDAS: 
CBDA synthase; CBCAS: CBCA synthase; sesquiTPS: all sesquiterpene synthases grouped under a single appellaAon; monoTPS: all 
monoterpene synthases grouped under a single appellaAon; FNS: flavone synthase; F3′H: flavonoid 3′-hydroxylase; OMT21: O-
methyltransferase 21; PT3: prenyl transferase 3. Source:[6] 

 
1.2 Cannabinoids 

 
The medicinal properies of the cannabis plant have been recognized for millennia, with its use 

originaing in Central Asia. Also called Marijuana or hemp, it has long been uilized for its 

purported therapeuic effects. The earliest documented use of cannabis dates back to 2800 BC, 

when it was included in Emperor Shen Nung's pharmacopoeia. Addiionally, cannabis was 

employed at various points throughout history (Figure 1-3), such by Indian Hindus, Egypians, 

Assyrians, Greeks, and Romans[7]. In the 19th century, the medicinal use of cannabis was 

introduced to Europe.  

 
Figure 1-3: History of cultural & medical Cannabis. Source:[8] 
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In 1940, cannabidiol (CBD) was isolated from cannabis, and in 1964, the structure of 

tetrahydrocannabinol (THC), the primary psychoacive phytocannabinoid, was idenified.  To date, 

over 180 types of cannabinoids have been idenified[9], classified into 11 structural families and 

three types: phytocannabinoids, endocannabinoids and syntheic cannabinoids (SCBs)[10].  

Phytocannabinoids are naturally occuring cannabinoids found in the Cannabis plant, with Δ-9-

tetrahydrocannabinol, cannabidiol and cannabinol (CBN) being the most prominent. The plant is 

only capable of synthesizing phytocannabinoids directly in their carboxylated (acidic) form and are 

predominantly present in this state (THCA, CBDA and CBNA). However, these acids are unstable 

and are readily converted into their neutral form by heat.  

 

Endocannabinoids are naturally produced by humans and animals. They are able to bind to 

cannabinoids receptors found almost everywhere in the body (Figure 1-4). They form the 

endocannabinoid system (ECS). The elucidaion of the ECS has also contributed to the growing 

interest, legalizaion, and use of cannabis. The two primary endocannabinoids are anandamide 

(AEA) and 2-arachidonoylglycerol (2-AG). These molecules are able to bind to two main known 

receptors, CB1 and CB2, part of G protein-coupled receptor family[11]. CB1 receptors are 

predominantly located in the central nervous system, while CB2 receptors are mainly found in 

peripheral issues and the immune system. The acivaion of these receptors result in regulaing  

many various physiological mechanisms, such as the control of neurotransmiger release and the 

percepion of pain.  

 

The last group are the syntheic cannabinoids, also named “Spice or K2”, are exclusively 

syntheized and created in labs. Some of them are used to mimic and study the effects of natural 

cannabinoids. Although, they are becoming a large public health concern due to their 

unpredictable toxicity and abuse potenial, reported in many serious cases such as cardiac 

ischemia, kidney injury and psychomotor agitaion[12]. 
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Figure 1-4: The distribu>on of cannabinoid receptors within the human body. CB1R-cannabinoid receptor type 1, CB2R-
cannabinoid receptor type 2, HSC-hematopoietic stem cell. Source:[13] 
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1.3 Cannabis sa+va 
 
The cannabis plant is dicotyledonous annual flowering plant, a member of the Cannabaceae 

family and a specie of the Cannabis genus. Thanks to geneic analyses, we can disinguish three 

subspecies, C. sa6va subsp. sa6va, C. sa6va subsp. indica  and C. sa6va subsp. ruderalis[14]. It can 

reach up to 5-6 meters depending on geneic consituion and environmental factors. The stems 

are erect, furrowed, and usually branched, with a woody interior, and may be hollow in the 

internodes[15]. It can be grown in outdoor fields, greenhouses, or indoor environments. Wild C. 

sa6va is dioecious in nature, its flowers are male and female in disinct plants and possess 2n=20 

chromosomes in which 18 are autosomes and 2 are sex chromosomes such as XX in female and 

XY in male[16]. Genome size of female and male plant is 1636 and 1683 Mbp respecively, due to 

a larger size of Y chromosome.  

 

The life cycle of C. sa6va can be divided in four main stages, germinaion, seedling, vegetaive and 

flowering respecively. It usually takes 4 to 6 months to complete. Like most plant seeds, cannabis 

needs the right combinaion of moisture, oxygen, temperature and light condiions in order to 

begin germinaion during the spring. As autumn begins, days begin to shorten, C. sa6va start to 

produce flowers, in order to promote pollinaion and the producion of seeds for the next cycle. 

As the flower reaches the late stages of flower, the trichomes density begins to increase and the 

plants will become sicky. The pisils, which were iniially white, begin to turn into an orange-

brown color due to cannabinoids compounds producion and accumulaion. 
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Figure 1-5: Cannabis plant representa>on. Legends translated in English. Source: zamnesia.fr website. 

 
 

1.3.1 Cannabinoids biosynthesis pathway in C. sa&va 
 
THC and CBD, the most well-known cannabinoids, are mainly biosynthesized in glandular 

trichomes, which are abundant on female flowers (Figure 1-5). These compounds play a crucial 

role as a chemical weapon against, pathogens, but also play a role in agracing pollinators[17, 18]. 

At the molecular level, cannabinoids share a common iniial pathway (Figure 1-6). The 

biosynthesis begins with a short-chain fagy acid. Subsequently, two enzymes facilitate the 

biosynthesis of olivetolic acid (OA): a type III polykeide synthase (PKS or TKS) and an olivetolic 

acid cyclase (OAC). First, TKS catalyzes the sequenial condensaion of one hexanoyl-CoA with 
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three molecules of malonyl-CoA into 3,5,7-trioxododecaneoyl-CoA[19], followed by cyclizaion 

into olivetolic acid via OAC[20]. Then, another condensaion step occurs through an aromaic 

prenyltransferase known as cannabigerolic acid synthase (CBGAS) or aromaic prenyltransferase 

(APT), which combines OA to geranyl pyrophosphate from the chloroplast, specifically the stroma, 

leading to the formaion of the core intermediate, cannabigerolic acid (CBGA)[21]. Ulimately, two 

different oxydocyclases, tetrahydrocannabinolic acid synthase (THCAS) and cannabidiolic acid 

synthase (CBDAS) catalyze the conversion of CBGA into the biosynthesis of Δ-9-

tetrahydrocannabinolic acid (Δ-9-THCA) and cannabidiolic acid (CBDA)[22, 23]. The neutral form 

of these cannabinoids results from non-enzymaic decarboxylaion.  

 

THCAS and CBDAS enzymes have an esimated molecular mass of approximately 62 kDa and share 

84% sequence idenity in their amino acids, including the N-terminal secreion signal pepide 

consising of 28 amino acids[24, 25]. Furthermore, Structural superimposiion of THCAS onto 

CBDAS highlights the high conservaion of the FAD binding region and suggests that FAD reducion 

serves as a common reacion mechanism for producing cannabinoids[26]. To avoid plant cells 

toxicity, mitochondrial impermeability and DNA degradaion, which ulimately induce 

apoptosis[27], cannabinoids biosynthesis take place in secretory cells, but proteomic and 

metabolomic analyses revealed that THCAS and CBDAS are transferred and accumulated to this 

large sub-cuicular storage cavity surrounding secretory cells ([28]; Figure 1-7). 

 
 
 
 
 
 
 
 



                  

24 
 

 
Figure 1-6: Biosynthe>c pathway for the produc>on of the two main cannabinoids ∆9-THC and CBD in C. sa>va.  

The enzymes in the pathway are TKS, OAC, APT, THCAS and CBDAS, respectively. B. Synthesis of geranyl pyrophosphate (GPP) 
from MEP/MVA pathways. Dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) catalyzed by geranyl 
pyrophosphate synthase. Modified figure. Source:[29, 30] 

17
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Figure 1-7: Glandular trichome at 7th week of the flowering stage from the drug-type Cannabis (Euphoria) strain. Modified 
figure, Source: [28] 

 

1.4 Clinical proper7es of CBD 
 
In recent decades, numerous studies have been conducted to assess the therapeuic potenial of 

cannabinoids. These studies have provided informaion on the effeciveness of cannabinoids in 

various indicaions, some of which are sill undergoing validaion. These studies have led to 

significant interest in their therapeuic potenial for a variety of medical condiions, such in 

neurodegeneraive and psychiatric disorders[31], inflammaion and pain[32], cardiovascular 

diseases[33], diabetes[34], and other (Figure 1-8). 
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Figure 1-8: Summary of the effects of CBD in different organ systems and diseases.  

Such as neurodegenerative conditions, pain management, cerebral ischemia-reperfusion injury, heart diseases, vascular diseases, 
diabetes, and hypertension. Modified figure, Source: [35] 

 

Cannabinol is a small lipophilic molecule that was initially discovered in 1940. It exert its biological 

effects primarily on endocannabinoid system through cannabinoids receptors[36]. The 

interaction between CBD and these receptors influences a wide range of physiological functions, 

such as anticonvulsant, antipsychotic, anxiolytic and neuroprotective properties[37]. Indeed, 

recent studies have shown CBD directly interacting with various receptors, ion channels, enzymes 

and transporter (Figure 1-9). The mechanism of action on G protein-coupled receptors (GPCRs) 

result on signal transduction, with a downstream activation of several pathways. 
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Figure 1-9: Pie chart showing the percentage of specific protein targets of CBD from a pool of all protein targets.  

Table presenting the number of identified CBD targets and percentage of specific Gα proteins coupled to GPCR receptors and 
ion permeability of both ion channels and ionotropic receptors. Source: [38] 

1.5 Commercial and industrial interest of cannabinoids 
 
Cannabinoids have garnered considerable agenion across commercial and industrial sectors due 

to their wide range of biological effects and potenial uses. As cannabis legalizaion progresses, 

especially in areas where it is permiged for medical and recreaional purposes, interest in 

cannabinoids has surged (Figure 1-10). This growing demand spans various industries, including 

pharmaceuicals, agriculture, food, and cosmeics. 

 
Figure 1-10: Map showing actual adult legal status of medical cannabis across the world. Blue: legal for recreational and medical 
uses, green: legal only for certain medical uses. Source : Wikipedia 
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The industrial hemp industry is increasingly focusing on opimizing cannabinoid extracion 

methods, geneic selecion for higher yields, and improving crop management for sustainable 

farming pracices. Only three years ayer the legalizaion of recreaional cannabis, Canada's 

cannabis industry is contribuing billions to the country's economy and government revenue. 

Between 2018 and 2021, total sales from both recreaional and medical cannabis are esimated 

at $11 billion, with two-thirds of that amount coming from recreaional cannabis (Figure 1-11, 

upper-panel). Considering direct, indirect, and induced economic acivity, cannabis industry has 

approximately contributed $43.5 billion to Canada's naional gross domesic product (GDP) from 

legalizaion through 2021. Of this, about $25.2 billion has been in the form of labour income, 

supporing roughly 98,000 jobs each year (Figure 1-11, middle-panel). Moreover, since 2018, the 

cannabis sector has generated substanial government tax revenue, esimated to $15.1 billion, 

especially through indirect taxes, amouning to $7.3 billion (Figure 1-11, lower-panel). 

 
Industry commonly included CBD in skincare products, creams, loions, shampoos, and even 

cosmeics like makeup and moisturizers. The growing trend in natural wellness products has 

driven many companies to innovate in formulaing cannabinoid-infused products aimed at 

enhancing skin health, relaxaion, and overall well-being. Today, CBD-infused foods, drinks, 

gummies, chocolates, and snacks are becoming widely available, capitalizing on the growing 

consumer interest in funcional foods.  

 
Despite the growing commercial and industrial interest, the cannabinoid industry faces several 

challenges like other forms of industrialized agriculture, paricularly related to highly energy-

intensive and contributes significantly to carbon and greenhouse gas (GHG) emissions. Indoor 

culivaion, in paricular, requires substanial infrastructure to maintain stable arificial growing 

condiions, including high-intensity lighing and supplemental carbon dioxide (CO₂) to enhance 

plant growth (Figure 1-12). Over its life cycle, the producion of one kilogram of dried cannabis 

flower can generate up to 5,184 kg of CO₂. By comparison, beef producion emits approximately 

99.48 kg of CO₂ per kilogram of food product[39]. To minimize the environmental impact, carbon 

emissions, and waste in the cannabis sector, the industry can address this challenge by adoping 

an eco-friendly and sustainable soluions. 
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Hence, some companies are invesigaing ways to opimize cannabinoid producion in engineered 

microorganisms, such as yeast or bacteria, as a more sustainable and scalable alternaive to 

tradiional plant-based extracion methods. This could lead to more cost-effecive and 

environmentally friendly producion processes for cannabinoids. 

 

 
Figure 1-11: The economic impact of Canada’s cannabis sector between 2018 and 2021.  

Upper-panel: cannabis revenues have been growing in Canada and total sales across the country is estimated at $11 billion , 
middle-panel: cannabis sector economic contributions, indirect impacts are larger than direct impacts due to significant capital 
expenditures on construction and retrofitting-related activities , lower-panel: $15.1 billion in government tax revenues, direct and 
indirect tax revenue refers to direct and indirect economic contributions to government revenues,. Source: Statistic Canada; 
Deloitte Analysis. 
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Figure 1-12: Indoor and greenhouse energy consump>on in Ontario.  

Indoor facilities exceeds greenhouse-based production sites, consuming 30% to 60% more energy than indoor facilities.  Source: 
Energy management best practices for cannabis greenhouses and warehouses. 

 
1.6 Diatoms 

 
Diatoms are photosyntheic eukaryoic unicellular microorganisms, able to convert sunlight into 

energy through the process of photosynthesis. Because of this, they play a crucial role in marine 

ecosystems and the global carbon cycle, exhibiing a rich diversity. They seem to have emerged 

from a secondary endosymbiosis event that led to the acquisiion of photosynthesis. In this 

process, a heterotrophic host engulfed a red alga, which had originally obtained photosynthesis 

by ingesing a cyanobacterium (Figure 1-13). They belong to the class Bacillariophyceae and are 

the most dominant phytoplankton group, with over 200,000 species showing variability in shape 

and size[40, 41]. Ranging from just a few micrometers in the smallest species to more than 2 mm 

in the largest ones. The word 'diatom' comes from the Greek diatomos, meaning 'cut in two,' 



                  

31 
 

referring to the two siliceous valves found in this superclass. Antoni Van Leeuwenhoek, a Dutch 

merchant and scienist renowned for enhancing the microscope by developing advanced lenses, 

was the first to observe diatoms in 1702. Unlike other phytoplankton communiies, diatoms 

possess a silica cell wall known as a frustule. These frustules feature various geometric pagerns 

that make diatoms visually striking under a microscope (Figure 1-14). This innate ability to absorb 

silicon from the environment, compensaing the low concentraions, has made them an intriguing 

community. Indeed, silica transporters, known as SITs, have been idenified on their membrane 

and appear to be unique to diatoms[42]. They are a key in many ways, staring with an ecological 

importance as they are the most important primary producers in aquaic ecosystems, providing 

energy for a wide range of organisms, from iny zooplankton to larger fish. Indeed, they are used 

as a bioindicator in water samples and monitoring water quality.  

 

 
Figure 1-13: Origin of chloroplasts by secondary endosymbiosis involving a red algal endosymbiont.  

Following this event, the endosymbiont's nucleus (N1) disappeared after transferring many of its genes to the host nucleus (N2). 
However, in cryptophyte algae, a remnant nucleus, known as a nucleomorph (Nm), persists between the plastid and two 
additional membranes—one derived from the red algal plasma membrane (periplastid membrane) and the other from the host's 
endomembrane system (chloroplast ER). Ribosomes attached to the outer surface of the chloroplast ER, as well as its continuity 
with the broader ER system, are not depicted. Nuclear-encoded plastid proteins are synthesized on these ribosomes and must pass 
through four membranes to reach their destination. Additionally, the red algal mitochondrion (small blue circle) was lost during 
this process. Source: [43] 

 

Regarding reproducion, diatoms can reproduce both sexually and asexually. While 

Phaeodactylum tricornutum is tradiionally regarded as a predominantly asexual organism, the 

idenificaion of funcional meiosis-related genes (SPO11) in its genome suggests the potenial for 

sexual reproducion; however, this remains unconfirmed due to the lack of direct observaional 

evidence[44]. When a cell reaches a criical size, a specific cellular mechanism is triggered to 
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iniiate sexual reproducion, restoring its original size[45]. Sexual reproducion varies between 

pennate and centric diatoms. In centric diatoms, it follows an oogamous process, where a male 

gametangial cell undergoes a series of specialized divisions to generate a limited number of 

microspores. These microspores then undergo meiosis, giving rise to flagellated sperm cells. 

Meanwhile, female gametangial cells produce one or two ‘eggs,’ which, upon ferilizaion by a 

sperm cell, form a zygote that expands by absorbing water. In pennate diatoms, sexual 

reproducion occurs through either isogamy or anisogamy. Gametangial cells pair up and iniiate 

gametogenesis, with each parental cell producing two gametes. The fusion of an acive and a 

passive gamete results in a zygote that, similar to centric diatoms, absorbs water to enlarge and 

develop into a new cell, thereby restoring the original cell size. Beyond size, it is also essenial for 

the environmental condiions to be met. In addiion, besides their various morphological and 

biochemical adaptaions, diatoms can also transiion into a vegetaive state by forming dormant 

spores when environmental condiions become unfavorable for growth. These spores can segle 

on the ocean floor, where they may persist for several years.  

Finally and above all, diatoms offer significant potenial for various scienific and industrial 

applicaions[46]. 

 

 
Figure 1-14: Microscopic artwork. Source: Scenics and Science / Alamy Stock Photo 
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1.6.2 Phaeodactylum tricornutum 

The diatom Phaeodactylum tricornutum (P. tricornutum) is an unicellular mixotrophic organism 

capable of feeding both autotrophically, through photosynthesis, and heterotrophically by 

consuming pre-existing organic compounds in its environment. Unlike other diatoms, the 

presence of silica in the cell wall of P. tricornutum is not necessary for its growth. The absence of 

a rigid frustule surrounding the cell allows P. tricornutum to modify its cell morphology and adapt 

to environmental conditions[47]. It can adopt different morphotypes (fusiform, oval, triradiate, 

or round). In a benthic environment, with low agitation, salinity, and temperature, oval-shaped 

cells are overrepresented. When these conditions persist, the oval cells transform into round cells. 

This round form has the ability to form biofilms, allowing survival for several months. When 

conditions become optimal again, for example in a planktonic environment, the cells return to a 

fusiform shape. Finally, triradiate-shaped cells are produced when optimal conditions are 

maintained (Figure 1-15). 

 

Figure 1-15: Diagram illustra>ng the various cellular morphologies of P. tricornutum.  

Triradiate (a) and fusiform (d) cells are linked to the planktonic morphotype, whereas oval (g) and round (i) cells are classified as 
benthic morphotypes. Oval and round cells can aggregate (j) and ultimately develop into biofilms (k). Arrows indicate the pathways 
of morphological transitions between cell types. Photos b, c, e, f, h, l, and m depict intermediate forms. Source:  [47] 
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P. tricornutum was first described in 1897 by Bohlin, K. It is predominantly found in marine 

environments and is able to survive in nutrient-poor condiions. It was the first diatom to be 

transformed in 1996[48], and has been studied for its potenial in lipid metabolism, in biofuel 

producion and in producing valuable compounds such as omega-3 fagy acids. Long before the 

availability of its genomic sequences in 2008[49], it became established as a key model organism 

in diatom biological studies due to its ability to grow under simple culture condiions, low light, 

and high tolerance to elevated pH[50, 51]. Furthermore, geneic engineering allows researchers 

to invesigate its potenial and this has led to the development of a mulitude of molecular tools 

(Figure 1-16). 

 

 
Figure 1-16: Milestones in the P. tricornutum molecular research.  

The figure also shows confocal microscopy images of P. tricornutum morphotypes (fusiform, triradiate, and oval), taken merging 
the bright-field and chlorophyll autofluorescence channels. In red, P. tricornutum plastid. Source: [52] 

 
1.6.3 Synthe<c biology, a sustainable alterna<ve 

 

Over the past twenty years, the field of synthetic biology has experienced significant growth, 

particularly with the establishment of a connection between genetics, epigenetics, and the 

environment. Synthetic biology presents a promising solution to the challenges posed by the 

limited availability of natural products from native plants. This approach combines metabolism 

engineering with molecular biology to create modified living things, like yeast, bacteria and 

microalgae, that can perform certain tasks. Providing a chance to solve complicated problems of 

sustainability, and to produce a diverse range of desired natural compounds in a cost- and time-
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effective manner. After transformation, theses microorganisms turn into cellular factories for 

botanical therapeutics. Microalgae constitute a taxonomically diverse group of organisms 

distributed throughout the eukaryotic tree (Figure 1-17), and have the biochemical machinery to 

synthesize high-value phytochemicals.  

 

Figure 1-17: A Cartoon Representa>on of the Phylogene>c Diversity of Microalgae Phyla (in Yellow) and Representa>ve 
Species under Development (in Red). Other representative lineages such as animals and plants are also indicated (in black). 
Source: [53] 

 

Unlike plant cells, microalgae exhibit rapid growth, with doubling times typically measured in 

hours and biomass production occurring within days rather than months or years. They can be 

cultivated on non-arable land and have the potential to reclaim nutrients from waste resources, 

such as wastewater and waste CO₂ sources. While various microalgae are being developed as cell 

factories at different stages of progress, the growing molecular toolkit (Figure 1-18), combined 

with computational methods, positions the pennate diatom P. tricornutum as a highly promising 

algal system for metabolic engineering[46]. It is known to accumulate a spectrum of marketable 

products, and is a commercially viable species for large-scale cultivation (Figure 1-19).  
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Figure 1-18: Tools for gene>c engineering and synthe>c biology in P. tricornutum.  

(a) Overview of the P. tricornutum basic parts. (b) Graphic representation of the strategies used to obtain engineered strains by 
targeted genetic modification. (c) The design–build–test cycle for engineering P. tricornutum genomes. Designed synthetic 
genomes: nuclear (NC), mitochondrial (MT), and chloroplast (CP) will be built in yeast and then transferred to a prokaryotic 
host to be delivered directly (D), for example, via conjugation, or indirectly (ID), for example, via electroporation, to the 
appropriate cell compartment to test for designed functions. Source: [52] 

 

Furthermore, P. tricornutum have been cultivated in various systems, indoor and outdoor 

cultivation methods, using photobioreactors (PBRs), including column, tubular and flat-panel 

designs (Figure 1-20). As well as open raceway ponds, yielding varying levels of biomass and 

product accumulation. However, challenges such as high energy demands for temperature 

regulation and biomass loss due to photorespiration remain key obstacles for PBR-based 

cultivation[54, 55]. 
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Figure 1-19: Products derived from P. tricornutum cul>va>on. Abbreviations: PBR, photobioreactor; R, recombinant strain; 
TSP, total soluble protein. Source: [53] 
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Additionally, in 2015, a system for extrachromosomal expression was developed for P. 

tricornutum, enabling a plasmid to function as an episome[56]. In eukaryotic cells, an episome is 

a circular DNA molecule that replicates independently within the host without integrating into 

the genome. This allows for the stable propagation of heterologous DNA in P. tricornutum, 

avoiding position effect issues associated with genomic integration. The episome was created by 

inserting segments of P. tricornutum chromosomes into the plasmid p0521s. Upon transforming 

the diatom with this plasmid containing the Sh ble resistance gene, zeocin-resistant colonies were 

successfully obtained. Further investigations identified the specific sequences responsible for 

episomal maintenance, highlighting the crucial role of the CEN6-ARSH4-HIS3 sequence. Analysis 

of CEN6-ARSH4-HIS3 revealed that its ability to function as a centromere in P. tricornutum was 

associated with its low guanine and cytosine (GC) content[57]. Building upon these advancements 

in episomal expression, our efforts focused on optimizing secretion pathways and regulatory 

elements to enhance the functional expression of complex heterologous proteins in P. 

tricornutum 

 
 

Figure 1-20: Schema>c representa>on of different PBRs; (A) fence tubular; (B) helical tubular; (C) horizontal tubular; (D) vertical 
flat panel; (E) air lift type; (F) accordion type; (G) stirred tank; (H) bubble column. Source: [58] 
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Finally, since cannabinoids are produced into the apoplast of glandular trichomes of C. sa6va, 

suggesing that CBDAS enzyme is able to pass throw the secretory pathway, and confirmed in 

heterologous systems and transgenic tobacco[22, 59]. Indeed, previous study highlighted the 

cannabinoid synthases structural changes during the secretory pathway, processing post-

translaional modificaions. Seven possible Asn N-glycosylaion sites have been already confirmed 

for cannabinoid synthases, and the enzymes were found to be highly glycosylated in heterologous 

systems[60, 61]. On the other hand, in 2019, a novel endogenous promoter designated 'highly 

abundant secreted protein 1 (HASP1) and its signal pepide were idenified and characterizes in P. 

tricornutum[62]. For instance, using an episome for heterologous DNA propagaion provides key 

advantages, such as prevening integraion into low-expression genomic regions and reducing the 

risk of random gene inacivaion in P. tricornutum. On top of that, the HASP1 promoter strongly 

drove protein expression during all growth phases of P. tricornutum, and the HASP1 signal pepide 

was sufficient to enable the secreion of GFP. This makes them a valuable tool for metabolic 

engineering applicaions.  As a result, in combinaion with culivaions methods and geneic 

manipulaion, P. tricornutum emerges as the most suitable diatom model species for focusing 

similar research efforts[52]. 

 
1.7 Problema7c, goal and research objec7ves 

 

Despite significant advances in understanding the biosynthesis of cannabinoids in Cannabis, their 

industrial production remains limited by sustainability challenges, low yields, and environmental 

costs. As a result, the search for alternative biotechnological platforms for cannabinoid 

production has intensified. P. tricornutum, an emerging model in synthetic biology, presents a 

promising solution due to its photosynthetic capacity, sequenced genome, and the availability of 

advanced molecular tools, including episomal expression systems. Within this context, the central 

research question addressed in this thesis is: Can key enzymes of the cannabinoid biosynthetic 

pathway, such as CBDAS, be functionally expressed in the diatom P. tricornutum to initiate 

heterologous cannabinoid biosynthesis, leveraging its endogenous secretion pathway and 

episomal expression potential? To address this question, the research builds on recent 



                  

40 
 

developments in microalgal metabolic engineering and the production of specialized plant 

metabolites. It seeks to fill a knowledge gap, as the production of cannabinoids in diatoms 

remains largely unexplored despite favorable conditions for developing sustainable 

biotechnological approaches. 

The present work forms part of a broader laboratory initiative in collaboration with the company 

Algae-C, which aims to develop sustainable biotechnological platforms for producing plant-

derived pharmaceutical compounds using engineered microorganisms. Cannabinoids, particularly 

cannabidiol (CBD), represent one such class of therapeutically promising molecules. To date, they 

are primarily obtained via plant extraction, a process constrained by low yield, seasonal variability, 

and ecological concerns such as overharvesting and biodiversity loss. These limitations 

underscore the urgent need for alternative, scalable, and eco-friendly production strategies. In 

our lab, the cannabinoid biosynthetic pathway has been partially reconstructed in a microalgal 

host system—P. tricornutum—highlighting its potential as an efficient chassis for microbial 

cannabinoid production. The goal is to use actual molecular tools, to introduce cannabis genes 

into P. tricornutum, allowing the expression of the enzyme CBDAS, and evaluating the production 

of CBDA/CBD. This work was structured around main objectives:  

Objective 1: establishing an heterologous expression platform to express CBDAS in P. tricornutum: 

Generating episomes carrying CBDAS variants, incorporating the native signal peptide (CBDAS) or 

the highly abundant secreted protein 1 secretory signal peptide (SP:CBDAS). CBDAS variants were 

tagged with the yellow fluorescent protein to perform cellular localization using confocal 

microscopy. And finally, evaluating protein accumulation and CBDA production by western blot 

and enzymatic assays. While I was investigating objective 1, I came across interesting results, that 

pushed us to investigate objective 2, studying the presence of sequences potentially encoding 

thrombin-like proteins.  

Objective 2: Performing in silico analyses to identify sequences potentially encoding thrombin-

like proteins, which are involved in recognizing and cleaving the thrombin sequence LVPRGS in P. 

tricornutum that we used in our constructs. Protein structure predictions, generating 

recombinant constructs with a thrombin cleavable sequence, evaluating and validating cleavage 
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efficiency of thrombin-like protease on fusion proteins in vivo. Finally, this study may advances 

bioengineering tools for diatom-based biotechnological applications. 

Chapters 2 and 3 consist of published articles corresponding to objectives 1 and 2, respectively, 

followed by Chapter 4, which provides a general discussion and conclusion. Additionally, 

appendices I and II contain supplementary data, including additional tables and figures from the 

two published articles. Finally, appendices 7 and 8 present two coauthored works: one published 

article and one review. For the article, I contributed by generating the strains used in the study, 

performing protein analysis (Western blot) and confocal analysis, as well as assisting with writing, 

reviewing, and editing the manuscript. Regarding the review, I was involved in data collection and 

analysis, as well as contributing to writing and reviewing. Although these two appendices are not 

directly related to the core objecives of this thesis, they contribute to broader research efforts 

aimed at deepening our understanding of P. tricornutum and opimizing its use as a chassis for the 

producion of high-value compounds.  
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CHAPTER II 
 
This chapter explores the producion of cannabidiolic acid (CBDA) using a microbial heterologous 

plaâorm. Phaedodactylum tricornutum’s clones containing different variants of CBDA synthase 

(CBDAS), responsible of the conversion of cannabigerolic acid (CBGA) to CBDA were characterized 

here. This chapter was wrigen in aricle format and published in the Algal Research journal. 

Contribu5on: Anis Messaabi and Elisa Fanino performed plasmid construcion, microbial 

transformaion, strain selecion, protein extracion and analysis, cellular localizaion and 

enzymaic assays experiments. Natacha Merindol helped with flux cytometry experiments and 

contributed to wriing the dray and revision. Faima Awwad, Nicolas Sene, Kimy-Li Rhéaume and 

Fatma Meddeb-Mouelhi contributed to review & edit the dray. Sarah-Eve Gélinas and Alexandre 

Custeau performed LC-MS analysis. Isabel Desgagné-Penix supervised the project, provided 

funding and material for the project, and assisted with the wriing and revising of the paper. 
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2.1 Abstract 

Cannabis sa6va's cannabidiolic acid (CBDA) offers significant therapeuic potenial without 

inducing psychotropic effects but is typically found as part of a complex mixture of metabolites in 

plant extracts. Using a heterologous expression plaâorm could allow the producion of pure CBDA. 

Here, we propose to express CBDA synthase (CBDAS) in Phaeodactylum tricornutum. Episomes 

carrying CBDAS variants, incorporaing the naive signal pepide (CBDAS) or the highly abundant 

secreted protein 1 secretory signal pepide (SP:CBDAS) were constructed. CBDAS variants were 

tagged with the yellow fluorescent protein (YFP), introduced into the marine diatom, and 

screened by fluorescence. Confocal microscopy revealed that CBDAS and SP:CBDAS arranged in 

aggregated structures indicaive of secretory pathway involvement. Western blot assays 

confirmed whole construct accumulaion intracellularly, while soluble YFP was detected 

extracellularly. Finally, enzymaic assays showed CBDA producion by both CBDAS and SP:CBDAS 

strains, confirming the potenial of P. tricornutum as a plaâorm for cannabinoid biosynthesis. 

 
2.2 Keywords 

Microalgae; cannabinoids; biofactories; cannabidiolic acid synthase; marine plaâorm; episome; 

secretory pathway. 

 
2.3 Abbrevia7ons 

Au, Absorbance units; CBD, Cannabidiol; CBDA, Cannabidiolic acid; CBDAS, Cannabidiolic acid 

synthase; CBGA, Cannabigerolic acid; EV, Empty Vector; ER, Endoplasmic Re6culum; FAD, Flavin 

Adenin Dinucleo6de; HA, Hemagglu6nin, HASP1, highly abundant secreted protein; OD, Op6cal 

density; SP, Signal pep6de; THC, Δ9-tetrahydrocannabinol; THCA, 𝛥-9-tetrahydrocannabinolic acid; 

Thr, Thrombine; YFP, yellow fluorescent protein. 

 
2.4 Highlights 

 
● Microalgae producion of cannabidiolic acid (CBDA), a bioacive cannabinoid (CB) 

● Promising photosyntheic plaâorm for sustainable biomanufacturing pharmaceuicals 
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● Cannabis CBDA synthase was successfully heterologously expressed in Phaeodactylum 

tricornutum 

● Fluorescent tagging and microscopy used to track CBDA synthase localizaion 

● Secretory signal pepides enhance CBDA synthase targeing and secreion pathways 

 
2.5 Graphical abstract 

 

 
2.6 Introduc7on 

 
Cannabis sa6va-based preparaions are prescribed in the USA and Canada to treat nausea 

following cancer chemotherapy, appeite loss due to acquired immune deficiency syndrome, and 

to provide symptomaic relief from neuropathic pain in muliple sclerosis paients[63]. 

Cannabinoids (CBs) are a group of metabolites long coveted for their psychoacive and medicinal 

properies[7, 64-67]. Δ9-Tetrahydrocannabinol (THC) and cannabidiol (CBD), as well as their 

carboxylated forms Δ9-tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA), are the 

potent CBs associated with the therapeuic benefits of C. sa6va (Cs). CBD, in paricular, has been 
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reported to reduce sustained anxiety and improve sleep while being devoid of psychotropic 

effect[68-70]. In planta, cannabinoid and terpene biosynthesis pathways occur in secretory cells 

of the glandular trichomes of C. sa6va. Both pathways uilize precursors such as geranyl 

pyrophosphate from the methylerythritol phosphate pathway and intermediate such as acetyl-

CoA from fagy acid metabolisms[71]. THCA and CBDA synthesis is catalyzed in the glandular 

trichome cavity by the THCA synthase (CsTHCAS) and the CBDA synthase (CsCBDAS), respecively. 

Both secreted enzymes are members of the berberine bridge enzyme-like gene family, which 

contains a 28 amino acids (aa) N-terminal signal pepide and a flavin adenine dinucleoide (FAD) 

binding domain[72-74]. These FAD-dependent oxygenases catalyze the oxidaive cyclizaion of 

cannabigerolic acid (CBGA), the last step of the major CB pathway. The structural and funcional 

properies of CsCBDAS are quite similar to those of CsTHCAS with 84% idenity in the amino acid 

sequences[72, 75]. Both possess a disulfide bond and several N-glycosylaion sites[73]. The main 

difference between the reacions they catalyze is the proton transfer step, i.e. CsCBDAS extracts a 

proton from the methyl group at the end of CBGA to yield CBD, while the CsTHCAS enzyme 

extracts a hydroxyl group to produce THC[75, 76].  

The isolaion of pure CBD, desirable for its specific pharmaceuical properies, from C. sa6va is 

challenging, as the extracion results in formulaions containing hundreds of plant chemicals and 

minor cannabinoids[77, 78]. Although there has been progress, its chemical synthesis has not 

been proven to be a cost-effecive method either, mainly due to the complexity of its structure, 

resuling in high producion and environmental costs, and subopimal yields[79]. For these 

reasons, there is a need for alternaive producion plaâorms that are controlled and sustainable. 

To this aim, CBs pathway enzymes have been introduced in heterologous prokaryoic and 

eukaryoic hosts such as E. coli[80], yeast [81-85], model plants like Nico6ana benthamiana[86], 

filamentous fungi like Penicillium chrysogenum[87], and marine diatoms such as Phaeodactylum 

tricornutum[88, 89]. These studies achieved variable yields of CBs and precursors, reaching up to 

hundreds of mg/L[90], and revealed that CBs are more suitable to be produced in eukaryoic 

compared to prokaryoic organisms. For instance, expression in E. coli cytosol failed to yield an 

acive CsTHCAS[82]. The coding sequence of CsTHCAS fused to different signal pepides and 

tagged with the yellow fluorescent protein (YFP) was transiently heterologously expressed in N. 
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benthamiana[86, 91, 92]. Interesingly, CsTHCAS enzyme was detected only when targeted to the 

endoplasmic reiculum (ER); while cytosolic and plasid localizaion resulted in no detectable 

protein[92]. Recent studies suggested that glycosylaion and other post-translaional 

modificaions of CsTHCAS occurring in the ER might contribute to the correct folding of the 

enzyme and influence its stability[84, 92]. 

Direcing CsTHCAS or CsCBDAS to specific intracellular compartments, such as the vacuoles, was 

also key to their funcion and CBs producion in yeast[83-85, 93]. These studies indicated that the 

expression and translocaion of CsTHCAS and CsCBDAS to specific intracellular compartments 

might result in the stabilizaion of the enzyme and increase their acivity, possibly involving the 

pH-dependency of the reacion. Moreover, the translocaion of the enzymes into specific 

compartments might shield the cells from the accumulaion of CBs in the cytosol which was shown 

to be toxic to C. saiva protoplasts and P. tricornutum cell cultures[89, 91]. Thus, an efficient 

CsCBDAS heterologous plaâorm would ideally allow for eukaryoic post-translaional 

modificaions through compartmentalizaion or secreion of the enzyme, or its product, and 

contain the necessary pathway precursors.  

Microalgae are unicellular photosyntheic organisms emerging as heterologous hosts to produce 

plant specialized metabolites[94, 95]. Diatoms are especially resistant to diverse environments 

and play an important role in fixing carbon from the ocean[96]. P. tricornutum, in paricular, is 

known for its rapid growth rate and richness in fagy acids [97], and has been successfully used as 

a plaâorm to produce lipids, terpenoids, and geraniol[98-101]. Recently, we demonstrated that 

diatom cell cultures could support in vivo producion of the cannabinoid precursors olivetolic acid 

and CBGA following heterologous expression of tetrakeide synthase and olivetolic acid cyclase 

[88, 89]. Based on these characterisics, we hypothesize that P. tricornutum could be modified to 

efficiently biosynthesize CBDA.  

This study aims to address these challenges associated with funcional CBDAS heterologous 

expression and explore the suitability of producing CBDA in a sustainable and efficient manner. 

We engineered diatom strains with episomes containing three versions of the CsCBDAS sequence 

driven by the P. tricornutum endogenous promoter from the highly abundant secreted protein 1 

(HASP1)[102, 103]. The casseges included 1) the naive CsCBDAS sequence, 2) a truncated 
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sequence lacking the 28 aa N-terminal signal pepide (SP), and 3) a hybrid sequence, replacing the 

naive SP with HASP1 18 aa secretory SP to direct CsCBDAS to the extracellular matrix, mimicking 

enzymes behavior in planta. All sequences were codon-opimized for expression in the diatom 

and fused to YFP at the C-terminal, to easily follow protein accumulaion and subcellular 

localizaion. Ayer transformaion, P. tricornutum strains harboring CsCBDAS complete sequence 

(CBDAS), truncated (Δ28aaCBDAS), and secreted version (SP:CBDAS) were characterized by flow 

cytometry, immunobloång, confocal microscopy, and enzymaic assay. SP:CBDAS transconjugants 

yielded more clones with higher fluorescence compared to the other two designs. Both CBDAS 

and SP:CBDAS formed aggregate-like structures between the two plasid lobes, suggesing 

secretory pathway localizaion. Enzymaic assays confirmed that enzymes were acive in both 

contexts, yielding CBDA as a product, whereas constructs without signal pepide were not acive. 

The successful heterologous expression of CsCBDAS in P. tricornutum represents an important step 

in the development of microalgal-based biofactories for cannabinoid producion. Moreover, our 

results reinforce the potenial of the marine diatom, as a plaâorm for efficient producion of 

complex metabolites with pharmaceuical applicaions 

 
2.7 Results and Discussion 

 
 

2.7.1 Engineering P. tricornutum strains to express CsCBDAS 
 
To metabolically engineer the brown algae P. tricornutum to biosyntheize CBDA, we designed 

three episomes harboring different versions of the gene encoding CsCBDAS (Fig. 2-1A). Gene 

expression was driven from 499-bp of the HASP1 promoter (HASP1p); followed by 1) a complete 

codon opimized CsCBDAS gene sequence (CBDAS), 2) a truncated version (Δ28aaCBDAS) without 

the secretory signal pepide (SP, 84 bp), or 3) the truncated version with an addiional 54 bp from 

the 5’ coding sequence of HASP1 (SP:CBDAS). Enzyme sequences were tagged with YFP and 3x 

hemaggluinin (HA) at their C terminal, linked by a thrombin cleavage sequence (LVPRGS)[104]. 

Three addiional episomes were included as controls; the empty vector (EV) containing only the 

nourseothricin resistance cassege with the nat gene, a plasmid with the YFP reporter gene (YFP) 

under HASP1p, and one with YFP fused with the HASP1 SP (SP:YFP) at its N-terminal under HASP1p 
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(Fig. 2-1A). These five constructs were successfully transformed into P. tricornutum by E. coli 

conjugaion, and characterized for YFP signal, protein detecion, and enzymaic assay (Fig. 2-1B).  

 

Figure 2-1: : Expression system and pla]orm development.  

A. Scheme of the recombinant cassettes expressing cannabidiolic acid synthase (CsCBDAS) driven by the diatom promoter HASP1p 
and tagged with the yellow fluorescent protein (YFP) reporter gene. Expression cassettes included the complete codon-optimized 
native sequence of CsCBDAS (CBDAS), a truncated version (Δ28aaCBDAS), and a truncated version plus 54 bp from the 5’ coding 
sequence of HASP1 (SP:CBDAS). All sequences were tagged in the C terminal with YFP and 3xhemagglutinin (HA), linked to the 
enzyme by a thrombin cleavage sequence (LVPRGS). Moreover, three controls were used, i.e. YFP gene, SP:YFP both driven by 
HASP1p, and Empty vector (EV) encoding only the nat gene conferring nourseothricin resistance. B. Study workflow. P. tricornutum 
cells were transformed by E. coli conjugation, then clones were screened and analyzed by fluorescence emission in a microplate 
reader and flow cytometer, enzyme size was verified by immunoblotting assay and subcellular localization was observed in the 
confocal microscope. Enzyme activity was confirmed by the detection of CBDA on an HPLC-DAD. The figure was created with 
BioRender.com [105]. 

 
Two weeks post-transformaion, 36 colonies of each strain were randomly selected and grown in 

nourseothricin-containing plates for 10 more days, for a second anibioic selecion round. At that 

stage, colonies were screened by epifluorescence microscopy. The frequency of YFP+ colonies, i.e. 

with higher fluorescence compared to the EV strain, was computed for each line (Table 2-1). 

 

Table 2-1: Transconjugant strains screening by yellow fluorescent protein (YFP) fluorescence.  

Thirty-six randomly selected colonies of each strain, CsCBDAS:YFP (CBDAS), CsCBDAS fused to the HASP1 signal peptide 
(SP:CBDAS), and a truncated CsCBDAS version without the first 28 aa (Δ28aaCBDAS) were screened under a fluorescence 
microscope. YFP+ clones selected from the first screen were grown in L1 liquid media for 10 days in 96-well plates, and YFP 
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fluorescence was analyzed with a microplate reader (second screen). Empty vector (EV) strain was used as a negative control to 
settle the basal autofluorescence. 

Strain 
1st screening 
YFP+ clones 

(Fluorescence microscopy) 

2nd screening 
YFP+ clones 

(Ex500Em539)/OD680 nm 

CBDAS 30.6% (n=11/36) 72.7% (n=8/11) 

SP:CBDAS 50% (n=18/36) 100% (n=18/18) 

Δ28aaCBDAS 19.4% (n=7/36) 100 % (n=7/7) 

SP:CBDAS strain presented a higher percentage of YFP+ colonies (50%) compared to CBDAS 

(30.55%) and Δ28aaCBDAS (19.44%) strains (Table 2-1). Strains that presented fluorescence were 

grown in liquid culture for 10 days and further analyzed in a second screening round by recording 

YFP emission normalized on culture OD680 nm in a microplate reader, using EV strain as negaive 

control (Fig. 2-2A, B; Fig. S1). Fluorescence was detected in YFP, SP:YFP, CBDAS, SP:CBDAS and 

Δ28aaCBDAS transconjugants, and SP:CBDAS clones displayed more fluorescence compared to 

CBDAS (One way Anova, Tukey post-test p<0.05, Fig. 2-2A). A threshold equivalent to the mean 

background fluorescence detected in the EV clones, plus twice the standard deviaion of that 

mean, was used to determine posiive clones (Table 2-1, Fig. 2-2B). All three YFP and SP:YFP clones, 

used as posiive controls, were fluorescent (Fig. 2-2A, B). Eight of the 11 clones of the CBDAS strain 

(72.7%) remained fluorescent (Table 2-1). All tested clones from SP:CBDAS and Δ28aaCBDAS 

displayed YFP fluorescence above the threshold (Fig. 2-2B). 

 

 
Figure 2-2: CBDAS strains screening for YFP fluorescence.  

The strains selected by the fluorescence microscope were transferred to liquid media where the YFP fluorescence intensity was 
measured by the microplate reader, normalized to the OD680 nm, and compared with EV strain autofluorescence (A). Mean ± 
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SD; n=3 biologically independent samples for each strain were plotted. The clones with a YFP fluorescence higher than the EV 
fluorescence (mean + (SD) x 2) were determined as YFP positive (B). A One way Anova with Tukey post-test was performed 
(*p<0.05). 

 
Thus, our results indicated that the constructs were successfully transformed and heterologously 

expressed by P. tricornutum, and that SP:CBDAS transconjugants presented a higher YFP 

fluorescence compared to CBDAS constructs. To some extent, these results are in contrast with 

Erdene-Ochir observaions, which suggested that the addiion of the SP signal to GFP decreased 

transcript levels compared to GFP alone constructs[102]. The authors suggested that the presence 

of the SP sequence could affect the steady-state level of GFP mRNA. In our study, the addiion of 

the SP signal had a posiive impact at the fluorescence level, but we used different constructs, and 

episomal expression rather than randomly integrated genomic expression, limiing our ability to 

compare with Erdene-Ochir et al.[102]. 

 

https://www.nature.com/articles/s41598-019-45786-9#auth-Erdenedolgor-Erdene_Ochir-Aff1-Aff2
https://www.nature.com/articles/s41598-019-45786-9#auth-Erdenedolgor-Erdene_Ochir-Aff1-Aff2
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Figure 2-3: Characteriza>on of the selected transconjugants.  

A. Growth curves of each strain, the optical density (OD) at 680 nm was followed for 14 days. B. YFP fluorescence emission 
(excitation 500 nm- emission 539 nm) was measured and normalized to the OD for the 12 cultures monitored in A. C. 
Representative dot plots of 3 selected clones of each strain. Pseudo-color dot plots of empty vector (EV) and transformants 
strains; YFP fluorescence was detected at 530 nm on the x-axis, and autofluorescence at 448 nm on the y-axis. Gates and 
frequencies of total YFP populations were designed according to the autofluorescence of the negative control EV shown as a 
reference. 

2.7.2 Characteriza<on of the selected fluorescent clones 
 
Three clones with the highest fluorescence for each strain were selected for further 

characterizaion. The culture growth curves and YFP fluorescence were registered for 14 days and 

compared to the EV strain (Fig. 2-3 A and B). Strains presented a similar pagern, showing that the 

presence of the transgene did not negaively affect the growth of P. tricornutum cells. The YFP 
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fluorescence increased from day 7, as shown before[102, 103], with clone SP:YFP 13 showing the 

highest level at day 14.  

Clones were then analyzed on a flow cytometer at day 10 (Fig. 2-3C). The EV strain was used as a 

negaive control. YFP clones 3, 7, and 11 presented 35.4 %, 55.9 %, and 36.7 % of YFP+ cells, 

respecively, while SP:YFP clones 4, 13, and 17 showed 79.7 %, 48.2%, and 44.6 % of YFP+ cells. 

The selected CBDAS clones (7, 11, and 18) and SP:CBDAS (2, 6, and 8) showed similar frequency 

of YFP+ cells; 26.7 %, 37.6 % and 36.1 % vs. 43.2 %, 36.6 % and 26.5 %. Regarding Δ28aaCBDAS, 

clone 10 presented a cell populaion with a lower percentage (9.23 % of YFP+ cells), compared to 

clones 1 and 28, with 50.9 %, and 41.7 %, respecively. These results are consistent with George 

et al, showing that episomal expression is an efficient method to generate P. tricornutum 

transconjugants that express transgenes, requiring less screening compared to random 

integraion methods[101]. 

 
2.7.3 Subcellular localiza<on of CBDAS in P. tricornutum transconjugants 

 
To assess the subcellular localizaion of CBDAS from the three constructs, i.e. without SP 

(Δ28aaCBDAS), with endogenous SP (CBDAS), and with HASP1 SP (SP:CBDAS), transconjugants 

were visualized on a confocal microscope, acquiring YFP fluorescence (yellow), and chlorophyll 

autofluorescence (red) using EV, YFP and SP:YFP as controls (Fig. 2-4). YFP fluorescence in the YFP 

control strain was visible throughout the cytoplasm at the early staionary phase (day 10). As 

previously observed, the HASP1 SP caused considerable changes in the subcellular localizaion of 

YFP, clustering in the chloroplast ER rather than the cytoplasm, as a clustered doged structure 

between the two plasid lobes[102, 106-108]. According to Erdene-Ochir et al, this suggests that 

the HASP1 signal pepide leads to YFP entry into the secretory pathway. Interesingly, both CBDAS 

and SP:CBDAS strains presented a localizaion pagern consistent with clustered structure between 

the plasid lobes, similar to SP:YFP (Fig. 2-4, S2 and S3). CBDAS fluorescence pagern also 

corresponded to the signal of the medial Golgi marker protein XylT[108]. A similar pagern was 

observed when the potenial retromer subunit Vps29, the structure involved in endosomal 

retrograde transport to the Golgi apparatus, was heterologously expressed in P. tricornutum. 

These results suggest that CBDAS and SP:CBDAS both localized in the secretory pathway. 
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Unexpectedly, the soluble version of Δ28aaCBDAS enzyme did not behave as a cytosolic protein, 

although more diffuse than CBDAS and SP:CBDAS, aggregates were observed close to the plasid 

(Fig. 2-4 and S4), in all three clones. Overall, the localizaion pagern of SP:CBDAS and CBDAS 

suggests that they cluster in the chloroplasic ER, where post-translaional modificaions like N-

glycosylaion, required for acivity, stability, and correct folding of endogenous as well as 

transgenic enzymes, occur[109]. 
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Figure 2-4: SP:CBDAS and CBDAS localize at the chloroplas>c endoplasmic re>culum in P. tricornutum transconjugants. YFP 
fluorescence, chlorophyll autofluorescence, and the merging of three fields are shown in transgenic lines producing 
CBDAS:YFP, SP:CBDAS:YFP, Δ28aaCBDAS:YFP, SP:YFP, and YFP were visualized by confocal laser microscopy. YFP and 
EV cells were used as positive and negative controls. Scale bars = 10 μm. 
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2.7.4 CBDAS accumula<on and secre<on 
 

To analyze the impact of HASP1 signal pepide on enzyme secreion into the extracellular matrix, 

we performed a western blot using protein pellets from cell extracts and supernatants from 

staionary phase cultures (Fig. 2-5-5A & B). As expected, the EV protein extract did not show any 

bands following immunobloång with ani-YFP (Fig. 2-5A), while the posiive control (10 ng of 

purified GFP) showed the predicted band at 27 kDa. YFP clones presented the expected band at 

32 kDa (Thr:YFP:3HA) and a band below it (∼30 kDa). The YFP clone 11, presented both bands, 

but the upper band showed higher intensity. In the case of the SP:YFP strains, clones showed the 

expected band (~34 kDa, SP:Thr:YFP:3HA), with addiional smaller bands at high intensity for clone 

4. For further assays, clones YFP 7 and SP:YFP13 were used. All cell extracts from CBDAS clones 

and SP:CBDAS produced proteins of the predicted size of 92-93 kDa, confirming intracellular 

accumulaion. When Slagery et al. heterologously expressed the receptor-binding domain of the 

SARS-CoV-2 spike protein, under a longer version of HASP1p containing the secretory signal (642-

bp), only one of the 9 selected clones produced the desired protein [36]. In our study, the fusion 

of CBDAS to an endogenous and recognized signal pepide by the secretory mechanism could 

stabilize the enzyme, as proven when targeted to the ER[92]. To verify, if CBDAS and SP:CBDAS 

were secreted, the extracellular media was concentrated 250 imes, and analyzed by western blot 

(Fig. 2-5B). YFP clone 7 and EV strains supernatants were used as controls and no specific band 

was detected. However, SP:YFP, CBDAS, and SP:CBDAS displayed bands close to YFP size (∼ 27 

Figure 2-5: CBDAS protein detec>on. Western blot analysis using anti-YFP antibody of total intracellular protein extract from 
cell lysate and extracellular culture. (A) cell lysates and (B) culture supernatants. YFP (Thr:YFP:3HA, 32 kDa), SP:YFP 
(SP:Thr:YFP:3HA, 34 kDa), CBDAS (CBDAS:Thr:YFP:3HA, 93 kDa), SP:CBDAS (SP:CBDAS:Thr:YFP:3HA, 92 kDa), EV 
and purified GFP/YFP (27 kDa). Lower panel, stained blot with red ponceau solution (RP). Full-length Western blots are 
presented in Supplementary Fig. S5. 
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kDa), but CBDAS:YFP was not detected. Uncropped blot and red ponceau stain are shown in Fig. 

S5. 

Thus, we could not detect CBDAS and SP:CBDAS in the extracellular media, only the YFP cleaved 

porion was visible. The detecion of YFP in the extracellular is consistent with Erdene-Ochir et al., 

which detected secreted GFP from SP:GFP constructs by western blot during the staionary 

phase[110]. The absence of detecion of the enzymes could be due to degradaion during the 

secreion process, and/or cleavage from YFP. Studies of protein producion in yeast showed that 

when cells reached their maximal secretory adaptaion capabiliies, the subset of high protein 

accumulator cells trigger protein degradaion in the enire cell populaion, or transiently 

experience a secreion burnout[111]. Alternaively, a cleaved tag-free version of CBDAS could be 

present in the extracellular matrix but would remain undetectable. A previous study has suggested 

that the thrombin cleavage sequence could be recognized and cleaved in P. tricornutum[112]. 

 

 
Figure 2-6: P. tricornutum transconjugants display CBDAS ac>vity.  

A) Percentage of YFP+ cells of selected transconjugants after 21 days of culture. B) HPLC-DAD chromatograms of in vitro CBDA 
production. Extracts were analyzed by HPLC-DAD and signals were compared to authentic CBDA standard (Fig. S6, S7, S8, and 
S9). 

 
 

https://www.nature.com/articles/s41598-019-45786-9#auth-Erdenedolgor-Erdene_Ochir-Aff1-Aff2
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2.7.5 CBDAS enzyma<c ac<vity 
 
As the enzyme was detected in the cell extracts but not in supernatant, cell lysates were used to 

assess the acivity of CBDAS transconjugants, similarly to Slagery et al.[103]. 

Clones were scaled up from the L1 agar plate colonies obtained ayer E. coli conjugaion, to avoid 

possible mutaions generated by coninuous transfers[113]. The percentage of YFP+ cells was 

measured in cell cultures grown to the staionary phase for 21 days (Fig. 2-6A). Total soluble 

protein was extracted from fluorescent CBDAS 7, 11, 18, SP:CBDAS 2, 6, 8, Δ28aaCBDAS clones 1, 

10, 28, EV, YFP clone 7, and SP:YFP clone 13 transconjugants and used for enzymaic assay without 

protein purificaion, to avoid protein degradaion. CBGA was used as a substrate, and the products 

of the reacion were analyzed and idenified by HPLC-DAD (Fig. 2-6-6B, S5, S6). Neither CBDA nor 

any other traces of CBs were detected in cell protein extracts of SP:YFP and Δ28aaCBDAS strains. 

A signal eluing at 8.827 min corresponding to the CBDA standard was detected when CBDAS and 

SP:CBDAS transconjugants protein extracts were incubated with CBGA as substrate. The UV 

spectrum of the in vitro assay was also compared with the one of authenic reference standard 

CBDA (Fig. S7) and then the idenificaion was confirmed by HPLC-MS/MS (Fig. S8). The highest 

yield corresponding to 0.55 mg/L of CBDA was obtained in SP:CBDAS clone 6 cell protein extract. 

Thus, both construcions, with endogenous signal pepide (CBDAS) and HASP1 signal pepide 

(SP:CBDAS) led to the in vitro producion of CBDA, while removing the signal pepide abolished 

the enzyme acivity. These results add to the growing evidence that the enzyme CBDAS requires 

to be processed through the secretory pathway. It also adds to our previous studies suggesing 

that the diatom is a suitable host for CBs producion[88, 89]. 

 

The first report of CBDAS heterologous producion was published in 2018, using wild-type and 

mutant enzymes heterologously expressed in Komagataella phaffii[114]. The mutant strain CBDAS 

A414V+A46V+T47A was able to produce 0.42 g.L-1 CBDA and 0.13 g.L-1 of THCA when 

supplemented with CBGA[84], increasing CBDAS catalyic acivity by 3.3 imes[84]. In 2019, Luo 

et al. generated strains of S. cerevisiae that produced different CBs from galactose. The highest 

reported iters of CBDA by hexanoic acid supplementaion were 4.3 μg.L-1 CBDA[85]. A second 

group successfully implemented de novo biosynthesis of CBD in S. cerevisiae, yielding 6.92 mg/L, 
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by overexpressing the bile pigment transporter 1, which efficiently transfers CBGA from the 

cytoplasm to the vacuole, where catalysis takes place[76]. Experiments in S. cerevisiae with co-

overexpression of WT CsCBDAS and transcripion factor HAC1, which acivates the unfolded 

protein response to restore ER homeostasis[115], resulted in increased specific aciviies of 11-

fold, as determined by in vitro assays[93]. Moreover, muliple copies of CsCBDAS were integrated 

using a mulicopy integraion system, and the resuling strain produced 0.13 mg/L CBDA at pH 4 

[93]. Overall, the heterologous expression systems for CB producion sill require opimizaion and 

fine-tuning to be profitable to the industry. However, these studies indicate several avenues for 

further opimizaion of CsCBDAS acivity in P. tricornutum. 

Here, we succeeded in engineering the diatom P. tricornutum with an acive CBDAS, showing the 

importance of its localizaion in the ER through the encoded signal pepide. This work highlights 

the importance of studying linkers and signal pepide behavior in new heterologous plaâorms, 

such as the diatom P. tricornutum, as well as characterizing the secretory network to construct 

more efficient tools. 

Future research should include the evaluaion of medium opimizaion (phosphate and iron 

deprivaion)[103], directed mutagenesis, the use of smaller tags, different sequence of 

linkers[112], and increasing the gene copy number on CBDA iters in P. tricornutum. In addiion, 

strategies to reduce CBs cytotoxicity in P. tricornutum cells[89] such as cell compartmentalizaion 

and the use of cannabinoid transporters must be considered.  

 
2.8 Conclusion 

 
We previously demonstrated the use of P. tricornutum as an in vivo heterologous producion 

plaâorm for olivetolic acid and CBGA, precursors of cannabinoids. In the present study, we report, 

for the first ime, the producion of one of the most criical enzymes in the cannabinoid 

biosyntheic pathway in microalgae. Our results showed that the producion of three versions of 

CBDAS i.e. naive, modified with an endogenous secretory signal pepide, and truncated one, can 

be produced in P. tricornutum. The YFP fluorescence-based screening method enabled high-

throughput clone selecion and facilitated the detecion of high fluorescence in the constructs 

driven by the HASP1 promoter. Enzymaic assays confirmed the acivity of CBDAS, with CBDA as 
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the product in both the naive and secretory constructs. Overall, we demonstrated that CBDA 

producion through the heterologous expression of CBDAS in P. tricornutum, achieves compeiive 

levels when compared to yeast plaâorms. Although addiional improvements are required, these 

findings validate the diatom as a plaâorm for cannabinoid biosynthesis, offering a sustainable and 

scalable alternaive to tradiional producion systems.  

 
2.9 Methods 

 
Plasmids Construc5on 
 
Plasmids were constructed by Gibson assembly using the NEBuilder® HiFi DNA Assembly Bundle 

for Large Fragments (New England Biolabs, Canada). Amplicons used for assemblies were 

amplified by PCR with PrimeSTAR GXL DNA Polymerase (Takara Bio, Japon) following the 

manufacturer’s protocol. Plasmid pPtGE31 is used as a template to construct the expression 

vectors[116]. The C. sa6va CBDAS gene was fused in the C terminal to the YFP gene, linked by 

thrombin cleavage sequence, and a 3xHemaggluinin (HA) tag was introduced in the C terminal of 

the YFP gene. All the sequences were codon opimized for P. tricornutum and synthesized by Bio 

Basic (Markham, Ontario, Canada). These sequences were introduced in the expression cassege 

containing the 499 bp ‘Highly abundant secreted protein 1’ (HASP)1 promoter[102] and FcpA 

terminator. N-acetyltransferase gene (nat) conferring resistance to Nourseothricin was used as a 

selecion marker, under FcpC promoter and FcpC terminator. As a result, the following plasmids 

were generated; the CBDAS complete codon sequence, HASP1pro:CBDAS:Thr:YFP:3HA (CBDAS), a 

truncated CBDAS version without 84 bp from the 5’, HASP1pro:Δ84CBDAS:Thr:YFP:3HA 

(Δ28aaCBDAS) and the truncated CBDAS version with the endogenous HASP1 signal pepide SP, 

54 bp in the 5’, HASP1pro:SP54:Δ84CBDAS:Thr:YFP:3HA (SP:CBDAS). As a control, Thr:YFP:3HA 

sequence (YFP) and SP:Thr:YFP:3HA sequence with the signal pepide SP (SP:YFP). To enhance 

protein producion, a minimal Kozak sequence was placed directly before each ATG iniial codon. 

A modified version of the pPtGE31 vector[117], harboring nat gene cassege, was used as a 

negaive control. All DNA sequences and primers used in this study are listed in Supporing 

Informaion Table S1 and S2 respecively. 
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Microbial Strains, Growth Condi5ons and Transforma5on 
 
Escherichia coli (NEB® 10-beta, New England Biolabs, Canada) were grown in Luria Broth (LB) 

supplemented with appropriate anibioics (chloramphenicol, 30 mg/L). Plasmids were extracted 

using a miniprep kit allowing the extracion of large vectors (Biobasic EZ10 miniprep kit, NY, USA), 

sequenced by CCIB DNA Core (Massachusegs General Hospital, United States of America) through 

Next-Generaion sequencing plaâorm and then amplified in Epi 300 strain containing pTA-MOB 

plasmid to allow conjugaion with diatoms, as described in the literature[117]. Briefly, 1 mL of 

wild-type P. tricornutum was seeded on 0.5X L1, 1% agar plates and grown at 18 °C on a light/dark 

cycle of 16/8h for 4 days. Before transformaion, 1 mL of L1 media was added to each agar plate, 

cells were scraped and recovered by pipeång in a sterile tube. Cell concentraion was then 

adjusted to 5.0×108 cells/mL. A volume of 25 mL E. coli culture containing the assembled plasmid 

and pTA-MOB was grown at 37°C under agitaion to OD600 of 0.8, then centrifuged at 3000 x g 

for 10 min and resuspended in 250 μL of SOC media. Conjugaion was iniiated by adding 200 μL 

of P. tricornutum to 200 μL of E. coli cells. The cell mixture was plated on 0.5X L1, 5% LB, ~1% agar 

plates, incubated at 30°C for 90 min in the dark, and transferred to 18 °C in the light and grown 

for 2 days. Ayer the recovery period, 1 mL of L1 media was added to the plates to collect cells by 

scraping. Then, cells were plated on 0.5 X L1, 1% agar plates supplemented with nourseothricin 

200 mg/L for selecion and incubated at 18 ° C. Transformed colonies appeared ayer 2 weeks.  

 
Strains Selec5on 
 
Thirty-six clones per construct were plated on new selecive media supplemented with 

nourseothricin 200 mg/L. Ayer 10 days colonies were observed with a magnificaion of 80 to 120x 

and screened by fluorescence under a Fluorescent Stereo Microscope Leica M165 FC with GFP 

filter. Then, 200 µL cell culture of the selected strains was analyzed in the Synergy H1 BioTek 

microplate reader to measure the YFP fluorescence at Ex/Em wavelengths of 500/539 nm (n = 3) 

and OD680nm. EV and YFP strains were used as negaive and posiive controls, respecively. 

Strains with fluorescence higher than the mean raio ([Ex500/Em539]/OD680) + 2 x [SD] of EV were 

determined as YFP posiive and analyzed with a CytoFLEX S flow cytometer (Beckman) equipped 

with violet (405 nm), blue (488 nm), yellow-green (561 nm) and red (638 nm) lasers. In this case, 
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75 µL of 10-day-old cultures were filtered and transferred to clear 96-well plates with 200 µL of L1 

in each well. Chlorophyll autofluorescence was detected in the PerCP channel (690/50 nm), while 

YFP fluorescence was detected in the FITC channel (525/40 nm). Figures and staisics were 

analyzed using BD FlowJo version 10 soyware (BD Biosciences, La Jolla, CA, USA, 2020). 

 
Protein extrac5on 
 
Fiyy mL of bioengineered strains were grown for 21 days in L1 media containing nourseothricin 

(200 mg/L) then centrifuged at 3,500 x g for 15 min at 4ºC. The supernatant was kept and 

concentrated 200x using Amicon Ultra-15 30K Centrifugal Filter Units from Sigma (cat.  

#UFC903008). Pellets were weighed and protein extracion was performed according to Fanino 

et al.[89]. Concentrated supernatants containing soluble protein fracion were kept at -20°C for 

further use in western blot. Total protein samples were quanified using RC DC™ Protein Assay Kit 

I (Bio-Rad cat # 5000121). 

Western blot 
 
For each clone, 60 µg of total proteins were loaded in 10% SDS- PAGE. Transfer seångs: 80 volts 

unil proteins went through the stacking gel, then at 120 volts for 2 hours were used. Primary 

anibodies were incubated overnight at 4ºC. Primary ani-GFP/YFP/CFP and ani-HA from 

Cedarlane (Ontario L7L 5R2 Canada, cat. #CLH106AP) and ThermoFisher Scienific (Illinois 61101 

USA, cat. #MA1-21316) respecively. Both were used at a 1:1000 diluion in 3% BSA. Ayer three 

washes with TBST soluion, the blots were incubated for 1 hour in a 1:20000 diluion, of Immun-

Star Goat Ani-Mouse (GAM)-HRP Conjugate from Bio-Rad (Ontario L5T 1C9 Canada, cat. 

#1705047) in 5% milk. Purified GFP (10 ng) and Muliple Tag (10 ng), from GenScript (cat. #M0101) 

were used as a posiive control for YFP and HA Tag. Ayer three washes with TBST soluion, protein 

detecion was realized by using Clarity Max Western ECL Substrate-Luminol soluion from Bio-Rad 

(cat #1705062S). Chemiluminescence detecion and Red Ponceau stained (Glacial Aceic Acid 5% 

v/v, Ponceau Red dye 0.1% m/v) of the blots were visualized using ChemiDoc Imaging System with 

Image Lab Touch Soyware (Bio-Rad cat # 12003153) and Image Lab™ Soyware (Bio-Rad cat # 

1709690).  
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Confocal Microscopy 
 
Live cell Images were captured, and protein localizaion was visualized with a Leica TCS SP8 

confocal laser scanning microscope (Leica Microsystems) with a 40×/1.30 oil immersion objecive. 

The YFP excitaion wavelength used was 488 nm and the emission of fluorescence signals was 

detected from 500 to 525 nm. Chlorophyll auto-fluorescence was observed with an excitaion 

wavelength of 552 nm and the emission of fluorescence signals was detected from 630 to 670 nm. 

The combined images were generated using Leica Las X soyware. 

CBDAS in vitro enzyma5c assay 

Enzymaic assays were carried out using 500 µg of total protein extracion, from 3 biologically 

independent samples, in a 200 µL volume reacion. The reacion was adapted from Valliere et al. 

[118], composed of (pH 4.5), 25 mM MgCl2, 25 mM KCl, 250 µM FAD, and 300 uM CBGA, and 

incubated ON at 30°C. The reacions were then extracted with 3 volumes of methanol. Metabolite 

extracts were filtered (0.2 µm PTFE, Agilent Technologies, cat. no. 5190-5265), then dried in a 

SpeedVac concentrator and resuspended in 100 µL methanol, HPLC grade, and stored at -20°C for 

high-performance liquid chromatography coupled with diode-array detecion (HPLC-DAD) 

analyses. Metabolite detecion was confirmed by HPLC coupled with tandem mass spectrometry 

(MS/MS).  

Cannabinoids and precursors standards 
 
Olivetolic acid (OA, CAS 491-72-5) and olivetol (OL, CAS 500-66-3) were purchased from Santa 

Cruz Biotechnologies (Dallas United States). Delta-9-tetrahydrocannabinol (THC, CAS 1972-08-3), 

cannabidiol (CBD, CAS 13956-29-1), cannabinol (CBN, CAS 521-35-7), 𝛥-9-tetrahydrocannabinolic 
acid (THCA, CAS 23978-85-0), cannabidiolic acid (CBDA, CAS 1244-58-2), cannabigerolic acid 

(CBGA, CAS 25555-57-1), cannabichromene (CBC, CAS 20675-51-8), cannabigerol (CBG, CAS 

25654-31-3), tetrahydrocannabivarin (THCV, CAS 31262-37-0) and cannabidivarin (CBDV, CAS 

24274-48-4) were purchased from Agilent Technologies (QC, Canada). Cannabinolic acid (CBNA, 

CAS 2808-39-1) was purchased from Sigma-Aldrich (ON, Canada). 
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HPLC-DAD and HPLC-MS/MS analysis 
 
Analyses were conducted using high-performance liquid chromatography (HPLC) with diode-array 

detecion (DAD). Chromatographic separaion of analytes was performed using an InfinityLab 

Poroshell 120 EC-C18 column (4.6 × 100 mm, 2.7 mm; Agilent Technologies, QC, Canada) 

maintained at 30°C. Ten microliters of the sample were injected. 

into the analyical device. Mobile phases used during analysis were made of (A) formic acid 0.1 % 

v/v in milli-Q water and (B) formic acid 0.1 % v/v in methanol with a flow rate of 1 mL/min. The 

HPLC gradient program was set as follows: 0 min, 70 % B; 1.0 min, 70 % B; 6.0 min, 77 % B; 15.0 

min, 90 % B; 15.1 min, 70 % B and 18.0 min, 70 % B. The total run ime per sample was 18.5 min 

to allow the recondiioning of the column before the next injecion. The diode array detector was 

set to acquire the wavelength range of 190 to 400 nm with a deuterium (D2) lamp. All the analyses 

were done using a UV wavelength of 220 nm. Compounds were idenified by comparing retenion 

ime and maximum absorpion wavelengths obtained with the ones of reference standards (Table 

S3). Standard calibraion curves were prepared as follows to allow absolute quanificaion; two 

working soluions were prepared containing CBGA and CBDA at 10 mg/L and 100 mg/L each in 

HPLC grade methanol. These soluions were further diluted to prepare calibraion soluions with 

the following concentraions in triplicate: 0.5, 1, 2, 4, 5, 10, 25, 50, and 100 mg/L. These standard 

soluions were injected into the HPLC-DAD system and used to generate calibraion curve 

regressions. Fig. S1 shows the calibraion curves obtained by ploång the area under the curve 

obtained as a funcion of the analyte’s concentraion. This allowed CBGA and CBDA quanificaion 

for the enzymaic and supplementaion assays. Confirmatory analyses were performed using high-

performance liquid chromatography (HPLC) coupled with tandem mass spectrometry (MS/MS) 

(Agilent, QC, Canada). This system has an Agilent Jet Stream ionizaion source, a binary pump, an 

autosampler, and a column compartment. Compound separaion was achieved using an 

InfinityLab Poroshell 120 EC-C18 column (4.6 × 100 mm, 2.7 mm; Agilent Technologies, QC, 

Canada). In vitro and supplementaion assays samples were centrifuged for 10 min at 12000 rpm 

and diluted 10-fold in the mobile phase (i.e., formic acid 0.1 % v/v in milli-Q water and formic acid 

0.1 % v/v in methanol (30:70)). Five μL of each sample were injected onto the column that was 

set at 50°C. A gradient method made of (A) formic acid 0.1 % v/v in milli-Q water and (B) formic 
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acid 0.1 % v/v in methanol with a flow rate of 0.5 mL/min was used to achieve chromatographic 

separaion. The HPLC eluion program was as follows: 0 min, 70 % B; 7.0 min, 100 % B; 10 min, 

100 % B; 12.0 min, 70 % B. The total run ime was 14 min per sample. The parameters used in the 

MS/MS source were set as follows: gas flow rate 8 L/min, gas temperature 220°C, nebulizer 55 psi, 

sheath gas flow 12 L/min, sheat gas temperature 380°C, capillary voltage 4500 V and nozzle 

voltage 0 V. Agilent MassHunter Data Acquisiion (version 1.2) and MassHunter Qualitaive 

Analysis (version 10.0) soywares were used for data acquisiion and processing respecively. 

Samples analyses were carried out in triggered muliple reacion monitoring (tMRM) acquisiion 

mode allowing compound idenificaion using authenic standards. Table S4 shows MRM 

transiions and MS/MS parameters used for targeted compound idenificaion. 

2.10 Sta7s7cs and reproducibility 
 
General data analysis (means and standard deviaion) was performed primarily by GraphPad Prism 

10.0.2. All experiments were performed with three biological replicates and values were 

expressed as means ± standard errors. 
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CHAPTER III 
 
This chapter and this enire study was born ayer curious results, obtained during previous 

experiments. It pushed us to study, highlight and discuss the presence of sequences potenially 

encoding thrombin-like proteins, which are involved in recognizing and cleaving the thrombin 

sequence LVPRGS in P. tricornutum. This chapter was wrigen in aricle format, and published in 

the Applied Microbiology and Biotechnology Journal, and might not be directly related to our 

first goal, which is to produce CBDA. 

Contribu5ons: Anis Messaabi pointed out these curious results, carried out molecular and 

microbial experiments, protein extracion and analysis, and wriing the manuscript. Lea 

Bohnenblust performed molecular and microbial experiments, she was an intern, supervised by 

Anis Messaabi. Natacha Merindol performed in silico analysis, wriing and ediing the manuscript. 

Fatma Meddeb review the manuscript. Isabel Desgagné-Penix supervised the project, provided 

funding and material for the project, and assisted with the wriing and revising of the paper. 
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3.1 Abstract 

Diatoms are responsible for 20% of global carbon dioxide fixaion and have significant potenial in 

various biotechnological and industrial applicaions. Recently, the pennate diatom Phaeodactylum 

tricornutum has emerged as a prominent plaâorm organism for metabolic engineering and 

syntheic biology. The availability of its genome sequence has facilitated the development of new 

bioengineering tools. In this study, we used in silico analyses to idenify sequences potenially 

encoding thrombin-like proteins, which are involved in recognizing and cleaving the thrombin 

sequence LVPRGS in P. tricornutum. Protein structure predicion and docking studies indicated a 

similar acive site and ligand posiioning compared to characterized human and bovine thrombin. 

The evidence and efficiency of the cleavage were determined in vivo using two fusion-protein 

constructs that included YFP to measure expression, protein accumulaion, and cleavage. Western 

blot analysis revealed 50-100% cleavage between YFP and N-terminal fusion proteins. Our findings 

suggest the existence of a novel thrombin-like protease in P. tricornutum. This study advances the 

applicaion of diatoms for the synthesis and producion of complex proteins and enhances our 

understanding of the funcional role of these putaive thrombin sequences in diatom physiology. 

3.2 Keywords 
 
Cleavage pepide, Bioengineering, Syntheic biology, Microalgae, Thrombin-like protease, YFP 

(Yellow Fluorescent Protein) 

 
3.3 Key points 

 

• Protein structure predicions reveal thrombin-like acive sites in P. tricornutum. 

• Validated cleavage efficiency of thrombin-like protease on fusion proteins in vivo. 

• Study advances bioengineering tools for diatom-based biotechnological applicaions. 

3.4 Graphical abstract 
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3.5 Introduc7on 
 

Syntheic biology relies on efficient heterologous protein producion systems, crucial for 

numerous biotechnology applicaions involving engineered proteins. Bioengineering combines 

natural sciences and engineering to address global challenges, such as drug producion for disease 

treatment[119]. Current producion plaâorms include well-characterized hosts like bacteria, yeast, 

and plants[120]. The pennate diatom Phaeodactylum tricornutum is emerging as a promising 

chassis for producing high-value compounds. It has been successfully uilized to produce 

heterologous proteins, such as the SARS-CoV-2 spike receptor-binding domain and plant-

specialized metabolites such as geraniol and cannabinoids[46, 121-126]. However, the use of this 

diatom as a bioengineering factory is in its infancy and would benefit from new protein 

engineering tools.  

The producion of a metabolite of therapeuical interest oyen requires the simultaneous 

expression of muliple genes involved in its biosyntheic pathway. Exogenous episomes delivered 

to the nucleus via bacterial conjugaion have revoluionized metabolic engineering in 

diatoms[127], enabling the expression of five to six genes from a single episome. Polycistronic 
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constructs allow the simultaneous expression of several genes like a transgene and a reporter 

gene. Fusion proteins are invaluable for various biotechnological applicaions, protein 

purificaion[128], expression level monitoring[129, 130], and cellular localizaion[131]. These 

fusion proteins have been uilized in vaccine development and are being evaluated in clinical 

studies[132, 133]. For example, the extracellular domains of two surface proteins from 

Streptococcus pneumoniae have been tested in a mouse model of pneumonia. Similarly, fusion 

proteins have been used as anigens in vaccines against Neisseria meningi6dis serogroup B[134, 

135].  

However, producing recombinant fusion proteins is challenging due to potenial issues like 

misfolding, instability, or poor expression caused by the proximity of fused proteins[136, 137]. 

Linkers, or spacers, are short amino acid sequences that separate muliple domains in a single 

protein, improving structural stability and enhancing biological acivity[138]. Linkers are classified 

into three groups: rigid, flexible, and cleavable. Rigid linkers, rich in Proline residues and adoping 

α-helical conformaions, maintain distance between domains to preserve protein stability and 

acivity[139, 140]. Some other rigid linkers are (EAAAK)n[141]. Flexible linkers, composed of small, 

non-polar (e.g., G) or polar (e.g., S or T) amino acids, allow movement or interacion between 

proteins[142]. The most widely used flexible linker is (G-G-G-G-S)n[143]. Cleavable linkers, such 

as those recognized by proteases like thrombin and Factor Xa, are paricularly useful in enzyme 

characterizaion and allow for tag removal ayer purificaion[144]. Thrombin, a trypsin-like serine 

protease, specifically cleaves pepide bonds on the carboxyl side (P’1) of basic amino acid residues, 

primarily arginine, making it an essenial tool in syntheic biology. Proteases play a crucial role in 

various biological processes, and their applicaion in syntheic biology and metabolic engineering 

has been well documented in several systems[145]. The LVPRGS linker, derived from bovine factor 

XIII and cleaved by thrombin, is frequently used in chemical proteomics workflows and for 

expressing fusion proteins in E. coli without in vivo cleavage[104, 146-149]. 

Despite the advances in using P. tricornutum for heterologous protein producion, there is limited 

knowledge regarding the diversity and funcionality of endogenous proteases in this diatom. The 

potenial of P. tricornutum to harness specific proteolyic aciviies, such as those resembling 
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thrombin-like serine proteases, remains unexplored in the literature. Whether the thrombin 

cleavage sequence can be used in bioengineering strategies of P. tricornutum has never been 

verified. Understanding and leveraging such protease aciviies could open new avenues for the 

diatom's applicaion in producing recombinant proteins and associated metabolites. 

In this study, we idenified candidates of thrombin-like proteases in P. tricornutum in silico. We 

constructed two fusion proteins: mFruits monomeric red fluorescent proteins (mCherry) fused to 

yellow fluorescent protein (YFP), and cannabidiolic acid synthase (CBDAS) fused to YFP, both 

separated by the LVPRGS sequence. Both casseges were expressed under the Highly Abundant 

Secreted Protein1 promoter (HASP1) and Fucoxanthin chlorophyll a binding protein terminator 

(FcpA). We introduced the casseges into P. tricornutum by bacterial transkingdom conjugaion for 

extrachromosomal expression. We present evidence of recogniion and cleavage of the LVPRGS 

sequence, confirmed in a bicistronic construct encoding an enzyme fused to the yellow 

fluorescent protein with the same thrombin cleavage sequence. This study provides a proof of 

concept that P. tricornutum possesses thrombin-like proteases, which could be valuable for 

projects involving heterologous gene expression in this model diatom. 

 

3.6 Materials and Methods 
 

Plasmid Construc5on 

Plasmids were constructed by Gibson assembly using the NEBuilder® HiFi DNA Assembly Bundle 

for Large Fragments (New England Biolabs, Canada). Fragments to assemble were amplified by 

PCR with PrimeSTAR GXL DNA Polymerase (Takara Bio, Japan) following the manufacturer’s 

protocol. Plasmid pPtGE30 was used as a template to construct the expression vectors[150]. 

Genes encoding mCherry, YFP, and cannabidiol acid synthase (CBDAS) were codon opimized for 

P. tricornutum and synthesized by Bio Basic (Markham, Ontario, Canada). To enhance protein 

producion, a minimal Kozak sequence (ACC) was placed directly before each ATG iniial codon. 

Reporter gene YFP was tagged with 3×HA. DNA fragments were expressed under an endogenous 

promoter ‘Highly abundant secreted protein 1’ (HASP1) and fucoxanthin chlorophyll a/c binding 

protein A (FcpA) terminator[151] or under the 40S ribosomal protein S8 promoter (40SRPS8) and 
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fucoxanthin chlorophyll a/c binding protein A (FcpA) terminator. N-acetyl transferase gene (NAT) 

conferring resistance to nourseothricin (NTC) was included as a selecion marker under 

fucoxanthin chlorophyll a/c binding protein C promoter and terminator (FcpC) sequences in all 

constructs. Construct named here C-T-YFP includes HASP1pro and CBDAS is fused to YFP with a 

thrombin cleavage sequence (LVPRGS). Construct mCherry-T-YFP includes HASP1pro and mCherry 

is fused to the reporter YFP gene with a thrombin cleavage sequence. Construct mCherry & YFP 

includes 40SRPS8pro and mCherry with a stop codon and a separated expression cassege with 

HASP1pro controlling the expression of YFP. A modified version of pPtGE30 vector, harboring NAT 

gene cassege instead of Sh ble gene, conferring zeocin resistance, was used as negaive control 

(EV). All DNA sequences, oligonucleoides, and plasmids used to generate these constructs are 

listed in supplementary data (Table S1, S2, and S3). 

 

Microbial Strains, Growth Condi5ons and Transforma5on 

Escherichia coli (NEB® 10-beta, New England Biolabs, Canada) was grown in Luria Broth (LB, 

ThermoFisher, Canada) supplemented with appropriate anibioics (chloramphenicol, 30 mg.L-1, 

ThermoFisher, Canada). Plasmids DNA constructs were extracted using a miniprep kit allowing the 

extracion of large vectors (Biobasic EZ10 miniprep kit, NY, USA), and the integrity of these 

plasmids DNA was verified by next-generaion sequencing in CCIB DNA Core (Massachusegs 

General Hospital, United States of America). Plasmid constructs were transformed to E. coli Epi 

300 strain containing pTA-MOB plasmid to allow conjugaion with diatoms, as described 

previously[127]. Epi 300 strain was grown in LB supplemented with chloramphenicol (30 mg. L-1) 

and gentamicin (40 mg. L-1, ThermoFisher, Canada). Microalgae P. tricornutum (Culture Collecion 

of Algae and Protozoa CCAP 1055/1) was grown in L1 media, as described previously(Karas et al. 

2015) at 18°C under white fluorescent lights (75 μE m−2 s−1) and a photoperiod of 16 h light:8 h 

dark with an agitaion of 130 rpm for liquid cultures. P. tricornutum conjugaion was performed 

as in[122]. Transconjugant colonies appeared ayer 2 weeks of incubaion where 36 colonies per 

construct were plated on new selecive media supplemented with nourseothricin (200 μg mL-1). 

Ayer 7 days, transconjugants were transferred from the agar plates to 96-well plates with to 200 
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µL of L1 supplemented with 200 μg mL-1 in each well and incubated at 18ºC under gentle agitaion. 

Ayer 14 days of liquid growth, putaive transconjugants were screened for fluorescence (YFP, 

lex/λem= 513/527 nm and mCherry, lex/λem= 587/610 nm) using a plate reader (Synergy H1 BioTek 

microplate reader (Agilent, Santa Clara, CA, USA)). The selected nourseothricin-resistant colonies 

were transferred to a 25 mL L1 liquid medium containing nourseothricin in 125 mL flasks for kineic 

growth, measurement of the OD at 680 nm, and analysis.  

Protein extrac5on 

Bioengineered 10-day-old P. tricornutum liquid cultures of 25 mL were centrifuged at 3,500 × g for 

15 minutes at 4ºC. Pellets were weighed and resuspended in lysis buffer (50 mM Tris pH 7.4, 500 

mM NaCl, 0.1% Tween20, 1 × protease inhibitor cocktail) and kept for 20 min on ice. Sonicaion 

was performed 6 imes at 35% amplitude, 30 sec on, 30 sec off (3 min total). Cell debris was 

removed by centrifugaion at 12,000 × g for 60 min at 4°C. Total protein samples were quanified 

using RC DC™ Protein Assay Kit I (Bio-Rad, Hercules, CA, USA). Protein extracts were stored at 

-80°C unil further use. 

Western blot 

For each clone, a quanity of 60 µg of total protein extract was loaded in a 10% SDS-PAGE. Protein 

separaion was performed at 80 volts unil passage through to the stacking gel, followed by 120 

volts for the rest of the run. Wet electrobloång was performed at 120 volts was performed for 2 

hours to transfer the separated proteins to a 0.2 µm PVDF membrane using the Bio-Rad Mini-

PROTEAN Trans-Blot Turbo Transfer System. The blot was equilibrated in 1 × TBS soluion and 

blocked with 5% milk in 1 × TBS for 1 hour at room temperature followed by three washes. Primary 

anibodies were added for an overnight incubaion at 4ºC. Primary ani-YFP (cat no# CLH106AP), 

ani-HA (cat no# A01244-100), and ani-mCherry (cat no# MA5-32977) were purchased from 

Cedarlane (Canada) and ThermoFisher Scienific (USA), respecively, and used at a 1:1000 diluion 

in 3% BSA. Ayer three washes with TBST soluion, the blots were incubated for 1 hour with a 

secondary anibody at a 1:20000 diluion of Immun-Star Goat Ani-Mouse (GAM)-HRP conjugate 

from Bio-Rad (Canada), in 5% milk. A quanity of 10 ng of muliple Tag (GenScript, USA) and 10 ng 

of purified recombinant GFP protein (10 ng) from E. coli were used as a posiive control for HA Tag 



                  

73 
 

and YFP detecion, respecively[152]. Two confirmed clones were used as extra controls for the 

detecion of CBDAS. One of them expressing YFP-tagged with a single HA-tag (YFP-1×HAtag) and 

the other one expressing YFP-tagged with three HA-tag (YFP-3×HAtag). Ayer three washes with 

TBST soluion, protein detecion was performed by using Clarity Max Western ECL Substrate-

Luminol soluion from Bio-Rad. Chemiluminescence detecion and Ponceau red staining (Glacial 

aceic acid 5% v/v, Ponceau red dye 0.1% m/v) of the blots were visualized using the ChemiDoc 

Imaging System with Image Lab Touch Soyware (Bio-Rad) and Image Lab™ Soyware (Bio-Rad).  

Flow cytometry (FC) 

At least 10 000 events per transconjugant strain were analyzed on a CytoFLEX S flow cytometer 

(Beckman) equipped with violet (405 nm), blue (488 nm), yellow/green (561 nm) and red (638 nm) 

lasers. A volume of 200 µL from each culture was filtered and transferred to a clear 96-well plate 

as described in[122]. Autofluorescence was detected and gated using the PerCP channel (690/50 

nm). Cells with high non-specific autofluorescence were excluded based on emission in the PB450 

channel (450/45 nm). The fluorescence of YFP and mCherry was analyzed in the FITC channel 

(525/40 nm) and the ECD/mCherry channel (610/20 nm), respecively. Empty vector (with NAT) 

was used as a negaive control to set the gates. 

Bioinforma5cs analysis and phylogene5c tree 

To idenify P. tricornutum thrombin-like proteins, the amino acid sequences of bovine (OX=9913), 

human (OX=9606), mouse (OX=10090), pig (OX=9823), orangutan (OX=9601) and rat (OX=10116) 

prothrombins from UniProtKB/Swiss-Prot were blast searched in the P. tricornutum protein 

database version 3. The selected amino acid coding sequences were analyzed using different 

website applicaions: PROSITE[153], PEST-find[154], UniProt, ClustalO and Unipro UGENE[155]. 

Solvent accessibility and secondary structure analysis of putaive P. tricornutum thrombin-like 

candidates were performed using Predict protein (hgps://www.predictprotein.org/). 

Phylogeneic analyses were carried out ayer muliple amino acid sequence alignments of 55 

prothrombin candidates (Table S4) and 100 non-thrombin serine proteases sequences (Fig. S2) 

using MEGA11 soyware[156]. Phylogeny was inferred using the neighbor-joining method and the 

https://www.predictprotein.org/
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evoluionary distances were computed using the maximum composite likelihood method for both 

trees in this study. 

Protein structure predic5on and docking study 

The models of the 7 putaive thrombins of P. tricornutum were predicted using ColabFold v1.5.3 

(AlphaFold2 using MMseqs2)[157]. Structures were visualized and overlaid using Pymol 

(Shrödinger). MOE2022.09 soyware (Chemical Compuing Group) was used to analyze the 

conformaion of resuling models, and prepare the receptors for docking, as described in[158]. 

The pocket residues detected by Site Finder were superimposed on the crystal structure of H. 

sapiens α-thrombin (PDB:1PPB and 1NRS[159, 160] in MOE and the acive site was predicted 

based on residues interacing with ligands from orthologous crystal structures. Receptors were 

then prepared using structure preparaion, correcing issues, capping, charging termini, selecing 

appropriate alternaives, and calculaing opimal hydrogen posiions and charges using Protonate 

3D. Structures were energy minimized with 1PPB ligand (D-Phe-Pro-Arg chloromethylketone) 

inside the pocket.  

The folding of the thrombin cleavage sequence LVPRGS was predicted using ColabFold v1.5.3 

(AlphaFold2 using MMseqs2) and further prepared in MOE. Two predicted protomers, at pH=7, 

were included as possible ligands. The MMFF94 × force field was applied. Triangle Matcher was 

used as the placement method for 200 poses and tethered induced fit as the refinement to 

perform flexible docking, yielding 10 best poses. Docking poses were analyzed by comparison with 

crystallized human α-thrombin ligand complex (1PPB with DFPR chloromethylketone, 1NRS with 

hirugen), and the first coherent pose (with the best docking score) consistent with the catalysis of 

cleavage of LVPR↓GS was selected for each ligand. H-bonds were predicted, and images were 

further processed using PyMOL (Shrödinger). 

 
3.7 Results 

 
3.7.1 In silico evidence for thrombin-like func<on 

 
A comprehensive analysis of the P. tricornutum proteome using characterized sequences as baits 

idenified seven potenial amino acid sequences with features of prothrombin and thrombin-like 
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proteins (Table S4). Interesingly, over the Bacillariophyta phylum (taxid:2836), 113 hits were 

obtained using these sequences as baits (Table S5), including 35 in the order Bacillariales, 31 in 

Thallassiosirales, 14 in Chaetocerotales, 24 in Naviculales, and 9 in Fragilariales[161], suggesing 

that orthologs of thrombin-like serine proteases are present in diverse diatom species. The seven 

P. tricornutum candidate sequences were aligned with prothrombin and thrombin-like sequences 

from human, cow, mouse, pig, orangutan, rat, salmon, and snake species. Phylogeneic analysis 

revealed that the selected P. tricornutum sequences formed a disinct cluster (Fig. S1), with only 

one of the P. tricornutum sequences (Phatr3 J45961) clustering closely with the complete and 

parial prothrombin sequences of human, cow, pig, orangutan, mouse, rat, salmon. Further 

phylogeneic analysis, which included the candidates, thrombin baits and non-thrombin serine 

proteases, revealed that even though P. tricornutum sequences cluster with mammalian 

prothrombins, the node bootstrap values were low, and insufficient to support their 

characterizaion as thrombin serine proteases (Fig. S2). Homo sapiens and Bos taurus sequences 

were selected for a detailed comparison with the P. tricornutum thrombin candidates as they are 

well characterized due to their pharmacological interest[162, 163]. The idenity and similarity 

between P. tricornutum candidates and human thrombin ranged from 25 to 32%, and 39 to 47%, 

respecively. Phatr3 J49772 and J54319 exhibited the highest idenity (32% and 30%) and 

similarity (47% and 43%) to the human sequence. Protein domain predicions using the PROSITE 

database confirmed that all P. tricornutum candidates contained a trypsin domain with the 

catalyic triad (Hisidine (H), aspartate (D), and serine (S)), similar to human and bovine thrombin 

sequences (Fig. 3-1). 
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Figure 3-1: : A phylogene>c tree of seven poten>al serine protease thrombin-like sequences in P. tricornutum. Lengths, domains, 
and percentages of identity (% id) and similarity (% sim) to the Human Thrombin sequence (amino acids) are shown.  

Potential Thrombin-like sequences contain a Trypsin domain (TRYPSIN_DOM) shown in green like the Human and Bovine 
thrombin sequence. Active sites are represented in red arrow and disulfide bonds in grey. Gamma-carboxyglutamic acid-rich (Gla) 
and Kringle domains are represented in blue. 

 
An alignment of the trypsin domains showed further similarity, with 26 strictly conserved residues 

including the catalyic triad (Fig. 3-2). The gamma-carboxyglutamic acid-rich (Gla) domain and the 

two Kringle domains of human and bovine sequences were absent in P. tricornutum candidates. 

The Gla domain is known to be a membrane-binding moif that interacts with phospholipid 

membranes in the presence of calcium ions[164]. Kringles are disulfide cross-linked domains 

found in some serine proteases[165]. They play a role in the regulaion of proteolyic acivity, but 

also in binding to membranes and other proteins[166]. Their absence in P. tricornutum may be 

due to their funcion in blood coagulaion by platelet acivaion, which are not relevant to diatom. 
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Figure 3-2: Amino acid sequence alignment of predicted Trypsin domains from P. tricornutum with two known Human (Accession 
number: P00734) and Bovin (Accession number: P00735) structures. Identical residues are highlighted in blue and strictly 
conserved residues are highlighted in blue with red characters. Red triangles represent the active sites. 

 
3.7.2 In silico evidence for thrombin-like func<on 

 
The folding of the seven putaive thrombins with trypsin domain was predicted using ColabFold 

v1.5.3 (AlphaFold2 using MMseqs2)[157] and compared with crystallized human and bovine 

thrombin (Fig. S3a and S3b). All predicted models displayed a trypsin-like domain with two 

interacing six-stranded β-sheet barrel domains surrounded by helical and loop regions (Fig. S3). 

The acive site residues were predicted and are shown in Table S6. Superposiion of the predicted 

P. tricornutum trypsin domains with human β-thrombin showed similar overall folding and 

orientaion of the acive site residues (Fig. S4). The conserved catalyic triad (H, D, nd S) is located 

at the rims of the two interacing barrels, as expected. The oxyanion hole, composed of the 
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catalyic serine and a near-adjacent glycine, which stabilizes the oxyanion intermediate by 

hydrogen bonding to the oxygen of the P1 residue, was also observed in all structures[167]. 

Addiionally, equivalent structures to the sodium binding site loop, the 180 loop, the autolysis γ-

loop, and a covalent disulfide bond between two cysteines connecing the catalyic serine with 

the oxyanion hole were idenified in the diatom candidates, as seen in human thrombin structures, 

but not in other serine proteases. However, the exosites, and the 60-loop of human β-thrombin 

were not detected[168]. Outside of the trypsin domain, P. tricornutum predicted structures 

contained β-barrels (Fig. S3 f, g, h, i) or α-helices (Fig. S3 c, d, g, h, i), suggesing that they might 

be transmembrane proteins with addiional funcions. 

 

Figure 3-3: Cartoon representa>on of docked thrombin-cleavage pep>de in the ac>ve site of human (a. 1PPB in purple) and 5 
puta>ve thrombins from P. tricornutum: 
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(b. Phatr49772, c. Phatr45961, d. Phatr37254, e. Phatr40462, f. Phat54319 in green). The cleavage peptide (LVPRGS) is shown as 
light blue sticks with pink arginine and violet glycine. The active site is shown in yellow and catalytic residues (His, Asp, and Ser) 
are displayed as red sticks. Only the trypsin domain of each protein is shown. H-bonds are shown as dashed blue lines. 

 
As the diatom’s candidate displayed a predicted trypsin domain that closely matched with the 

human’s, the thrombin cleavage pepide was docked into their acive site and the interacions 

were analyzed (Table S6). LVPRGS docked with a score of -10.87 kcal/mol in human ß-thrombin 

acive site. In the case of Phatr3_J7679 and Phatr3_J49602 candidates, the ligand docked further 

from the catalyic residues than 1PPB and 1NRS crystallized ligands. Therefore, the docking poses 

of these structures were rejected. In five of the putaive predicted structures, the ligand docked 

in a posiion consistent with a cleavage between R and G (Fig. 3-3), with scores ranging from -8.92 

to -10.6 kcal/mol (Table S6). Overall, LVPRGS docked very similarly into human and trypsin 

domains of selected putaive P. tricornutum thrombin, with the cleavage site posiioned in 

between the catalyic serine and hisidine. Several H-bonds were detected between the docked 

pepide and the acive site, including with catalyic residues in the case of 1PPB, J49772, J45961, 

J37254, and J40462. J54319 showed the highest docking score with a posiion most similar to the 

docking configuraion in the human protein (Fig. 3-3a to 3f, and Table S6). These results suggest 

that P. tricornutum produces endogenous proteins containing a trypsin domain that could 

efficiently cleave the thrombin cleavage sequence in vivo. 

 
3.7.3 P. tricornutum transforma<on and screening of transconjugant strains 

 

To analyze potenial thrombin acivity in P. tricornutum cells, we constructed and introduced four 

expression casseges into P. tricornutum wild type (Fig. 3-4). An empty vector (EV) encoding 

anibioic resistance, and a plasmid harboring two genes (mCherry & YFP) expressed under two 

disinct promoters (40SRPS8 and HASP1, respecively) were used as controls (Fig. 3-4b). 

Addiionally, two other plasmids were constructed containing bicistronic casseges encoding two 

recombinant proteins (CBDAS or mCherry) fused to YFP by a thrombin cleavable sequence 

hereayer referred to as C-T-YFP and mCherry-T-YFP (Fig. 3-4a, 4b). Highly Abundant Secreted 

Protein1 (HASP1p) promoter drove the expression of mCherry-T-YFP and C-T-YFP recombinant 

proteins. P. tricornutum wild type cells grown to staionary phase were transformed by 
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conjugaion[127]. Transconjugants were selected with the appropriate anibioic and screened for 

mCherry and YFP fluorescence using a microplate reader and flow cytometer. A total of 108 

colonies were screened, with 36 transconjugants per construct. The percentage of posiive clones 

was higher in the mCherry & YFP lines (69% of clones were mCherry+) compared to the mCherry-

T-YFP lines (39%) (Table 3-1). Addiionally, 25% of the C-T-YFP clones were YFP+. Three to six 

independent transgenic lines from each construct were selected for further analysis (Table 3-1). 

Table 3-1: : Transconjugant posi>ve strains screened for mCherry or YFP fluorescence. 

n.a.: not applicable, n.t.: not tested. Percentage of mCherry+ and YFP+clones, n=36, Fluorescence was 
detected with a microplate reader (PR) or with a Flow Cytometer (FC). 
 

 
Figure 3-4: Expression cassede of recombinant constructs with a thrombin cleavable sequence.  

Transconjugants 
mCherry+  

(FC) 

YFP+ 

(PR) 
No. of selected strains 

mCherry & YFP 69% (n=36) n.t. 6 

mCherry-T-YFP 39% (n=36) n.t. 6 

C-T-YFP n.a. 25% (n=36) 3 
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(a). Thrombin cleavable sequence (LVPRGS) derived from the sequence in bovine factor XIII, cleavage occurs between Arginine 
(Arg) and Glycine (Gly). (b). Scheme of the expression cassettes, mCherry-Thrombin-YFP-3×HAtag (mCherry-T-YFP) and 
CBDAS-Thrombin-YFP-3×HAtag (C-T-YFP). The expression of mCherry and CBDAS genes is driven by the endogenous highly 
abundant secreted protein 1 promoter (HASP1), fused to YFP reporter gene with a thrombin cleavable sequence in between. 
Construct mCherry & YFP containing mCherry and YFP genes are driven by two different promoters, HASP1 and 40SRPS8, 
respectively. EV containing only Nourseothricin resistance gene (NtcR) mCherry & YFP were cloned in two different vectors and 
used as controls.  

 
 

3.7.4 Different levels of transgene fluorescence in P. tricornutum transconjugants 
 
Transconjugant growth was monitored for 10 days, and all selected transgenic lines exhibited 

similar results with no significant differences compared to the negaive control (EV) (*p>0.05, one-

way ANOVA, Fig. 3-5a, upper panel), indicaing that transgenes did not affect the growth of P. 

tricornutum cells. The percentage of mCherry+ and YFP+ cells and relaive fluorescence were 

measured on day 10 by flow cytometry and microplate reader, respecively, and normalized to the 

autofluorescence of the negaive control (EV) (Fig. 3-5a, middle and lower panels). The percentage 

of mCherry+ cells varied significantly between constructs (*p<0.05, Student's t-test), with a mean 

of 55% for mCherry & YFP transconjugants compared to 7.5% for mCherry-T-YFP (Fig. 3-5a, middle 

panel). However, since mCherry was expressed under different promoters in these constructs, the 

differences in fluorescence may be due to changes in the expression levels of the 40SRPS8 and 

HASP1 promoters rather than the construcion design. Nonetheless, the percentage of YFP+ cells 

was also significantly higher with mCherry & YFP (*p<0.05, t-test), although the difference was 

smaller, with a mean of 3.4% for mCherry & YFP transconjugants compared to 1.2% for mCherry-

T-YFP transconjugants. C-T-YFP transconjugants did not show a significant difference in YFP+ 

percentages compared to mCherry & YFP (1.8% of YFP+, *p>0.05, t-test). A similar trend was 

observed for relaive fluorescence measured with the microplate reader (Fig. 3-5a, lower panel). 

Comparison of mCherry & YFP clones with mCherry-T-YFP clones revealed a significantly higher 

relaive mCherry fluorescence in mCherry & YFP clones (mean of 830 RFU) (*p<0.05, Student's t-

test). In contrast, mCherry-T-YFP clones exhibited a mean relaive fluorescence unit (RFU) of 11. 

Moreover, the relaive fluorescence emiged by YFP in mCherry & YFP clones (152 RFU) was 

significantly higher than in mCherry-T-YFP (29 RFU) (*p<0.05, Student’s t-test), while C-T-YFP 

clones showed no significant changes (mean of 75 RFU). Taken together, these results 

demonstrate that the fluorescence levels of the transgenes varied, with higher mCherry emission 
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under the 40SRPS8 promoter than the HASP1 promoter. Furthermore, YFP expression, driven by 

the HASP1 promoter, slightly decreased when fused to the C-terminal of another protein. 

 

 
Figure 3-5: Characteriza>on of P. tricornutum clones and produc>on of protein with specific cleavage of the thrombin cleavable 
sequence.  

a. Upper panel, cell growth curves for each P. tricornutum strain of each construct, the optical density (OD) at 680 nm was 
monitored for 10 days. Middle panel, the mean percentage of mCherry and YFP positive cells were monitored for each construct 
by flow cytometer. Lower panel, mean relative fluorescence intensity of mCherry and YFP for each construct measured by plate 
reader. All strains were grown in L1 culture media supplemented with the appropriate antibiotic and incubated at 18ºC under 
gentle agitation of 130rpm. b. Western blot analysis with an anti-HA tag antibody of total protein extracts from mCherry & YFP 
clones (32 kDa), mCherry-T-YFP clones (58 kDa) and Multi-tag (40 kDa). c. Western blot with an anti-HA antibody of total protein 
extracts from C-T-YFP clones (28,9 kDa), YFP clones used as controls (1: 28,9 kDa and 2: 32 kDa) and Multi-tag (40 kDa). a-HA: 
anti-Hemagglutinin antibody, RP: Ponceau staining of the membrane is shown as a loading control. n=6 or n=3 number of 
biologically independent samples for each strain was plotted, t-test (*p<0.05) was performed. 

 
3.7.5 In vivo evidence of recogni<on and cleavage of the thrombin cleavable sequence in 

P. tricornutum 
 

To verify the possible cleavage of the thrombin sequence in P. tricornutum transconjugants, we 

analyzed the transgenes by western bloång using ani-HA anibody (Fig. 3-5b). No bands were 
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detected in the total protein extract of P. tricornutum transconjugants 4, 5 and 6 harboring the 

mCherry-T-YFP cassege consistent with the low fluorescence detected by both flow cytometry and 

microplate reader. In contrast, two bands corresponding to the cleaved (32 kDa) and uncleaved 

forms (58 kDa) of mCherry-T-YFP protein from transconjugants 1, 2, and 3 were observed (Fig. 3-

5b). The presence of the cleaved protein form was confirmed by using an ani-mCherry anibody 

(Fig. S5). Cleavage efficiency was determined by relaive quanificaion of band intensity using 

Image Lab soyware. In transconjugants (mCherry-T-YFP) 1, 2 and 3, the fusion proteins were 

parially cleaved with a mean raio of uncleaved to cleaved forms of approximately 53/47%. 

Heterogeneity between clones was observed, with transconjugant 1 showing the highest cleaved 

form (57%) compared to transconjugant 2 and 3, which showed 37% and 46%, respecively. The 

recogniion and cleavage of the thrombin cleavage site in vivo by P. tricornutum were further 

confirmed using another construct C-T-YFP, which contained the gene of interest (C: CBDAS) linked 

to the YFP gene through the thrombin (T) sequence (Fig. 3-4b). This construct showed a total 

cleaved fracion (100%) with a size of 28.9 kDa (Fig. 3-5c). All C-T-YFP transconjugants displayed a 

corresponding size of YFP with a single HA tag instead of three, explained by the deleion of two 

HA tags, confirmed by DNA sequencing analysis (Table S7). Addiionally, several subsituions were 

detected in the plasmid DNA sequence introduced into the diatom cells. However, all these 

subsituions were outside the coding sequence (CDS), and were not expected to affect the results. 

Altogether, these results confirm the in vivo cleavage of the thrombin cleavage site in P. 

tricornutum. 

3.8 Discussion 
 

Cloning muliple genes to produce muliple proteins from a single vector has been challenging in 

the heterologous host P. tricornutum. Previous applied studies have developed a muli-gene 

expression system based on the Thosea asigna virus 2A self-cleaving pepide (2A), replacing older 

constructs reliant on the presence of internal ribosomal entry sites (IRES)[169-171]. The 2A-based 

muligene expression method relies on ribosomal skipping during translaion, though varying 

cleavage efficiencies among different 2A sequences remain under invesigaion for future 

research[149]. Hence, alternaive methods are being explored. 
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In this study, we used several known thrombin and thrombin-like sequences from various species 

to idenify putaive thrombin sequences from P. tricornutum proteome database. Iniially, seven 

sequences were idenified with ideniies ranging from 25 to 32% and similariies from 39 to 47% 

compared to human thrombin. All sequences exhibited the characterisic trypsin domain of serine 

proteases family but the evidence supporing their classificaion as thrombin-like proteins remains 

insufficient, based on the current phylogeneic tree analysis. Structural modeling predicted their 

folding similarity to human and bovine thrombin domains, with conserved catalyic residues (H, 

D and S). The predicted structures exhibited key features typical of serine proteases, along with 

specific elements characterisic of thrombin proteases, such as a sodium binding site, an autolysis 

γ-loop, a 180 loop, and a covalent disulfide bond linking the catalyic serine to the oxyanion hole. 

The sodium binding site enhances catalyic efficiency, the autolysis γ-loop facilitates substrate and 

regulator interacions essenial for coagulaion, the 180 loop is crucial for substrate recogniion 

and specificity, and the disulfide bond stabilizes the acive site structure[167, 168]. Docking 

analysis indicated that the acive site conformaion was compaible for interacion with the 

thrombin-cleavage pepide and with potenial cleavage between R and G of LVPRGS sequence in 

five putaive P. tricornutum thrombin candidates.  

While the domains of the P. tricornutum candidates displayed structural similariies to 

characterized thrombin, these findings did not preclude the possibility that these candidates are 

serine proteases without thrombin-like pepide cleavage acivity. To confirm the cleavage 

capability of the thrombin sequence in P. tricornutum, we designed three constructs using two 

promoters (40SRPS8 and HASP1), with and without the LVPRGS cleavage site between two 

fluorescent proteins (mCherry and YFP), or between an enzyme (CBDAS) and YFP. Iniially, we 

evaluated fluorescence levels associated with transgene expression. Notably, mCherry 

fluorescence was brighter under 40SRPS8 promoter (mCherry & YFP) than under HASP1 (mCherry-

T-YFP) at day 10, possibly due to higher 40SRPS8 promoter acivity in this growth phase rather 

than protein fusion or cleavage site addiion. Although reports suggest detectable HASP1-

dependent expression in the exponenial phase, our findings indicated specificity to the late 

staionary phase[151]. Furthermore, we assessed differences in YFP fluorescence (expressed 

under HASP1 in all constructs). YFP fluorescence levels were slightly lower in mCherry-T-YFP 
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transconjugants compared to mCherry & YFP transconjugants, suggesing that fusion with 

mCherry reduced fluorescence intensity. Of note, the sensiivity of the method to measure YFP 

fluorescence was subopimal due to significant overlap between YFP’s excitaion and emission 

spectra, limiing precise excitaion and emission measurements at their peak wavelengths. The 

flow cytometer is equipped with a 488 nm laser, which excites only 41% of YFP[172], further 

constrain YFP emission strength. 

Western blot analysis revealed that the constructs with the thrombin cleavage sequences in 

between two genes were cleaved, at a mean raio of uncleaved/cleaved of ~53/47% for mCherry-

T-YFP P. tricornutum transconjugants. This finding is consistent with the analysis of YFP 

fluorescence emission levels in mCherry-T-YFP clones. The fluorescence emiged by the uncleaved 

fracion may be lower than normal when two fluorescent proteins are fused and separated by a 

small distance[173]. Interesingly, 100% of CBDAS-T-YFP clones showed cleaved proteins. This 

homogeneity in CBDAS-T-YFP clones compared to mCherry-T-YFP clones may be due to lower 

efficiency in detecing larger proteins by Western blot. Further invesigaions must be done. 

Further funcional studies are required to confirm the thrombin-like acivity of these proteins. 

Also, to elucidate their cleavage efficiency and uncover the elements that could affect the cleavage 

in P. tricornutum.  

The physiological role of these thrombin candidates in P. tricornutum is unknown. Intriguingly, 

candidates were also observed in various diatom orders. Mammals' thrombin proteases are 

involved in the blood cloång process. Aggregaion is possible via acivaion of protease-acivated 

receptors (PARs)[174, 175]. PARs are a subfamily of (GPCRs). These transmembrane proteins are 

acivated by proteolyic cleavage such as performed by thrombin[176]. GPCRs are involved in 

signal transducion pathways in response to external simuli in mammalian cells[177]. 

Interesingly, the availability of complete genome sequence and comparaive genomics studies 

have revealed the presence and the conservaion of these receptors in four diatoms, including P. 

tricornutum[178]. While the funcion of GPCRs in diatoms has not been elucidated, previous 

findings suggest a role in intracellular signaling pathways in response to environmental changes. 

For example, Gamma-aminobutyric acid (GABA) in plants plays a role in protecing against abioic 
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and bioic stress[179]. In diatoms, it may act in a similar way protecing against salinity or 

temperature changes[180]. Other GPCRs could also contribute to biofilm formaion and surface 

colonizaion in P. tricornutum[181]. Interesingly, we observed that several thrombin- candidates 

also encode for transmembrane domains. The presence of transmembrane domains in the 

predicted thrombin candidates in P. tricornutum suggests that they could co-localize with PARs 

and be involved in intercellular communicaion. 

Future studies should invesigate the diatom candidates and uncover their relaive efficiency, as 

well as their specificity for the cleavage pepide to confirm the thrombin-like acivity of these 

proteins. Overall, our results suggest that thrombin cleavage site linkers can be added to the 

molecular toolkit, allowing the expression of muli-gene casseges in an episomal system in P. 

tricornutum. In comparison to 2A self-cleavage pepides, the use of thrombin strategy is based on 

proteolyic acivity. Moreover, to enhance thrombin proteolyic acivity, kineic studies must be 

conducted to determine the best consensus substrate recogniion sequence of thrombin in P. 

tricornutum[182]. This tool could be adapted to develop a new approach for assessing 

simultaneous in vivo funcional and subcellular localizaion studies of endogenous or 

heterologous enzymes linked to a fluorescent protein in P. tricornutum. 

To conclude, our results highlight for the first ime in the microalgae diatom P. tricornutum the 

outcome and the potenial of adding a thrombin cleavage sequence for the simultaneous 

expression of more than one gene under a single promoter. In studies, it will be interesing to 

unravel the funcional role of these putaive thrombin sequences in the diatom P. tricornutum. 

Our findings may contribute to the understanding of diatom’s biology, which is important for both 

marine ecology and biotechnology. P. tricornutum is a promising bioengineering plaâorm that will 

benefit from further studies of its endogenous processes. 
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4 CHAPTER IV 
 

4.1 Discussion, Conclusion and Perspec7ve 
 

4.1.1 P. tricornutum as a heterologous expression system for the biosynthesis of CBDA 
 
P. tricornutum was able to produce two cannabinoid precursors in previous studies from our lab, 

olivetolic acid and cannabigerolic acid, respecively[88, 126]. The current work presented in this 

thesis build upon previous studies and successfully demonstrated, for the first ime, the feasibility 

of uilizing the diatom P. tricornutum as a heterologous expression system for the biosynthesis of 

CBDA through the expression of CBDAS. This step is the most criical in the cannabinoid pathway, 

because of THCA and CBDA cytotoxicity as shown in previous studies[126]. Our enzymaic acivity 

assays confirmed that CBDA producion was achieved in P. tricornutum using both naive and 

secretory CBDAS constructs, supporing the hypothesis that proper processing through the 

secretory pathway is necessary for CBDAS acivity, as presented in previous studies in 

heterologous systems and transgenic tobacco[22, 59].  These results are supported by the 

subcellular localizaion analysis, indicaing that both the naive and signal pepide-modified 

versions of CBDAS clustered in the chloroplasic ER, emphasizing the importance of post-

translaional modificaions such as N-glycosylaion, as confirmed for cannabinoid synthases, 

where seven Asn N-glycosylaion sites have been found[60, 61]. Moreover, in a previous study, the 

structural analyses of N-linked glycans demonstrated that P. tricornutum proteins carry mainly 

high mannose type N-glycans ranging from Man-5 to Man-9[183]. To conclusively validate these 

observaions in our work, two targeted experimental approaches should be undertaken: a 

treatment with the fungal toxin Brefeldin A (BFA) to inhibit the secretory pathway by disruping 

the Golgi apparatus and inducing intracellular accumulaion[184, 185], and an enzymaic digesion 

with PNGase F (Pepide:N-glycosidase F) or Endo H (Endoglycosidase H),  to confirm the presence 

of N-glycosylaion modificaions on the expressed proteins[183]. 

 

Regarding CBDAS accumulaion and secreion, we observed that while the YFP tag was detected 

in the extracellular medium as observed previously[62], CBDAS and SP:CBDAS were not. This 

suggests potenial degradaion during secreion or cleavage from YFP. An alternaive explanaion 
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is that a cleaved, tag-free version of CBDAS could be present in the extracellular matrix but 

remained undetectable. Our second study in chapter 3, suggested the recogniion and cleavage 

of the thrombin cleavage sequence in P. tricornutum. Further opimizaion, including alternaive 

linker sequences and secreion pathway modificaions, may enhance extracellular CBDAS 

detecion and accumulaion. 

 

The episomal expression approach proved to be an efficient method for generaing P. 

tricornutum transconjugants, as it required minimal screening efforts compared to random 

integraion methods[186]. Also, the screening process was greatly facilitated by the use of a 

fluorescently tagged CBDAS protein. This aligns with findings from previous studies, were 

reinforcing the reliability of episomal expression in microalgae biotechnology, had previously 

demonstrated the stability of an episome maintained over four months of culivaion[150]. 

However, rearrangements and instability in episomes are possible as demonstrated previously in 

our lab[187, 188]. By introducing the same plasmid into the diatom via bacterial conjugaion, two 

disinct groups of clones emerged: those exhibiing detectable reporter protein fluorescence and 

those without any visible fluorescence, without detecing the protein. These results corroborate 

our study, and notably, we achieved detecion of CBDAS using Western blot. Finally, the exact 

mechanism by which the plasmid enters the nucleus of P. tricornutum is not fully understood. 

Following cellular entry, the plasmid must be transported to the nucleus, where it can persist as 

an extrachromosomal element. it is hypothesized that specific host cell proteins may recognize 

plasmid-associated signals and mediate its trafficking through the cytoplasm and translocaion 

across the nuclear envelope. 

 

Despite these promising findings, further opimizaion is required to enhance CBDA producion to 

commercially viable levels. Strategies such as medium opimizaion (e.g., nitrate, phosphate and 

iron deprivaion), directed mutagenesis, alternaive linker sequences, and increasing gene copy 

number should be explored to improve enzyme efficiency and yield. Addiionally, miigaing 

Cannabinoids cytotoxicity through cell compartmentalizaion and cannabinoid transporter 

uilizaion will be crucial for maximizing producion efficiency. 
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4.1.2 Thrombin cleavage sequence in P. tricornutum 

 
This study marks the first demonstraion of a thrombin cleavage sequence in P. tricornutum. By 

analyzing the P. tricornutum proteome, we idenified several putaive thrombin-like candidates 

with sequence and structural similariies to human and bovine thrombin, including conserved 

catalyic residues and key funcional domains. In addiion to the catalyic triad, several other 

conserved residues may contribute to substrate binding. The spaial arrangement and chemical 

characterisics of these residues are criical in defining interacion specificity, thereby influencing 

both ligand recogniion and binding affinity. Moreover, structural modeling and docking analysis 

suggested that these candidates may have thrombin-like cleavage capabiliies, paricularly 

between the R and G residues in the LVPRGS sequence. However, a substanial porion of these 

proteins—paricularly at the N- and C-terminal regions—appears to be intrinsically disordered, 

lacking a well-defined globular structure associated with known funcional domains. Notably, such 

terminal regions are oyen predicted with lower confidence by structural modeling tools like 

AlphaFold. This observaion warrants further discussion to determine whether these segments 

are genuinely unstructured, potenially contribuing to protein–protein interacions or signaling 

funcions, or if the apparent disorder reflects limitaions inherent to current predicive modeling 

approaches. 

 
To assess the funcional capability of these sequences, we designed constructs incorporaing 

thrombin cleavage sites between fluorescent proteins and between an enzyme and YFP. Protein 

analysis confirmed the cleavage of thrombin site-containing constructs, with a cleavage efficiency 

of approximately 47% and 100%, for two fluorescent proteins and for an enzyme and YFP, 

respecively. This suggests that thrombin-based cleavage strategies could provide a reliable 

mechanism for muli-gene expression in P. tricornutum, since 2A self-cleaving pepides presented 

low cleavage efficiencies. Future research should focus on characterizing the efficiency and 

specificity of these thrombin candidates for cleavage sequences in P. tricornutum. Addiionally, 

kineic studies are necessary to determine the opimal substrate recogniion sequence for 

thrombin acivity in diatoms. Expanding the molecular toolkit to include thrombin cleavage 
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sequences could provide a new strategy for simultaneous in vivo funcional and subcellular 

localizaion studies of endogenous and heterologous enzymes. 

Regarding the thrombin-like proteases physiological role in P. tricornutum remains unclear, 

though their presence in other diatoms suggests they may play a role in cellular signaling. In 

Mammals, thrombin proteases activate protease-activated receptors, which mediate various 

biological processes[174, 175]. Interestingly, homologous GPCRs have been identified in diatoms, 

hinting at their possible role in environmental stress responses, biofilm formation, or intercellular 

communication[178-181]. Moreover, the presence of transmembrane domains in predicted 

thrombin candidates strengthens a potential functional link to these signaling pathways. However, 

their classification as true thrombin-like proteases requires further experimental validation. 

 

Figure 4-1: A schema>c hypothesis illustra>ng the other poten>al role of thrombin-like proteases in cellular signaling in P. 
tricornutum.  

Thrombin (in green) might be implicated in GPCR receptors (in blue) acAvaAon/inhibiAon in response to environmental changes, 
resulAng in biofilm formaAon and surface colonizaAon.  
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4.2 Final Conclusion 

This study reinforces P. tricornutum as a promising heterologous platform for biotechnological 

applications, particularly in cannabinoid biosynthesis. We successfully produced and characterized 

different versions of CBDAS in P. tricornutum, demonstrating enzymatic activity and CBDA 

production. Furthermore, our study marks the first demonstration of a thrombin cleavage sequence 

in P. tricornutum, providing a novel strategy and alternative for the simultaneous expression of 

multiple genes under a single promoter. Also, understanding the functional roles of these proteases 

in P. tricornutum could provide further insights in diatom biology, with implications for both 

marine ecology and industrial biotechnology. While additional optimizations are needed to enhance 

protein expression efficiency, yield stability, and secretion pathways, our findings validate P. 

tricornutum as a sustainable and scalable biofactory. 
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5 Appendix I 
5.1 Supplementary Data of Chapter II 

 
Table 5-1: Table S1. Sequences used in this study. 

Name Nucleo8de sequence (codon op8mized) Reference 

Highly abundant 
secreted protein 1 
(HASP1) promoter 

Catacagtgaatgtaac,tcgaa,gacagta,agtagtcgta,gacagtgaggcacgcccctcaa
tgtgcgaggtggaaaatataccagcatgacaatgaatc,ggaga,c,,gctgtcatcaaga,cac
cgccaaatc,caggaacctatcacgtccacaggcgatg,aa,c,gagtcgtcaaaacaaagtcct
gtcctacctgtagaag,gacagcgagcaa,gtatgcaaac,ctgac,tg,ataataaca,aaag
gtaa,aagtatc,caa,aggca,,gtcactgtcagtccg,ccgacaatataggtaga,tggaat
gaatc,,ctatgctgctgcgaatc,gtacacc,tgaggccgtaga,ctgtccgacgaagcgataat
ta,gcaaaatacatggactca,a,,ga,cga,tc,,tggtatccgactcgaaaagatccatcac
ggcgagc 

[102] 

Kozak sequence Gccacc [102] 

Highly abundant 
secreted protein 1 
(HASP1) secreted signal 

ATGAATCTTCGTTGTATCCTTCCGTTTCTCCTCGCAAGCTTCTCGGCTGGGGCT [102] 

Cannabidolic acid 
synthase (CBDAS)  

ATGAAGTGCTCCACCTTTTCCTTTTGGTTCGTCTGTAAGATTATCTTCTTCTTTT
TCTCCTTCAACATCCAGACCTCCATTGCCAACCCCCGTGAAAACTTCCTCAAGT
GCTTCTCCCAGTACATTCCCAACAACGCCACCAACCTCAAGCTCGTCTACACCC
AGAACAACCCCTTGTACATGTCCGTCCTCAACTCCACCATTCACAACCTCCGTT
TCACCTCCGATACTACCCCCAAGCCGCTCGTCATTGTCACCCCCTCCCACGTTT
CGCACATTCAGGGAACCATCCTCTGCTCCAAGAAGGTCGGATTGCAGATCCGT
ACCCGTTCCGGAGGACACGACTCCGAAGGAATGTCCTACATTTCCCAGGTCCC
CTTTGTCATTGTCGATCTCCGTAACATGCGTTCCATCAAGATTGACGTCCACTCC
CAGACCGCCTGGGTCGAAGCCGGAGCCACCTTGGGAGAAGTTTACTACTGG
GTCAACGAAAAGAACGAAAACCTCTCCCTCGCCGCCGGATACTGCCCCACCG
TCTGCGCCGGAGGCCACTTCGGTGGAGGAGGTTACGGACCCCTCATGCGCAA
CTACGGACTCGCCGCCGACAACATTATTGACGCCCACCTCGTCAACGTCCACG
GCAAGGTCCTTGACCGTAAGTCGATGGGTGAAGATTTGTTCTGGGCCTTGCG
CGGTGGAGGAGCCGAATCCTTCGGCATTATCGTTGCCTGGAAGATTCGCTTG
GTCGCCGTCCCCAAATCGACCATGTTCTCGGTCAAGAAGATTATGGAAATTCA
CGAACTCGTCAAGCTCGTCAACAAGTGGCAGAACATTGCCTACAAGTACGAC
AAGGACTTGCTCCTCATGACCCACTTCATTACCCGTAACATTACCGACAACCAG
GGAAAGAACAAGACCGCCATTCACACCTACTTCTCCTCTGTTTTTCTCGGTGG
TGTCGATTCCCTCGTTGACTTGATGAACAAGTCCTTCCCGGAACTCGGAATCA
AAAAGACCGATTGCCGTCAGCTCTCCTGGATTGACACCATTATTTTCTACTCCG
GAGTCGTCAACTACGACACCGACAACTTCAACAAGGAAATTCTCTTGGATCGT
TCCGCCGGACAGAACGGTGCCTTCAAGATTAAGCTCGACTACGTCAAGAAGC
CCATTCCCGAATCCGTCTTTGTCCAGATCTTGGAAAAGCTCTACGAAGAAGAT
ATTGGAGCCGGAATGTACGCCCTCTACCCCTACGGTGGAATTATGGACGAAAT
TTCCGAATCCGCCATTCCCTTTCCCCACCGCGCCGGCATTCTCTACGAACTCTG
GTACATTTGCTCGTGGGAAAAGCAGGAAGATAACGAAAAGCACTTGAACTGG
ATTCGTAACATCTACAACTTCATGACCCCCTACGTTTCCAAGAACCCCCGTTTG
GCCTACCTCAACTACCGTGACCTCGATATTGGAATTAACGACCCCAAGAACCC
CAACAACTACACCCAGGCCCGTATTTGGGGAGAAAAGTACTTCGGAAAAAAC
TTTGACCGTTTGGTCAAGGTCAAGACCCTAGTTGACCCTAATAACTTCTTCCGT
AATGAGCAGAGCATCCCCCCTCTCCCACGCCACCGCCAC 

Genbank:  
NP_001384865.1 
 
Synthesized by 
Biobasic 

Thrombin sequence  CTCGTCCCCCGTGGCTCC pET-28a-c. [112]. 
Synthesized by 
Biobasic 
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Yellow fluorescent 
protein  (YFP) 

ATGCGTAAGGGAGAAGAACTCTTCACCGGAGTCGTCCCCATTCTCGTCGAACT
CGACGGTGACGTCAACGGACACAAGTTCTCCGTTTCCGGAGAAGGAGAAGG
CGACGCCACCAACGGAAAGCTCACCTTGAAGTTCATTTGTACCACCGGAAAG
CTCCCCGTCCCCTGGCCCACCCTCGTCACCACCCTCACCTACGGAGTCCAGTG
CTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCA
TGCCCGAAGGATACGTCCAGGAACGTACCATTTCCTTTAAGGACGATGGAACC
TACAAGACCCGCGCCGAAGTCAAGTTCGAAGGAGACACCCTCGTCAACCGTA
TTGAACTCAAGGGAATTGACTTCAAGGAGGACGGAAACATTCTCGGACACAA
GCTCGAATACAACTTCAACTCCCACAACGTCTACATCACCGCCGACAAGCAGA
AGAACGGAATTAAGGCCAACTTTAAGATTCGTCACAATGTCGAAGATGGATCG
GTCCAGCTCGCCGACCACTACCAGCAGAACACCCCCATTGGTGACGGTCCCG
TCCTCCTCCCCGACAACCACTACCTCTCCTACCAGTCCGCCCTATCCAAGGACC
CCAACGAAAAGCGTGACCACATGGTCCTCCTCGAATTTGTCACCGCCGCCGG
AATTACCCACGGAATGGATGAATTGTACAAGCGTCCTGCCGCTAATGACGAAA
ACTACGCCGCCTCCGTC 

[189] 

HemaggluAnin tag 
(3xHA) 

TACCCCTACGACGTCCCTGACTACGCCGGCTACCCGTACGACGTCCCCGACTA
CGCCGGTTCGTACCCCTACGATGTCCCGGACTACGCC 

[190] 
Synthesized by 
Biobasic 

Fucoxanthin chlorophyll 
a/c binding protein A 
(FcpA) terminator 

ccgcaacaactacctcgac,tggctgggacac,tcagtgaggacaagaagc,cagaagcgtgcta
tcgaactcaaccagggacgtgcggcacaaatgggcatcc,gctctcatggtgcacgaacag,ggg
agtctctatcc,cc,aaaaa,taa,,ca,ag,gcagtcactccgc,tgg,t 

[116] 

Fucoxanthin chlorophyll 
a/c binding protein C 
(FcpC) promoter 

gagcacaagaggtgacaaaagccaccggctggatcgcac,ctcggaa,tcccccctactatcaaa
caaa,cgaa,gccaaaggtgaagggactaactgtaaatcctgatcaatcaaggtctcaatcaagta
caatgggctacaatgata,tagatgggaacacaatgaaacaaa,gaaac,ctactgacaggagc
gcaa,gac,gtgtagc,,catgagcac,ga,gctaccaa,gtgaacgggatggggaaagactc
gaaaaggtgcatgc,ccgataatctactata,,ctagaatcaaataata,taaatgaatgaggtcc
tcagcgtacg,aagcctac,a,tagaacgagaagtcagaccgaggggtactaaaa,ctaagggt
tgagaggtatc,ga,ccgggtctatggaagcccatcc,g,gaagc,gaacacgatcc,gtgaaa
ggccgacg,gcgcgaaaaaacagcctgccga,tc,tcc,c,tctcgtctcaacctatatac,tcat
aatctctg,agag,taccaacaacacatatataca,tcgacaaa 

[116] 

nat, nourseothricin 
resistance gene 

ATGACCACTCTTGACGACACGGCTTACCGGTACCGCACCAGTGTCCCGGGGG
ACGCCGAGGCCATCGAGGCACTGGATGGGTCCTTCACCACCGACACCGTCTT
CCGCGTCACCGCCACCGGGGACGGCTTCACCCTGCGGGAGGTGCCGGTGGA
CCCGCCCCTGACCAAGGTGTTCCCCGACGACGAATCGGACGACGAATCGGAC
GACGGGGAGGACGGCGACCCGGACTCCCGGACGTTCGTCGCGTACGGGGA
CGACGGCGACCTGGCGGGCTTCGTGGTCGTCTCGTACTCCGGCTGGAACCGC
CGGCTGACCGTCGAGGACATCGAGGTCGCCCCGGAGCACCGGGGGCACGG
GGTCGGGCGCGCGTTGATGGGGCTCGCGACGGAGTTCGCCCGCGAGCGGG
GCGCCGGGCACCTCTGGCTGGAGGTCACCAACGTCAACGCACCGGCGATCC
ACGCGTACCGGCGGATGGGGTTCACCCTCTGCGGCCTGGACACCGCCCTGTA
CGACGGCACCGCCTCGGACGGCGAGCAGGCGCTCTACATGAGCATGCCCTGC
CCCTG 

[116] 

Fucoxanthin chlorophyll 
a/c binding protein C 
(FcpC) terminator 

,,g,aca,gac,caaggagtcgaggaatcgatactgccgtcg,tccaggatccgagg,tctata
gactctctatagactctg,aacctaatagaatcagacatacctctcctgcta,,g,,tatgaa,tg
gc,,gcctctctagtcaga,tgaatg,a,,ccgccaggtgtg,agtcgggctctcg,tgag,ac
aagaggga,gagtggcgagga,cactctaatgtaaatatgactgtgaacaaaac,taaaa,act
acgcatc,c,tgactgtcagata,cgtcggtgacagcagtcaatgcctgcaaa,gtcctcctgggtc
gcaa,tgg,,gga,gacctggtatgca,atgaagaaaaaaa,cg,a,agccaactgcctagc
gtgcaca,gcatgg,agacctcc,gacgactgtg 

[116] 
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Table 5-2: Table S2. Primers used in this study. 

Name  Sequence (5ʹ to 3ʹ) (Priming 
sequence for PCR)  Descrip<on  Use 

FcpCt_HASP1p F 

GAGCCTACATCCTTCTGCAACAAGCTG
CAATCATACAGTGAATGTAACTTTCGA
ATTGAC 
 

Forward for HASP1 
promotor with FcpC 
terminator homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

HASP1 p_CBDAS R 
GTCAATTCGAAAGTTACATTCACTGTAT
GATTGCAGCTTGTTGCAGAAGGATGTA
GGCTC 

Reverse for HASP1 
promotor with 

CBDAS homology 

Gibson assembly of 
pCBDAS 

HASP1p_CBDAS F 
TCGAAAAGATCCATCACGGCGAGCGC
CACCATGAAGTGCTCCACCTTTTCCTTT
TGGTTC 

Forward for CBDAS 
with HASP1 

promotor homology  

Gibson assembly of 
pCBDAS 

CBDASCt_Thr R 
TTCTCCCTTACGGGAGCCACGGGGGA
CGAGGTGGCGGTGGCGTGGGAGAGG
GGGGATGCT 

Reverse for CBDAS 
with Thrombin 
homology 

Gibson assembly of 
pCBDAS, pSP:CBDAS 
and pΔ28aaCBDAS 

CBDASCt_Thr F 
AGCATCCCCCCTCTCCCACGCCACCGC
CACCTCGTCCCCCGTGGCTCCCGTAAG
GGAGAA 

Forward for 
Thrombin, YFP and 
HA tag with CBDAS 

homology 

Gibson assembly of 
pCBDAS, pSP:CBDAS 
and pΔ28aaCBDAS 

HA_FcpAt R 
CGGACCGGCGGTGTTGGTCGGCGTCG
GTTATTAGGCGTAGTCCGGGACATCGT
AGGGGTA 

Reverse for 
Thrombin, YFP and 
HA tag with FcpA 

terminator homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

HA_FcpAt F 
TACCCCTACGATGTCCCGGACTACGCC
TAATAACCGACGCCGACCAACACCGCC
GGTCCG 

Forward for FcpA 
terminator with HA 

tag homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

FcpAt-Frg1 R 
GGAAGATCTATATTACCCTGTGAAGAC
GAGCTAGTGTTATTCCTGACTGTGAAA
CCAAAG 

Reverse for FcpA 
terminator with 

vector (backbones) 
homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

FcpAt-Frg1 F 
ATAACACTAGCTCGTCTTCACAGGGTA
ATATAGATCTTCCGCTGCATAACCCTGC
TTCGG 

Forward primer used 
to amplify half of the 
backbone with FcpA 
terminator homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

D630R 
TTTGCAAACCAAGTTCGACAACTGCGT
ACGGCCTGTTCGAAAGATCTACCACCG
CTCTGG 

Reverse primer used 
to amplify half of the 
backbone with the 

other half of 
backbones homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

D631F 
GGGCCGTGCGTGGAGTAAAAAGGTTT
GGATCAGGATTTGCGCCTTTGGATGA
GGCACTTT 

Forward primer used 
to amplify half of the 
backbone with the 

other half of 
backbones homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

D631R 
ATGGGCTTCGCCCTGTCGCTCGACTGC
GGCGAGCACTACTGGCTGTAAAAGGA
CAGACCA 

Reverse primer used 
to amplify half of the 
backbone with FcpC 
promoter homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 
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D635F 

TGGTCTGTCCTTTTACAGCCAGTAGTG
CTCGCCGCAGTCGAGCGACAGGGCGA
AGCCCATGAGCACAAGAGGTGACAAA
A 

Forward for FcpC 
promotor, Nat and 

FcpC terminator with 
half of the backbone 

homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

FcpCt_HASP1p R 
GTCAATTCGAAAGTTACATTCACTGTAT
GATTGCAGCTTGTTGCAGAAGGATGTA
GGCTC 

Reverse for FcpC 
promotor, Nat and 

FcpC terminator with 
HASP1 promotor 

homology 

Gibson assembly of 
pYFP, pSP:YFP, 

pCBDAS, pSP:CBDAS 

HASP1SP_CBDAS R 
GAAGCACTTGAGGAAGTTTTCACGGG
GGTTAGCCCCAGCCGAGAAGCTTGCG
AGGAGAAA 

Reverse for HASP1 
promotor and signal 
pep<de (SP) with 
CBDAS homology 

Gibson assembly of 
pSP:CBDAS 

HASP1SP_CBDAS F 
TTTCTCCTCGCAAGCTTCTCGGCTGGG
GCTAACCCCCGTGAAAACTTCCTCAAG
TGCTTC 

Forward for cbdas 
with signal pep<de 
(SP) homology 

Gibson assembly of 
pSP:CBDAS 

HASP1p_Thr R 
TTCTCCCTTACGGGAGCCACGGGGGA
CGAGCATGGTGGCGCTCGCCGTGATG
GATCTTTTCGA 

Reverse for HASP1 
promotor with 

thrombin and YFP 
homology 

Gibson assembly of 
pSP:CBDAS 

HASP1p_Thr F 
TCGAAAAGATCCATCACGGCGAGCGC
CACCATGCTCGTCCCCCGTGGCTCCCG
TAAGGGAGAA 

Forward for thrombin 
and YFP with HASP1 
promotor homology 

Gibson assembly of 
pSP:CBDAS 

HASP1  
_woSPCBDAS F 

ATCCGACTCGAAAAGATCCATCACGGC
GAGCGCCACCATGAACCCCCGTGAAA
ACTTCCT 

Forward for 
Δ28aaCBDAS with 
HASP1 promotor 

homology 

Gibson assembly of 
pSP:CBDAS 

HASP1_woSPCBDAS  
R2 

GAAGCACTTGAGGAAGTTTTCACGGG
GGTTCATGGTGGCGCTCGCCGTGATG
GATCTTTT 

Reverse for HASP1 
promotor with 
Δ28aaCBDAS 
homology 

Gibson assembly of 
pSP:CBDAS 

 

  



                  

97 
 

Table 5-3: Table S3.  Analy>cal parameters used for compounds iden>fica>on using high-performance liquid chromatography 
with diode-array detec>on (HPLC-DAD).  

AbbreviaSons: olivetolic acid (OA), olivetol (OL), delta-9-tetrahydrocannabinol (THC), cannabidiol (CBD), cannabinol (CBN), delta-
9-tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA), cannabinolic acid (CBNA), cannabigerolic acid (CBGA), 
cannabichromene (CBC), cannabigerol (CBG), tetrahydrocannabivarin (THCV), cannabidivarin (CBDV), retenSon Sme (RT), 
maximum absorpSon wavelengths (𝜆max). 
 

Compound RT 

(min) 

𝜆max 

(nm) 

OA 1.936 214/261/300 

OL 1.716 202/276 

THC 11.827 199/279/328 

CBD 7.811 199/276 

CBN 10.773 198/221/283 

THCA 15.636 199/223/270/306 

CBDA 8.709 198/223/269/307 

CBNA 14.547 199/222/261/328 

CBGA 10.146 198/222/268/305 

CBC 13.517 199/226/280 

CBG 8.025 199/274 

THCV 8.239 199/278 

CBDV 4.942 200/275 
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Table 5-4: Table S4. Op>mized instrumental parameters used for HPLC-MS/MS analyses in ESI+.  

References: olivetolic acid (OA), olivetol (OL), delta-9-tetrahydrocannabinol (THC), cannabidiol (CBD), cannabinol (CBN), delta-9-
tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA), cannabinolic acid (CBNA), cannabigerolic acid (CBGA), 
cannabichromene (CBC), cannabigerol (CBG), tetrahydrocannabivarin (THCV), cannabidivarin (CBDV), retenAon Ame (RT), 
collision energy (CE). QuanAficaAon MRM transiAons are bold while qualifier MRM transiAons are not. 

Compound RT 
 (min) 

Parent ion 
 (m/z) 

Product 
Ion 

 (m/z) 

Fragmentor 
 (V) 

CE 
 (V) Polarity 

OA 4.272 225 

207 75 10 + 

123 75 18 + 

189 75 18 + 

OL 4.083 181 
111 75 10 + 
71 75 10 + 
93 75 26 + 

THC 9.225 315 
193 80 22 + 
123 80 34 + 
135 80 18 + 

CBD 7.752 315 
193 75 22 + 
123 75 34 + 
135 75 18 + 

CBN 8.825 311 
223 75 22 + 
293 75 14 + 
241 75 18 + 

THCA 10.334 359 
341 80 14 + 
219 80 34 + 
285 80 26 + 

CBDA 7.935 359 
341 80 10 + 
219 80 30 + 
261 80 26 + 

CBNA 9.933 355 
337 85 14 + 
253 85 30 + 
235 85 30 + 

CBGA 8.289 361 219 80 26 + 
343 80 10 + 
237 80 10 + 

CBC 9.556 315 
193 75 18 + 
259 75 10 + 
81 75 10 + 

CBG 7.655 317 
193 80 14 + 
123 80 34 + 
207 80 10 + 

THCV 8.162 287 
165 75 22 + 
123 75 34 + 
231 75 18 + 

CBDV 6.642 287 
165 75 22 + 
123 75 34 + 
231 75 14 + 
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Figure 5-1: Fig. S1. CBDAS strains growth curves and YFP fluorescence emission.  

A. Growth curves of each strain, the opAcal density (OD) at 680 nm was followed for 14 days. B. YFP fluorescence emission 
(excitaAon 500 nm- emission 539 nm), from the 12 cultures monitoring in A, was measured and normalized to the OD. 

 

 
Figure 5-2: Fig. S2. Subcellular localiza>on of three CBDAS clones. YFP fluorescence, chlorophyll autofluorescence, and the merging 
of three fields are shown in transgenic lines producing CBDAS:YFP, visualized by confocal laser microscopy. Scale bars = 10 μm.  
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Figure 5-3: Fig. S3. Subcellular localiza>on of three SP:CBDAS clones. YFP fluorescence, chlorophyll autofluorescence, and the 
merging of three fields are shown in transgenic lines producing SP:CBDAS:YFP, visualized by confocal laser microscopy. Scale bars 
= 10 μm. 
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Figure 5-4: Fig. S4. Subcellular localiza>on of three Δ28aaCBDAS clones. YFP fluorescence, chlorophyll autofluorescence, and the 
merging of three fields are shown in transgenic lines producing Δ28aaCBDAS:YFP, visualized by confocal laser microscopy. Scale 
bars = 10 μm.  
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Figure 5-5: Fig. S5. Intracellular detec>on of CBDAS enzyme.  

Uncropped Western blots from Fig. 4A & B, with an anA-GFP/YFP/CFP anAbody of total cell extracts from YFP (Thr:YFP:3HA, 32 
kDa), SP:YFP (SP:Thr:YFP:3HA, 34 kDa), CBDAS (CBDAS:Thr:YFP:3HA, 93 kDa), SP:CBDAS (SP:CBDAS:Thr:YFP:3HA, 92 kDa), EV and 
purified GFP (27 kDa). Lower panel, stained blot with red ponceau soluAon (RP).  

 
 
 
 

 
Figure 5-6: Fig. S6. CBDA detec>on by HPLC-DAD at 220 nm.  

A Mix soluAon with 10 ppm of commercial standards (black), in vitro assays using SP:YFP (green) and CBDAS7 strain (pink) protein 
extracts in presence of CBGA. B. Zoom in of A, showing CBDA peak with a black arrow. C-D and E-F CBDAS11 and CBDAS18 strains 
chromatograms respecAvely.  
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Figure 5-7: Fig. S7. CBDA detec>on by HPLC-DAD at 220 nm.  

A. Mix soluAon with 10 ppm of commercial standards (black), in vitro assays using SP:YFP (green) and SP:CBDAS2 strain (red) 
protein extracts in presence of CBGA. B. Zoom in of A, showing CBDA peak with a black arrow. C-D and E-F, SP:CBDAS6 and 
SP:CBDAS8 strains chromatograms respecAvely. 

 

 
Figure 5-8: Fig. S8. UV spectrum (190-400nm) of 10 ppm of Standard CBDA and in vitro assay results from SP:YFP, CBDAS7, 
CBDAS11, CBDAS18, SP:CBDAS2, SP:CBDAS 4 and  SP:CBDAS6 strains (black).  
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Figure 5-9: Fig. S9. CBDA detec>on and valida>on by HPLC-MS/MS. MS/MS fragmentaAon of the in vitro assays confirming 
idenAty of CBDA (standard, upper panel) and SP:CBDAS6 (lower panel).  

 
 
 
 

 
Figure 5-10: Fig. S10. Cannabigerolic acid (A) and cannabidiolic acid (B) calibra>on curves. 
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6 Appendix II 
6.1 Supplementary Data of Chapter III 

 
Table 6-1: Supplementary Table S1. List of geneAc parts used in this study.  

Name Sequence Description 

HASP1 
promoter 

catacagtgaatgtaactttcgaattgacagtattagtagtcgtattgacagtgaggcacg
cccctcaatgtgcgaggtggaaaatataccagcatgacaatgaatcttggagattcttttg
ctgtcatcaagattcaccgccaaatcttcaggaacctatcacgtccacaggcgatgttaa
ttcttgagtcgtcaaaacaaagtcctgtcctacctgtagaagttgacagcgagcaattgta
tgcaaacttctgactttgttataataacattaaaggtaattaagtatcttcaattaggcattttg
tcactgtcagtccgttccgacaatataggtagatttggaatgaatcttttctatgctgctgcg
aatcttgtacacctttgaggccgtagattctgtccgacgaagcgataattattgcaaaata
catggactcattattttgattcgatttctttttggtatccgactcgaaaagatccatcacggcg
agc 

Highly Abundant 
Secreted 
Protein1 
promoter 
sequence  

Erdenedolgor et 
al 2019 

40SRPS8 
Promoter  

 

ccctgcgatagaccttttccaaactcacgcagtccaagaaaacaaaggggtgagaagt
atacgcacctttcggtttcggcataattcttaaactcttgtggtcactttcttgtgaagaagcta
ggggcactcgttttccctcagagcctgcaaacacaaaattcctgcagtcaattgtcccaa
cactcggcaaaccgtatgcgcaagcaacgatgcgcagaaggccgtggatggatggc
gactcgcgatatggcttcttgggtcgccagtgtggtacgtccggcgtatgtcaatacgcga
attcggacgactggcatctctaggaggaggattccttcttttatgacatgtttattttatataca
ttgatgctttccgacagtcggaagtaataaatgaatttatttcaagactacctatactcctttg
acttgttcgactaatcttaccgcttactaaaatctcgaaatcacgcttgacctctcgcacgc
aaatttttgctgctggacgctacgcactcggcccaattcttctcggtcctcgtcgtcgcaatt
gtcgttgcgttgatcttgcaccgaaggaatcagagaatagaatacc 

40S ribosomal 
protein S8 
promoter 

Kozak gccacc Translation 
enhancer 
sequences 

Erdenedolgor et 
al 2019  

CBDAS  aagtgctcgacgttttcgttttggtttgtctgtaagattatttttttctttttttcctttaacattcaaac
atctattgctaatccacgagaaaacttcttgaagtgcttctcgcaatacattccgaacaac

Codon 
optimized 
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gccacaaacctcaagctcgtgtacacgcaaaacaacccactctacatgtcggtgttgaa
ctcgaccattcataacttgcgatttacctccgacacaacgcctaagccattggtgattgtta
cgccctctcatgtctcgcacattcaaggaaccattttgtgctcgaagaaggttggattgca
aattcgtacgcgttcgggaggccacgattcggaaggtatgtcctacatttctcaagtcccc
tttgtgattgtggatcttcgaaacatgcgctcgattaaaattgacgtccactcccaaacggc
ctgggttgaagctggtgccacattgggagaagtctactattgggtgaacgaaaaaaatg
aaaatttgtccttggccgctggttattgtcctacggtgtgcgccggcggtcactttggcgga
ggcggatacggtcccttgatgcgaaattacggcttggctgccgacaatattattgacgcc
cacttggtgaacgttcacggtaaggtcttggaccgcaagtcgatgggcgaagacttgttc
tgggccctccgaggtggaggcgccgaatcgtttggtattattgttgcctggaagattcgctt
ggtggccgtccctaagtcgacgatgttttccgtcaagaaaattatggagattcacgaattg
gttaagttggtcaacaaatggcaaaacattgcctacaaatacgacaaagacctccttttg
atgacccatttcattacgcgaaacattacggataaccagggtaaaaacaaaaccgcca
ttcatacgtacttttcgtctgttttcttgggtggagtcgactcgttggtcgacttgatgaacaaa
tcctttcccgaattgggaattaagaagacggactgccgacagctctcctggattgacacc
attattttttactctggagtcgtcaactatgacacggacaactttaacaaagagattctgctt
gaccgctcggccggacagaacggagcctttaaaattaaattggactatgtcaaaaaac
ccattcccgagtcggtctttgtccaaattctcgaaaagttgtacgaagaggacattggagc
cggaatgtacgccttgtacccgtacggaggaattatggacgagatttccgaatcggccat
tccgtttccgcatcgagctggaattctgtacgaactgtggtacatttgctcgtgggaaaagc
aagaagataatgaaaagcacctgaattggattcgcaatatttacaactttatgacgccgt
acgtctcgaagaacccgcgcctggcttacctgaactaccgagatctggatattggaatta
atgatccgaagaatccgaataattacacccaggctcgaatttggggagaaaagtacttt
ggaaagaattttgatcgcctcgtcaaggtcaagacgctcgtcgatccgaataatttttttcg
aaacgaacagtccattccgccactccctcgacaccgccac 

Cannabidiolic 
acid synthase  

Thrombin 
cleavage 
sequence 

 

ctcgtcccccgtggctcc 

 

Yfp cgtaagggtgaagaactcttcaccggtgtcgtccccatcctcgtcgaactcgacggaga
tgtcaacggacacaagttctccgtctccggtgaaggcgaaggagacgccaccaacgg
caagctcaccctcaagtttatttgcaccaccggcaagctccccgtcccctggccgaccct
cgttacgaccttgacctacggcgtccagtgcttcgcccgttaccccgaccacatgaagc
agcacgacttctttaagtccgccatgcccgaaggctacgtccaggaacgcaccatttcct
tcaaggacgacggaacctacaagacccgcgccgaagtcaagtttgaaggtgacacc
ctcgtcaaccgtattgaactcaagggcatcgattttaaggaagacggtaacattcttggcc
acaagttggaatacaacttcaactcccacaacgtctacattaccgccgataagcagaa
gaacggaattaaggccaacttcaagatccgccacaacgtcgaagacggttccgtcca
gctcgccgaccactaccagcagaacacccccatcggtgacggacccgtcctcctcccc
gacaaccactacttgtcctaccagtcggccctctccaaggacccgaacgaaaagcgtg

Yellow 
fluorescence 
protein 
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accacatggtcctcctcgaatttgtcaccgccgccggtatcacccacggtatggatgaac
tctacaagcgtcccgccgccaacgacgaaaactacgccgcctccgtc 

mCherry atggtgagcaagggcgaggaggataacatggccatcatcaaggagttcatgcgcttca
aggtgcacatggagggctccgtgaacggccacgagttcgagatcgagggcgagggc
gagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtg
gccccctgcccttcgcctgggacatcctgtcccctcagttcatgtacggctccaaggccta
cgtgaagcaccccgccgacatccccgactacttgaagctgtccttccccgagggcttca
agtgggagcgcgtgatgaacttcgaggacggcggcgtggtgaccgtgacccaggact
cctccctccaggacggcgagttcatctacaaggtgaagctgcgcggcaccaacttccc
ctccgacggccccgtaatgcagaagaaaaccatgggctgggaggcctcctccgagcg
gatgtaccccgaggacggcgccctgaagggcgagatcaagcagaggctgaagctga
aggacggcggccactacgacgctgaggtcaagaccacctacaaggccaagaagcc
cgtgcagctgcccggcgcctacaacgtcaacatcaagttggacatcacctcccacaac
gaggactacaccatcgtggaacagtacgaacgcgccgagggccgccactccaccgg
cggcatggacgagctgtacaag 

mFruits family of 
monomeric red 
fluorescent 
proteins 

3xHA tag tacccctacgacgtccctgactacgccggctacccgtacgacgtccccgactacgccg
gttcgtacccctacgatgtcccggactacgcc 

 

FcpA 
Terminator  

ccgcaacaactacctcgactttggctgggacactttcagtgaggacaagaagcttcaga
agcgtgctatcgaactcaaccagggacgtgcggcacaaatgggcatccttgctctcatg
gtgcacgaacagttgggagtctctatccttccttaaaaatttaattttcattagttgcagtcac
tccgctttggttt 

Fucoxanthin 
chlorophyll a 
binding protein 
terminator 

FcpC 
promoter 

gagcacaagaggtgacaaaagccaccggctggatcgcacttctcggaatttcccccct
actatcaaacaaattcgaattgccaaaggtgaagggactaactgtaaatcctgatcaat
caaggtctcaatcaagtacaatgggctacaatgatatttagatgggaacacaatgaaac
aaattgaaacttctactgacaggagcgcaattgacttgtgtagcttttcatgagcacttgatt
gctaccaattgtgaacgggatggggaaagactcgaaaaggtgcatgcttccgataatct
actatattttctagaatcaaataatatttaaatgaatgaggtcctcagcgtacgttaagccta
cttatttagaacgagaagtcagaccgaggggtactaaaattctaagggttgagaggtat
cttgattccgggtctatggaagcccatccttgttgaagcttgaacacgatccttgtgaaagg
ccgacgttgcgcgaaaaaacagcctgccgatttctttccttctttctcgtctcaacctatata
ctttcataatctctgttagagtttaccaacaacacatatatacatttcgacaaa 

Fucoxanthin 
chlorophyll c 
binding protein 
promoter 
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Nat accactcttgacgacacggcttaccggtaccgcaccagtgtcccgggggacgccgag
gccatcgaggcactggatgggtccttcaccaccgacaccgtcttccgcgtcaccgccac
cggggacggcttcaccctgcgggaggtgccggtggacccgcccctgaccaaggtgttc
cccgacgacgaatcggacgacgaatcggacgacggggaggacggcgacccggac
tcccggacgttcgtcgcgtacggggacgacggcgacctggcgggcttcgtggtcgtctc
gtactccggctggaaccgccggctgaccgtcgaggacatcgaggtcgccccggagca
ccgggggcacggggtcgggcgcgcgttgatggggctcgcgacggagttcgcccgcg
agcggggcgccgggcacctctggctggaggtcaccaacgtcaacgcaccggcgatc
cacgcgtaccggcggatggggttcaccctctgcggcctggacaccgccctgtacgacg
gcaccgcctcggacggcgagcaggcgctctacatgagcatgccctgcccctga 

Nourseothricin 
resistance gene 

FcpC 
terminator 

ttttgttacattgacttcaaggagtcgaggaatcgatactgccgtcgtttccaggatccgag
gtttctatagactctctatagactctgttaacctaatagaatcagacatacctctcctgctattt
tgtttttatgaatttggcttttgcctctctagtcagatttgaatgttattttccgccaggtgtgttagt
cgggctctcgtttgagttacaagagggattgagtggcgaggattcactctaatgtaaatat
gactgtgaacaaaactttaaaattactacgcatcttctttgactgtcagatattcgtcggtga
cagcagtcaatgcctgcaaattgtcctcctgggtcgcaatttggttttggattgacctggtat
gcattatgaagaaaaaaattcgttattagccaactgcctagcgtgcacattgcatggttag
acctccttgacgactgtgagcctacatccttctgcaacaagctgcaat 

Fucoxanthin 
chlorophyll c 
binding protein 
terminator 

Vector 
(backbone
) 

cagggtaatatagatcttccgctgcataaccctgcttcggggtcattatagcgattttttcggt
atatccatcctttttcgcacgatatacaggattttgccaaagggttcgtgtagactttccttggt
gtatccaacggcgtcagccgggcaggataggtgaagtaggcccacccgcgagcggg
tgttccttcttcactgtcccttattcgcacctggcggtgctcaacgggaatcctgctctgcga
ggctggccggctaccgccggcgtaacagatgagggcaagcggatggctgatgaaac
caagccaaccaggaagggcagcccacctatcaaggtgtactgccttccagacgaacg
aagagcgattgaggaaaaggcggcggcggccggcatgagcctgtcggcctacctgct
ggccgtcggccagggctacaaaatcacgggcgtcgtggactatgagcacgtccgcga
gctggcccgcatcaatggcgacctgggccgcctgggcggcctgctgaaactctggctc
accgacgacccgcgcacggcgcggttcggtgatgccacgatcctcgccctgctggcg
aagatcgaagagaagcaggacgagcttggcaaggtcatgatgggcgtggtccgccc
gagggcagagccatgacttttttagccgctaaaacggccggggggtgcgcgtgattgcc
aagcacgtccccatgcgctccatcaagaagaggcacttcgagctgtaagtacatcacc
gacgagcaaggcaagacgatccgcgcctgttttattgagaacgttgttcgtgttggcctca
atggtagcgatgcgtcattcagcgaagttctggtgctgatgatgtggttcgctttgccactg
gtcaatgtggtaagcccgtgtaatgtcagtaacctttttactgatctcagcttgagcacggtc
gctgatgagcttatccatggccccacggtaacggatatgatcctctagggcgttgacaaa
ttctttgtcggttttcatggggtagacgtcagtgaccagggaacgtctccctacaaaaagtt
gcgcatactttgctccgttgtcgacggcaggggtgtcggaccagattgtatctgtggcaac
ggcctcattgcgtcaatggacctttaaagccgggaaacgagacttgaaatgtttacgtag
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aggtgcattatagacctcacgcgcatattgagtggttgcaaaaatggttttgcgaacggta
tcactggagacccatgccaggcaaggacggagggcatcataatcatgttcattgcgttg
gacagcatgcttgttacacgtaagtatacggtcgagagcatcgtgacgttgagaattaca
gatggcaacgtgtcggtgcatgtattggccgagattgtcaaatcgtggctcaatatatggc
atgccaggtaagtcatggatgtcggtatgccattcagccttcatgtcgatttcgttgtcgag
aactgatgggtcccagtcaacgtcagaagtaagaacaacatggggaagggaatgaa
gttcatgactggtgggtgcgcgcatatccatgtacggaagaccctgtcgtatgtttagtgg
gatgatgtaatcatccagggtaacaatacgttggttgccgcccacggtacgagaccgat
cttgaacacaattgtggcaatgttcaagttgggcgctggaatggatggttttacctttacca
agatgcgcgtattgatgcatgataacaacaatgggccctcgttgcgattcgacaagacc
ggcagccgtgacaatgtctagattggacaaggtatgttcatttataccggttatgttggctg
aacgtccagttttgtgcagtacggtaacatcactccccgcaagtccaccgttggcaccgc
gatcgacaagtgcagatgtggtattttgtactgtgtgtcgggagacttggtactgtaacaca
tttgactgaagtgacttggtggtaccatgaggacggagggaacccgttgatacggtgttg
cgtgacgctgcaagtaccttacgtatgtcgcctggatccatacgtccaacccgatcagaa
agatgtgctaggagttccgtttctggtgcacaatcatgaaaggtatccacgggagttccat
tgttgtcgtccggggctgcgtcgcgactgccagttgcatgtacatgcgccatcaagggac
gtgccaatccattactaaccgggagaaccttagctggggcagccaatccctgaagtata
gccttagcatcatctgagagctggttccacatatctctagggatataaggtcgttcacggtt
agtgggcgtactatgatgtcggttattagtacaattctccctgcgggcatgcgcattggcttc
atagagtacggaaggtgacaagtcaatattgtagttaacatccggatcagtgtcaaagtc
tgtaggatggtaagaaagatcagtagaatgaatactacgcttttccttgggactacggga
attagagaagttgtttcctttattgtagagtgacgctgaagcaagtagaagactaaggtaa
ctctcgtagctaataggattacctcctttggctaggtcaagagtggctgtgatcttcacttga
caaagttccggtacattgtggacagcattctccaaaagactaagacacagttgctttggg
agttgctcagccattggtacagtattgtggtagatacaaaggtggttcttccaatgaaggat
aaatccttctgctgtgcctgtccatgaggatccatatttcgccgtagttaggtaaccaagcg
tggtggctgaactgatcttcgcacttgctgattccgtatagtgtttgacaactttacaaaaca
cttcttgcgcagttcgctctagcctggacagagaagggacaatcttcgtcgttaagactcg
tgcgaatagcaaaagatcacaaaatagcacatcggcaccgaccaacgattatttccaa
ggaaaaaaagaatgcttcactacaagaaattgtgtcatccctatacagagtcttgttactg
tgacagaaaattgatggaagatgtggcggattgcctttacactagccaacttgttcgacta
attgcagcttcttctgagaggcttcaccgagtaacgcgaagaacaccggtgtctcgtaca
tgctcgtcggtgaacgctcgtccaatgacaccccccactttgtatcaatatcccaacttggt
agtgaactggaatgatacatgcaatttcgcgccgcatcaacagccacgggcaccatcg
acgaatagactcggtcgagctggttgccctcgccgctgggctggcggccgtctatggcc
ctgcaaacgcgccagaaacgccgtcgaagccgtgtgcgagacaccgcggccggcc
gccggcgttgtggatacctcgcggaaaacttggccctcactgacagatgaggggcgga
cgttgacacttgaggggccgactcacccggcgcggcgttgacagatgaggggcaggc
tcgatttcggccggcgacgtggagctggccagcctcgcaaatcggcgaaaacgcctg
attttacgcgagtttcccacagatgatgtggacaagcctggggataagtgccctgcggta
ttgacacttgaggggcgcgactactgacagatgaggggcgcgatccttgacacttgag
gggcagagtgctgacagatgaggggcgcacctattgacatttgaggggctgtccacag
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gcagaaaatccagcatttgcaagggtttccgcccgtttttcggccaccgctaacctgtctttt
aacctgcttttaaaccaatatttataaaccttgtttttaaccagggctgcgccctgtgcgcgt
gaccgcgcacgccgaaggggggtgcccccccttctcgaaccctcccggtcgagtgag
cgaggaagcaccagggaacagcacttatatattctgcttacacacgatgcctgaaaaa
acttcccttggggttatccacttatccacggggatatttttataattattttttttatagtttttagat
cttcttttttagagcgccttgtaggcctttatccatgctggttctagagaaggtgttgtgacaa
attgccctttcagtgtgacaaatcaccctcaaatgacagtcctgtctgtgacaaattgccct
taaccctgtgacaaattgccctcagaagaagctgttttttcacaaagttatccctgcttattg
actcttttttatttagtgtgacaatctaaaaacttgtcacacttcacatggatctgtcatggcg
gaaacagcggttatcaatcacaagaaacgtaaaaatagcccgcgaatcgtccagtca
aacgacctcactgaggcggcatatagtctctcccgggatcaaaaacgtatgctgtatctg
ttcgttgaccagatcagaaaatctgatggcaccctacaggaacatgacggtatctgcga
gatccatgttgctaaatatgctgaaatattcggattgacctctgcggaagccagtaaggat
atacggcaggcattgaagagtttcgcggggaaggaagtggttttttatcgccctgaagag
gatgccggcgatgaaaaaggctatgaatcttttccttggtttatcaaacgtgcgcacagtc
catccagagggctttacagtgtacatatcaacccatatctcattcccttctttatcgggttac
agaaccggtttacgcagtttcggcttagtgaaacaaaagaaatcaccaatccgtatgcc
atgcgtttatacgaatccctgtgtcagtatcgtaagccggatggctcaggcatcgtctctct
gaaaatcgactggatcatagagcgttaccagctgcctcaaagttaccagcgtatgcctg
acttccgccgccgcttcctgcaggtctgtgttaatgagatcaacagcagaactccaatgc
gcctctcatacattgagaaaaagaaaggccgccagacgactcatatcgtattttccttcc
gcgatatcacttccatgacgacaggatagtctgagggttatctgtcacagatttgagggtg
gttcgtcacatttgttctgacctactgagggtaatttgtcacagttttgctgtttccttcagcctg
catggattttctcatactttttgaactgtaatttttaaggaagccaaatttgagggcagtttgtc
acagttgatttccttctctttcccttcgtcatgtgacctgatatcgggggttagttcgtcatcatt
gatgagggttgattatcacagtttattactctgaattggctatccgcgtgtgtacctctacctg
gagtttttcccacggtggatatttcttcttgcgctgagcgtaagagctatctgacagaacag
ttcttctttgcttcctcgccagttcgctcgctatgctcggttacacggctgcggcgagcatca
cgtgctataaaaataattataatttaaattttttaatataaatatataaattaaaaatagaaa
gtaaaaaaagaaattaaagaaaaaatagtttttgttttccgaagatgtaaaagactctag
ggggatcgccaacaaatactaccttttaccttgctcttcctgctctcaggtattaatgccga
attgtttcatcttgtctgtgtagaagaccacacacgaaaatcctgtgattttacattttacttat
cgttaatcgaatgtatatctatttaatctgcttttcttgtctaataaatatatatgtaaagtacgct
ttttgttgaaattttttaaacctttgtttatttttttttcttcattccgtaactcttctaccttctttatttact
ttctaaaatccaaatacaaaacataaaaataaataaacacagagtaaattcccaaatta
ttccatcattaaaagatacgaggcgcgtgtaagttacaggcaagcgatcctagtacactc
tatatttttttatgcctcggtaatgattttcattttttttttccacctagcggatgactctttttttttctta
gcgattggcattatcacataatgaattatacattatataaagtaatgtgatttcttcgaagaa
tatactaaaaaatgagcaggcaagataaacgaaggcaaagatgacagagcagaaa
gccctagtaaagcgtattacaaatgaaaccaagattcagattgcgatctctttaaagggt
ggtcccctagcgatagagcactcgatcttcccagaaaaagaggcagaagcagtagca
gaacaggccacacaatcgcaagtgattaacgtccacacaggtatagggtttctggacc
atatgatacatgctctggccaagcattccggctggtcgctaatcgttgagtgcattggtgac
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ttacacatagacgaccatcacaccactgaagactgcgggattgctctcggtcaagctttt
aaagaggccctaggggccgtgcgtggagtaaaaaggtttggatcaggatttgcgccttt
ggatgaggcactttccagagcggtggtagatctttcgaacaggccgtacgcagttgtcg
aacttggtttgcaaagggagaaagtaggagatctctcttgcgagatgatcccgcattttctt
gaaagctttgcagaggctagcagaattaccctccacgttgattgtctgcgaggcaagaa
tgatcatcaccgtagtgagagtgcgttcaaggctcttgcggttgccataagagaagccac
ctcgcccaatggtaccaacgatgttccctccaccaaaggtgttcttatgtagttttacacag
gagtctggacttgacgctagtgataataagtgactgaggtatgtgctcttcttatctccttttgt
agtgttgctcttattttaaacaactttgcggttttttgatgactttgcgattttgttgttgctttgcagt
aaattgcaagatttaataaaaaaacgcaaagcaatgattaaaggatgttcagaatgaa
actcatggaaacacttaaccagtgcataaacgctggtcatgaaatgacgaaggctatc
gccattgcacagtttaatgatgacagcccggaagcgaggaaaataacccggcgctgg
agaataggtgaagcagcggatttagttggggtttcttctcaggctatcagagatgccgag
aaagcagggcgactaccgcacccggatatggaaattcgaggacgggttgagcaacg
tgttggttatacaattgaacaaattaatcatatgcgtgatgtgtttggtacgcgattgcgacg
tgctgaagacgtatttccaccggtgatcggggttgctgcccataaaggtggcgtttacaa
aacctcagtttctgttcatcttgctcaggatctggctctgaaggggctacgtgttttgctcgtg
gaaggtaacgacccccagggaacagcctcaatgtatcacggatgggtaccagatcttc
atattcatgcagaagacactctcctgcctttctatcttggggaaaaggacgatgtcacttat
gcaataaagcccacttgctggccggggcttgacattattccttcctgtctggctctgcaccg
tattgaaactgagttaatgggcaaatttgatgaaggtaaactgcccaccgatccacacct
gatgctccgactggccattgaaactgttgctcatgactatgatgtcatagttattgacagcg
cgcctaacctgggtatcggcacgattaatgtcgtatgtgctgctgatgtgctgattgttccca
cgcctgctgagttgtttgactacacctccgcactgcagtttttcgatatgcttcgtgatctgctc
aagaacgttgatcttaaagggttcgagcctgatgtacgtattttgcttaccaaatacagca
atagcaatggctctcagtccccgtggatggaggagcaaattcgggatgcctggggaag
catggttctaaaaaatgttgtacgtgaaacggatgaagttggtaaaggtcagatccggat
gagaactgtttttgaacaggccattgatcaacgctcttcaactggtgcctggagaaatgct
ctttctatttgggaacctgtctgcaatgaaattttcgatcgtctgattaaaccacgctgggag
attagataatgaagcgtgcgcctgttattccaaaacatacgctcaatactcaaccggttga
agatacttcgttatcgacaccagctgccccgatggtggattcgttaattgcgcgcgtagga
gtaatggctcgcggtaatgccattactttgcctgtatgtggtcgggatgtgaagtttactcttg
aagtgctccggggtgatagtgttgagaagacctctcgggtatggtcaggtaatgaacgtg
accaggagctgcttactgaggacgcactggatgatctcatcccttcttttctactgactggt
caacagacaccggcgttcggtcgaagagtatctggtgtcatagaaattgccgatggga
gtcgccgtcgtaaagctgctgcacttaccgaaagtgattatcgtgttctggttggcgagctg
gatgatgagcagatggctgcattatccagattgggtaacgattatcgcccaacaagtgct
tatgaacgtggtcagcgttatgcaagccgattgcagaatgaatttgctggaaatatttctgc
gctggctgatgcggaaaatatttcacgtaagattattacccgctgtatcaacaccgccaa
attgcctaaatcagttgttgctcttttttctcaccccggtgaactatctgcccggtcaggtgat
gcacttcaaaaagcctttacagataaagaggaattacttaagcagcaggcatctaacct
tcatgagcagaaaaaagctggggtgatatttgaagctgaagaagttatcactcttttaact
tctgtgcttaaaacgtcatctgcatcaagaactagtttaagctcacgacatcagtttgctcct
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ggagcgacagtattgtataagggcgataaaatggtgcttaacctggacaggtctcgtgtt
ccaactgagtgtatagagaaaattgaggccattcttaaggaacttgaaaagccagcac
cctgatgcgacctcgttttagtctacgtttatctgtctttacttaatgtcctttgttacaggccag
aaagcataactggcctgaatattctctctgggcccactgttccacttgtatcgtcggtctgat
aatcagactgggaccacggtcccactcgtatcgtcggtctgattattagtctgggaccac
ggtcccactcgtatcgtcggtctgattattagtctgggaccacggtcccactcgtatcgtcg
gtctgataatcagactgggaccacggtcccactcgtatcgtcggtctgattattagtctggg
accatggtcccactcgtatcgtcggtctgattattagtctgggaccacggtcccactcgtat
cgtcggtctgattattagtctggaaccacggtcccactcgtatcgtcggtctgattattagtct
gggaccacggtcccactcgtatcgtcggtctgattattagtctgggaccacgatcccactc
gtgttgtcggtctgattatcggtctgggaccacggtcccacttgtattgtcgatcagactatc
agcgtgagactacgattccatcaatgcctgtcaagggcaagtattgacatgtcgtcgtaa
cctgtagaacggagtaacctcggtgtgcggttgtatgcctgctgtggattgctgctgtgtcct
gcttatccacaacattttgcgcacggttatgtggacaaaatacctggttacccaggccgtg
ccggcacgttaaccgggctgcatccgatgcaagtgtgtcgctgtcgacgagctcgcga
gctcggacatgaggttgccccgtattcagtgtcgctgatttgtattgtctgaagttgtttttacg
ttaagttgatgcagatcaattaatacgatacctgcgtcataattgattatttgacgtggtttga
tggcctccacgcacgttgtgatatgtagatgataatcattatcactttacgggtcctttccggt
gatccgacaggttacggggcggcgacctcgcgggttttcgctatttatgaaaattttccggt
ttaaggcgtttccgttcttcttcgtcataacttaatgtttttatttaaaataccctctgaaaagaa
aggaaacgacaggtgctgaaagcgagctttttggcctctgtcgtttcctttctctgtttttgtcc
gtggaatgaacaatggaagtccgagctcatcgctaataacttcgtatagcatacattata
cgaagttatattcgatgcggccgcaaggggttcgcgtcagcgggtgttggcgggtgtcg
gggctggcttaactatgcggcatcagagcagattgtactgagagtgcaccatatgcggt
gtgaaataccacacagatgcgtaaggagaaaataccgcatcaggcgccattcgccatt
cagctgcgcaactgttgggaagggcgatcggtgcgggcctcttcgctattacgccagct
ggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgccagggttttcccagt
cacgacgttgtaaaacgacggccagtgaattgtaatacgactcactatagggcgaattc
gagctcggtacccggggatcctctagagtcgacctgcaggcatgcaagcttgagtattct
atagtctcacctaaatagcttggcgtaatcatggtcatagctgtttcctgtgtgaaattgttat
ccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagcctggggt
gcctaatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcgg
gaaacctgtcgtgccagctgcattaatgaatcggccaacgcgaaccccttgcggccgc
ccgggccgtcgaccaattctcatgtttgacagcttatcatcgaatttctgccattcatccgctt
attatcacttattcaggcgtagcaaccaggcgtttaagggcaccaataactgccttaaaa
aaattacgccccgccctgccactcatcgcagtactgttgtaattcattaagcattctgccga
catggaagccatcacaaacggcatgatgaacctgaatcgccagcggcatcagcacct
tgtcgccttgcgtataatatttgcccatggtgaaaacgggggcgaagaagttgtccatatt
ggccacgtttaaatcaaaactggtgaaactcacccagggattggctgagacgaaaaa
catattctcaataaaccctttagggaaataggccaggttttcaccgtaacacgccacatct
tgcgaatatatgtgtagaaactgccggaaatcgtcgtggtattcactccagagcgatgaa
aacgtttcagtttgctcatggaaaacggtgtaacaagggtgaacactatcccatatcacc
agctcaccgtctttcattgccatacgaaattccggatgagcattcatcaggcgggcaaga
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atgtgaataaaggccggataaaacttgtgcttatttttctttacggtctttaaaaaggccgta
atatccagctgaacggtctggttataggtacattgagcaactgactgaaatgcctcaaaa
tgttctttacgatgccattgggatatatcaacggtggtatatccagtgatttttttctccattttag
cttccttagctcctgaaaatctcgataactcaaaaaatacgcccggtagtgatcttatttcat
tatggtgaaagttggaacctcttacgtgccgatcaacgtctcattttcgccaaaagttggcc
cagggcttcccggtatcaacagggacaccaggatttatttattctgcgaagtgatcttccgt
cacaggtatttattcgcgataagctcatggagcggcgtaaccgtcgcacaggaaggac
agagaaagcgcggatctgggaagtgacggacagaacggtcaggacctggattgggg
aggcggttgccgccgctgctgctgacggtgtgacgttctctgttccggtcacaccacatac
gttccgccattcctatgcgatgcacatgctgtatgccggtataccgctgaaagttctgcaa
agcctgatgggacataagtccatcagttcaacggaagtctacacgaaggtttttgcgctg
gatgtggctgcccggcaccgggtgcagtttgcgatgccggagtctgatgcggttgcgatg
ctgaaacaattatcctgagaataaatgccttggcctttatatggaaatgtggaactgagtg
gatatgctgtttttgtctgttaaacagagaagctggctgttatccactgagaagcgaacga
aacagtcgggaaaatctcccattatcgtagagatccgcattattaatctcaggagcctgtg
tagcgtttataggaagtagtgttctgtcatgatgcctgcaagcggtaacgaaaacgatttg
aatatgccttcaggaacaatagaaatcttcgtgcggtgttacgttgaagtggagcggatta
tgtcagcaatggacagaacaacctaatgaacacagaaccatgatgtggtctgtcctttta
cagccagtagtgctcgccgcagtcgagcgacagggcgaagcccat 
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Table 6-2: Supplementary Table S2. OligonucleoAdes used in this study. 

Name  Sequence (5ʹ to 3ʹ)  Description  Use for 
Gibson 

FcpCt_HASP1p F GAGCCTACATCCTTCTGCAACAAG
CTGCAATCATACAGTGAATGTAACT
TTCGAATTGAC 

 

Forward for HASP1 
promoter with FcpC 
terminator homology 

pC-T-YFP 

HASP1 p_CBDAS R GTCAATTCGAAAGTTACATTCACTG
TATGATTGCAGCTTGTTGCAGAAG
GATGTAGGCTC 

Reverse for HASP1 
promoter with C 
homology 

pC-T-YFP 

 

HASP1p_CBDAS F 

 

TCGAAAAGATCCATCACGGCGAGC
GCCACCATGAAGTGCTCCACCTTT
TCCTTTTGGTTC 

 

Forward for C with 
HASP1 promoter 

homology  

 

pC-T-YFP 

CBDASCt_Thr R TTCTCCCTTACGGGAGCCACGGGG
GACGAGGTGGCGGTGGCGTGGGA
GAGGGGGGATGCT 

Reverse for C with 
Thrombin homology 

pC-T-YFP  

 

CBDASCt_Thr F 

 

AGCATCCCCCCTCTCCCACGCCAC
CGCCACCTCGTCCCCCGTGGCTCC
CGTAAGGGAGAA 

 

Forward for Thrombin, 
yfp and HA tag with C 

homology 

 

pC-T-YFP  

 

HA_FcpAt R 

  

Reverse for Thrombin, 
yfp and HA tag with 

 

pC-T-YFP 



                  

115 
 

CGGACCGGCGGTGTTGGTCGGCG
TCGGTTATTAGGCGTAGTCCGGGA
CATCGTAGGGGTA 

FcpA terminator 
homology 

 

HA_FcpAt F 

 

TACCCCTACGATGTCCCGGACTAC
GCCTAATAACCGACGCCGACCAAC
ACCGCCGGTCCG 

 

Forward for FcpA 
terminator with HA tag 

homology 

 

pC-T-YFP 

 

FcpAt-Frg1 R 

 

GGAAGATCTATATTACCCTGTGAA
GACGAGCTAGTGTTATTCCTGACT
GTGAAACCAAAG 

 

Reverse for FcpA 
terminator with vector 

(backbones) 
homology 

 

pC-T-YFP 

 

FcpAt-Frg1 F 

 

ATAACACTAGCTCGTCTTCACAGG
GTAATATAGATCTTCCGCTGCATAA
CCCTGCTTCGG 

 

Forward primer used 
to amplify half of the 
backbone with FcpA 
terminator homology 

 

pC-T-YFP 

 

D630R 

 

TTTGCAAACCAAGTTCGACAACTG
CGTACGGCCTGTTCGAAAGATCTA
CCACCGCTCTGG 

 

Reverse primer used 
to amplify half of the 
backbone with the 
other half of 

backbones homology 

  

pC-T-YFP, 
pmCherry-
T-YFP, 
pmCherry 
& YFP 

D631F GGGCCGTGCGTGGAGTAAAAAGG
TTTGGATCAGGATTTGCGCCTTTG
GATGAGGCACTTT 

Forward primer used 
to amplify half of the 
backbone with the 
other half of 

backbones homology 

pC-T-YFP, 
pmCheryy-
T-YFP, 
pmCherry 
& YFP 
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D631R ATGGGCTTCGCCCTGTCGCTCGAC
TGCGGCGAGCACTACTGGCTGTAA
AAGGACAGACCA 

Reverse primer used 
to amplify half of the 
backbone with FcpC 
promoter homology 

pC-T-YFP 

D635F TGGTCTGTCCTTTTACAGCCAGTA
GTGCTCGCCGCAGTCGAGCGACA
GGGCGAAGCCCATGAGCACAAGA
GGTGACAAAA 

Forward for FcpC 
promoter, Nat and 
FcpC terminator with 
half of the backbone 

homology 

Gibson 
assembly 
of pC-T-
YFP 

FcpCt_HASP1p R GTCAATTCGAAAGTTACATTCACTG
TATGATTGCAGCTTGTTGCAGAAG
GATGTAGGCTC 

Reverse for FcpC 
promoter, Nat and 
FcpC terminator with 
HASP1 promoter 

homology 

Gibson 
assembly 
of pC-T-
YFP 

mCherry-40SRPS8p 
R  

TGATGATGGCCATGTTATCCTCCTC
GCCCTTGCTCACCATGGTATTCTAT
TCTCTGATTC  

Reverse for 
40SRPS8p promoter 

with mCherry 
homology 

Gibson 
assembly 

of 
pmCherry 
& YFP 

40SRPS8p-mCherry 
F  

GCGTTGATCTTGCACCGAAGGAAT
CAGAGAATAGAATACCATGGTGAG
CAAGGGCGAGGA  

Forward for mCherry 
with 40SRPS8p 

promoter homology 

Gibson 
assembly 

of 
pmCherry 
& YFP 

40SRPS8p-FcpAt R TGATGATGGCCATGTTATCCTCCTC
GCCCTTGCTCACCATGGTATTCTAT
TCTCTGATTC 

Reverse for FcpA 
terminator with 

40SRPS8p promoter 
homology 

Gibson 
assembly 

of 
pmCherry 
& YFP 
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FcpAt-40SRPS8p F CTTTGGTTTCACAGTCAGGAATAAC
ACTAGCTCGTCTTCACCCTGCGAT
AGACCTTTTCC 

Forward for 
40SRPS8p promoter 
with FcpA terminator 

homology 

Gibson 
assembly 
ofpmCherr
y & YFP 

mCherry-thr-YFP F GGGCCGCCACTCCACCGGCGGCA
TGGACGAGCTGTACAAGCTCGTCC
CCCGTGGCTCCCG 

Forward for thrombin, 
yfp with mCherry 

homology 

Gibson 
assembly 

of 
pmCherry-
T-YFP 

mCherry-HASP1p R TGATGATGGCCATGTTATCCTCCTC
GCCCTTGCTCACCATGGTGGCGCT
CGCCGTGATGG 

Reverse for HASP1p 
promoter with 

mCherry homology 

Gibson 
assembly 

of 
pmCherry-
T-YFP 

HASP1p-mCherry F 
2 

TCGAAAAGATCCATCACGGCGAGC
GCCACCATGGTGAGCAAGGGCGA
GGAGGATAACATG 

Forward for mCherry 
with HASP1p 

promoter homology 

Gibson 
assembly 

of 
pmCherry-
T-YFP 

Thr-YFP-mCherry R 
2 

TTCTCCCTTACGGGAGCCACGGGG
GACGAGCTTGTACAGCTCGTCCAT
GCCGCCGGTGGA 

Reverse for mCherry 
with thrombin, yfp 

homology 

Gibson 
assembly 

of 
pmCherry-
T-YFP 

 

 

  



                  

118 
 

Table 6-3: Supplementary Table S3. Plasmids used in this study. 

Plasmid  Description  Reference 

pPtGE30 P. tricornutum expression vector, FcpD promoter and 
FcpA terminator driving Sh ble 

(Slattery et al., 
2018) 

 

pEV 

 

P. tricornutum expression vector, FcpC promoter and 
FcpC terminator driving Ntc resistance gene. 

 

This study 

 

pC-T-YFP 

 

P. tricornutum expression vector, HASP1 promoter and 
FcpA terminator driving yfp containing a 3xHA tag in 3’ 
linked in 5’ with a thrombin to the native enzyme cbdas 

 

This study 

 

pmCherry & 
YFP 

 

P. tricornutum expression vector, HASP1 promoter and 
FcpA terminator driving yfp containing a 3xHA tag in 3’. 
Also, 40SRPS8 promoter and FcpA terminator drinving 
mCherry. 

 

This study 

 

pmCherry-T-
YFP 

 

P. tricornutum expression vector, HASP1 promoter and 
FcpA terminator driving yfp containing a 3xHA tag in 3’ 
linked in 5’ with a thrombin cleavage sequence to 
mCherry. 

 

This study 

 

HASP1 

 

Plasmid containing HASP1 promoter and FcpA 
terminator driving yfp containing a 3xHA tag in 3’ linked 

 

From our lab 

https://paperpile.com/c/EP8R1x/n0fi
https://paperpile.com/c/EP8R1x/n0fi
https://paperpile.com/c/EP8R1x/n0fi
https://paperpile.com/c/EP8R1x/n0fi
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in 5’ with a thrombin to an endogenous secretion signal 
peptide (SP) 

 

DMI5+6 

 

Plasmid that contains the optimized Nat resistance 
gene sequence 

 

From our lab 

 

CBDAS 

 

Plasmid containing the optimized native CBDAS 
sequence. 

 

From our lab 

 

pTA-Mob 

 

Conjugative plasmid that contains the genes to produce 
the proteins that will establish the bacterial conjugation 
for the transformation. These proteins will be essential 
for the formation of the physical link for the transfer of 
the cargo plasmid of interest from E. coli to P. 
tricornutum cells.  

 

(Strand et al., 
2014) 

 

 

  

https://paperpile.com/c/EP8R1x/phkp
https://paperpile.com/c/EP8R1x/phkp
https://paperpile.com/c/EP8R1x/phkp
https://paperpile.com/c/EP8R1x/phkp
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Table 6-4: Supplementary Table S4. Prothrombin and the thrombin-like enzymes sequence blasted with P.t genome 

Name References (sequences) 

Human THRB_HUMAN Prothrombin OS=Homo sapiens OX=9606 GN=F2 PE=1 SV=2 
[Source:UniProtKB/TrEMBL;Acc:P00734] 

Bovin THRB_BOVIN Prothrombin OS=Bos taurus OX=9913 GN=F2 PE=1 SV=2 
[Source:UniProtKB/TrEMBL;Acc:P00735] 

Mouse THRB_MOUSE Prothrombin OS=Mus musculus OX=10090 GN=F2 PE=1 SV=1 
[Source:UniProtKB/TrEMBL;Acc:P19221] 

Pig THRB_PIG Prothrombin OS=Sus scrofa OX=9823 GN=F2 PE=2 SV=1 
[Source:UniProtKB/TrEMBL;Acc:Q19AZ8] 

Ponab THRB_PONAB Prothrombin OS=Pongo abelii OX=9601 GN=F2 PE=2 SV=1 
[Source:UniProtKB/TrEMBL;Acc:Q5R537] 

Rat THRB_RAT Prothrombin OS=Rattus norvegicus OX=10116 GN=F2 PE=1 SV=1 
[Source:UniProtKB/TrEMBL;Acc:P18292] 

Salsa THRB_SALSA Thrombin (Fragments) OS=Salmo salar OX=8030 PE=1 SV=1 
[Source:UniProtKB/TrEMBL;Acc:P84122] 

J49772 Phatr3_J49772.p1-pep-chromosome:ASM15095v2:24:251021:252769:-1 
gene:Phatr3_J49772-transcript:Phatr3_J49772.t1-gene_biotype:protein_coding 
transcript_biotype:protein_coding-description:Predicted-protein 
[Source:UniProtKB/TrEMBL;Acc:B7GBU8] 

J45961 Phatr3_J45961.p1-pep-chromosome: ASM15095v2:8:783171:784660:1 
gene:Phatr3_J45961-transcript:Phatr3_J45961.t1-gene_biotype:protein_coding 
transcript_biotype:protein_coding-description:Predicted-protein 
[Source:UniProtKB/TrEMBL;Acc:B7FZA8] 

J37254 Phatr3_J37254.p1pep-chromosome:ASM15095v2:12:525221:526327:-1 
gene:Phatr3_J37254-transcript:Phatr3_J37254.t1-gene_biotype:protein_coding 
transcript_biotype:protein_coding-description:Predicted-protein 
[Source:UniProtKB/TrEMBL;Acc:B7G2K1] 

J40462 Phatr3_J40462.p1-pep-chromosome:ASM15095v2:23:467199:468962:1 
gene:Phatr3_J40462-transcript:Phatr3_J40462.t1-gene_biotype:protein_coding 
transcript_biotype:protein_coding-description:Predicted-protein 
[Source:UniProtKB/TrEMBL;Acc:B7GBH8] 

https://www.uniprot.org/uniprotkb/P00734/entry
https://www.uniprot.org/uniprotkb/P00735/entry
https://www.uniprot.org/uniprotkb/P19221/entry
https://www.uniprot.org/uniprotkb/Q19AZ8/entry
https://www.uniprot.org/uniprotkb/Q5R537/entry
https://www.uniprot.org/uniprotkb/P18292/entry
https://www.uniprot.org/uniprotkb/P84122/entry
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J7679 Phatr3_J7679.p1-pep-chromosome:ASM15095v2:23:460233:462413:1 
gene:Phatr3_J7679-transcript:Phatr3_J7679.t1-gene_biotype:protein_coding 
transcript_biotype:protein_coding-description:Predicted-protein 
[Source:UniProtKB/TrEMBL;Acc:B7GBH6] 

J54319 Phatr3_J54319.p1-pep-chromosome:ASM15095v2:5:598945:600798:-1 
gene:Phatr3_J54319-transcript:Phatr3_J54319.t1-gene_biotype:protein_coding 
transcript_biotype:protein_coding-description:Predicted-protein 
[Source:UniProtKB/TrEMBL;Acc:B7FW25] 

J49602 Phatr3_J49602.p1-pep-chromosome:ASM15095v2:23:167354:169030:-1 
gene:Phatr3_J49602-transcript:Phatr3_J49602.t1-gene_biotype:protein_coding 
transcript_biotype:protein_coding-description:Predicted-protein 
[Source:UniProtKB/TrEMBL;Acc:B7GB65] 

Gloha VAE1_GLOHA Thrombin-like enzyme agkihpin-1 (Fragment) OS=Gloydius 
halys OX=8714 PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc: N0AAE6] 

 VAE2_GLOHA Thrombin-like enzyme agkihpin-2 (Fragment) OS=Gloydius 
halys OX=8714 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:N0A5N4] 

 VSPI_GLOHA Thrombin-like enzyme AhV_TL-I OS=Gloydius halys OX=8714 
PE=1 SV=2 [Source:UniProtKB/TrEMBL;Acc:I4CHP3] 

Crodu VSP13_CRODU Thrombin-like enzyme gyroxin B1.3 OS=Crotalus durissus 
terrificus OX=8732 PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc:B0FXM1] 

 VSP14_CRODU Thrombin-like enzyme gyroxin B1.4 OS=Crotalus durissus 
terrificus OX=8732 PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc:B0FXM2] 

 VSP17_CRODU Thrombin-like enzyme gyroxin B1.7 OS=Crotalus durissus 
terrificus OX=8732 PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc:B0FXM3] 

 VSP21_CRODU Thrombin-like enzyme gyroxin B2.1 OS=Crotalus durissus 
terrificus OX=8732 PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q58G94] 

Botan VSP1_BOTAN Thrombin-like enzyme TLBan (Fragments) OS=Bothrocophias 
andianus OX=1144373 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P0DJG3] 

Botjr VSP1_BOTJR Thrombin-like enzyme BjussuSP-1 OS=Bothrops jararacussu 
OX=8726 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q2PQJ3] 

Botma VSP1_BOTMA Thrombin-like enzyme TLBm OS=Bothrops marajoensis 
OX=157554 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P0DJE9] 

Crodo VSP1_CRODO Thrombin-like enzyme collinein-1 OS=Crotalus durissus 
collilineatus OX=221569 PE=1 SV=1 
[Source:UniProtKB/TrEMBL;Acc:A0A0S4FKT4] 

https://www.uniprot.org/uniprotkb/N0AAE6/entry
https://www.uniprot.org/uniprotkb/N0A5N4/entry
https://www.uniprot.org/uniprotkb/I4CHP3/entry
https://www.uniprot.org/uniprotkb/B0FXM1/entry
https://www.uniprot.org/uniprotkb/B0FXM2/entry
https://www.uniprot.org/uniprotkb/B0FXM3/entry
https://www.uniprot.org/uniprotkb/Q58G94/entry
https://www.uniprot.org/uniprotkb/P0DJG3/entry
https://www.uniprot.org/uniprotkb/Q2PQJ3/entry
https://www.uniprot.org/uniprotkb/P0DJE9/entry
https://www.uniprot.org/uniprotkb/A0A0S4FKT4/entry
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Deiac VSP1_DEIAC Thrombin-like enzyme acutobin OS=Deinagkistrodon acutus 
OX=36307 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q9I8X2] 

 VSPA_DEIAC Thrombin-like enzyme acutin (Fragment) OS=Deinagkistrodon 
acutus OX=36307 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q9YGS1] 

Globl VSP1_GLOBL Thrombin-like enzyme halystase OS=Gloydius blomhoffii 
OX=242054 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P81176] 

Globr VSP1_GLOBR Thrombin-like enzyme kangshuanmei OS=Gloydius brevicaudus 
OX=259325 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P85109] 

Glous VSP1_GLOUS Thrombin-like enzyme calobin-1 OS=Gloydius ussuriensis 
OX=35671 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q91053] 

 VSPE2_GLOUS Thrombin-like enzyme CPI-enzyme 2 OS=Gloydius ussuriensis 
OX=35671 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:O42207] 

Proel VSP1_PROEL Thrombin-like enzyme elegaxobin-1 OS=Protobothrops elegans 
OX=88086 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P84788] 

 VSP2_PROEL Thrombin-like enzyme elegaxobin-2 OS=Protobothrops elegans 
OX=88086 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P84787] 

Profl VSP1_PROFL Thrombin-like enzyme flavoxobin OS=Protobothrops flavoviridis 
OX=88087 GN=TLF1 PE=1 SV=2 [Source:UniProtKB/TrEMBL;Acc:P05620] 

Triab VSP1_TRIAB Thrombin-like enzyme 1 OS=Trimeresurus albolabris OX=8765 
PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc:A7LAC6] 

 VSP2_TRIAB Thrombin-like enzyme 2 OS=Trimeresurus albolabris OX=8765 
PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc:A7LAC7] 

 VSPC_TRIAB Thrombin-like enzyme chitribrisin OS=Trimeresurus albolabris 
OX=8765 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P0DJF6] 

Agkbi VSP2_AGKBI Thrombin-like enzyme bilineobin OS=Agkistrodon bilineatus 
OX=8718 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q9PSN3] 

Agkco VSP2_AGKCO Thrombin-like enzyme contortrixobin OS=Agkistrodon contortrix 
contortrix OX=8713 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P82981] 

Botja VSP2_BOTJA Thrombin-like enzyme KN-BJ 2 OS=Bothrops jararaca OX=8724 
PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:O13069] 

 VSPA_BOTJA Thrombin-like enzyme bothrombin OS=Bothrops jararaca 
OX=8724 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P81661] 

https://www.uniprot.org/uniprotkb/Q9I8X2/entry
https://www.uniprot.org/uniprotkb/Q9YGS1/entry
https://www.uniprot.org/uniprotkb/P81176/entry
https://www.uniprot.org/uniprotkb/P85109/entry
https://www.uniprot.org/uniprotkb/Q91053/entry
https://www.uniprot.org/uniprotkb/O42207/entry
https://www.uniprot.org/uniprotkb/P84788/entry
https://www.uniprot.org/uniprotkb/P84787/entry
https://www.uniprot.org/uniprotkb/P05620/entry
https://www.uniprot.org/uniprotkb/A7LAC6/entry
https://www.uniprot.org/uniprotkb/A7LAC7/entry
https://www.uniprot.org/uniprotkb/P0DJF6/entry
https://www.uniprot.org/uniprotkb/Q9PSN3/entry
https://www.uniprot.org/uniprotkb/P82981/entry
https://www.uniprot.org/uniprotkb/O13069/entry
https://www.uniprot.org/uniprotkb/P81661/entry


                  

123 
 

Cerce VSPA_CERCE Thrombin-like enzyme cerastotin (Fragment) OS=Cerastes 
cerastes OX=8697 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P81038] 

 VSPP_CERCE Thrombin-like enzyme cerastocytin OS=Cerastes cerastes 
OX=8697 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q7SYF1] 

Botal VSPBH_BOTAL Thrombin-like enzyme bhalternin OS=Bothrops alternatus 
OX=64174 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P0CG03] 

Croad VSPCR_CROAD Thrombin-like enzyme crotalase OS=Crotalus adamanteus 
OX=8729 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:F8S114] 

Calrh VSPF1_CALRH Thrombin-like enzyme ancrod OS=Calloselasma rhodostoma 
OX=8717 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P26324] 

 VSPF2_CALRH Thrombin-like enzyme ancrod-2 OS=Calloselasma rhodostoma 
OX=8717 PE=2 SV=1 [Source:UniProtKB/TrEMBL;Acc:P47797] 

Botat VSPF_BOTAT Thrombin-like enzyme batroxobin OS=Bothrops atrox OX=8725 
PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P04971] 

Lacmu VSPF_LACMU Thrombin-like enzyme gyroxin analog OS=Lachesis muta muta 
OX=8753 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P33589] 

Glosh VSPGL_GLOSH Thrombin-like enzyme gloshedobin OS=Gloydius shedaoensis 
OX=88083 PE=1 SV=2 [Source:UniProtKB/TrEMBL;Acc:P0C5B4] 

Botas VSPL_BOTAS Thrombin-like enzyme asperase OS=Bothrops asper OX=8722 
PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q072L6] 

Botlc VSPL_BOTLC Thrombin-like enzyme leucurobin OS=Bothrops leucurus 
OX=157295 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:P0DJ86] 

Trist VSPST_TRIST Thrombin-like enzyme stejnobin OS=Trimeresurus stejnegeri 
OX=39682 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q8AY81 

Glosa VSPSX_GLOSA Thrombin-like enzyme saxthrombin OS=Gloydius saxatilis 
OX=92067 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:Q7SZE1] 

Botba VSP_BOTBA Thrombin-like enzyme barnettobin (Fragment) OS=Bothrops 
barnetti OX=1051630 PE=1 SV=1 [Source:UniProtKB/TrEMBL;Acc:K4LLQ2] 

 

 

 

https://www.uniprot.org/uniprotkb/P81038/entry
https://www.uniprot.org/uniprotkb/Q7SYF1/entry
https://www.uniprot.org/uniprotkb/P0CG03/entry
https://www.uniprot.org/uniprotkb/F8S114/entry
https://www.uniprot.org/uniprotkb/P26324/entry
https://www.uniprot.org/uniprotkb/P47797/entry
https://www.uniprot.org/uniprotkb/P04971/entry
https://www.uniprot.org/uniprotkb/P33589/entry
https://www.uniprot.org/uniprotkb/P0C5B4/entry
https://www.uniprot.org/uniprotkb/Q072L6/entry
https://www.uniprot.org/uniprotkb/P0DJ86/entry
https://www.uniprot.org/uniprotkb/Q8AY81/entry
https://www.uniprot.org/uniprotkb/Q7SZE1/entry
https://www.uniprot.org/uniprotkb/K4LLQ2/entry


                  

124 
 

 

Table 6-5: Supplementary Table S5. BLAST analysis of candidate thrombin-like proteins across diatoms phylum. 

Organism S Hits 
(n) 

Species taxonomy* 

Bacillariophyta n.a. 113 n.a. 

.Bacillariophycidae n.a. 59 n.a. 

..Naviculales n.a. 24 n.a. 

...Naviculaceae n.a. 20 n.a. 

Seminavis robusta 119 16 Bacillariophyceae; Bacillariophycidae; Naviculales; 

Mayamaea 
pseudoterrestris 

107 1 Bacillariophyceae; Bacillariophycidae; Naviculales; 

Fistulifera solaris 94.4 3 Bacillariophyceae; Bacillariophycidae; Naviculales 

Phaeodactylum 
tricornutum CCAP 
1055/1 

104 4 Bacillariophyceae; Bacillariophycidae; Naviculales 

Cylindrotheca closterium 111 17 Bacillariophyceae; Bacillariophycidae; Bacillariales; 

Fragilariopsis cylindrus 
CCMP1102 

94.4 5 Bacillariophyceae; Bacillariophycidae; Bacillariales; 

Nitzschia inconspicua 95.5 11 Bacillariophyceae; Bacillariophycidae; Bacillariales; 

Pseudo-nitzschia 
multistriata 

87.8 2 Bacillariophyceae; Bacillariophycidae; Bacillariales 

Thalassiosira pseudonana 
CCMP1335 

102 20 Coscinodiscophyceae ; Thalassiosirophycidae ; 
Thalassiosirales 

Chaetoceros tenuissimus 106 14 Coscinodiscophyceae; Chaetocerotophycidae; Chaetocerota
les 

Fragilaria crotonensis  103 9 Fragilariophyceae; Fragilariophycidae; Fragilariales 
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Skeletonema marinoi 101 7 Coscinodiscophyceae ; Thalassiosirophycidae ; 
Thalassiosirales 

Thalassiosira oceanica 85.1 4 Coscinodiscophyceae ; Thalassiosirophycidae ; 
Thalassiosirales 

S : score, n.a. non applicable. * from Schoch CL, et al. NCBI Taxonomy: a comprehensive update on 
curation, resources and tools. Database (Oxford). 
2020: baaa062. PubMed: 32761142 PMC: PMC7408187.  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=33836&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=33836&lvl=3&keep=1&srchmode=1&unlock
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=33847&lvl=3&keep=1&srchmode=1&unlock
https://doi.org/10.1093/database/baaa062
https://pubmed.ncbi.nlm.nih.gov/32761142/
http://www.ncbi.nlm.nih.gov/pmc/articles/pmc7408187/
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Table 6-6: Supplementary Table S6. Trypsin domain catalyAc site residues, docking score of LVPRGS and predicted H-bonds with 
docked ligands. 

 Site 1 Score  H-bonds 

Human  

1PPB 

Arg35, Glu39, Leu40, Leu41, Cys42, His57, Cys58, 
Tyr60A, Trp60D, Lys60F, Phe60H, Arg73, Leu99, 
Trp141, Gly142, Asn143, Trp148, Gly150, Gln151, 
Pro152, Asp189, Ala190, Cys191, Glu192, Gly193, 
Ser195, Val213, Ser214, Trp215, Gly216, Glu217, 
Gly219, Cys220, Gly226 

-10.87 Asp189 (n=2), 
Tyr60 (n=2), Lys60, 

Gly193, His57*, 
Gly219 

J49772 His146, Asn193, Asp196, Asp283, Ala284, Cys285, 
Gln286, Asp288, Ser289, Val307, Ser308, Trp309, 
Gly310, Gly312, Cys313, Gly320, Val321 

-9.6 Arg154, Thr129, 
Ser289* (n=2), 
Ser308, His146*, 
Gln286, Gly312, 
Asn193 

J45961 His58, Asn59, Gly60, His75, Gln118, Asn120, 
Glu121, Asp122, Asp123, Phe124, Asn198, Leu199, 
Thr200, Tyr201, His204, Thr212, Asp221, Ala222, 
Cys223, Ser224, Tyr225, Asp226, Ser227, Val247, 
Ser248, Trp249, Gly250, Glu251, Leu252, Cys253, 
Phe258, Gly260, Val261, Asn262, 

 

-10.11 

 

Tyr225, Ser227*, 
Asp221(n=2), Leu 
252, Asp122* 

J37254 Phe169, Asp216, Ala217, Cys218, Gly219, Gly220, 
Asp221, Ser222, Val242, Ser243, Trp244, Gly245, 
Gly247, Cys248, Gly253, Val254, Tyr255 

-9.55 Gly247 (n=2), 
Asp216 (n=2), 
Gly245, 
Ser222*(n=2), 
Ser243 

J40462 Val204, Val223, Thr225, Thr249, Leu250, Asn251, 
Lys254, Gly255, Ala256, Cys257, Gln258, Gly259, 
Asp260, Ser261, Leu265, Val277, Ser278, Phe279, 
Ala281, Glu282, Cys283, Ala284, Ala292, Val293, 
Glu294 

-8.92 Ala281, Glu282, 
Phe279 (n=2), 
Gly280, 
His125*(n=2), 
Ser261* 
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J7679 

 

Gln121, Val122, Ile123, Glu124, Ser125, Lys126, 
Ile127, Ser149, His166, Ile205, Asp208, Val242, 
Met243, Gly244, Val261, Asn262, Ser263, Tyr275, 
Ala289, Gly290, Glu295, Gly296, Ser297, Cys298, 
Asp301, Ser302, Gly303, Val317, Ser318, Phe319, 
Gly320, Val321, Gly322, Cys323, Gly324, Asp325, 
Phe328, Pro329, Gly330, Val331, Tyr332 

 

nd 

 

na 

J54319 Pro57, Leu58, Ser59, Pro60, Val61, Ile62, Ala63, 
Glu64, Ser65, Cys87, His102, Cys103, Gly141, 
Asn142, Thr143, Glu144, Tyr212, Gln215, Asp232, 
Ser233, Cys234, Gln235, Gly236, Ser238, Thr253, 
Ser254, Trp255, Gly256, Ile257, Gly258, Tyr264, 
Pro265, Gly266, Val267, Tyr268 

-10.6 Glu64, Gly256, 
Trp255, Ser233 

J49602 Pro47, Leu48, Thr49, Asn50, Asp51, Ala52, Lys53, 
Arg54, Val55, Glu56, Ser57, Arg58, Gly83, Ile84, 
Cys85, His100, Ser102, Gln104, Tyr137, Asp138, 
Ile139, His140, Ser141, Gln142, Thr143, Ser144, 
Asp147, Val179, Met180, THR198, Leu200, Gln211, 
Tyr212, Asn214, Val215, Thr225, Arg232, Asp233, 
Thr234, Cys235, Gly237, Asp238, Ser239, Gly240, 
Gly241, Pro242, Val255, Ser256, Phe257, Gly258, 
Val259, Gly268, Val269, Asn270, Ala316, Glu317, 
Gln364 

nd na 

Na: not applicable, nd: not detected. The score is in kcal/mol. * cataly)c residue. 
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Table 6-7: Supplementary Table S7.  Sequencing analysis of the DNA plasmid rescue from P. tricornutum clones. 

 

 

Clone Reference 
posi?on 

Descrip?on Features affected Effect 

 

 

mCherry & YFP 

511 C instead of G pPTGE30 
backbone 

Unknown 

12994  A instead of G FcpC promoter The Nat gene will be 
expressed. The level of 
expression of FcpC 
promoter might be 
affected. 

13013,13082 G instead of A 

16362 

16445 

G instead of A 

T instead of C 

40SRPS8 
promoter 

The mCherry gene will be 
expressed. The level of 
expression of 40SRPS8 
promoter might be 
affected. 

mCherry-T-YFP 12,994 

13013, 13082 

A instead of G 

G instead of A 

FcpC promoter The Nat gene will be 
expressed. The level of 
expression of FcpC 
promoter might be 
affected. 

 

C-T-YFP 1255 

1309,5030,7353 

10850 

13013, 13082 

13429 

T instead of C 

A instead of G 

T instead of C 

G instead of A 

T instead of C 

pPTGE30 
backbone 

Unknown 

FcpC promoter The Nat gene will be 
expressed. The level of 
expression of FcpC 
promoter might be 
affected. 

17590 A instead of C FcpA terminator Unknown 

17433-17492 Dele)on 2xHA HA tag HA tag shorter 
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Figure 6-1: Supplementary Fig. S1.  Phylogene>c tree of several thrombin, thrombin-like and our poten>al thrombin amino 

acid sequences found in P. tricornutum sequence database (Phatr).  
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Figure 6-2: Supplementary Fig. S2. Phylogene>c tree of P. tricornutum candidates (red) with thrombin (blue) and 100 non-thrombin (black) serine proteases.   

P35030.2 RecName: Full=Trypsin-3 AltName: Full=Brain trypsinogen AltName: Full=Mesotrypsin AltName: Full=Mesotrypsinogen AltName: Full=Serine protease 3 AltName: Full=Serine protease 4 AltName: Full=Trypsin III AltName: Full=Trypsin IV Flags: Precursor Homo sapiens
EAW58484.1 protease serine 3 (mesotrypsin) isoform CRA d Homo sapiens
AAH30238.1 PRSS3 protein partial Homo sapiens
2R9P A Chain A Trypsin-3 Homo sapiens
NP 001184027.1 trypsin-3 isoform 4 preproprotein Homo sapiens
CAB58178.1 trypsinogen IV a-form partial Homo sapiens
5TP0 A Chain A Trypsin-3 Homo sapiens
1H4W A Chain A TRYPSIN IVA Homo sapiens
NP 001184026.3 trypsin-3 isoform 3 preproprotein Homo sapiens
AAL14243.1 protease serine 4 isoform B Homo sapiens
EAW58483.1 protease serine 3 (mesotrypsin) isoform CRA c Homo sapiens

4DG4 A Chain A PRSS3 protein Homo sapiens
NP 002762.3 trypsin-3 isoform 2 preproprotein Homo sapiens
XP 054219277.1 trypsin-3 isoform X2 Homo sapiens
AAI28226.1 PRSS3 protein Homo sapiens
Q8NHM4.2 PUTATIVE PSEUDOGENE: RecName: Full=Putative trypsin-6 AltName: Full=Serine protease 3 pseudogene 2 AltName: Full=Trypsinogen C Flags: Precursor Homo sapiens
AAC80208.1 trypsinogen C Homo sapiens
EAW51924.1 hCG2002962 Homo sapiens
AAL14244.1 protease serine 2 isoform B Homo sapiens
AAI03999.1 PRSS1 protein Homo sapiens
KAI4016153.1 serine protease 2 Homo sapiens
XP 054214634.1 trypsin-2 isoform X1 Homo sapiens
AAI03998.1 Protease serine 2 (trypsin 2) Homo sapiens
NP 002761.1 trypsin-2 isoform 2 preproprotein Homo sapiens
KAI4016155.1 serine protease 2 Homo sapiens

Q9P0G3.2 RecName: Full=Kallikrein-14 Short=hK14 AltName: Full=Kallikrein-like protein 6 Short=KLK-L6 Flags: Precursor Homo sapiens
AAH74904.2 Kallikrein-related peptidase 14 Homo sapiens
NP 001298111.2 kallikrein-14 preproprotein Homo sapiens

AAG33354.1 ACO protease Homo sapiens
NP 001264010.1 kallikrein-15 isoform 5 preproprotein Homo sapiens
AAK62813.1 prostinogen Homo sapiens
NP 059979.2 kallikrein-15 isoform 4 preproprotein Homo sapiens
SFW93203.1 TPA: kallikrein E Homo sapiens

3BN9 A Chain A Membrane-type serine protease 1 Homo sapiens
1EAW A Chain A SUPPRESSOR OF TUMORIGENICITY 14 Homo sapiens
3P8F A Chain A ST14 protein Homo sapiens
4IS5 A Chain A Suppressor of tumorigenicity 14 protein Homo sapiens
5LYO A Chain A Suppressor of tumorigenicity 14 protein Homo sapiens

AAH18146.1 ST14 protein partial Homo sapiens
AAH05826.2 ST14 protein partial Homo sapiens
BAB20376.1 prostamin Homo sapiens
BAG36856.1 unnamed protein product Homo sapiens
AAG15395.1 serine protease TADG15 Homo sapiens
NP 068813.1 suppressor of tumorigenicity 14 protein Homo sapiens

AAH39716.1 CTRL protein partial Homo sapiens
BAD96892.1 chymotrypsin-like variant partial Homo sapiens
NP 001898.1 chymotrypsin-like protease CTRL-1 precursor Homo sapiens

NP 001897.4 chymotrypsinogen B isoform 1 precursor Homo sapiens
AAA52128.1 preprochymotrypsinogen (EC 3.4.21.1) Homo sapiens
NP 001020371.3 chymotrypsinogen B2 precursor Homo sapiens
AAH73145.1 CTRB2 protein Homo sapiens
KAI4056096.1 chymotrypsinogen B2 partial Homo sapiens

Phatr3_J54319.p1
Phatr3_J37254.p1

Phatr3_J45961.p1
Phatr3_J40462.p1

Phatr3_J7679.p1
Phatr3_J49602.p1

sp|P19221|THRB MOUSE Prothrombin
sp|P18292|THRB RAT Prothrombin
sp|Q19AZ8|THRB PIG Prothrombin
sp|P00735|THRB BOVIN Prothrombin
sp|Q5R537|THRB PONAB Prothrombin
sp|P00734|THRB HUMAN Prothrombin

7N7X AAA Chain AAA Plasma kallikrein light chain Homo sapiens
5F8T A Chain A Plasma kallikrein light chain Homo sapiens
2ANW A Chain A plasma kallikrein light chain Homo sapiens
6T7P A Chain A Plasma kallikrein Homo sapiens

NP 001305325.1 plasma kallikrein isoform 3 precursor Homo sapiens
XP 054205941.1 plasma kallikrein isoform X5 Homo sapiens

5TJX A Chain A Plasma kallikrein Homo sapiens
8A3Q A Chain A Plasma kallikrein Homo sapiens

EAX04622.1 kallikrein B plasma (Fletcher factor) 1 isoform CRA a partial Homo sapiens
6O1G A Chain A Plasma kallikrein Homo sapiens
8FGX C Chain C Plasma kallikrein light chain Homo sapiens
AAI17352.1 Kallikrein B plasma (Fletcher factor) 1 Homo sapiens
BAF85313.1 unnamed protein product Homo sapiens
NP 000883.2 plasma kallikrein isoform 1 preproprotein Homo sapiens
XP 011530232.1 plasma kallikrein isoform X1 Homo sapiens
XP 054205938.1 plasma kallikrein isoform X2 Homo sapiens
XP 054205936.1 plasma kallikrein isoform X1 Homo sapiens

A6NIE9.3 PUTATIVE PSEUDOGENE: RecName: Full=Putative serine protease 29 AltName: Full=Implantation serine proteinase 2-like protein Short=ISP2-like protein Flags: Precursor Homo sapiens
5WI6 A Chain A Tryptase alpha/beta-1 Homo sapiens
2ZEB A Chain A Tryptase beta 2 Homo sapiens
2BM2 A Chain A HUMAN BETA2 TRYPTASE Homo sapiens
6O1F A Chain A Tryptase alpha/beta-1 Homo sapiens
AAH74975.1 Tryptase alpha/beta 1 precursor Homo sapiens
AAA36778.1 tryptase-I partial Homo sapiens
NP 003285.2 tryptase alpha/beta-1 precursor Homo sapiens
CAG46635.1 TPSB2 partial Homo sapiens
KAI2576306.1 tryptase alpha/beta 1 Homo sapiens
AAN04055.1 serine protease EOS Homo sapiens

NP 001182058.1 serine protease 56 isoform 2 precursor Homo sapiens
NP 001356777.1 serine protease 56 isoform 1 precursor Homo sapiens
XP 047301387.1 serine protease 56 isoform X1 Homo sapiens
XP 054199371.1 serine protease 56 isoform X1 Homo sapiens

Phatr3_J49772.p1
NP 004253.1 transmembrane protease serine 11D Homo sapiens
BAF82978.1 unnamed protein product Homo sapiens

BAG59419.1 unnamed protein product Homo sapiens
8VIS B Chain B Transmembrane protease serine 11D catalytic chain Homo sapiens

XP 016864340.1 transmembrane protease serine 11D isoform X1 Homo sapiens
sp|P84122|THRB SALSA Thrombin (Fragment) OS=Salmo salar OX=8030 PE=1 SV=1

6X0S A Chain A Coagulation factor XII Homo sapiens
AAH12390.1 F12 protein Homo sapiens

AAA70224.1 human factor XII partial Homo sapiens
XP 011532764.1 coagulation factor XII isoform X1 Homo sapiens
XP 054208022.1 coagulation factor XII isoform X1 Homo sapiens
AAA51986.1 coagulation factor XII partial Homo sapiens
WMX21596.1 coagulation factor XII Homo sapiens
NP 000496.2 coagulation factor XII preproprotein Homo sapiens
AAA70225.1 coagulation factor XII precursor partial Homo sapiens
AAB59490.1 coagulation factor XII Homo sapiens
AKO73665.1 coagulation factor XII Homo sapiens
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Figure 6-3: Supplementary Fig. S3. Predicted structures of the 7 puta>ve thrombins of P. tricornutum.  

The trypsin-domain is colored in cyan blue, b-barrels in blue and α-helices in red. a Human Trypsin-domain (1PPB), b Bovin 
Trypsin-domain (3PMB), c PhatrJ49772, d PhatrJ45961, e PhatrJ37254, f PhatrJ40462, g PhatrJ7679, h PhatrJ54319, i 
PhatrJ49602.  
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Figure 6-4: Supplementary Fig. S4. Superposed ac>ve site residues of puta>ve thrombin from P. tricornutum.  

Residues are shown as thin sAcks. The catalyAc triad His, Asp, Ser is shown in yellow. Human ß-thrombin is red, J49772 is green, 
J45961 is blue, J37254 is salmon, J40462 is bright pink, J7679 is orange, J54319 is turquoise, J49602 is light pink. The proposed 
conserved triad of catalyAc residues of serine proteases is shown in yellow.  
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Figure 6-5: Supplementary Fig. S5. Western blot analysis using an>-mCherry an>body on total protein extracts.  

Extracts from transcongugants harboring mCherry &YFP and mCherry-T-YFP casseres. EV: used as negaAve control, MulA-Tag 
is purified protein with expected size of 40 kDa used as a posiAve control. Expected protein sizes from mCherry & YFP and 
mCherry-T-YFP were 26.5 and 58 kDa respecAvely.  
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7 Mul+factorial interac+on and influence of culture condi+ons on 
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7.1 Highlights 
 

• Bioengineered P. tricornutum expressing yellow fluorescent protein 
extrachromosomally. 

• A model was developed to predict culture parameters on YFP producion in P. 
tricornutum. 

• Opimized condiions increased YFP fluorescence and yield by 4.2x and 1.8x, 
respecively. 

• Inhibiion of the ubiquiin–proteasome system increased YFP levels by 50–150 % ayer 
4–8 h. 

• Cycloheximide treatment significantly reduced YFP stability at 20 h. 
 

7.2 Keywords 
 
Microalgae; Geneic engineering; Response surface methodology; Diatoms; Protein inhibitors 
 
 

7.3 Abstract 
 
Phaeodactylum tricornutum is a promising host for light-driven synthesis of heterologous 

proteins. However, the marine cold-water environment and alkaline-acidic pH shiys in the 

culture, necessitated by the diatom’s growth requirements. In this study, we analyzed the 

https://doi.org/10.1016/j.biortech.2025.132336
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influence of growth condiion on maturaion and dynamics of the yellow fluorescent protein 

(YFP) in episomal-transformant P. tricornutum. A mathemaical model was developed to 

detect the parameters that affect biomass and YFP producion. Opimized condiions increased 

YFP mean fluorescence intensity (MFI) per cell by 4.2-fold (3.6 ± 0.6 to 15.4 ± 1.1) and total 

protein levels in the culture by 1.8-fold (123 ± 4 to 219 ± 9 µg L−1), without affecing biomass. 

YFP stability studies in P. tricornutum showed that the ubiquiin–proteasome system 

contributes the degradaion of the recombinant protein, whereas newly synthesized YFP 

remains stable for up to 12 h. This opimizaion provides insights into the fluorescent protein-

based heterologous producion in diatoms. 

 
7.4 Graphical abstract 

 

 
 

7.5 Introduc7on 
 
Diatoms are major primary producers of the ocean and are considered natural cell factories 

for high value metabolites, such as pigments, polyunsaturated fagy acids, and terpenoids 

(Chen et al., 2022). Recent advances in genome sequencing, annotaion (Filloramo et al., 2021), 

and ediing tools have increased our ability to harness their potenial. P. tricornutum is a cold-

water obligate photoautotroph with a maximum growth rate at 20 ± 2°C (De Marino et al., 

2011). This diatom has been invesigated for diverse biotechnological applicaions, paricularly 

for the light-driven producion of biopharmaceuical specialized metabolites (Fanino et al., 

2024). It exhibits a poorly silicified frustules, which reduces the transformaion barrier (Karas 

et al., 2015), and a rapid growth rate under diverse environmental condiions. However, the 

efficacy of this heterologous producion plaâorm is strongly influenced by environmental 
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factors such as temperature, salinity, light intensity, CO2 supplementaion, and silicate 

concentraion (De Marino et al., 2011, Gómez-Loredo et al., 2016, Liang et al., 2014). 

To overcome photoinhibiion and achieve maximum biomass producion, the light intensity 

must be opimized based on the cell density, culture volume, and surface area (Sivakaminathan 

et al., 2018). Nitrogen, as a building block for biomolecules synthesis, is the most important 

macronutrient for algal growth. Higher levels increase algal growth and metabolism, while 

nitrate-deficiency leads to reduced biosynthesis and increases recycling of amino acids, 

proteins, and nucleic acids (Alipanah et al., 2015). Phosphate is also essenial to the diatom 

growth, as a key component of membrane phospholipids. A deficiency causes the 

downregulaion of processes like photosynthesis, ribosome and nucleic acid biosynthesis, and 

of nitrogen assimilaion (Alipanah et al., 2018). The concentraion of micronutrients such as 

vitamins and metal ions in the medium play a crucial role in determining the growth of algae 

as well (Ouyang et al., 2018). 

In addiion to environmental and culture factors, recombinant protein turnover and 

maturaion process also depend on the nature of the promoter and the cell division rate 

(Guerra et al., 2022). The recently reported endogenous highly abundant secreted protein 1 

(HASP1) promoter strongly and consituively expresses heterologous genes of interest in P. 

tricornutum at all growth phases, especially in the staionary phase when the culture reaches 

maximum biomass (Erdene-Ochir et al., 2019), agracing the interest of researchers (Slagery 

et al., 2022). 

Several fluorescent proteins (FPs) have been used in the diatom to gain insight of various 

cellular dynamics and processes, facilitate screening, monitor recombinant gene expression, 

and measure protein turnover (Diamond et al., 2023, Fanino et al., 2024). FPs must undergo 

an autocatalyic process of maturaion, which includes various folding and post-translaional 

modificaions that result in the formaion of a funcional chromophore and fluorescence 

emission (Guerra et al., 2022). The kineics of this process are influenced by environmental 

factors such as molecular oxygen, temperature, pH, and chloride ion (Cl−), and impacts on the 

accuracy of dynamic measurements and in vivo fluorescence intensity. 

Systemaic characterizaion and screening of P. tricornutum culture parameters for opimal 

growth and FP accumulaion would be highly valuable to help researchers select the opimum 

condiions for heterologous protein producion To monitor the impact of culture parameters 

on growth, fluorescence formaion, and heterologous protein producion in P. tricornutum, we 
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used transconjugants lines carrying the yellow FP (YFP), and applied a strategic Plackeg-

Burman design (PBD) as well as a central composite design (CCD) (Rajendran et al., 2008). YFP 

has been frequently used in P. tricornutum studies, displays a high pKa, exincion coefficient, 

and relaively bright fluorescence compared to other FPs (Marter et al., 2020), and 

mathemaical models such as the response surface methodology (RSM) allows for the 

evaluaion of the interacions between muliple factors influencing protein expression. 

This study mainly focused on: (1) generaing a transgenic line of P. tricornutum with an 

episomal vector carrying the yfp gene under the HASP1 promoter and evaluaing the 

expression, protein producion, and chromophore formaion under varying culture condiions; 

(2) screening for factors impacing YFP producion; (3) opimizing the culture condiions for 

maximum growth, maturaion, and total YFP producion; and (4) assessing the stability of 

YFP in silico and in P. tricornutum cells using proteasome and protein synthesis inhibitors. 

 
7.6 Materials and methods 

 
Diatom growth and culture condi5ons 
 
P. tricornutum Bohlin strain (Culture Collecion of Algae and Protozoa CCAP 1055/1) was 

maintained in an algal growth chamber at 18 ± 1°C, 75 μmol m−2 s−1, pH 8.0 ± 0.5 with a 16:8h 

light/dark photoperiod and coninuous orbital shaking at 130 rpm (Innova S44i, Eppendorf) in 

modified L1 media with 150 mg L-1 of NaNO3 and 10 mg L-1 of NaH2PO4H2O (Slagery et al., 

2022). All algal experiments were conducted in 250 mL conical flasks in batch culture mode. 

The opical density was measured at OD680 using a microplate reader (Synergy H1, BioTek), and 

the dry cell weight of P. tricornutum was calculated from the regression graph built against 

OD680 versus the dried algal biomass (40 mL culture) and expressed in terms of g L-1. 

 
 
Genera5on of P. tricornutum transconjugants 
 
Plasmid DNA constructs were constructed using Gibson assembly as described by Diamond et 

al. (2023). Empty vector (EV) carrying the anibioic selecion marker gene N-

acetyltransferase (nat) against nourseothricin (NTC) under the FcpC promoter and terminator 

in pPtGE30 was used as a negaive control. The other episome carried YFP under the HASP1 

promoter and FcpA terminator by replacing the UR3 region of the EV backbone (Fig. 6-1 and 

(see supplementary material)) tagged with 3HA at the C-terminal. 
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Transgenic lines of P. tricornutum were obtained by conjugaion as described by Karas et al. 

(2015). The posiive transformants carrying the recombinant plasmid started to form colonies 

on the NTC plate ayer a two-week period. Posiive transformants were screened, as described 

in (Diamond et al., 2023). YFP fluorescence from P. tricornutum-posiive transformants was 

assessed using the microplate reader. The cell culture (200 µL) was measured for fluorescence 

in black 96 well plates at Ex/Em wavelengths of 500/531 nm (n = 3). Strains containing 

plasmids YFP (16,168 bp) and EV (14,530 bp) are referred to here as Pt-HY and Pt-EV, 

respecively. 

 
Fluorescence-ac5vated cell sor5ng of bioengineered P. tricornutum 
 
P. tricornutum transconjugants were sorted by YFP producion using a FACSMelodyTM (BD 

bioscience, USA). The screened P. tricornutum transconjugants were grown in L1 liquid media 

with appropriate anibioics in log phase (14 days) and used for the first soring. Culture 

preparaion, gaing strategy and singlet selecion were performed as in Diamond et al. (2023). 

YFP was analyzed on a 527/32 nm bandpass filter channel. Sorted cells were collected in an 

Eppendorf tube containing 0.5 mL L1 media without anibioics, centrifuged at a low speed of 

3500 gfor 10 min. The resuling cell pellet was resuspended in fresh L1 medium supplemented 

with NTC 100 μg mL−1 and chloramphenicol 25 μg mL−1. For the iniial screening, 30 posiive 

transconjugants per construct were screened based on anibioic selecion (Pt-EV) and YFP 

fluorescence (Pt-HY). P. tricornutum transconjugants with higher mean YFP fluorescence 

intensity (MFI) were used for full-scale experiments. Pt-EV transformants were used as 

negaive controls to deduce spillover YFP autofluorescence signals during the screening 

process. (Diamond et al., 2023). 

 

 

 

 

Whole-cell YFP fluorescence measurements by flow cytometry 
 
Cytometry was performed on a Cytomics FC 500 flow cytometer (Beckman Coulter) equipped 

with Argon (488 nm) and HeNe (633 nm) lasers. Only the P. tricornutum populaion with 
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homogenous cell size and chlorophyll autofluorescence level was considered in the analysis to 

exclude cell debris and other background noise. A least 20,000 gated cells were analyzed for 

each sample. The inherent properies of the cells and other characterisics of heterologous 

fluorescence properies (MFI, % of YFP+ cells, and cell size variaions in the culture) were 

analyzed using FlowJo version 10.8 soyware (BD Biosciences, USA) (Diamond et al., 2023). 

 
Subcellular localiza5on of YFP 
 
Transconjugant P. tricornutum cells were visualized using a confocal microscope under a 40x 

objecive lenses (Leica M165 FC Fluorescent Stereo Microscope). The in vivo localizaion of YFP 

in the transformed cells was performed in an 8-day-old culture. YFP, chlorophyll, and 

propidium iodide (PI, Sigma Aldrich) were excited at 488 nm and detected using YFP (520–

535 nm), PI (610–620 nm), and RFP (625–720 nm) filters, respecively, as in Diamond et al. 

(2023). 

 
Total RNA extrac5on and qPCR-based quan5fica5on of YFP 
 
Total RNA was isolated from the transformed P. tricornutum biomass (15 mL of 8-day-old 

culture). The algal pellets were collected by centrifugaion at 4000 rpm for 5 min at 4 °C and 

flash frozen in liquid nitrogen, was stored at −80 °C for later extracion using the RNeasy Plant 

Mini Kit, according to the manufacturer's protocol (QIAGEN). RNA quality and quanity were 

confirmed using an Implen NanoPhotometer®. Real-ime qPCR analysis was performed using 

the Luna® Universal One-Step RT-qPCR Kit according to the manufacturer’s instrucions (New 

England Biolabs). Amplificaion and relaive quanificaion were performed in triplicate using 

anibioic (nat) and YFP specific primers (see supplementary material), on a CFX-connected 

Real-Time PCR System (Bio-Rad). Primer specificity was verified by analyzing the meling 

curves. Data processing and staisical analysis were performed using the CFX Maestro 

soyware (Bio-Rad, USA). The relaive expression of all genes was calculated by the 2-

ΔΔCT method (Pfaffl, 2001) using P. tricornutum Tuba (Tubulin alpha) and EF1α (Elongaion 

factor alpha) as the endogenous reference genes (Siaut et al., 2007). 

Protein extrac5on 
 
P. tricornutum culture was centrifuged (20 mL) at 4000 g for 10 min at 4 °C. The pellet was re-

suspended in solubilizaion buffer at a raio of 100 mg mL−1 (0.75 mM SDS, 10 % glycerol, 
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51.4 mM Tris HCl pH 8, and 0.02 mM EDTA) of the wet weight and stored samples in −80 °C for 

further analysis. The pellet was thawed in ice water, and extracion was performed as 

described in Fanino et al. (2024), and proteins stored at −80 °C for further analysis. Total 

protein amount was quanified using the RC DC Protein Assay Kit (Bio-Rad) and a linear 

calibraion curve was constructed using Bovine Serum Albumin (BSA) as a protein standard. 

 
Elisa-based YFP quan5fica5on 
 
Quanificaion of recombinant YFP in P. tricornutum total protein extract was performed using 

a GFP sandwich ELISA (# Cat. No. AKR 121, Cell Biolabs, USA), according to the manufacturer’s 

instrucions staring from, 100 μL of total protein per well (1 μg) extracted from the 

transformed P. tricornutum cell lysate. The color intensity of the soluion in each well was read 

in the microplate reader (OD450). The quanificaion of YFP in the total protein samples was 

determined using a standard curve prepared with GFP standard 0–2 ng mL−1 included in the 

kit. 

 
Western blot detec5on of YFP in P. Tricornutumt ransconjugants 
 
The soluble protein fracion (40 μg) of the cell lysate from transgenic P. tricornutum cells was 

loaded onto 12 % SDS-PAGE for western blot detecion of heterologous proteins. The transfer 

into a polyvinylidene fluoride membrane and immunobloång were performed as described 

in Fanino et al. (2024). The BLUelf prestained protein ladder was used as the molecular weight 

marker for comparison (GeneDireX, Cat. No. PM008-0500), and 10 ng of posiive-tag control 

(protein of GenScript Muliple tag M0101) loaded onto the SDS-PAGE gel as a posiive control. 

In all bloång analyses, two gels with idenical samples were run in parallel, one used for 

western bloång and the other for the loading control ayer staining with Coomassie brilliant 

blue. 

 
 
 
 
Placke[-Burman design screening for significant culture condi5ons for biomass and YFP 
produc5on 
 
The experiments were performed using L1 medium as the basal medium supplemented with 

NTC at a concentraion of 100 μg·mL−1. Exponenially growing P. tricornutum cells were used 
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as the inoculum with iniial OD680 adjusted to 0.05. The significant variables affecing biomass 

(OD680) and YFP producion (flow cytometry) in P. tricornutum were screened using a PB design 

with Design-Expert® soyware V 7.0 (Stat-Ease Inc.). Seven culture variables, including 

temperature, light, NaNO3, NaH2PO4, NaCl, metal soluion, and vitamin soluion, were tested 

in their upper (+) and lower limits (−) for their influence on biomass or YFP producion. A set 

of 12 different experiments was carried out in triplicate (see supplementary material), and the 

mean values of biomass, MFI of YFP, and % of YFP+ cells were considered as a response for 

screening the significant culture variables (Plackeg & Burman, 1946). Responses were 

analyzed by ANOVA, and variables with a confidence level above 95 % (p < 0.05) were 

considered to have significant effects on biomass, YFP intensity, and % of YFP+ cells (Rajendran 

et al., 2008). 

 
Op5miza5on of culture condi5ons for biomass and YFP produc5on by response surface 
Methodology 
 
A 24 factorial CCD-based RSM with 30 sets of experiments was used to opimize the level of 

the significant variables idenified from the PB experiments, such as temperature (x1), light (x2) 

nitrate (x3), and NaCl (x4) at five different levels. Other parameters, which were less significant, 

such as phosphate, metal, and vitamin concentraions, were maintained at constant levels as 

per the standard condiions. The experiments were conducted using exponenially grown 

diatoms at iniial OD680of 0.05 in 250 mL Erlenmeyer flasks containing 50 mL of medium 

prepared according to the design shown in (see supplementary material). 

The relaionship between independent variables and responses was calculated using the 

second-order polynomial equaion response (1). 

 

	y = β! + ∑ β"x"#
"$% + ∑ β"&x"x&#

"'& + ∑ β""x"(#
"$% 	(1)   

 

where y represents the predicted response (biomass, YFP MFI, % of YFP+ cells, and total YFP 

level), β0 is the model constant, βi is the linear coefficient, βii is the quadraic coefficient, βij is 

the interacion coefficient, and k is the number of factors. The ANOVA for the experimental 

data and model coefficients were calculated using Design-Expert® soyware. To visualize the 

variable interacions and their impact on the response, 2D contour plots were generated. 
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Experimental valida5on of the model and sta5s5cal analysis 
 
The staisical model was validated for biomass, YFP MFI, % of YFP+ cells, and YFP level using 

the methods described earlier. Experimental values were subsequently compared with model-

predicted values and standard culture condiions. All experiments were performed in triplicate 

(n = 3), and the results are described as mean ± standard deviaion (SD), tested with a two-

way ANOVA, in which different culture condiions were considered fixed factors and responses 

as dependent variables. Staisical analyses, such as ANOVA and Student’s t-test, were 

performed using GraphPad Prism V8 soyware. The staisically difference between the control 

and experiment groups tested using Bonferroni’s muliple comparison. A p-value < 0.05 was 

considered staisically significant, and shown as p < 0.05(a), p < 0.005(b), and p < 0.0005(c). 

 
Protein stability analysis 
 
In silico thermal stability analysis 
 
The thermal stability curve of the YFP was predicted using the protein structure-based meling 

temperature (Tm) predicion tools SCooP v-1.0 (Pucci et al., 2017). The folded structure of YFP 

was generated using a ColabFold from the amino acid sequence (Mirdita et al., 2022). 

 
In vivo stability analysis of YFP in transformed P. tricornutum by protein inhibitors 
 
Eight-day-old P. tricornutum cultures (100 mL) grown in opimized condiions with OD680 = 0.6 

in 250 mL conical flasks were used for protein inhibitor treatment, as described by Im et al. 

(2024). Cultures with equal OD680 were treated with 50 µM of the proteasome inhibitor 

MG132 (MedChemExpress) dissolved in DMSO and/or 100 µM of the protein synthesis 

inhibitor cycloheximide (CHX) (Sigma-Aldrich) dissolved in water. DMSO was used as solvent 

control. The samples were harvested at the beginning of the light period (8 am), corresponding 

to the ime of treatment iniiaion, and then every 4 h for the next 24 h. Ayer the first harvest, 

the respecive inhibitor soluions were added to the cultures (8 am). At each ime point, 10 mL 

of each sample was collected and centrifuged at 4,000 g for 10 min at 4 °C and pellets 

resuspended in 250 μL of solubilizaion buffer. The pellet storage, protein extracion and 

western bloång were performed as described in 2.6 Protein extracion, 2.8 Western blot 

detecion of YFP in except that the membrane was incubated at room temperature for 1 h with 

primary mouse YFP anibody (Cedarlane) 1:1000 diluion in TBS-T with 3 % BSA. For 
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immunobloång of housekeeping proteins, β-acin anibody conjugated with HRP (BioLegend) 

at a 1:20,000 diluion in TBS-T was used. The densiometric analysis of immunoblot was done 

using ImageJ soyware v1.54 k. The effect of protein inhibitor treatment on cell viability were 

visualized by confocal microscopy by PI staining, added to the treated culture at a final 

concentraion of 3 μg mL−1 and incubated at room temperature for 30 min (Fanino et al., 

2024). 

 
7.7 Results and discussion 

 
Growth and YFP produc5on of P. tricornutum transconjugants 
 
In this study, we used two P. tricornutum transconjugant strains, Pt-EV (negaive control) 

and Pt-HY strains harboring an episomal vector to produce YFP:3HA (Fig. 6-1A). To maintain 

high YFP expression, and to miigate episomal instability and transgene silencing (Diamond et 

al., 2023), cultures underwent periodic fluorescence-based soring. Guerra et al. 

(2022)showed that in vivo brightness and fluorescent protein maturaion are ightly coupled 

with cell cycle gene expression, histone-like proteins, and DNA replicaion in yeast, suggesing 

that modeling the culture dynamics and quanificaion of fluorescence of individual cells 

requires synchronized sampling. As a result, biomass and fluorescence producion were 

assessed at the end of the light period when P. tricornutum cells have completed division and 

exhibit peak fluorescence (Vartanian et al., 2009). We focused on opimizing growth and 

heterologous protein producion by monitoring P. tricornutum cultures unil they reached the 

staionary phase. 

 
YFP fluorescence in Pt-HY was confirmed by confocal analysis (Fig. 6-1B and C), and western 

bloång (Fig. 6-1D). A preliminary one-factor-at-a-ime analysis (OFAT) analysis assessed the 

impact of temperature (18, 21, and 24 °C with 75 μmol m−2 s−1of light), and light intensity (50, 

75, and 100 µmol m−2 s−1 at 18 °C) on growth and fluorescence producion (see supplementary 

material). Cultures reached staionary phase ayer 15 days, regardless of the temperature or 

light condiions Temperature significantly affected early biomass accumulaion. At 24 °C 

compared to 18 °C, growth was reduced at day 5 (p = 0.001; 33 % decrease) and day 8 

(p = 0.003; 12 % decrease), but difference was no longer significant from day 10 (p = 0.18), 

suggesing adaptaion mechanisms. The MFI, and % of YFP+ cells in the culture reached a 

maximum at day 8 under different temperatures and light intensiies (see supplementary 



                  

144 
 

material). Then, YFP fluorescence decreased despite higher biomass. This might be due to flow 

cytometry single cell resoluion analysis compared the microplate reader measuring 

accumulated fluorescence in the well, including proteins secreted in the extracellular media 

(Erdene-Ochir et al., 2019). Nonetheless, YFP fluorescence was enhanced at 24 °C, with a 

13.0 ± 0.7 % increase in the % of YFP+ cells (p = 0.01) and a 3.2 ± 0.1-fold increase YFP MFI 

(p = 0.0001), a variable that is proporional to the amount of YFP fluorescence intensity per 

cell. At that temperature with 75 μmol m−2 s−1 of light, more than 60 % of the cell populaion 

produced a high level of YFP fluorescence unil the 15th day, consistently with reports of 

enhances YFP folding at higher maturaion (Iizuka et al., 2011). 

 

 
Figure 7-1: P. tricornutum episomal transconjugants accumulate yellow fluorescent protein.  

(A) Schematic overview of constitutive vector circuit design. (A1) Synthetic module showing the nat gene under the constitutive 
FcpC promoter and terminator (Pt-EV). (A2) The construct with the antibiotic-resistant gene and yfp gene under HASP1 
constitutive promoter and FcpA terminator (Pt-HY). (B and C) In vivo subcellular localization of YFP in Pt-EV and Pt-HY, 
respectively, by confocal microscopy. (B1 and C1) Chlorophyll fluorescence is shown as red signal. (B2 and C2) YFP 
fluorescence is shown as yellow signal. (B3 and C3) The overlay of the two signals. The scale bars represent 10 μm. (D) 
Western blot analysis showing YFP detection (YFP:3HA; 32 kDa) in the transformed Pt-HY cells using an anti-HA 
antibody. Pt-EV was used as control. 

Light intensity also influenced growth and fluorescence. Cultures grown with 50 compared to 

75μmol m−2 s−1 of light showed a significant reducion in biomass at day 5 (p = 0.007; 28 % 

decrease) and the 8th day (p = 0.02; 8.3 % decrease). At day 8, these cultures exhibited showed 
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a 1.4 ± 0.1-fold increase in both MFI (p = 0.01) and a 7.8 ± 3.0 % increase in % of YFP+ cells 

(p = 0.001) (see supplementary material). Overall, among the two physical parameters tested, 

only higher temperatures had a transient impact on biomass in the iniial growth phases. 

Despite variaions in growth, MFI and % of YFP+ cells peaked at day 8 under all condiions, 

suggesing a stable fluorescence expression pagern. This ime point was selected for further 

opimizaion experiments. 

 
Screening for significant factors affec5ng biomass and YFP produc5on 
 
To opimize YFP producion, we used a PB design to evaluate the impact of seven culture 

factors on biomass, MFI and % of YFP+cells. Each factor was invesigated experimentally at two 

levels, as per the PBD model (see supplementary material). The R2(coefficient of 

determinaion) value determines how well the model fits the experimental data. The 

regression model showed a high fit for biomass producion (R2 = 0.97), meaning that up to 97 % 

of the variaion could be explained by the model (Table 6-1). The adjusted R2 (0.91) was in 

reasonable agreement with the predicted R2 of 0.72 (difference < 0.2), and the F-value 

(17.46, p = 0.008) confirmed the model’ significance. Similarly, MFI and % of YFP+ had 

R2 values of 0.97 and 0.93, respecively. The adjusted R2 (0.93) for MFI agreed reasonably well 

with the predicted R2 of 0.75 (Table 6-1). However, the adjusted R2 (0.79) for the % of YFP+ cells 

differed significantly from the predicted R2 (0.36) (>0.2) (Table 6-1), suggesing that the model 

was too simplisic for this outcome. The adequate precision value (7.99 > 4) confirmed that 

the model provided a good signal-to-noise raio for exploring the design space. The PB factorial 

screening revealed that biomass increased with higher nitrate, light intensity, and NaCl 

concentraion, and decreasing temperature (see supplementary material). YFP fluorescence 

(MFI and % of YFP+ cells) increased with higher temperature and nitrate concentraion 

(see supplementary material). In contrast with the preliminary OFAT analysis, light was a 

significant factor for biomass but not for MFI or % of YFP+ cells, which may be due to interacive 

effects with other medium components. 

 

 

Table 7-1: Regression coefficient and sta>s>cal significance of PBD for biomass, MFI, and YFP+ cells in P. tricornutum. 
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Regression Coefficients Biomass (g L−1) YFP intensity (MFI) YFP+ cells (%) 

Model a a a 

Intercept 0.58 5.09 54.06 

A-Temperature −0.05b 2.56b 10.11a 

B-Light 0.08b 0.14 0.42 

C-Nitrate 0.08b 2.59b 17.16a 

d-Phosphate 0.01 −0.83 −12.76a 

E-NaCl 0.07a −0.33 −3.81 

F-Metal Soluion −0.04 0.73 −5.92 

G-Vitamin 0.02 −0.30 6.48 

R2 0.96 0.97 0.92 

Adjusted R2 0.91 0.92 0.79 

Predicted R2 0.71 0.75 0.36 

Adeq Precision 11.94 14.55 7.99 

P value = < 0.0005c, < 0.005b, < 0.05a. 
 
In summary, temperature, and nitrate significantly affected YFP, while temperature, light, 

nitrate, and NaCl influenced biomass. Temperature, nitrate, and phosphate significantly 

modulated the % of YFP+ cells. Thus, temperature, light, nitrate, and NaCl with significant 

effects on biomass and YFP producion were selected for further opimizaion using CCD. 

 
Mathema5cal modeling and process op5miza5on for biomass and YFP produc5on 
 
RSM was used to evaluate interacions between muliple culture factors, with temperature (A), 

light (B), nitrate (C), and NaCl (D) chosen based on the PBD responses. In the CCD model, each 

variable was analyzed at five coded levels (−α, −1, 0, +1, +α) (see supplementary material). 

Second-order polynomial equaions were obtained to describe biomass producion, YFP 

intensity, % of YFP+ cells, and total YFP level by applying muliple regression analysis to the 

experimental response data (see supplementary material). The CCD model was highly 

significant (p < 0.0001) for all responses, with a non-significant lack of fit (Table 6-2). The F-

values for biomass, MFI, % of YFP+cells, and total YFP were 29.82, 71.18, 88.75, and 16.57, 

respecively. Among the tested factors, nitrate had the highest regression coefficients (β) for 



                  

147 
 

all responses (R1 = 0.08, R2 = 3.10, R3 = 11.75, and R4 = 35.73), which represents the mean 

change of dependent variable given a one-unit shiy in an independent variable (Dayana 

Priyadharshini & Bakthavatsalam, 2016). Temperature had the second highest regression 

coefficient, while NaCl and light intensity had the lowest β-values for all responses (Table 6-2). 

This confirms that nitrate and temperature are the most influenial factors for biomass, and 

YFP producion, while NaCl and light had minimal impact, except for NaCl on total YFP yield. 

The quadraic terms A, B, C, and D and the interacive terms AB, AC, and BD impacted 

significantly biomass producion (Table 6-2). The model terms A, AC, and BC affected MFI levels, 

while the % of YFP+ cells were significantly modulated by B, C, D, AB, and AC. Interesingly, total 

YFP level measured by ELISA was influenced by C, D, and interacive terms (CD) (Table 6-2). 

Overall, these findings suggest that biomass and YFP producion were significantly influenced 

by each independent variable, with noiceable interacions between factors further improving 

the responses. 

 
Table 7-2: Regression coefficient and sta>s>cal significance of CCD for biomass and YFP produc>on in P. tricornutum. 

Regression Coefficients Biomass 
(g L−1) 

YFP intensity 
(MFI) 

YFP+cells 
(%) 

Total YFP level 
(µg L−1) 

Intercept 0.83 5.03 67.53 164.94 

A-Temperature −0.06c 1.87c 6.99c 5.31 

B-Light −0.01 0.02 2.18c −5.51 

C-Nitrate 0.08c 3.10c 11.75c 35.73c 

d-NaCl −0.01 −0.01 −1.69b −10.37b 

AB 0.04b 0.24 −1.27 −1.75 

AC −0.05c 0.35a −5.86c −3.61 

AD 0.01 0.02 −1.36a 5.18 

BC −0.01 0.37a −0.10 −2.01 

BD −0.03b 0.16 −1.01 7.26 

CD 0.01 0.25 −0.90 8.55a 

A2 −0.05c 0.82c −0.94 0.62 

B2 −0.04c −0.03 2.80c 1.16 

C2 −0.05c 0.15 −5.68c −19.12c 
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Regression Coefficients Biomass 
(g L−1) 

YFP intensity 
(MFI) 

YFP+cells 
(%) 

Total YFP level 
(µg L−1) 

D2 −0.02b −0.04 2.49c −9.69b 

R2 0.97 0.99 0.99 0.94 

Adjusted R2 0.93 0.97 0.98 0.88 

Predicted R2 0.83 0.92 0.93 0.70 

Adeq Precision 18.29 31.12 38.4 16.89 

P value = < 0.0005c, < 0.005b, < 0.05a. 
 
 
Mutual interac5ons between the significant factors 
 
 
Interac5ve factors affec5ng biomass produc5on in P. tricornutum 
 
The RSM approach facilitated the idenificaion of the opimal condiions for fluorescence 

intensity and heterologous protein yield in P. tricornutum. The contour plots in Fig. 6-2 were 

generated from the experimental responses of biomass as per the CCD model using a second-

order polynomial Eq. (1). They were constructed using the variables in the experimental range, 

while the other factors were maintained at their opimum levels as per the standard culture 

condiions. Significant interacions for biomass producion were observed between 

temperature (A) vs. light (B) (p = 0.001), A vs. nitrate (C) (p = 0.0001), and B vs. NaCl (D) 

(p = 0.001), (Fig. 6-2 A1, A2, A3). As observed following the PB-based screening, an increase in 

biomass (from 0.5-0.65 g L-1) was observed with increasing nitrate and increasing NaCl 

concentraion (3–18 g L-1), with other medium components temperature (20.5 °C), light 

(70 µmol·m−2·s−1) and nitrate (188 mg L-1) at central point (see supplementary material). 

However, the weight of NaCl on biomass producion was not significant at higher temperature 

(24 °C), light intensity (78.2 µmol·m−2·s−1) and nitrate concentraion (300 mg L-1) (Fig.6-2 A3). 
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Figure 7-2:  Contour surface plot of biomass and heterologous yellow fluorescent protein produc>on.  

(A) The interaction of various culture factors on biomass production. (A1) Temperature (°C) vs light intensity (μmol m−2 s−1), 
(A2) temperature vs nitrate (mg L-1), (A3) light intensity and NaCl (g L-1). (B, C and D) The interaction of various culture 
conditions on the YFP mean fluorescent intensity (MFI) per cell, the % of YFP+ cells in the culture population using flow 
cytometry, and total heterologous protein by ELISA, respectively. (B1 and C1) The interaction of temperature vs nitrate, (B2) 
light vs nitrate, (C2) temperature vs NaCl, and (D) interaction of nitrate and NaCl on heterologous protein (YFP) level in P. 
tricornutumquantified using ELISA. 

 
 
In agreement with the present observaion, a salinity study by Liang et al. (2014) in P. 

tricornutum showed maximum photochemical efficiency of PSII (Fv/Fm) and maximal relaive 

electron transport rate (rETRmax) at a salinity of 20–40 pracical salinity units (PSU). As 

temperature and light intensity decreased, biomass increased. The present observaion agrees 

with the previous factorial opimizaion studies of Nur et al. (2018) and Gómez-Loredo et al. 

(2016) in P. tricornutum, which showed that there was a significant interacive effect between 

temperature and light intensity on the level of major light-harvesing pigments such as 

chlorophyll a and fucoxanthin. The level of these pigments reduced with increasing light 

intensity above 120 µmol·m−2·s−1. In contrast, Wu et al. (2010) observed an increase in 
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biomass at higher temperatures and light intensity under high CO2 levels in the media. This 

could be due to the downregulaion of the carbon concentraion mechanism, which serves as 

an energy sink. As a result, elevated CO2 levels in the medium reduce non-photochemical 

quenching and the energy uilized by this process, which ulimately increases the 

photosyntheic carbon fixaion rate. Overall, biomass producion was driven by interacions 

between temperature, light, nitrate, and NaCl, with opimal growth under moderate 

temperature and light and increased NaCl and nitrate. 

 
Interac5ve factors affec5ng YFP produc5on in P. Tricornutum 
 
In addiion to biomass opimizaion, the main objecive of this study was to maximize the MFI 

per cell, % of YFP+ cells, and total YFP level. Temperature and nitrate played a significant role 

in YFP intensity, and significant interacions were observed between temperature and nitrate 

(p = 0.03), as well as light and nitrate (p = 0.02). As per the model predicion, YFP MFI could be 

increased from 2 to 11.4 by opimizing these significant factors, while keeping other factors at 

opimum levels (light 78.2 µmol·m−2·s−1 and NaCl 8.5 g L-1), (Fig. 6-2B1 and B2). The 

interacions between temperature and nitrate (p = 0.0001) and between temperature and 

NaCl (p = 0.035) were also significant when monitoring for % of YFP+ cells in the culture. The % 

of YFP+cells increased from 40 to 74.5 % by opimizing the most significant factors in the model, 

such as temperature and nitrate, while keeping other factors at opimum (Fig. 6-2C1 and C2). 

Total YFP level was significantly modulated by nitrate (p = 0.0001) and NaCl (p = 0.003) 

concentraions, and a significant interacion was observed between nitrate and NaCl 

(p = 0.034). Total YFP reached a maximum level at high nitrate with NaCl concentraion ranging 

from 8-11 g L-1, while maintaining other factors at opimum level (temperature 24 °C and light 

78.2 µmol·m−2·s−1) (Fig. 6-2D). 

 
In the present study, of the four parameters tested, NaCl had the least significant impact, with 

the lowest regression coefficients for MFI (β = -0.01) and % of YFP+ cells (β = -1.69), which may 

be due to the specific amino acid subsituions F64L, M153T, and V163A of YFP. These 

subsituions are known to improve maturaion without affecing the excitaion and emission 

spectra and display almost equivalent exincion coefficients and fluorescent quantum yields 

(Nagai et al., 2002). The protonaion and Cl− binding of YFP chromophore are the two main 

mechanisms that can decrease its absorbance. The above-menioned mutaions decrease the 
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pH sensiivity and remove the Cl− sensiivity compared to the original YFP (Nagai et al., 2002). 

Similar observaions on photostability and maturaion with regards to temperature and 

Cl− were reported in previous study of Guerra et al. (2022). Overall, nitrate, temperature, and 

light were the most interacing elements for MFI and % YFP+cells in the culture. Nonetheless, 

NaCl content also demonstrated a beneficial interacion with nitrate and was a major factor in 

the total YFP yield. 

 
Experimental valida5on of the model 
 
Biomass produc5on in P. tricornutum 
 
The CCD model-predicted factors and responses for biomass, YFP MFI, % of YFP+, and YFP 

producion were experimentally validated using the predicted values listed in Table 6-3. Under 

opimized condiions (see supplementary material), there were no significant differences in 

the biomass of Pt-EVs compared to the standard condiion. However, Pt-HY biomass 

producion increased slightly but significantly (p = 0.04; Bonferroni's muliple comparisons test) 

from 0.77 ± 0.03 to 0.82 ± 0.06 g L-1, compared to standard culture condiions (Fig. 6-2A, Table 

6-3). This significant difference in biomass may be due to changes in the culture condiions 

that affect differently Pt-HY growth. A biomass producion of 0.82 ± 0.06 g L-1 in the opimized 

media aligns with the CCD model predicted biomass of value of 0.71 g L-1, validaing the model 

for biomass producion. Furthermore, the biomass yield on day 8 was agreed with the 

previously reported biomass in P. tricornutum by Villanova et al. (2021)0.87 ± 0.08 g L-1 (E10 

medium) using different media composiion. The work also showed that biomass increased by 

2.1-fold (up to 1.86 ± 0.10 g L-1) when changing from phototrophic to mixotrophic culture by 

the addiion of glycerol and bicarbonate (NaHCO3) to the E10 media. Enriched E10 medium 

increased biomass by a factor of 9 (11.55 ± 0.24) in an upscale photobioreactor (Villanova et 

al., 2021). The present experiment was performed in batch mode in a conical flask using 

carbon-free L1 media. A further opion to boost the biomass and heterologous protein yield 

in a bioreactor will be to supplement the algal medium with both organic and inorganic carbon 

sources. 
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Table 7-3: Experimental valida>on of CCD model predicted condi>ons and responses. 

Condi5ons Standard condi5ons Op5mized condi5ons 

Standard level Coded levels Actual levels 

Temperature (°C) 18 0.96 23.9 

Light (µmol·m−2·s−1) 75 0.27 78.2 

Nitrate (mg L-1) 150 1.00 300 

NaCl (g L-1) 12 −0.16 8.5 

Responses Experimental value 
(Std) 

Predicted 
Value 

Experimental Values 
(Opt) 

Biomass (g L−1) 0.77 ± 0.03 0.71 0.82 ± 0.06 

YFP intensity (MFI) 3.6 ± 0.6 11.3 15.4 ± 1.1 

YFP Posiive cells (%) 49.2 ± 3.5 75 65.5 ± 1.4 

Total YFP level (µg 
L−1) 

123 ± 4 180.2 219 ± 9 
  

Z = Z0 – ZC/ ΔZ Where Z and Z0 indicate coded and real levels of independent variables 
respecively ΔZ represents the step change while Zc indicates the actual value at central 
points. Std- standard condiions, Opt- Opimized condiions. 
 
 
YFP intensity and percentage of YFP posi5ve cells 
 
In the present study, under a opimized condiions, MFI increased significantly from 3.6 ± 0.6 

to 15.4 ± 1.1 (p > 0.001; 4.2-fold increase), and the percentage of YFP+ cells in P. 

tricornutum culture increased from 49.2 ± 3.5 to 65.5 ± 1.4 % (p > 0.001; 16.3 % increase) 

compared to the standard culture condiions without affecing biomass accumulaion (Fig. 6-

3 A, B, C & F and Table 6-3). This is consistent with previous observaions showing that 

increasing temperature accelerates the maturaion of GFP variants (Guerra et al., 2022). Under 

ideal circumstances, the CCD model projected an MFI of 11.3 and a percentage of YFP+ cells of 

75. The experimental result for MFI (15.4) was greater than the predicted value, indicaing that 

the model was verified. However, % of YFP+ cells experimental value (65.5) was lower; as a 
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result, the model cannot be verified for this parameter, possibly due to limitaions of excitaion 

and detecion of this FP by the flow cytometer. 

 
Figure 7-3: Experimental valida>on of the CCD model and compare with standard condi>ons.  

(A) Biomass accumulation in Pt-EV and Pt-HY (B and C) YFP MFI and % YFP+ cells quantified using flow cytometry (D) 
YFP level quantified by ELISA. (E) Relative expression of yfp and nat gene in Pt-EV and Pt-HY. The Pt-EV-NAT and Pt-HY-
NAT refers to the analysis of natexpression levels in Pt-EV and Pt-HY, while Pt-HY-YFP- refers to yfp gene expression levels 
in Pt-HY. (F) Pseudo-color dot plots of Pt- EV, and Pt-HY (1 and 2) under standard conditions; (3 and 4) under optimized 
culture conditions. (1b-4b) Pseudo-color dot plots of Pt-EV and Pt-HY cultures with YFP in the x-axis, autofluorescence of 
chlorophyll on the y-axis. The gates of the total YFP+ population were designed according to Pt-EV autofluorescence. 
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Heterologous protein produc5on in P. tricornutum 
 
In the opimized condiion, heterologous protein (YFP) yield increased significantly from 

123 ± 4 to 219 ± 9 µg L−1 (p = 0.004; 1.8 factor increase) compared to standard condiions (Fig. 

6-3 D and Table 6-3), which corresponded to about 0.2 % of the total soluble protein. As per 

the CCD model, the independent variables such as increasing nitrate and decreasing NaCl play 

significant role in improving the total YFP yield. Transcriptome and metabolites studies 

conducted on P. tricornutum by Alipanah et al. (2015) revealed a significant change in gene 

expression during nitrogen deficiency, reoriening the carbon metabolism toward energy 

storage mode and increasing the recycling of nitrogen compounds. Erdene-Ochir have 

reported much higher yield of GFP when its expression was driven by HASP1 promoter 

(6  mg/L) (Erdene-Ochir et al., 2019). This difference could be due to the relaive quanificaion 

method based on fluorescence intensity rather than on direct protein quanificaion compared 

to ELISA. In agreement with our present observaion, Kiefer et al. (2022) reported 11.2 µg 

L−1SARS-CoV-2 spike protein, Chávez et al. (2016) reported 28.0 ± 4.3 µg L−1 of human vascular 

endothelial growth factor and Eichler-Stahlberg et al. (2009) reported 100 µg L−1 for human 

erythropoiein in Chlamydomonas. Other studies Ramos-Marinez et al. (2017), reported 

significantly higher secretory protein yields in mixotrophic green algae, including 15 mg L−1 of 

mVenus. Compared to heterotrophic hosts such as bacteria and yeast, phototrophic systems 

typically yield lower amount of heterologous protein due to lower biomass producion, strong 

transgene silencing, and protease acivity (Ramos-Marinez et al., 2017). These limitaions 

could be overcome through advances in photobioreactor technology and stabilizaion of 

heterologous protein using carrier protein or fusion with protease inhibitor or syntheic glycol 

modules (Ramos-Marinez et al., 2017, Villanova et al., 2021). 

 
The total experimental accumulaion of YFP reached 219 ± 9 µg L−1, which was higher than the 

predicted value of 180.2 µg L−1. Overall, the experimental values were close or above to the 

predicted response, thus validaing the model for all responses except for the percentage of 

YFP+ cells. The results also confirm that microalgae are suitable plaâorms for producing 

funcional proteins in higher yield than plants (Sojikul et al., 2003). 
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Rela5ve quan5fica5on of YFP expression 
 
To determine whether the growth condiions modulated YFPtranscript levels, as shown 

by Slagery et al. (2022), we measured the expression of the yfp gene in Pt-HY and nat genes 

in both strains Pt-HY and Pt-EV. Although the nat gene was driven by the FcpC promoter, 

the yfp gene was expressed under the control of the HASP1 promoter. These mRNA levels 

were evaluated in an 8-day-old culture in agreement with the highest fluorescence intensity 

and normalized to Tuba and EF1αexpression. Our results showed that nat expression 

increased under standard condiions compared to opimized condiions in both strains (Fig. 6-

3E). In agreement with MFI and YFP+ cells % in the populaion, the relaive gene expression 

of YFP was significantly higher (p < 0.001, 1.83-fold increase) under opimized condiions, as 

shown in Fig. 6-3E. These results highlight the importance of selecing appropriate promoters 

for muliple genes in the same expression cassege. 

 
In silico and in vivo stability analysis of YFP in transformed P. Tricornutum. 
 
Structure based thermodynamic stability predic5on 
 
We evaluated the intrinsic thermodynamic stability of YFP to understand its folding properies 

and resistance to denaturaion at temperatures used to grow the diatom. Using predicive 

tools, we assessed key thermodynamic parameters, including Tm, which are essenial 

indicators of YFP stability under various environmental condiions (Leuenberger et al., 2017). 

Protein stability depends on structure, protease acivity, host cells, and cellular 

environment. Dehouck et al. (2008) showed a strong correlaion between the Tm value of a 

protein and the growth temperature of its host. SCooP was recently reported (Pucci et al., 

2017) as a protein structure-based protein stability predicion tool, which thermodynamically 

predicts the protein folding transiion by standard free energy ΔG(T) as a funcion of 

temperature (T) when all other parameters (ionic strength, pressure, and pH) are constant. 

The 3D structure of YFP (Fig. 6-4A1) was then used to generate the thermodynamic 

characterisics using the SCooP portal. The YFP Tm was 63 °C, indicaing the temperature at 

which half of the protein populaion was unfolded. At 21–25 °C, temperature range opimal 

for P. tricornutum growth, the YFP exhibited the most stable folding structure (Fig. 6-4A2). In 

agreement with our predicted Tm, Anderson et al. (2023) demonstrated the remarkable 

thermal stability of mutated YFP variants (Q66E and Q66E + H193Y), showing only a 60 % loss 
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in iniial fluorescence ayer 1 h of exposure at 60 °C. The thermodynamic characterisics of YFP 

suggests that the observaion of the present study relies on host-induced effects rather than 

inherent fluorescence stability. 

 

 
Figure 7-4: In silico and in vivo stability analysis of yellow fluorescent protein.  

(A1) 3D structure of YFP generated from Alphafold2. (A2) Thermal characteristics of the protein predicted using SCooP 
software. (B1) Graphical representation of protein stability analysis using proteasome (MG132) and protein synthesis 
inhibitors (CHX). (B2) Time courses immunoblot analysis of YFP signal intensity treating with different inhibitors for 24 h 
period. From left to right in the blots treating with solvent control (control), proteasome inhibitor (MG132), protein 
biosynthesis inhibitor (CHX), proteasome and protein biosynthesis inhibitor (MG132 + CHX). One representative result of 
three independent replicates is shown. (B3) Normalized YFP intensity ratio in the inhibitor- vs control treated samples (n = 3) 
with β actin as housekeeping protein. Mean value is plotted in the graph with standard error. (B4) Viability of P. 
tricornutum cells after 24 h of treatment following PI staining. (B4.1-4a) chlorophyll fluorescence, (B4.1-4b) YFP fluorescence, 
(B4.1-4c) fluorescence of PI+ cells, and (B4.1-4d) the merged image of all fluorescence filters. 
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In vivo stability of YFP in transformed P. tricornutum by protein inhibitor treatment 
 
To further elucidate the stability of heterologous proteins in P. tricornutum, we studied the 

turnover and stability of YFP in vivo. We invesigated the levels and degradaion rate of YFP 

using an immunoblot assay under different treatment condiions. Heterologous protein 

turnover in cells depends on protein degradaion and synthesis. P. tricornutum cells were 

treated with CHX, an anibioic that inhibits the protein synthesis (Obrig et al., 1971), and 

MG132, a pepidyl aldehyde that interacts with the 26S proteasome inhibiing ubiquiin-

dependent proteasome acivity (Lee & Goldberg, 1998)(Fig. 6-4B1). We evaluated the change 

in the level of YFP in the presence of MG132, CHX, MG132 + CHX, and control condiions every 

4 h for 24 h. (Fig. 6-4B2). 

 
YFP level was significantly higher ayer 4 h of treatment with MG132 compared to the control-

treated group (p = 0.01; 41 % increase), and the same trend was observed following 8 h 

(p = 0.05; 150 % increase) of treatment (Fig. 6-4B3). The higher accumulaion of YFP compared 

to the control suggests that the recombinant protein was sensiive to 26S proteasomal 

degradaion. MG132 lost its effect on YFP accumulaion staring at 12 h and YFP levels were 

lower than that in the control group ayer 16 h of treatment. As MG132 is not specifically 

targeing the recombinant protein, blocking the whole 26S proteasome pathway may lead to 

interrupion of various cellular funcions, including cell cycle progression and protein quality 

(Lee & Goldberg, 1998). Conversely, we observed a steady YFP levels following treatment with 

CHX for the first 8 h. This suggested that despite the inhibiion of protein synthesis, YFP was 

stable for 8 h in the microalgae. The reducion in the YFP signal compared with the control 

ayer 12 h, 16 h, and 20 h of treatment with CHX (significant at 20 h, p = 0.017; 88 % decrease) 

(Fig. 6-4B3) indicated that intracellular accumulated YFP was being degraded at these 

imepoints, and is consistent with the reducion of YFP signal following MG132 treatment at 

these imepoints. Ayer 24 h of treatment, the levels of YFP were comparable to those in 

control group, implying that the inhibitory effects of both MG132 and CHX were reversible. 

Inhibitor treatment did not cause any visible change in the culture during the light periods 

(first 16 h); however, the treated cells started to clump together ayer the dark cycle (24 h). 

The level of chlorophyll (Fig. 6-4D1-4a), YFP+ cells (Fig. 6-4D1-4b) and nonviable cells (PI+ cells) 

(Fig. 6-4D1-4c) in inhibitor treated (ayer 24 h) culture was visualized using confocal microscopy. 

The fluorescence image showed P. tricornutum cells clumps formaion with few PI+ cells in all 
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the treated condiions as compared to homogeneous culture for control (Fig. 6-4D1-4d). This 

observaion was consistent with the previous observaions by Im et al. (2024). 

 
The ubiquiin–proteasome system (UPS) based protein degradaion exists in most eukaryoic 

cells but has not yet been verified in diatoms. A genome-wide study by Ma et al. (2023) on P. 

tricornutum showed that 18 ubiquiin-conjugaing enzymes play pivotal roles in maintaining 

cellular homeostasis under changing environmental condiions. A recent study by Im et al. 

(2024) on P. tricornutum using MG132, demonstrated the extent of the UPS systems used in 

the degradaion of Aureochromes (PtAUREO1a) blue-light photoreceptors and transcripion 

factors. These studies are consistent with the present results and suggest that the UPS system 

is acive and paricipates in protein turnover in P. tricornutum. The current results implied that 

the newly synthesized YFP was stable for at least 8 h under normal condiions and remained 

resistant to degradaion for up to 12 h when protein synthesis was blocked, ayer which 

degradaion prevailed. 

 
Overall, this analysis suggests that culture-related parameters affected the generaion of 

fluorescent proteins at the transcript, translaional, maturaion, and stability levels. To 

understand the mechanism underlying the noiceably greater level of protein yield, MFI, and 

YFP+ cells in culture under opimum culture condiions, thorough transcriptomic, proteomic, 

and metabolic flux analyses will be necessary. The opimizaion YFP may not fully capture the 

range of challenges associated with more complex geneic engineering scenario involving 

muliple proteins. However, the current approach could be adapted or expanded for more 

diverse protein expression studies in P. tricornutum or other microalgal systems. Finaly, scaling 

up of algal systems faces several challenges, including poor light distribuion, uneven nutrient 

and gas exchange, pH fluctuaion, and inefficient harvesing of low-density cultures. 

Addressing these inherent challenges is essenial for establishing microalgae as viable and 

economical hosts for heterologous producion. 

 
7.8 Conclusion 

 
This study uniquely applies RSM to opimize YFP expression in P. tricornutum, a model diatom 

with growing biotechnological relevance. By integraing mathemaical modeling and 

experimental validaion, we achieved a 4.2-fold increase in YFP MFI and a 1.8-fold rise in total 
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YFP levels (219 ± 9 µg L−1) without affecing biomass. We also provided the first detailed 

assessment of YFP degradaion kineics, confirming ubiquiin–proteasome system 

involvement. These findings propose novel media composiion, offer a predicive model for 

opimizing culture condiions to enhance recombinant protein stability in phototrophic hosts, 

advance diatoms as biomanufacturing plaâorms, and lays the foundaion for heterologous 

producion. 
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The benefits of the complex microscopic and industrially important group of microalgae such 

as diatoms is not hidden and have lately surprised the scientific community with their industrial 

potential. The ability to survive in harsh conditions and the presence of different pore structures 

and defined cell walls have made diatoms ideal cell machinery to produce a variety of industrial 

products. The prospect of using a diatom cell for industrial application has increased 

significantly in synch with the advances in microscopy, metabarcoding, analytical and genetic 

tools. Furthermore, it is well noted that the approach of industry and academia to the use of 

genetic tools has changed significantly, resulting in a well-defined characterization of various 

molecular components of diatoms. It is possible to conduct the primary culturing, harvesting, 

and further downstream processing of diatom culture in a cost-effective manner. Diatoms hold 

all the qualities to become the alternative raw material for pharmaceutical, nanotechnology, and 

energy sources leading to a sustainable economy. In this review, an attempt has been made to 

gather important progress in the different industrial applications of diatoms such as 

biotechnology, biomedical, nanotechnology, and environmental technologies. 

 

 

8.1 Introduc7on 
 
The global trend of economy and society is shifting toward building a greener and more 

sustainable society to combat climate and health issues. This is a critical issue, which is being 

https://doi.org/10.3389/fmars.2021.636613
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approached with various interdisciplinary strategies to produce a wide range of sustainable 

products. For instance, biotechnology research has invested a significant number of resources, 

time, and money in studying microorganisms to exploit them for human consumption in 

multiple ways. Furthermore, the decades of research and improvisation in cultivation strategies, 

extraction, and harvesting protocols strongly support a good return on investment in industrial 

applications of microbes. A pinch of soil and a drop of water contain a diversity of microbes 

that controls major biogeochemical cycles and subsequently have the potential of producing an 

abundance of sustainable products. Since the beginning of this century, a high amount of 

research work has been published on industrial applications of microbes such as bacteria, yeast, 

and microalgae (Figure 7-1). But, limited attention has been paid to diatoms which have the 

potential of becoming a robust sustainable industry because diatoms can continuously grow 

with an average annual yield of 132 MT dry diatoms ha–1 over almost 5 years (Wang and Seibert, 

2017). 

 

 
Figure 8-1: Approximate number of research ar3cles indexed in Scopus database (September 14, 2020) in the area of industrial 
applica3on of different microbes (bacteria, yeast, algae, and diatoms). 

 
Diatoms are dynamic microorganisms with rich diversity and detailed membrane design. They 

are the most dominating phytoplankton with an overall number of around 200,000 species 

having complex variability in dimensions and shapes (Round et al., 1990; Smetacek, 

1999; Mann and Vanormelingen, 2013). Diatoms’ distinctive characteristic compared to the 

phytoplankton community is their silica cell wall, known as a frustule. This innate ability to 
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uptake silicon from the environment has made them an interesting community of microbes since 

the 19th century. Few studies have stated the role of frustule biosilicate as pH buffering material 

which facilitates shifting of bicarbonate to CO2 dissolved in cell fluids (the latter is readily 

metabolized by diatoms) (Milligan and Morel, 2002). 

The access to advanced microscopes and modern genetic tools enabled us to study the detailed 

frustule structure and validate metabolic pathways involved in absorption, transportation, and 

polymerization of silicon and other biomolecules like lipids (Knight et al., 2016; Zulu et al., 

2018). Furthermore, this advanced knowledge of metabolic pathways and validation of diatom 

structure can be applied to produce a wide range of renewable products such as optoelectronics, 

biofuels, nutritional supplements, ecology tools, etc. (Marella et al., 2020). 

Other common factors that have shaped the evolution of diatoms are their ability to adapt and 

grow in various natural resources; fresh and marine water, wastewater, rivers, and oceans. Their 

abundance and adaptability in a wide range of climate and geographical areas make them 

suitable for different applications (Jin and Agustí, 2018). It was reported that diatoms are 

responsible to produce yearly, 40% of the organic carbon and 20% of oxygen (Tréguer et al., 

1995; Falkowski et al., 1998; Afgan et al., 2016). Besides, these photoautotrophic organisms 

are involved in biogeochemical cycles, which play a significant role in global carbon fixation, 

carbon sequestration, and silicon cycle. They are also suitable candidates to capture nitrogen 

and carbon from various sources, which can be exploited by waste management and the biofuel 

industry to create carbon-neutral fuels (Singh et al., 2017). Furthermore, these algae are used 

to produce nutraceutical compounds, such as vegetarian proteins, omega, and other essential 

fatty acids for pharmaceutical industries (Wen and Chen, 2001a,b). 

Multiple epidemiological, clinical, and pre-clinical studies have shown that omega fatty acids 

such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are useful in slowing 

down age-related diseases such as cardiovascular diseases and cancer (Cole et al., 2010; Dyall, 

2015; Thomas et al., 2015; Wang and Daggy, 2017). The development of diatoms strains rich 

in omega fatty acids can replace the dependence on fish as a source of omega oils and reduce 

the problems associated with seasonal variations and ocean pollution which might affect the 

biochemical composition of fish oil (Alves Martins et al., 2013). Also, various marine diatoms 

are considered for the commercial production of antioxidant pigments such as fucoxanthin and 

other carotenoids. It has been reported that these pigments exhibit various protective effects 

such as strong antioxidant activities (Xia et al., 2013). 

Thus, the flexible and complex nature of diatoms offers immense possibilities to develop a wide 

range of sustainable products and contributes to carbon neutrality. Because of its dimensions, 
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pore distributions, and geometries, it is studied to develop tools for nanotechnology and 

biomedical industry such as nanofabrication techniques, chemo and biosensing, particle sorting, 

and control of particles in micro- and nano-fluidics (Mishra et al., 2017). Silica and biosilica 

can be used to develop advanced nanomaterial for electronic and optical technologies which 

can be employed for ultra-sensitive detection of biological compounds (Dolatabadi et al., 2011). 

Recent accomplishment in diatoms metabarcoding, a reference database of the global 

population of diatoms, has advanced its use extensively in studying ecological problems such 

as climate change, acidification, and eutrophication (Nanjappa et al., 2014). Because of its 

robust nature and potential to inhabit different photic regions, from the equator to the poles, 

diatoms offer the potential to develop tools and products for all geographical regions (Medlin, 

2016). The technological and infrastructure advancements of diatoms-based applications are at 

a new level. Besides, it requires different kinds of optimization either in laboratory or large-

scale research such as energy utilization for different steps, financial modeling, and 

collaborating with different industries to make diatom-based products commercially successful. 

However, the standardization at various levels such as optimization of culture conditions, 

genetic tools, genome and transcriptome sequencing make diatoms based products 

commercially viable. 

Therefore, this review aims to provide a better understanding of the potential of diatoms 

research at a laboratory scale. We have tried to provide comprehensive information on a variety 

of diatoms applications such as energy, biomedical products, and environment monitoring 

which are being investigated at different levels. All these applications have the potential to 

contribute toward a greener tomorrow. The purpose of the research is to increase the sustainable 

economy while reducing the dependence on non-renewable resources. Therefore, recovering 

and producing various sustainable products like biofuels, feed, bioactive molecules, and 

services like environment monitoring embedded in diatoms is a promising opportunity to be 

seized as shown in Figure 7-2. 
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Figure 8-2: Scheme of the different uses of diatoms for green industry. 

 
Biofuel Industry 
 
Fast globalization and industrialization have impacted the ecosystem widely but shutting or 

slowing down the globalization is not the solution. At the moment, almost 95% of all the 

transportation industry is based on a non-renewable source of energy (Rodrigue and Notteboom, 

2013). Therefore, developing sustainable and carbon-neutral fuels could reduce the existing 

dependence on fossil fuels and contribute to bringing back harmony in nature without disrupting 

the existing economic development. Few economic aspects of biofuel production from 

microalgae such as biodiesel productivity, land use, and oil yield support the use of microalgae 

for commercial production as compared to corn and other food crops. The oil yield for 

microalgae with high oil content is almost 15-fold more as compared to corn. Whereas, the land 

use for corn and maize is 66-fold more as compared to microalgae (Brocks et al., 2003). 

The microalgae such as diatoms are the promising feedstock to replace non-renewable sources 

of energy. It has been proven by geochemists that algal lipids are the major feedstocks of 

petroleum and these lipids act as the biomarker remaining stable for millions of years (Brocks 

et al., 2003). The main biomarker for the diatoms is the ratio of C28 and C29 steranes and 

highly branched isoprenoid alkenes which are found in high-quality oil fields around the globe 

(Katz et al., 2004). 
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Moreover, targeting the diatom lipids by manipulating and optimizing the growth and culture 

conditions such as light, stress, and nutrients can provide an interesting alternative to help meet 

the existing demands of commercial production of biofuel. Knowing the potential of diatoms 

to accumulate high lipids and varied compositions of fatty acids, diatoms are an underexploited 

area of the biofuel industry. The most predominant saturated and unsaturated fatty acids in 

diatom species are 14:0; 16:0, 16:1, 16:2, 16:3, 18:1, 18:2, 18:3, 20:4, and 20:5 (Dunstan et al., 

1993; Sharma et al., 2020). Various reports have been published on different species of diatoms 

regarding the lipid yield and triacylglycerol accumulation (TAG) under different treatments as 

shown in Table 7-1. 

 
Table 8-1: Lipid content and produc>vi>es of different microalgae diatom species (-: no data). 

 
 
 
It is possible to improve the quality of biodiesel by optimizing the content of different fatty 

acids that impacts biodiesel properties; cetane number, level of emissions, cold flow, oxidative 

stability, viscosity, and lubricity (Knothe, 2005). Fatty acids with chain lengths from C16 to 

C18 should contribute the maximum amount in the final product (Knothe, 2009). Some 

researchers have reported that a high percentage of mono-unsaturation is also desirable for 

biodiesel (Knothe, 2012). Thus, optimizing the fatty acid profile along with increased biomass 

will significantly enhance their economic value. 
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Statistical analyses predicted that 100 mt/ha/year biomass of diatoms is required for commercial 

biofuel production (Gallagher, 2011). Over 10 years, productivity range was observed to be 

between 29 and 142 mt/ha/year (Sheehan et al., 1998; Huesemann and Benemann, 2009), these 

values motivate the researchers and industry experts to study diatom cell in-depth for the biofuel 

industry in both lab-scale and large scale. 

Furthermore, the availability of advanced genetic tools can help to achieve the missing targets 

in developing diatoms cells as biofuel machinery (Radakovits et al., 2010; Tibocha-Bonilla et 

al., 2018). Based on theoretical calculations about the land area, lipid production, and 

photosynthetic energy conversion, the biofuel demand of the complete United States population 

could be met using only 5% of United States land (Levitan et al., 2014). Although various other 

factors that define the efficacy of biodiesel such as engine performance, that is based on 

(cylinder pressure, brake mean effective pressure, frictional mean effective pressure, power, 

torque, brake specific fuel combustion, brake thermal efficiency). The statistical data supports 

the use of microalgae-based biofuel but there are various limitations at a technological level for 

large-scale implementation of this project. Therefore, one of the alternatives is to use the 

blended form of biodiesel. It would be more efficient to make a blended version of petro-diesel 

and microalgae/diatoms based fuel for large-scale operation. The comparative studies of 

blended (20% microalgae fuel plus 80% petrodiesel) and 100% petrodiesel have no major 

performance variations. Furthermore, it was reported that there was a reduction in the CO, 

unburnt HC, and smoke emissions in blended form as compared to pure diesel (Soni et al., 

2020). 

Biomedical Industry 
 
Drug Delivery Systems 
 
The cost required to bring a new drug to the market has been estimated by the Tufts Centre for 

the Study of Drug Development at approximately 2.6 billion dollars (DiMasi et al., 2016). In 

addition, the current drug delivery systems have limited solubility, poor bio-distribution, lack 

of selectivity, premature degradation, and unfavorable pharmacokinetics (Aw et al., 2011a,b). 

Therefore, these limitations have motivated the research and development of alternative drug 

delivery systems to improve the performance of existing drugs (i.e., increasing bioavailability), 

while reducing undesirable effects. There is no doubt that existing biomedical technologies 

have increased the life span but the human society wants to improvise the quality of life further 

by adopting environment friendly methods. Therefore, we should speed up the process and 
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conduct in-depth research on using diatom frustules, even other bio-inspired alternatives for 

biomedical applications. 

Among the available drug delivery tools (liposomes, nanogels, carbon nanotubes), the intricate 

frustule characteristics of diatoms such as specific surface area, thermal stability, 

biocompatibility, and alterable surface chemistry, have attracted attention for its use in drug 

and gene delivery. It took million years of evolution for diatoms to manufacture this level of 

complex and delicate structure to protect from the unwanted conditions like high temperature 

and variable light fluctuations. 3-D section analyses of diatom frustules have shown the 

availability of multiple pore patterns that range from nanometer to micrometer (Chandrasekaran 

et al., 2014; Cicco et al., 2015; Ragni et al., 2017). These characteristics are sufficient to explore 

alternative and low-priced silica-based materials for the biomedical industry (Mishra et al., 

2017; Terracciano et al., 2018). Diatoms’ frustule structure changes its homogenous nature, 

space, and intricate nature according to various environmental factors and silicon uptake 

efficiency (Knight et al., 2016). This ability can be used to change the frustule shape and pore 

size, which has multiple applications in the biomedical and nanotechnology industry. The 

process of biosilicification in diatoms is quite complex, it includes the role of silicic acid 

transporters, transportation of silica, and polymerization of silica monomers among other 

processes that have been extensively explained (Martin-Jézéquel et al., 2000; Knight et al., 

2016). Moreover, a detailed investigation is being conducted to make the natural 3D porous 

structure an efficient substitute for delivery systems attributed to its chemical and mechanical 

features. For instance, some diatom species such as Coscinodiscus concinnus sp. 

(Gnanamoorthy et al., 2014), Thalassiosira weissflogii sp. (Aw et al., 2011a) are potential drug 

carriers candidates due to their amorphous nature and morphology. Additionally, various 

studies have shown that diatoms microcapsules are effective carriers for poorly soluble and 

water-soluble drugs, which can be applied in both oral and implant applications (Aw et al., 

2011a; Ragni et al., 2017). 

The defined structural architecture of diatoms, such as pore volume and controllable particle 

size, allows the synthesis of biomolecules at the micro- to nano-scale (Losic et al., 

2005, 2010; Slowing et al., 2008). The growth of fibroblast and osteoblast has been observed 

on functionalized frustules supporting the idea of using biosilica from diatoms as smart support 

for cell growth (Ragni et al., 2017). Regarding modified diatoms, Losic et al. (2010) have 

designed the magnetically guided drug carrier via a functional surface of diatoms with 

dopamine-modified iron oxide. This modification has shown the capability of sustained release 
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of poorly soluble drugs for 2 weeks, presenting an enhanced performance for drug delivery 

(Losic et al., 2010). Moreover, genetically modified biosilica has been used to selectively 

deliver anticancer drugs to tumor sites (Delalat et al., 2015). Overall, these findings have 

opened the doors to novel drug delivery systems using renewable material. Therefore, all 

properties of diatoms such as uniform pore structure, chemically inert and biocompatible, non-

toxic, easy to transport, filtration efficiency, and specific drug delivery make it a potential 

model for drug delivery tools (Curnow et al., 2012; Milović et al., 2014; Rea et al., 

2014; Vasani et al., 2015). 

Analy5cal Tools 
 
The controlled production of nanostructured silica is possible through chemical and mechanical 

treatment for a wide range of applications. This nanopore structure has a huge potential to attach 

the desired biomolecule (enzymes, DNA, antibodies) and develop label-free analytical tools or 

enhance the catalytic properties. It has also been shown that enzymes and DNA 

(oligonucleotides) can be conjugated to silica (Losic et al., 2005; Zamora et al., 2009). The 

encapsulation of enzymes in diatom biosilica exhibits improved enzymatic properties as 

compared to other immobilization technologies (Kato et al., 2020). 

Additionally, luminescent nano- and micro-particles have gained the attention of the 

interdisciplinary scientific community (biology, chemistry, and physics). Current available 

fluorescent labeling agents are quantum dots, lanthanide-doped compounds, and organic 

fluorophore-tagged nanobeads, which offer good optical properties and a broad excitation 

spectrum. However, these agents have limitations in properties such as photobleaching and 

biocompatibility. For instance, De Stefano et al. (2009) studied diatoms’ potential to 

incorporate fluorophores with increased stability used to study the molecular event of antibody-

antigen identification. Moreover, molecular recognition between antibody and antigen was 

observed in relation to the change in the photoluminescence spectrum of diatoms. Concluding 

that diatom’s frustules, due to their high sensitivity, low-cost, and availability are ideal 

alternative candidates for lab-on-particle applications (De Stefano et al., 2008, 2009). 

There is no concrete evidence of diatoms’ presence in land animal bodies. Although, various 

studies showed the presence of diatoms in the internal organs and circulatory system of alive 

or dead animals in an aquatic environment (Ludes et al., 1996; Lunetta et al., 1998; Hürlimann 

et al., 2000; Lunetta and Modell, 2005; Horton et al., 2006; Levkov et al., 2017). The siliceous 
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cell wall of this organism is resistant to degradation even under high acidic conditions for a 

long period (Lunetta and Modell, 2005). The investigation on the occurrence of these organisms 

inside dead bodies of aquatic environment that died from different causalities opened up a new 

possibility of forensic analysis through the examination of diatoms called ‘diatom axiom’ or 

‘diatom test’(Lunetta et al., 1998). The diatom test is based on the hypothesis that the 

microalgae will not enter the systemic circulation and reach other internal organs and tissues 

such as bone marrow unless the circulation is functional. A forensic examiner can determine 

whether the individual was alive when it was entering the water by checking the presence of 

diatoms in various organs and tissues (Levkov et al., 2017). In addition, since diatoms are highly 

sensitive to environmental conditions, different water bodies have different diatom species 

abundance which allows forensics to identify the drowning site (Zhou et al., 2020). 

Despite being a distinguishable method, the diatom test has limitations also. One of the major 

issues is the occurrence of diatoms in a drowning medium. The absence or low presence of 

diatoms in a water body can lead to a false positive or negative result. The presence of diatoms 

in different layers (water base, deeper, and surface) of the water body also can be varied 

(Levkov et al., 2017). Rapid death is another situation where the diatom test can be wrong. 

Instant death when an animal or human enters the water body for various reasons such as cold 

shock and cardiac diseases will give a negative result in the diatom test (Smol and Stoermer, 

2010). The use of alcohol or drugs is another factor that can mislead in the diatom test (Ago et 

al., 2011). Recent advances in DNA Barcoding and pyrosequencing opened the possibility of 

increasing the accuracy of the diatom test by checking the presence of plankton specific genes 

(e.g., Rubisco gene) in animal tissue (Fang et al., 2019). 

Biosensors and Nanomaterials 
 
The advances in biotechnological tools have made it effective to characterize the frustules of 

diatoms for the fabrication of optoelectronics. The uptake of various elements such as zinc and 

germanium by diatom like Stephanodiscus hantzschii, Thalassiosira pseudonana, etc. to 

change the pore size, shape, and other characteristics which are being studied for a variety of 

functions such as paleolimnological indicator and photonic device application (Qin et al., 

2008; Jaccard et al., 2009). It has been reported a relationship between the amount of Zn/Si 

(zinc/silicon) and free zinc ions which can be used as a proxy of paleolimnological indicators 

(Jaccard et al., 2009). The studies have raised intriguing questions about the uptake and the 

process of various elements which need detailed validations. Although, they have reported that 
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they could only detect Zn and Fe as chemical elements. The analysis of various trace elements 

could be used as an environmental indicator which indeed will reduce the total workload needed 

to monitor large water bodies (Ellwood and Hunter, 2000). 

The complex nanobiochemical machinery of diatoms can be exploited to fabricate a wide range 

of nanostructures with diverse optical and electronic properties (Rorrer et al., 2007). The ability 

to manufacture different pore size nanostructure molecules has inspired many research groups 

and industries to use diatoms in biosensing (De Tommasi, 2016). The incorporation of chemical 

elements such as germanium significantly affects the structure and size of frustule pores. A 

study tested the possibility of using Si-Germanium composite material in living diatoms in a 

two-stage photobioreactor cultivation process which reduced the pore size without disturbing 

the morphology (Rorrer et al., 2007). Another study reported that insertion of germanium 

in Nitzschia frustulum induces the nanocomb structure with blue photoluminescence (Qin et al., 

2008). These nanostructure materials exhibit optical properties suitable for use in 

semiconductors and optoelectronics. Manufacturing of these materials combined with the silica 

frustule will improve the overall durability and range of applications in nanotechnology 

industries. These lab-scale scientific discoveries have shown that it is possible to create 

advanced nanomaterials in living diatoms. 

Nanopar5cles 
 
The development of well-defined, advanced, and eco-friendly nanoparticles has attracted the 

attention of many researchers in the area of nanotechnology and its applications. Nanoparticles 

can be applied to study antimicrobial activity, catalyst, and filtering waste and chemical 

compounds. Biosynthesis of metallic nanoparticles in photoautotrophic organisms has gained 

the attention of nanotechnology researchers. Various approaches such as the sol-gel process, 

atomic layer deposition, chemical bath deposition, and inkjet printing process, have been used 

to modify the chemical composition of frustules. In this regard, an inexpensive chemical 

deposition technique was tested to deposit cadmium sulfide (CdS) on the surface 

on Pinnularia sp. without changing its morphology, since CdS has a wide range of applications 

in photodetectors and solar cells (Gutu et al., 2009). 

Recently, it has been reported that diatoms can biosynthesize the nanoparticles such as gold and 

silver which has shown strong cytotoxicity against harmful microorganisms. Additionally, a 

highly ductile and malleable metal platinum (Pt) has been introduced in presence of dihydrogen 
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hexachloroplatinate (IV) hexahydrate (DHH) in the living diatom Melosira nummuloides, 

without interfering the native morphology (Yamazaki et al., 2010). This is due to the platinum’s 

excellent resistance to corrosion and stability at high temperatures, hence having application in 

a broad spectrum of industries, besides biomedicine. Other various examples of the on-going 

investigation of diatoms silica-based materials and their applications in biomedicine are shown 

in Table 7-2. 

Table 8-2: Biomedical applica>ons of diatom silica-based materials using different diatom species. 

 
 
 
We have discussed the major application of diatoms for established industries such as biofuels, 

nanomaterials, and biomedicine. However, diatoms also have other fascinating applications in 

environment monitoring, animal feed, and aquaculture, which indeed have a huge potential 

considering climate change and devastating impacts of globalization on ecology and 

environment. 

Environmental Technologies 
 
River Ecology 
 
Environment monitoring is an important aspect that is considered a necessity to deal with 

irregular changes or disturbances in our ecosystem. Therefore, researchers are developing tools 

using biotechnology and informatics to monitor the environment cost-effectively. Water 

resources are always under the influence of damaging anthropogenic pressures such as plastic 

waste and industrial sewage, which ultimately change or disturb the biogeochemical cycles and 

biodiversity. Besides, water is a universal solvent that holds the industries and economies 

together. 
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It is a well-established fact that diatoms hold the primary role in maintaining the aquatic 

ecosystem. Therefore, biodiversity assessment of diatom species in an environmental sample is 

one of the well-known strategies for biomonitoring. Presently, morphological assessment of the 

diatoms using microscopy is largely used which is time-consuming and requires special 

expertise (Larras et al., 2014). However, environmental metabarcoding has opened a quick way 

of analyzing the microbial DNA diversity in a natural environment such as flora and fauna (Bik 

et al., 2012; Taberlet et al., 2012). The metabarcoding approach is based on DNA sequencing 

a specific region (barcode) of the whole DNA extracted from an environmental sample (eDNA). 

For example, the sequencing data obtained from diatom metabarcoding are then used to assign 

precise taxonomic identification of the diatoms present in the eDNA sample, which are further 

compared with the conventional morphological database to confirm the efficacy of 

metabarcoding results. Diatoms metabarcoding tool has been optimized significantly to 

quantify the diversity of diatoms at the genus and species level (Vasselon et al., 2017; Kelly et 

al., 2018). 

Currently, this approach is still in development, since various questions have been raised 

especially when deciding which are the most suitable barcodes. The barcodes that had been 

used are the ribosomal small subunit, cytochrome c, and the internal transcribed spacer region 

combined with the 5.8S rRNA gene (Zimmermann et al., 2011; Luddington et al., 2012). 

Another main issue is processing the sequencing output data through computing. This method 

must be consistent with government policies for environmental regulation. For instance, 

MOTHUR is a comprehensive and efficient platform to study microbial diversity, but there are 

other bioinformatics software such as R, QIIME2 (Caporaso et al., 2010), LotuS (Hildebrand 

et al., 2014), and PIPITS (Gweon et al., 2015) that can be used to process a larger amount of 

data. 

Additionally, various other research studies have supported the use of the diatoms 

metabarcoding approach as an alternative strategy to monitor river ecology on a timely basis. 

The results provide an estimated number of abundant and scarce species in samples obtained 

from different locations. Also, they give great insights into the fundamental status of the aquatic 

ecosystem (Larras et al., 2014). For instance, detailed evidence has been published by the 

Environmental Agency of the United Kingdom using diatoms indexes for river classification 

(Kelly et al., 2018). A similar study on detailed information on diatom biodiversity using 

metabarcoding has been conducted using environmental samples from Mayotte Island, France 
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(Vasselon et al., 2017). Moreover, a recently published work studied the impact of treated 

effluents on benthic diatom communities that showed a systematic change in diatom 

community composition (Chonova et al., 2019). Concluding that detailed information about 

diatom diversity will give in-depth insights into climate change, micropollutants, and other 

organic pollutants, to study the disturbing effects of anthropogenic pressure on rivers. The use 

of metabarcoding for analyzing biodiversity is rapidly increasing and has been adopted by 

academic institutes and various companies/industries like Spygen (Canada), Naturemetrics 

(United Kingdom), IGAtech (Italy), Sinsoma (Austria), to name a few. This particular strategy 

has been adopted by public authorities as well and has shown the potential to be used as an 

additional screening tool to replace the existing methods, which require excessive infrastructure 

and human resources. It is indeed possible to make it a primary and permanent tool for river 

monitoring with advancements in sequencing, big data science, and artificial intelligence tools. 

Phytoremedia5on 
 
Besides the monitoring of river quality, water treatment is one of the major concerns for many 

countries around the world. In fact, human consumption has undoubtedly increased in the last 

few decades, subsequently, incrementing waste products presence in aquatic communities 

(Walker, 1983). Globally, almost 80% of the wastewater generated worldwide is discharged on 

rivers creating health and environmental hazards. The rise of nutrient accumulation in the 

aquatic system needs to be neutralized to maintain the balance in the environment. Increasing 

of pollution is disturbing the basic biogeochemical cycles, killing fish, depleting the dissolved 

oxygen, and producing different toxins, i.e., neurotoxins (Boyd, 1990). Hence, there is an urgent 

need to explore new ways and upscale the existing systems to test reports and mitigate pollution 

from rivers and lakes worldwide. 

The use of microalgae for wastewater treatment has been a subject of research for a long period 

which could be applied in collaboration with small- and large-scale industries. The excess of 

industrial waste discharged in the aquatic system can be used as nutrient supply by diatoms. 

Different kinds of wastewater such as brewery (Choi, 2016), aquaculture (Tossavainen et al., 

2019), and textile (El-Kassas and Mohamed, 2014) have been studied for phytoremediation 

capability and have shown interesting results. The published studies have established that 

diatoms and microalgae can treat the wastewater to an extent, therefore, it would be less 

damaging to treat the wastewater with microalgae/diatoms before discharging in water bodies. 

In addition, use the harvested biomass for different industrial products such as biofuel. It is safe 
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to assume that it is possible to develop small scale business in collaboration with restaurants, 

breweries, textile industries, to name a few, to treat wastewater, and use the biomass for the 

production of valuable products such as fertilizers (Suleiman et al., 2020). 

Heavy metal pollution is one of the major challenges which comes from the industries working 

with chemicals and dyes. Diatoms species are desirable organisms to study heavy metal 

pollution because of the simplicity of metal exposure, absorption, and detoxification of metal 

ions by single cells. This is a unique detoxification process of diatoms and microalgae due to 

metal-binding peptides known as phytochelatins (PCs) that protect photosynthetic organisms 

from heavy metals (Grill et al., 1985). Some intracellular PCs have been characterized in 

cultures of P. tricornutum exposed to different metals such as Cd, Pb, or Zn. Besides, they are 

used widely in waste degradation considering the unique structure of diatoms and their ability 

to respond to the changing environment (Glazer and Nikaido, 2007). 

A study published in 2015 have reported a novel diatom Bacillariophyta sp. (BD1IITG) from 

petroleum biorefinery wastewater that can degrade phenol in a concentration range of 50−250 

mg/L in Fog’s media (Das et al., 2016). Another example of the degradation of toxic molecules 

like phenylalanine hydroxylase into less toxic compounds using simple enzymatic oxidation 

has been identified in diatoms during the metabolism of phenanthrene and pyrene (Wang and 

Zhao, 2007). These results are relevant considering that around seven billion kg of phenol is 

produced for oil refining, pesticide production, and to use in the pharmaceutical industry. 

Traditional phenol removal techniques involve several steps including the generation of by-

products, which increments the cost of the treatment (Senthilvelan et al., 2014). However, there 

are very few reports available on exploiting the potential of diatoms in biodegrading waste 

materials. It is interesting to note that the studies have shown interesting results but the field of 

algae biotechnology requires more entrepreneurs to join the pieces of industrial and academic 

research to build a successful circular economy. Furthermore, there are some upcoming and 

growing ventures and companies in microalgae working in diverse applications and producing 

valuable products such as healthcare, animal feed, water management, chocolates, etc. (Table 

7-3). 
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Table 8-3: Different industries producing variety of products from microalgae and diatoms around the world. 

 
 
 
Diatoms as Nutraceu5cals and Feeds 
 
Multiple epidemiological and clinical trials have shown the health benefits of omega fatty acids 

from fish oils and algae extracts (Cole et al., 2010; Cottin et al., 2011; Thomas et al., 

2015; Wang and Daggy, 2017). Besides, there are few publications on cardio-protective and 

cognitive performance of omega fatty acids which have led to the commercial production of 

infant foods, infant formula, fortified snack bars, and other dairy products supplemented with 

omega fatty acids (Arterburn et al., 2007; Cottin et al., 2011). 

Diatoms have an immense nutritional value that can be used to produce novel compounds such 

as antioxidants, vitamins, animal feed, and vegetarian protein supplements. Several 

photosynthetic pigments have been identified in diatoms including carotenoids such as 

fucoxanthin (Kuczynska et al., 2015). Additionally, Nitzschia laevis, Nitzschia 

inconspicua, Navicula saprophila, and Phaeodactylum tricornutum extracts have a noticeable 

amount of EPA and DHA that can be used as a nutritional feed in human diet and animal feed 

(Kitano et al., 1997; Wen and Chen, 2001a,b; Wah et al., 2015; Tocher et al., 2019). 

Moreover, diatoms are known to have diverse defense mechanisms in form of chemical 

substances for them to be protected against pathogens. For instance, P. tricornutum has a high 

amount of omega-7 monounsaturated fatty acids such as palmitoleic acid (C16:1) and other 

bioactive compounds that are active against gram-positive pathogens (Desbois et al., 2009). 

Furthermore, the EPA-rich marine diatom, Odontella aurita, used as a dietary supplement has 

shown antioxidant effects in rats (Haimeur et al., 2012). O. aurita has been approved to be 

commercialized as food in France by following EC regulation 258/97 in 2002 (Pulz and Gross, 

2004; Buono et al., 2014). 
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Increasing the content of these bioactive molecules in diatoms has attracted a large amount of 

research. Some studies have managed to enhance the production of flavonoid and polyphenol 

content by culture modifications, for instance, cultivation temperature and nutrient 

supplementation in Amphora sp. (Chtourou et al., 2015). The general tendency when changing 

the culture temperature is an increase in lipid content in most species, while the chemical 

composition varied between species (Renaud et al., 2002). For example, the total amount of 

saturated and monounsaturated fatty acids increases with temperature in Rhodomonas sp. 

(NT15) and Cryptomonas sp. (CRFI01). Whereas, there was a comparative decrease in 

polyunsaturated fatty acids in both Rhodomonas sp. (NT15) and Cryptomonas sp. (CRFI01) 

(Renaud et al., 2002). 

Gene5c Engineering of Diatoms 
 
The debate on using genetically modified microalgae and diatoms is on-going. However, it is a 

more controlled alternative for the production of recombinant proteins or any precursor 

molecules, considering the use of bioreactors for their production. The employment of genetic 

engineering tools in diatoms, to produce or increase the yield of compounds, allows the 

companies to optimize their use in the applications mentioned above. Therefore, genetic 

engineering is a promising method and an important branch to be used in the diatoms industry 

to further enhance the economic value of diatoms. However, it comes with two big challenges, 

firstly, to redesign the natural metabolic pathways in order to increase the production of desired 

endogenous compounds, and secondly, producing new heterologous compounds. 

In the last 20 years, several projects have shown that these challenges can be solved at lab scale, 

by optimization of transformation methods, utilization of different gene promoters, expression 

of recombinant proteins, gene silencing, and genome editing methods; such as targeted 

mutagenesis techniques using meganucleases, gene knockouts, TALENS, and CRISPR/Cas9. 

Marketable bioproducts like lipids, pigments, nanomaterials, food supplements, fuel, syntheses 

of chemicals, drugs, and metabolites have been produced in P. tricornutum, T. pseudonana, and 

other diatoms species. While most of these analyses are related to lipid production for biofuel 

or bioenergy purposes, other studies showed that diatoms are biological factories that can 

generate a wide range of products from food to pharmaceutics biomaterial industry (Lauritano 

et al., 2016; Mishra et al., 2017; Slattery et al., 2018; Dhaouadi et al., 2020; Sharma et al., 2020). 

In addition, there are few companies such as Algenol Biofuels, Synthetic Genomics, which 

have reported the use of genetically modified microalgae for the production of biofuels. 
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Moreover, the approach of synthetic biology along with high throughput sequencing 

technologies open the doors to understanding the whole genome, the proteins that it encodes, 

and the regulatory elements of the cell during cellular growth and division (Hildebrand and 

Lerch, 2015; Huang and Daboussi, 2017). Several sequencing projects have been performed 

in P. tricornutum and T. pseudonanastrains (Armbrust et al., 2004; Bowler et al., 2008; Koester 

et al., 2018; Rastogi et al., 2018), generating the transcriptomic and proteomic data sets that 

make possible precise reconstructions of metabolic networks (Fabris et al., 2012; Levering et 

al., 2016). Recently, the Synthetic Diatoms Project website has been launched as a platform to 

provide information to grow, transform, edit, and analyze P. tricornutumand T. 

pseudonana1 These projects have been used as a springboard to facilitate genome annotation 

for other diatoms species: T. oceanica, T. weissflogii, Fragilariopsis cylindrus, Pseudo-

nitzschia multiseries, Pseudo-nitzschia multistriata, Seminavis robusta, Fistulifera 

solaris, Cyclotella cryptica (Table 7-4). 

Table 8-4: Sequence Database of different diatoms species. 

 
 
 
Diatoms are a robust model for genome editing and cell transformation. Optimized methods of 

DNA delivery have been developed using biolistic or via electroporation. In both techniques, 

the transgenes are randomly integrated into the genome, with multiple integration events, 

variable transgene copy numbers, and chromosomal positions. The biolistic gene transfer 

method affects genome integrity due to the break and repair of the DNA double-strand by non-

homologous end joining (NHEJ) (Zaboikin et al., 2017). However, this method is needed if the 

aim is to transform the chloroplast genome. An alternative transformation technique is the 

extrachromosomal-based expression approach that depends on vectors containing a yeast-

derived sequence, which can be delivered through bacterial conjugation using E. coli (Karas et 

al., 2015). 

An important element for genetic engineering is the promoter. The most commonly used are 

the light-regulated promoters of the fucoxanthin chlorophyll a/c-binding protein genes 
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fcpA/B/C/D (LHCF) (Zaslavskaia et al., 2000; Nymark et al., 2013). Alternatively, the 

elongation factor 2 (EF2) promoter sequence is a constitutive promoter (Seo et al., 2015). 

Recently, the most abundant secreted protein in P. tricornutum was identified, named “highly 

abundant secreted protein 1” (HASP1), and the activities of its promoter and the signal peptide 

were characterized using green fluorescent protein (GFP) as a reporter (Erdene-Ochir et al., 

2019). A couple of inducible promoters have been reported: like nitrate reductase (NR) and 

alkaline phosphatase gene promoters in P. tricornutum, which are induced under nitrogen or 

phosphate starvation respectively (Slattery et al., 2018; Fabris et al., 2020) and glutamine 

synthetase gene promoter, induced by a blue light pulse (De Riso et al., 2009; Erdene-Ochir et 

al., 2016). In addition, promoter regions containing diatom-infecting viruses (DIVs) mediated 

a significantly higher level expression of the reporter gene in cells in the stationary phase 

compared to the exponential phase of growth (Kadono et al., 2015). Other elements needed for 

genetic engineering are reporter genes and selection markers. Among reporter genes, beta-

glucuronidase uidA (GUS), fluorescent proteins like GFP/YFP/CFP, chloramphenicol 

acetyltransferase conferring resistance to chloramphenicol (CAT) and luciferase (LUC) are the 

most employed, other reporter proteins are listed in Table 7-5. The classic selection markers in 

diatoms are genes that confer resistance to zeocin, phleomycin, and nourseothricin, as shown 

in Table 7-5 are the most used. An alternative to using selective markers is the use of 

auxotrophic strains, such as uracil, histidine, and tryptophan auxotrophs (Sakaguchi et al., 

2011; Slattery et al., 2020). Moreover, it is considered that the urease gene, either in an inactive 

or edited form, is an interesting tool for the selection of P. tricornutum and T. 

pseudonana strains (Weyman et al., 2015; Hopes et al., 2016; Slattery et al., 2018). An 

endogenous selectable marker in diatoms was generated by point mutations at a conserved 

residue Gly290 to Ser/Arg in the phytoene desaturase (PDS1) gene, which confers resistance 

to the herbicide norflurazon (Taparia et al., 2019). 
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Table 8-5: Diatoms gene>c engineering. 

 
 
 
Concerning heterologous recombinant protein expression, diatom gene codon optimization is 

required for optimal expression; to avoid silencing expression and better protein translation. 

Although it has not been reported in diatoms, different projects which were done in green algae, 

have shown that including introns in the expression cassette can increase transcript abundance 

(Baier et al., 2018, 2020; Kong et al., 2019). In addition, 5′-UTR and 3′-UTR of nitrate 

reductase (NR) allow the control of timing and level of transgene expression in C. 

fusiformis (Poulsen and Kröger, 2005). Down-regulation of gene expression can be achieved 

through silencing by expressing antisense repeat sequences of target genes (Table 7-5). 
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Industrial processes using diatoms are cost-effective and have performed well in large-scale 

cultures (Benedetti et al., 2018). This is supported by the plasticity to adapt to extreme 

environmental conditions of diatoms, making them great candidates for sustainable biofactories 

(Kung et al., 2012; Cho et al., 2015; d’Ippolito et al., 2015). Altogether, these developments in 

metabolic pathways and synthesis of heterologous compounds represent promising insights for 

the improvement of yield, quality of products, and sustainability in the use of diatoms as cell 

factories. 

8.2 Conclusion and Future Perspec7ves 
 
The documented studies stated the astounding nature and possible all-round use of diatoms. 

This is one of the approaches to increase human consumption of renewable products and 

contributes toward reducing carbon emissions. Although the commercial application of diatoms 

still needs improvements, it is indeed a crucial research area for human wellbeing. For example, 

developments in diatoms research can lead to innovative products in domains of drug delivery, 

sensing, and detection parts to build complex biomedical devices and nanoparticles for waste 

degradation. Moreover, recent advancements in sequencing technology and processing large 

biological datasets have made it possible to label and store the global biodiversity of diatoms 

in all geographical locations. 

One of the major challenges in diatom-based industries is scaling up the process for large-scale 

manufacturing which is dependent on many micro and macro factors such as cultivation, 

harvesting, drying, genetic modification, lack of genomic, proteomic, and metabolic 

information, etc. However, it is possible to overcome these challenges in near future with 

advancements in genetic tools, bioreactors, and other infrastructure changes. In general, there 

are many challenges in bio-based industries at different levels; academic/industrial research, 

infrastructure, policies, education, and information gaps. The advancements in academic 

research and discoveries are consistent considering the publications but it requires support from 

other domains such as the development of infrastructure, reducing the knowledge gaps between 

scientific researcher and entrepreneurs, changes in the policies at both national and international 

level. And to conclude, the recent research phenomenon blasted in the last decade, which is 

diatoms’ industrial potential, still leaves many unsolved questions. Major questions will involve 

studying the extent of genetic or artificial manipulation without compromising its intact 

structure and delicate silica pattern. The unfolding of various missing links in genetic 

engineering, cultivation, and harvesting will make it possible to replicate complex plant 
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pathways in diatoms. These tools have opened the door to study diatoms for eco-friendly 

processes. 

Although the use of silica for food and agriculture has been approved by the FDA and is also 

labeled/classified as non-carcinogenic by the International Agency for Research on Cancer, this 

could be a big step toward accelerating its use at the biomedical level. It is not yet approved for 

biomedicine as it requires long-term evidence (Terracciano et al., 2018). All the biomedical 

inventions are scrutinized by multiple stakeholders like research leaders, public authorities such 

as provincial and federal government, before they reach the stage of commercial distribution. 

It is understandable considering that it will be used directly in the human body. Therefore, an 

innovative and different approach is required to bring in the academic researchers and bio-

entrepreneurs to speed up the innovation rate in biomedical industry without harming the 

screening process set by public health authorities. The collaboration between entrepreneurs and 

researchers will allow thorough evaluation of the market for new inventions, manufacturing, 

investment, and globalization of the product. It seems plausible considering the rapid 

advancements in the biomedical infrastructure around the world. This has been demonstrated 

by the quick inventions in response to COVID-19 and should be adopted to be applied in other 

biotech based industries (Harris et al., 2020). The simultaneous advancements in the use of 

silica-based support system for drug delivery along with the change in infrastructure in 

pharmaceutical industries and hospitals to deliver these technologies to the users is possible in 

the near future. The other requirement is to join the gap of vast and complex scientific 

information and knowledge between entrepreneurs and academic researchers. 
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