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RÉSUMÉ 

La synthèse hétérologue de protéines et de produits naturels offre 
des solutions aux défis liés à la croissance rapide de la population. 
Le développement de systèmes d'expression utilisant des hôtes 
hétérologues nécessite une caractérisation préalable des gènes et 
des enzymes, mais aussi de l’hôte. Bien que les principaux 
organismes hôtes comme E. coli et la levure soient bien connus, leur 
utilisation nécessite dans certains cas un génie génétique important. 
Les hôtes hétérologues émergents tels que les microalgues ont attiré 
l'attention pour leur utilisation dans la synthèse de produits naturels 
en raison de leur taux de croissance relativement rapide et des 
conditions peu coûteuses de leur croissance. En particulier, la 
diatomée Phaeodactylum tricornutum a été utilisée pour la production 
de protéines complexes et de produits naturels tels que les 
monoterpénoïdes, les caroténoïdes et les cannabinoïdes. Un aspect 
qui la différencie des autres microalgues est sa capacité à utiliser des 
vecteurs d'expression épisomale. Malgré ses succès, ce système 
d'expression présente encore quelques limites.  

L'objectif de ce travail était d'utiliser le système d'expression 
épisomale de P. tricornutum pour caractériser la localisation 
subcellulaire de la protéine végétale vanilline synthase qui n'a pas 
d'activité enzymatique dans les micro-organismes. Nous avons utilisé 
des signaux caractérisés pour diriger la protéine vers quatre 
compartiments cellulaires différents de la diatomée. Bien que les 
lignées transgéniques présentent une réplication stable du plasmide 
sans mutations, et une localisation confirmée dans les compartiments 
ciblés, elles présentent des phénotypes hétérologues individuels 
dans une seule lignée cellulaire et une faible production de la protéine 
recombinante malgré l'enrichissement des cellules productrices de 
protéines. 

Ces résultats nous ont amenés à étudier plus en profondeur le 
système d'expression épisomale en utilisant une lignée cellulaire 
exprimant l'eGFP qui présentait des sous-populations stables. Nous 
avons étudié la variation du nombre de copies du plasmide, les 
mutations et, à l'aide d'analyses transcriptomiques, les gènes 
candidats co-exprimés avec l'eGFP dans des cultures enrichies par 
tri cellulaire, afin de caractériser les différences entre trois sous-
populations présentant des intensités de fluorescence distinctes. Nos 
résultats révèlent que le faible nombre de copies et la délétion de la 
cassette d'expression dans une partie de la population ont contribué 
à la faible expression du transgène. Toutefois, les mécanismes à 
l'origine de cette aberration de copies du plasmide ne sont pas 
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encore clairs. Nous avons également identifié une mutation dans la 
sous-population non fluorescente, qui n'était pas suffisamment 
abondante pour être détectée dans la culture non triée. Notre étude 
ne limite pas le phénotype non fluorescent à des mutations dans la 
cassette d'expression, puisque le séquençage des plasmides 
provenant de la population majoritairement non fluorescente des 
lignées exprimant le VpVAN était dépourvu de mutations dans les 
séquences génétiques des cassettes. Nous pouvons donc conclure 
qu'il existe différents mécanismes régissant la réduction de 
l'expression du transgène et que la mutation des cassettes 
d'expression peut être l'un d'entre eux. D'autres études sont 
nécessaires pour décrypter les mécanismes qui modifient le nombre 
de copies de plasmides et établir des seuils pour la production stable 
de protéines hétérologues chez P. tricornutum. 

Mots clés : diatomée, vanilline synthase, cytométrie en flux, 
compartimentation des organelles, sous-populations hétérologues. 
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ABSTRACT 

Heterologous synthesis of proteins and natural products offers 
solutions to challenges related to the rapid population growth. The 
development of expression systems using heterologous host requires 
prior characterization of genes and enzymes, as well as of the host. 
While organisms like E. coli and yeast are well understood, 
production using these main hosts requires in some cases extensive 
genetic engineering. Emerging heterologous hosts like microalgae 
have attracted attention for their use for synthesis of natural products 
due to their relative fast growth rates and the cheap requirements for 
their culture. In particular, the diatom Phaeodactylum tricornutum has 
been used to produce complex proteins, and natural products such 
as monoterpenoids, carotenoids, and cannabinoids. An aspect that 
differentiates it from other microalgae is the ability to support 
episomal expression vectors. Despite its success stories the 
episomal expression system still presents some limitations.  

The objective of this work was to use P. tricornutum episomal 
expression system to characterize the subcellular localization of the 
plant protein vanillin synthase which lacks enzymatic activity in 
microorganisms. We used characterized signals to direct the protein 
to four different cell compartments in the diatom. Even though 
transgenic lines presented stable plasmid replication without 
mutations, and confirmed localization in the targeted compartments, 
they had heterologous phenotypes of individuals in a single cell line 
and low production of the recombinant protein despite enrichment of 
protein producing cells. 

These results led us to study deeper the episomal expression system 
using a cell line expressing eGFP which was exhibiting stable 
subpopulations. We studied plasmid copy number variation, 
mutations, and, using transcriptomic analyses, candidate genes co-
expressed with eGFP in enriched cultures by cell sorting, to 
characterize the differences between three subpopulations with 
distinct fluorescence intensities. Our findings revealed that lower 
copy numbers and the deletion of the expression cassette in part of 
the population contributed to low transgene expression. However, the 
mechanisms causing this plasmid copy aberration are still unclear. 
The deletion identified in the non-fluorescent subpopulation, was not 
abundant enough to be detected in the non-sorted culture. Our study 
does not restrict the non-fluorescent phenotype to mutations in the 
expression cassette, since sequencing of plasmids coming from 
mostly non-fluorescent population of VpVAN expressing lines were 
absent of mutations in gene sequences in the cassettes. Therefore, 
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we could conclude that there are different mechanisms governing the 
reduction of transgene expression and that the mutation of the 
expression cassettes can be one of them. Further investigations are 
necessary to decipher mechanisms to alter plasmid copy number and 
establish thresholds for stable production of heterologous proteins in 
P. tricornutum. 

Key words: diatom, vanillin synthase, flow cytometry, organelle 
compartmentalization, heterologous subpopulations. 
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CHAPTER I: INTRODUCTION 

The world’s population is expected to increase in the next 50 to 60 years 

and peak at 10.3 billion people in the mid-2080s from the current 8.2 billion 

(United Nations 2024). The rising global population generates concerns 

about food security, sustainability, sufficient drugs and medicines, species 

conservation, and so on, motivating developers to look for solutions 

(Henchion et al. 2017; Zhang et al. 2017). While chemical manufacturing 

was efficient in meeting the growing demand during the Industrial 

Revolution, their traditional model to reduce cost by increasing the 

production scale limits their adaptability to change in order to minimize 

environmental impact, creates an access barrier for developing economies 

and companies, and limits the potential for rapid innovative solution to tackle 

challenges (Clomburg et al. 2017). Alternatively, using living organisms as 

bio-factories could solve these issues. 

1.1. Uses of heterologous production  

Although the use of living organisms in the production of foods is centuries 

old (bread, wine, cheese), producing proteins and metabolites of high 

commercial interest in living organisms that naturally are not able to produce 

the molecule of interest (heterologous) only started several decades ago 

(Watts et al. 2021). Recombinant DNA (rDNA) technologies made it 

possible in the early 1970s (Mertz and Davis 1972). rDNA technologies 

involve assembling pieces of DNA from different sources containing a gene 

of interest (GOI) in a vector for its transfer to the host organism (Gill et al. 

2023). Since the United States Food and Drug Administration (U.S. FDA) 

approval of recombinant insulin produced in Escherichia coli in 1982, more 
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than 300 therapeutical recombinant proteins are available in the market and 

around half of the industrial enzymes are produced in heterologous hosts 

(Brasil et al. 2017; Kastberg et al. 2022). Some other first successes for 

heterologous production of therapeutic molecules are the recombinant 

human growth hormone (somatropin), recombinant human coagulation 

factor IX, and penicillin (Bedford et al. 1995; Ashikaga et al. 2004; Lyseng-

Williamson 2017). The first industrial enzyme approved by the U.S. FDA 

produced in a heterologous expression system was chymosin, used for milk 

curdling (Harris et al. 1982). Since then, monoclonal antibodies, complex 

natural products, and vaccines produced in heterologous expression 

systems have been commercialized (Rockman et al. 2020; Tiedge 2022; 

Strazza et al. 2024). For instance, the Oxford-AstraZeneca COVID-19 

vaccine was developed using synthetic biology techniques to introduce the 

full-length SARS-CoV-2 spike glycoprotein gene to a replication-defective 

chimpanzee adenovirus vector (Ramasamy et al. 2020).  

Synthetic biology applies engineering approaches to genetic components 

(parts) to design novel biological networks and was built using a small set 

of laboratory organisms, mainly E. coli and Saccharomyces cerevisiae 

(Adams 2016). Molecular biologists were familiar with these organisms 

since they were adapted to laboratory conditions, have fast growth rates, 

and accumulate a high amount of proteins, leading to a deep understanding 

of their biology and physiology. Thus, they became the legacy of chassis in 

synthetic biology (Adams 2016). Moreover, synthetic biology has allowed 

scientists to perturbate natural systems in a controlled manner to identify 

and validate mechanistic models and build genetic circuits using 

characterized components in new configurations, leading to significant 
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breakthroughs in biology (Khakhar and Voytas 2021). 

The production of heterologous proteins has been simplified into two major 

stages: introducing foreign DNA into a host cell and expressing foreign DNA 

for protein synthesis (summarized in Figure 1. 1), which is affected by the 

chosen host (Rai and Padh 2001). Thus, the choice of host organisms must 

be based on the target product. The metabolic chassis of the host is a factor, 

especially when the target of the heterologous production is a metabolite. 

The host organism's physiological nature, such as its tolerance to heat and 

high concentration of product, abundance of key precursors, and 

expression conditions of heterologous pathway enzymes, must be 

considered for practical applications (Calero and Nikel 2019; Choi et al. 

2019). 

 

Figure 1. 1. Overview of key factors governing gene expression. 

Source Gordon and Pfleger, 2018 

1.1.1. Heterologous synthesis of natural products, the example of vanillin 

Natural products (NPs) with therapeutic, agro-industrial, antimicrobial, or 

nutritional properties are metabolites naturally synthesized by plants and 

microorganisms. NPs' complex chemical structures often make them 

difficult to produce through chemical synthesis (Park et al. 2020). Extraction 
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from whole plants is limited by seasonal constraints, the content of the 

desired product in planta, growth conditions, and rate (Wawrosch and 

Zotchev 2021).  

In particular, the phenylpropanoid vanillin (4-hydroxy-3-

methoxybenzaldehyde) is used in food and beverages as a flavor enhancer 

and, thanks to its antimicrobial and antioxidant properties, as a preservative 

(Kaur and Chakraborty 2013). Additionally, it is used in the pharmaceutical 

industry as raw material in the production of dopamine, L-3,4-

dihydroxyphenylalanine, L-α-methyl-3,4-dihydroxyphenylalanine, 

papaverine, and an antifoaming agent (Kaur and Chakraborty 2013). 

Natural vanillin is mainly found in the beans of the orchid Vanilla planifolia, 

in lower quantities in V. tahitienis as well as V. pompona (Kundu 2017), and 

in trace amounts in other plants, including food crops (Sinha et al. 2008). 

This phenolic aldehyde extraction requires a curing process that lasts 6 

months (Kundu 2017). The curing process uses green vanilla beans from 

plants 6-8 months old that are produced by hand pollination (Kundu 2017) 

and yields one kg of natural vanillin per 5,000 kg of vanilla orchid (Gallage 

et al. 2014). This process covers only 0.25% of the annual global market of 

vanillin (Brochado et al. 2010). The rest of the market demand is met by 

producing synthetic vanillin from lignin (Fache et al. 2016) and fossil fuels 

by chemical synthesis, sold for 0.3% of the price of natural vanillin (Ni et al. 

2015). Alternatively, heterologous production of vanillin using 

microorganisms can serve as a solution. 

In the case of microorganism NPs, the growth rate and seasonal constraints 

are not an issue, but not all microbes are culturable in laboratory conditions. 

Microorganisms generally present elements involved in NPs production in 
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biosynthetic gene clusters (BGCs) (Zhang et al. 2019). BGCs can be 

transferred to heterologous hosts for their characterization without the need 

to develop new genetic tools for each pathway (Zhang et al. 2019).  

The discovery of the enzymes involved in biosynthetic pathways of the 

desired plant and microorganisms NPs is the basis for heterologous 

production. Currently, many NP biosynthetic pathways still need to be fully 

elucidated (Zhu et al. 2021). Developing in vivo systems to functional 

characterize novel enzymes bypasses problems associated with protein 

purification, substrate availability, and in vitro analysis of recombinant 

proteins (Facchini et al. 2012). Upon optimization, heterologous production 

of natural products accumulation can exceed the content from whole plants 

(Wawrosch and Zotchev 2021). For instance, developing a yeast cell factory 

to produce high titers of vanillin was accomplished by doing 24 genetic 

modifications (Mo and Yuan 2024). 

1.1.2. Development of heterologous expression systems 

Developing systems for synthetic biology in natural products requires 

optimized hosts to produce specialized metabolites, libraries of synthetic 

DNA parts (promoter, ribosome binding sites, terminators, selection 

markers), and assembly methods (Facchini et al. 2012; Aubry et al. 2019). 

Before introducing the foreign DNA into the host organisms, it is assembled 

(cloned) in a vector, which can be replicative when it stays as independent 

chromosomes or integrative in the case where it inserts into the host’s 

genome (Pouresmaeil and Azizi-Dargahlou 2023). Elements of the vector 

will influence the synthesis and accumulation of the recombinant enzyme.  

Replicative vectors such as expression plasmids and artificial 
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chromosomes typically contain an origin of replication, a promoter, affinity 

tags, coding sequences, multiple cloning site or MCS (in traditional cloning), 

a terminator sequence, and a selectable marker gene (Georgiou and 

Segatori 2005) (Figure 1. 2). A factor in selecting a vector for protein 

expression is the copy number of the plasmid controlled by the origin of 

replication. Promoters and terminators are regulatory sequences involved 

in the transcription. Promoters control the affinity and conditions to which 

the RNA polymerase binds to DNA and can be regulated using inhibitors or 

activators in inducible systems. Terminator sequences will promote the 

detachment of the RNA polymerase to terminate the transcription; they have 

regulatory roles in mRNA stability, silencing, and tuning other transcription 

functions (Kocaoglan et al. 2024). In integrative vectors, the GOI is typically 

flanked by homology regions to the host genome that will be used to transfer 

the genes by recombination (Taton et al. 2014).  

 

Figure 1. 2.  Important elements of expression plasmid in bacteria. The 

distance between different elements is not to scale. Source: Pouresmaeil 

and Azizi-Dargahlou, 2023. 
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Traditional approaches for molecular cloning involve using type II 

endonucleases (restriction enzymes) to insert the GOI in the MCS by 

incorporating restriction sites flanking the GOI (Hillson 2011). Inserting 

genes through this approach is less favorable when we must insert multiple 

genes into the same vector (Hillson 2011). Standardized assembly methods 

to overcome this difficulty include BioBrick, SLIC, Gibson, CPEC, and 

Golden Gate (Li and Elledge 2007; Engler et al. 2008; Shetty et al. 2008; 

Gibson et al. 2009; Quan and Tian 2009). They are easier to use in parallel 

and automate than traditional cloning. Efforts have also been made to 

facilitate the assembly of multiple elements in a vector, creating standards 

for their architecture that make cloning easier. An example is Joint Universal 

Modular Plasmids (JUMP), a vector standard to improve the flexibility of 

current modular cloning systems, which is compatible with BioBricks and 

PhytoBricks with backbones based on the Standard European Vector 

architecture (Valenzuela-Ortega and French 2021). 

The regulatory elements that work in the main expression systems of E. coli 

and S. cerevisiae cannot be shared with other species in most cases since 

they tend to be strain-specific. Even when they work in a broad host range, 

their efficiency will likely vary between strains (Taton et al. 2014). This 

means that only a few elements are available for heterologous production 

in other hosts. The shortage of well characterized elements results in 

repeating sequences when multiple expression cassettes are necessary. 

However, this can reduce plasmid stability and increase the frequency of 

homology dependent gene silencing (Kocaoglan et al. 2024). Therefore, the 

availability of characterized elements is a crucial factor in choosing the 

expression host for heterologous production.  
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Other factors to consider for the choice of the host include the ones that 

would affect the expression of foreign DNA, such as the size of the protein, 

codon usage bias (CUB), protein or metabolite toxicity to the cell, mRNA 

secondary structure, the protein structure such as the presence of 

transmembrane domains and post-translational modifications (Kaur et al. 

2018). Some of these factors contribute to the metabolic burden that 

represents producing the heterologous product to the host. An explanation 

of the term metabolic burden is presented in Figure 1. 3. 
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Figure 1. 3. Schematic of metabolic burden. Different metabolic 

engineering strategies often render stressed cells (top). This translates into 

different stress symptoms observed in the cells (bottom). However, the 

nature of the stress responses, their interconnections, and their translation 

into stress symptoms remains a black box (middle). This box is often 

summarized as “metabolic burden” without specifying the associated 

responses. Source: Snoeck et al., 2024. 

1.1.3. Impact of heterologous production on the host organism 

Unlike cell toxicity that needs to be addressed for certain proteins and 

metabolites, metabolic burden represents a universal challenge in the 

synthesis of heterologous proteins since it sequesters resources of the host 

cells and can be presented as a slower growth rate, impaired protein 

synthesis, genetic instability or changes in cell size  (Kastberg et al. 2022). 

In traditional approaches, recombinant protein levels are kept as high as 

possible, with the aim of maximizing the yield (Snoeck et al. 2024). These 

high expression levels can activate multiple stress responses. 

Understanding the consequences of heterologous protein synthesis is 

needed to alleviate or prevent stress in engineered cells (Snoeck et al. 

2024). Regulation of plasmid copy number and promoter strength bypasses 

the problem of the burden of producing the recombinant proteins to the host 

metabolism (Pouresmaeil and Azizi-Dargahlou 2023). 

CUB refers to the preference in the microorganism for a specific pattern of 

codons for an amino acid that associates with the tRNA pool (Pouresmaeil 

and Azizi-Dargahlou 2023). For example, E. coli does not synthesize all 

tRNAs found in plants. Therefore, researchers change the codons in the 



18 

GOI for the preferred codons in the host organism. Alternatively, strains can 

be optimized to translate all codons, as previously done for E. coli 

(Pouresmaeil and Azizi-Dargahlou 2023). CUB will also contribute to the 

translation speed and increase the metabolic burden because of incorrect 

protein folding due to fast translation, increasing the error rate and, in turn, 

triggering the cell stress response (Drummond and Wilke 2008; Yang et al. 

2014). To avoid this, less optimal codons, for which tRNAs are still present 

in the cell but in lower abundance, can help correct protein folding (Mellitzer 

et al. 2012; Yang et al. 2014). Changing codons will also impact the mRNA 

secondary structure. Similar to CUB, the mRNA secondary structure 

influences the speed of translation and the half-life of the mRNA. The 5’ end 

of the mRNA strongly influences translation initiation because it contains the 

ribosome binding site (RBS) (Snoeck et al. 2024).  

Another way to decrease the metabolic burden is by uncoupling the 

synthetic system from the host by designing circuits that operate 

independently, orthologous to the host metabolism (Adams 2016). An 

example is co-expressing the T7 bacteriophage RNA polymerase and the 

GOI under its promoter in E. coli strains, dedicating an RNA polymerase 

exclusively to the GOI expression (Durbin 1999).  

1.2. Main host organisms for heterologous production  

In addition to all the factors mentioned above, in choosing the host for 

heterologous production, aspects such as ease of cultivation and genetic 

manipulation, resistance to stress, and substrate utilization need to be 

considered (Porro et al. 2011). The advantages of E. coli and S. cerevisiae 

include the availability of large libraries of genetic parts to engineer cells 
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and a deep understanding of cell biology. They are, therefore, considered 

the main chassis for heterologous production (Adams 2016). Chassis 

selection for heterologous production can be genetically optimized to 

achieve functional expression of enzymes, supply enough precursors and 

cofactors, enhance product transport, etc. Synthetic biology and emerging 

technologies such as next-generation sequencing, functional genomics, 

genome editing, and gene circuits provide new ways to engineer chassis to 

produce NPs (Liu et al. 2020).  

1.2.1. E. coli and other pioneer bacterial hosts. 

E. coli is the most extensively studied Gram-negative bacteria and used 

expression system (Pouresmaeil and Azizi-Dargahlou 2023). Different 

strains of E. coli have been genetically engineered to acquire features such 

as higher mRNA stability, ability to form disulfide bonds in the cytoplasm, 

absence of proteases, production of non-canonical tRNAs, harboring stable 

plasmids, and stringent control of heterologous expression (Terpe 2006; 

Baeshen et al. 2015; Hayat et al. 2018). Routine protein expression is most 

frequently done in E. coli BL21 and K12 and their derivative strains (Terpe 

2006). 

Many molecular tools are available for high level expression of heterologous 

proteins in E. coli. It has been used to produce low and high molecular 

weight proteins with desired yields (Gupta and Shukla 2016). Some 

examples include simultaneous manipulation of genes across different 

chromosomal loci and the establishment of the Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) Prime Editing toolkit for 

E. coli (Tong et al. 2021). In addition, multienzyme clustering to enrich local 
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enzyme concentrations using transcription activator-like effector (TALE) 

fused enzymes accelerated the heterologous metabolic system to produce 

indole-3-acetic-acid in this bacterial system (Zhu et al. 2016). Improved 

cloning pipelines using modular assembly are available for pathway 

reconstruction. ePathBrick vectors compatible with BioBrick standards allow 

fine-tunning gene expression in E. coli by integrating multiple transcriptional 

activation or repression signals into the operator region. They support 

modular assembly of parts, and a seven genes pathway has been 

successfully assembled in a single vector (Xu et al. 2012). 

However, the production of recombinant proteins in E. coli still has some 

challenges and limitations. Producing therapeutic proteins requires extra 

steps of purification because it accumulates the lipopolysaccharide 

endotoxin, which triggers immune response in humans and other mammals 

(Petsch and Anspach 2000). High levels of recombinant protein synthesis 

often result in accumulating insoluble aggregates of misfolded proteins in 

the cytoplasm as inclusion bodies (Kaur et al. 2018). Proteins in inclusion 

bodies do not have biological activity and thus account for 15-25% less yield 

of bioactive protein (Kaur et al. 2018). The formation of inclusion bodies is 

related to strongly induced promoters; therefore, inducer concentration, 

such as Isopropyl β-D-1-thiogalactopyranoside (IPTG), can be optimized to 

prevent it (Baneyx and Mujacic 2004).  Optimization of culture conditions 

has proven effective in preventing the formation of inclusion bodies 

(Sørensen and Mortensen 2005). Correct folding can be promoted by fusing 

the target protein with an endogenous protein that can be removed after 

purification to affinity tags or by plasmid display (Figure 1. 4) (Tolia and 

Joshua-Tor 2006).  
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Figure 1. 4. Design of a fusion expression vector to solubilize the 

expressed recombinant protein. Examples of protein fusion tags include 

glutathione-S-transferase (GST) and mannose binding protein (MBP), while 

peptide tags include commonly utilized histidine (His). Plasmid display 

system technology uses fusion partners to attach the fusion and target 

protein to the plasmid to improve the stability of the expressed protein. For 

example, the transcription factor Oct-1 is utilized in the following figure, 

which possesses a DNA binding domain that recognizes and attaches to 

the recognition sequence. Source: Bhatwa et al., 2021  

However, complex natural products are barely produced in E. coli without 

in-depth strain engineering (Liu et al. 2022). Limitations in E. coli production 

have encouraged the investigation of other bacterial expression systems. 

Bacillus subtilis natural competence, easy DNA integration into 

chromosomes, natural two components’ systems, protein secretion system, 

and quorum-sensing systems that can be used as biosensors are attractive 
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features to use this Gram-positive bacteria as an expression system 

(Adams 2016). In addition, it has the “Generally Recognized as Safe” 

(GRAS) certification from the FDA. B. subtilis can use a wide range of 

carbon sources and has been used to produce complex proteins and natural 

products (Gu et al. 2018; Kaspar et al. 2019). Stable transformation of B. 

subtilis has been demonstrated (Zhang and Zhang 2011; Vojcic et al. 2012; 

Wozniak and Simmons 2022). These characteristics converted it into 

another pioneer bacterial expression system.  

Streptomyces spp. is another Gram-positive bacterium that can produce 

bioactive NPs. It is excellent at providing precursor pools and has the 

potential to characterize metabolic pathways (Alam et al. 2022). Refactoring 

BGCs in monocistronic units resulted in similar levels of heterologous 

protein production compared to the natural host, and the system was 

validated using the BGCs for landomycin and mithramycin aromatic 

polyketides in the host strain of Streptomyces coelicolor M1146 (Javorova 

et al. 2024).  

Unfortunately, Streptomyces spp. requires longer periods to generate 

genetically engineered strains than E. coli or S. cerevisiae. Also, 

Streptomyces has the limitation of exhibiting weak DNA homologous 

recombination (Zhao et al. 2020). Therefore, several genome editing 

technologies have been developed, especially CRISPR/Cas-based tools 

(Lee et al. 2024). The CRISPR/Cas system reduced the time and effort 

needed for screening compared to conventional double-crossover events 

(Lee et al. 2024). This system has expanded and can now be used in more 

than six Streptomyces species, including S. lividans, S. 

viridochromogenes, S. albus, S. rimosus, S. ambofaciens, and S. 
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roseosporus (Cobb et al. 2015; Jia et al. 2017; Li et al. 2018; Najah et al. 

2019; Yeo et al. 2019; Jiang et al. 2021).   

1.2.2. S. cerevisiae and non-conventional yeast 

Bacteria lack of some post-translational modifications and intracellular 

membranes led to the development of eukaryotic expression systems for 

heterologous production. As a heterologous production platform, S. 

cerevisiae (budding yeast) offers several advantages. It has bacteria’s 

advantages of high growth rates and easy cultivation but with the capacity 

to produce complex proteins since they can have typical eukaryotic protein 

processing (folding, assembly, post-translational modification) (Branduardi 

et al., 2004). It has the GRAS certification from the U.S. FDA, a simple 

genome structure, and the ability to grow as a haploid organism (Schindler 

2020). Standardized transformation methods in S. cerevisiae that can be 

automated make it an appropriate host for heterologous production (Nora 

et al. 2019). In addition, secretion in yeast allows disulfide bond formation 

by passing by the endoplasmic reticulum (ER)-Golgi secretory pathway, 

proteolytic maturation, N- and O- linked glycosylation and other post-

translational modifications (Tang et al. 2016).  
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Figure 1. 5. A review of engineering strategies for improved protein 

production by S. cerevisiae, including constructing a hyperexpression 

system, secretion engineering, glycosylation pathway engineering, and 

systems metabolic engineering. Source: Zhao et al., 2024 

However, heterologous production in S. cerevisiae has limited product yield 

and plasmid stability, difficulties scaling up, hyper-glycosylation, and low 

secretion capabilities (Kastberg et al. 2022). N-glycan hyper-mannosylation 

renders some glycoproteins nonbioactive (Jung and Kim 2018). 

Engineering strategies to overcome limitations of heterologous protein 

production in yeast are summarized in Figure 1. 5. Yeast cell factories can 

be used to produce some glycosylated proteins when adding downstream 

processing steps or by generating strains with more humanized 

glycosylation patterns (Liu et al. 2018). Other strategies to overcome the 

limitations of the S. cerevisiae system are hyperexpression systems to 

increase protein production, metabolic engineering, and improvement of 

protein secretion (Kim et al. 2013; Zhao et al. 2024). The use of yeast 

secretion signal sequences, gene integration in its genome, and mutation in 

specific host cell genes proved to increase the secretion of calf prochymosin 
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as a fully activable zymogen (Smith et al. 1985). Display-enhancing genes 

from S. cerevisiae increased the secretion of active single-chain T-cell 

receptors and single-chain antibodies (Wentz and Shusta 2007).  

Work has been designated to characterize alternative yeast systems named 

“non-conventional” yeast for heterologous production. Examples of this 

group of yeast are Schizosaccharomyces pombe, methylotrophs like Pichia 

pastoris, and alkane-utilizer Yarrowia lipolytica (Madzak et al. 2004). 

Translational studies from S. cerevisiae beneficiated the development of 

non-conventional yeast systems. Besides having advantages in yield, they 

have reduced hyper-glycosylation and secretion efficiency, even for high 

molecular weight proteins (Madzak et al. 2004). P. pastoris is a highly 

successful expression system for producing a variety of heterologous 

proteins using methanol as a carbon source (Karbalaei et al. 2020). 

However, overexpression of heterologous proteins can lead to the 

accumulation of unfolded proteins (Ingram et al. 2021). Another yeast under 

investigation due to its exceptional resistance to environmental stresses is 

Zygosaccharomyces bailii, which is evolutionary close to S. cerevisiae 

(Branduardi et al., 2004). It can tolerate high sugar concentrations, acidic 

environments, high temperatures, and survive the presence of high 

concentrations of chemical preservatives. Simplifying the fermentation 

process by surviving restrictive conditions and preventing bacterial 

contaminations (Branduardi et al. 2004b). Despite the success of 

heterologous production in yeast, challenges remain in this system. For 

instance, yeast cells easily adapt to changing environmental conditions and 

thus may down-regulate protein production to match intracellular demands 

(Gasch 2003).  
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1.3. Emerging heterologous host for characterization of NPs 

biosynthetic pathways.  

Conventional microbial expression systems (i.e., E. coli, S. cerevisiae, and 

P. pastoris) exhibit significant drawbacks mainly related to protein 

processing, solubility, and production costs (Brasil et al. 2017).  Identifying 

challenges in the model organisms has promoted the search for novel 

heterologous hosts to exploit the diversity of organisms and develop new 

expression systems (Branduardi et al. 2004). Extensive manipulation is 

needed for E. coli and S. cerevisiae to produce certain heterologous 

products, and even though we know more about them, the potential of more 

suitable naturally resistant hosts would require fewer bioengineering efforts. 

1.3.1. Filamentous fungi 

Filamentous fungi, mainly Trichoderma and Aspergillus spp., have been 

investigated for heterologous production of industrial enzymes and 

pharmaceuticals due to their high levels of protein synthesis. T. reesei has 

been studied for its capability to produce biomass degrading enzymes 

already commercialized and applied in biofuel plants (Bischof et al. 2016). 

Filamentous fungi can be grown in large-scale fermentation in small clumps 

of swollen filaments; this culture morphology was shown to produce the 

highest yield of citric acid (Demain 2006). Modifying culture conditions (low 

pH, high aeration, use of additives, pulse feeding the carbon source) or 

genetic manipulation of strains can result in this desirable morphology 

(Meyer et al. 2021). While genome sequence is available for several species 

of Aspergillus and of Trichoderma, advances in bioengineering filamentous 

fungi have been done mainly in Aspergillus species (Baker 2006; Soanes 
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et al. 2008; Nora et al. 2019). A. nidulans is a model species of filamentous 

fungi and has been used for the study of gene clusters of other species 

(Alberti et al. 2017). The development of a smart system for selectable 

marker recycling in this host has been done to allow the stepwise transfer 

of 13 genes of A. terreus to A. nidulans for the heterologous biosynthesis of 

the NP geodin (Nielsen et al. 2013). Fisch et al. reprogrammed polyketide 

synthases by doing rational domain swaps between polyketide synthases 

that synthesize closely related compounds and expressed them in A. oryzae 

(Fisch et al. 2011). 

Genetic manipulation methods to transform filamentous fungi use 

polyethylene glycol (PEG)-mediated protocols but mainly rely on 

Agrobacterium tumefaciens-mediated transformation since it presents 

higher transformation frequencies and allows for multiple or single-copy 

gene integrations (Storms et al. 2005; Steiger et al. 2011; Jørgensen et al. 

2014; Arentshorst et al. 2015; Hooykaas et al. 2018). Constitutive promoters 

have been characterized for the expression of heterologous proteins in 

Aspergillus, as well as an inducible system using pH changes in A. niger 

(Hamer and Timberlake 1987; Gressler et al. 2015; Yin et al. 2017).  

Improvements in heterologous protein production should focus on 

characterizing strong promoters, translation efficiency, glycosylation, and 

protein folding (Wakai et al. 2017). The latter can be improved by the 

overexpression of chaperones and the addition of fused signals (Wakai et 

al. 2017). The fusion of highly expressed endogenous proteins using five 

different linker peptides were tested in A. niger to develop strategies to 

improve the efficiency of heterologous expression in this system (Wu et al. 

2023). 
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1.3.2. Cyanobacteria and eukaryotic microalgae  

Microalgae are another emerging platform for genetic engineering and 

potential solutions for environmentally sustainable manufacturing (Butler et 

al. 2020). They consist of a broad group of photosynthetic microorganisms, 

including cyanobacteria (prokaryotic), green algae, and diatoms, and are 

found in different aquatic ecosystems of sea and freshwater (Dehghani et 

al. 2020). They produce NPs such as carotenoids (pigments), vitamins, and 

polyunsaturated fatty acids (Kaye et al. 2015). Besides presenting 

advantages common to the main expression systems, i.e., higher growth 

rates than multicellular systems, they can use atmospheric CO2 as a carbon 

source, therefore having low and cheap requirements to grow. Eukaryotic 

microalgae species are attractive for therapeutic protein engineering since 

they can glycosylate proteins with patterns closer to humans. Thus, 

glycoengineering may require less effort compared to yeast hosts (Banerjee 

and Ward 2022). Sequencing new algal genomes and developing genetic 

tools opened the path for engineering them as platforms for heterologous 

production (Brasil et al. 2017). Some species require relatively short times 

to be bioengineered for heterologous production and have been granted the 

“GRAS” certification by the U.S. FDA (Su et al. 2023). Even though 

microalgae-based recombinant proteins are not yet available in the market, 

they have been envisioned as promising production platforms of 

biotechnological drugs in the near future (Dehghani et al. 2020).  
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Figure 1. 6. Heterologous synthesis of natural products in microalgae. 

Metabolites produced in cyanobacteria (Chaves et al. 2016; Formighieri and 

Melis 2016, 2017; Vavitsas et al. 2017; Betterle and Melis 2018; Roulet et 

al. 2018; Yang et al. 2018a; Sebesta and Peebles 2020; Taton et al. 2020), 

green algae (Lauersen et al. 2016, 2018; Wichmann et al. 2018; Rathod et 

al. 2020; Maeda et al. 2021; Perozeni et al. 2023), and diatoms (D’Adamo 

et al. 2019; Fabris et al. 2020; Tanaka et al. 2021; Awwad et al. 2023; 

Baiden et al. 2023; Fantino et al. 2024; Windhagauer et al. 2024). Created 

in Biorender.com. 

Cyanobacteria metabolic versatility to produce different metabolites, their 

fast growth rates, salt tolerance, ability to use waste streams as nutrients, 

together with the fact that they can be genetically engineered faster than 

plant expression systems, make them interesting autotroph hosts for 

heterologous expression (Gordon and Pfleger 2018; Dhakal et al. 2021). 

Synechocystis sp. strain PCC 6803 use as model organism to study 
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photosynthesis started decades ago (Ikeuchi and Tabata 2001). Likewise, 

Synechococcus sp. strain PCC 7942 has been extensively studied for 

circadian clock model, and strain Synechococcus sp. PCC 7002 short 

doubling times and halotolerance have attracted attention for its genetic 

manipulation (Bernstein et al. 2016). Heterologous genes have been 

inserted in what are known as neutral sites in the chromosomes of several 

strains of cyanobacteria, including Synechococcus spp., without affecting 

their phenotype (Taton et al. 2014). Additionally, expression vectors for 

integration of genes in S. elongatus genome have been developed 

SyneBrick, with inducible expression systems including IPTG and TetR-

regulated gene expression (Kim et al. 2017). 

Production of NPs has been accomplished in cyanobacteria (Figure 1. 6). 

Heterologous production of monoterpene hydrocarbons in Synechocystis 

was accomplished by co-expression of β-phellandrene synthase fused to 

the endogenous protein cyanobacteria phycocyanin β-subunit with 

enzymes from the mevalonic acid pathway and geranyl-diphosphate 

synthase, increasing the carbon flux towards the terpenoid pathway 

(Formighieri and Melis 2016). Additionally, S. elongatus was engineered for 

heterologous production of multimethyl-branched esters by expression of 

the the mycobacterial PKS-based mycocerosic biosynthetic pathway 

(Roulet et al. 2018).  

Cyanobacteria bioengineering major drawbacks are the oligoploidy or 

polyploidy, presence of restriction/modification systems, and their circadian 

rhythms (Liu et al. 1995; Elhai et al. 1997; Griese et al. 2011). They 

comprise a group highly diverse microorganisms in genome content, size, 

and CUB, affecting their ability to express the inserted GOI (Taton et al. 
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2014). Adaptation of protocols for genetic engineering are necessary since 

they also differ in their natural ability to undergo transformation. 

Chlamydomonas reinhardtii is a model green alga capable of sexual 

reproduction, easily transformed nuclear, chloroplast, and mitochondrial 

genomes (Perozeni et al. 2023). It has recently received the “GRAS” 

certification by the U.S. FDA for food applications (Perozeni et al. 2023). C. 

reinhardtii has been extensively researched for heterologous production 

(Figure 1. 6). Some examples include the expression of zeolin targeting and 

accumulating in C. reinhardtii ER, systematic investigation of bottlenecks in 

astaxanthin accumulation, expression of the phytoene-β-carotene synthase 

from Xanthophyllomyces dendrorhous increasing the content of β-carotene 

and lutein in the green alga, and production of high levels of functional 

human growth hormone (Wannathong et al. 2016; Rathod et al. 2020; 

Amendola et al. 2023; Perozeni et al. 2023). 

High GC content (65%) in C. reinhardtii genome and high CUB require most 

heterologous genes to be codon optimized for its expression in the algae 

(Tran and Kaldenhoff 2020). Random integration in its nuclear genome 

generates DNA deletions in the inserted region and causes low 

heterologous protein production (Harris 2001). Strategies to overcome gene 

silencing consist in the use of endogenous ribulose bisphosphate 

carboxylase oxygenase (RuBisCo) introns (Tran and Kaldenhoff 2020). In 

addition, transformation of the chloroplast genome represents a better 

alternative, it is possible to do homologous recombination, which simplifies 

genetic modification strategies and can accumulate more proteins (Engel et 

al. 2015; Arias et al. 2023). Several studies have identified the use of 

untranslated regions (UTRs) for heterologous gene expression in the 
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chloroplast of C. reinhardtii as crucial (Sun et al. 2003; Yang et al. 2006; He 

et al. 2007). Also, modifying the medium by adding diselenide 

selenocystamine increased the accumulation of proteins with disulfide 

bonds (Ferreira-Camargo et al. 2015). 

Major bottlenecks for microalga production are cost and limitations of scale 

production, since high growth rate and productivity at lab scale is difficult to 

replicate at larger scale (Su et al. 2023). Variability of outdoor environments 

in terms of temperature and light intensities decreases algae productivity 

(Su et al. 2023).  

Diatoms, a diverse group of stramenopiles, can have a fast growth rate and 

short generation times, and they are able to adapt quickly to fluctuating 

environmental conditions such as low iron availability (Leterme 2015). 

Therefore, diatoms have attracted interest for their use as green 

biofactories. They have adapted to many environments colonizing seas, 

freshwaters, and terrestrial habitats (Kuwata and Jewson 2015). Diatoms 

are important in ocean ecology since they are responsible for over 20% of 

global production of oxygen (Kuczyńska et al. 2024). They are distantly 

related to green algae and land plants and evolved by secondary 

endosymbiosis of a red alga and a heterotrophic protist (de Grahl and 

Reumann 2021). Model organisms from this group include the centric 

diatom Thalassiosira pseudonana and the pennate diatom Phaeodactylum 

tricornutum, whose genomes were the first sequenced from this group 

(Armbrust et al. 2004; Bowler et al. 2008). The latest has a genome of 27.4 

Mb, which relatively smaller than T. pseudonana genome (32.4 Mb), 

however more than half of the genes seem to be not present in other 

eukaryots (Armbrust et al. 2004; Bowler et al. 2008). In addition telomere to 
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telomere assembly revealed that P. tricornutum has 25 chromosomes 

similar to the model centric diatom with 24 (Armbrust et al. 2004; Giguere 

et al. 2022).  

1.3.2.1. Phaeodactylum tricornutum host for heterologous production. 

P. tricornutum is not a common pennate diatom since it does not require 

silica to grow with a frustule slightly or not silicified. This feature gives 

plasticity to the cell wall, escaping from successive cell size reduction 

triggering sexual reproduction in most diatoms (Bartual et al. 2011). Its 

marked pleomorphism is one of the most distinctive characteristics of the 

diatom, and it may confer them adaptation to various environments (Ovide 

et al. 2018). P. tricornutum occurs naturally in more than one morphotype: 

oval, fusiform, and triradiate (Figure 1. 7), and to a lower extend in cruciform 

(Galas et al. 2021). Fusiform (Figure 1. 7a) is the more frequent morphotype 

with poorly silicified cell wall making it easier for transformation. Oval is the 

only morphotype that possess a full silicified frustule (Figure 1. 7c), it has 

been regarded as a response to environmental stressors, and it has been 

particularly interesting for the secretion of proteins based on transcriptomics 

and proteomic studies (Chuberre et al. 2022). 

 

Figure 1. 7. Micrographs of P. tricornutum’s morphotypes. (a–c) 

Micrographs obtained by light microscopy of P. tricornutum cells alive. (a) 
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fusiform morphotype; (b) triradiate morphotype and (c) Oval morphotype. 

Source: Ovide et al., 2018 

P. tricornutum potential for industrial applications has been evaluated 

(Sharma et al. 2021). Biomass can be valorized to enhance the economic 

viability of biorefineries using P. tricornutum, with this purpose Branco-

Vieira and colleagues biochemically characterized the biomass and scaled 

up the production. Biomass percentage of proteins, lipids, fucoxanthin, and 

biosilica could be valorized to promote circular economy (Branco-Vieira et 

al. 2020).  

In addition, to have economically competitive heterologous production in 

diatoms, high expression rates are required (de Grahl and Reumann 2021). 

Protocols for efficient transformation have been developed for diatoms 

(Doron et al. 2016). Transformation methods in P. tricornutum include 

particle bombardment, electroporation, and more recently, bacterial 

conjugation using E. coli (Seo et al. 2015a; Windhagauer et al. 2021).  

The development of transformation methods enabled the characterization 

of constitutive and inducible endogenous promoters in diatoms. For 

example, Erdene-Ochir et al. (2019) identified the most abundant secreted 

proteins and characterized the promoter of a highly abundant secreted 

protein 1 (HASP1) and its secretion signal. Reference genes for quantifying 

gene expression have been identified, and a series of diatom expression 

vectors based on Gateway cloning for high-throughput protein tagging and 

overexpression studies are available for P. tricornutum (Siaut et al. 2007).  

Gene editing tools have been used in the diatom, including TALE nucleases 

mediated gene knockouts and CRISPR/Cas9, as well as gene silencing 
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using RNA interference (RNAi) (Bielinski et al. 2017; Serif et al. 2017a). 

Gene knock-down of ligIV enabled specific integration of DNA at desired 

loci providing a new way to specifically alter P. tricornutum genome 

(Angstenberger et al. 2019). Also, a library of genetic elements for 

standardized modular cloning (MoClo) for combination of multiple 

transcriptional units in a single vector, is available for P. tricornutum (Patron 

et al. 2015). In addition, a PCR-based and a precloned assembly strategy 

for cloning the P. tricornutum chloroplast genome was recently developed 

(Walker et al. 2024).   

The characterization of endogenous promoters and molecular tools allowed 

for its use as a cell factory for the production of eicosapentaenoic acid, 

fucoxanthin, neutral lipids, and crysolaminarin, endogenously produced by 

the diatom (Butler et al. 2020). Heterologous production of recombinant 

proteins and natural products has been done in P. tricornutum (Figure 1. 6). 

A fully-assembled functional antibody against the Hepatitis B Virus surface 

protein, and the antigen have been produced in this diatom (Hempel et al. 

2011).  

1.4. Phaeodactylum tricornutum episomal expression system 

One of the aspects that differentiates P. tricornutum from other algal 

heterologous platforms is the development of extrachromosomal (episomal) 

replication of expression vectors (Windhagauer et al. 2021). In 2015, Karas 

and colleagues developed a conjugation based transformation method for 

P. tricornutum, which was more efficient that PEG, electroporation, biolistic 

(routine transformation methods for the diatom) (Karas et al. 2015). 

Previously, trans-kingdom conjugation had only been done in yeast and 
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mammalian cells using E. coli host harboring pTA-MOB plasmid without 

origin of transfer (OriT). Karas et al. first tested several regions from 

chromosome 25 from P. tricornutum in a plasmid containing the CEN6-

ARSH4-HIS3 (CAH) sequence from S. cerevisiae to see if they could 

maintain episomes in the diatom, proven by consecutive transformations 

(Figure 1. 8). Surprisingly while the endogenous sequences from 

chromosome 25 increased the number of exconjugants in 2.5-fold they were 

not responsible for episome maintenance. This led to the investigation of 

non-diatom sequences in this plasmid and found that the CAH sequence 

from S. cerevisiae was able to keep the stable circular episome at ploidy 

equivalent to native chromosomes. This episome can be as big as 50 kb, 

therefore, it has potential to harbor full heterologous pathways (Karas et al. 

2015). 

 

Figure 1. 8. Conjugative transfer of plasmids from E. coli to P. 

tricornutum. (a) Map of the plasmids p0521 and p0521s and their 

derivation from P. tricornutum scaffold 25. OriT, origin of transfer; URA3, 

gene encoding orotidine 50-phosphate decarboxylase from S. cerevisiae, 
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and ShBle, phleomycin resistance cassette with P. tricornutum FcpF 

promoter and FcpA terminator. Source: Karas et al., 2015 

Further investigation of the CAH sequence by Diner and colleagues led to 

the identification of the CEN6 and ARSH4 as essential for plasmid 

replication and maintenance, and HIS3 low GC content in the 3’ contributed 

to generating high number of exconjugant colonies (Diner et al. 2016). They 

also minimized the length of the vector and improved the conjugation 

protocol with high throughput options that enhanced exconjugant yields, 

reducing time and resources needed for the conjugation. They identified 

that low GC content 500 bp sequences are potential indicators of a 

functional maintenance sequence (Diner et al. 2016). Later on, it was 

confirmed that the CENH3 P. tricornutum centromeric histone protein is 

recruited by the CAH sequence from yeast (Diner et al. 2017). Suggesting 

that foreign DNA sequences can use native diatom machinery for DNA 

replication and segregation functioning as a centromere (Diner et al. 2017). 

This means that P. tricornutum is permissive for nuclear gene acquisition.  

The establishment of the episomal expression system, with the advantage 

of reducing possible gene disruptions by random integration, generated a 

way for determining reproducible measurements of promoter and terminator 

strengths since the episomes copy numbers seem to be stable at 

chromosome level, as well as for testing inducible promoters with greater 

consistency in their control (Diner et al. 2016). On this note, promoter 

elements with tunable, reversible dose and time-dependent transcriptional 

levels have been characterized with the aid of this system (Windhagauer et 

al. 2021; Kassaw et al. 2022; Garza et al. 2023). In addition, delivery of 
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Cas9 by conjugation with P. tricornutum and extrachromosomal expression, 

minimizes unwanted changes in the genome (Russo et al. 2018; Slattery et 

al. 2018; Moosburner et al. 2020; Gao et al. 2022; Taparia et al. 2022).  

Heterologous production in P. tricornutum episomal expression system 

include the receptor-binding domain of the SARS-CoV-2 spike protein 

(Slattery et al. 2022) and plant NPs of pharmaceutical interest, i.e., 

monoterpenoids (Fabris et al. 2020), cannabinoids (Fantino et al. 2024), 

and cannabinoid precursors (Awwad et al. 2023).  

1.5. P. tricornutum as potential host organism for production of 

phenolic compounds 

Phenolic compounds are a diverse group of natural products, including 

phenylpropanoids, and thanks to their bioactivity they are widely used in the 

food, pharmaceutical, and cosmetic industries (Albuquerque et al. 2021). 

They are mainly produced by either extraction from the natural source or 

chemical synthesis, each of them presenting limitations (Sun et al. 2021). 

Particularly, vanillin has high market demand since it is the major 

organoleptic compound of the vanilla extract and is of great importance for 

several industries (Yan et al. 2016). The biosynthesis of vanillin starts from 

L-phenylalanine in V. planifolia involving the enzymes phenylalanine 

ammonia lyase (PAL), cinnamic acid-4-hydroxylase (C4H), coumaric acid-

4-hydroxylase (C3H), caffeic acid O-methyltransferase (4-COMT), and 

vanillin synthase (VpVAN) (Figure 1. 9) (Gallage et al. 2014).  

Recently enzymes involved in the biosynthesis of phenyl compounds have 

been investigated by in silico analysis of 47 algae taxa with potential for 

bioengineering including P. tricornutum. Out of the five enzymes that have 
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been proposed to integrate the pathways to synthetize vanillin, P. 

tricornutum possess homologous genes for C4H, 4CL, and C3’H, lacking 

the first gene (PAL) like the majority of the algae, 4-COMT used to convert 

to ferulic acid, and VpVAN (Del Mondo et al. 2022). The latter has high 

homology in amino acid sequence to cysteine proteases, and its activity has 

not been reproduced when expressed in microorganisms (Yang et al. 2017). 

It has been stated that lack of a good experimental model system limits the 

characterization of the last step of the vanillin pathway, since the re-

differentiated plastid changing environment where vanillin is synthesized 

may be difficult to recreate in vivo (Havkin-Frenkel and Belanger 2018).   

 

Figure 1. 9. Simplified biosynthetic pathway of vanillin and its potential 

intra-cellular localization. (a) Enzymes proposed by 

Gallage et al. (Gallage et al. 2014, 2018) to convert vanillin from L-

phenylalanine. (b) Schematic representation of proposed intra-cellular 
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localization of enzymes involved in vanillin biosynthesis. The basis of the 

diagram showing the continuity of chloroplast and ER membranes used 

freeze-fracturing techniques, complementation, and regulation of enzyme 

activities. Overlapping black and green lines depict the two outer leaflets 

merging on each side. Source:  Diamond et al., 2023. 

1.6 Research objectives 

Although P. tricornutum episomal expression system has had many 

success stories, few reports underline its limitations. It was highlighted by 

George et al. (2020) that dynamics of episome segregation in a population 

are not known for P. tricornutum. It was hypothesized that it could cause 

variations in episomal expression cell lines. In a previous report we 

demonstrated that successful transformation with unaltered expression 

cassette could lead to P. tricornutum exconjugants without producing the 

recombinant protein (Diamond et al., 2023). P. tricornutum episomal 

expression system was further used to characterize VpVAN subcellular 

localization providing the enzyme with a specific environment for its activity. 

This study is described in chapter II. Heterogeneity of phenotype of 

individuals in a single cell line and low production of recombinant protein led 

us to study deeper the episomal expression system using a cell line 

expressing eGFP which was exhibiting stable subpopulations is presented 

in chapter III. We studied plasmid copy number variation, mutations, and, 

using transcriptomic analyses, candidate genes co-expressed with eGFP, 

to characterize the differences between three subpopulations with distinct 

fluorescence intensities. Discussion, general conclusion, and perspectives 

of P. tricornutum episomal expression system characterization are 
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presented in chapter IV. Supplementary information of chapter II and III are 

presented as annexes A and B, respectively. Further explanation about the 

clustering methodology that supported the gating strategy for chapter III is 

in annex C. 

In addition, an article which I was co-first author, “Instability of 

extrachromosomal DNA transformed into the diatom Phaeodactylum 

tricornutum", is presented in annex D. Also in this annex, other articles to 

which I contributed are included: a review entitled “Diatoms Biotechnology: 

Various Industrial Applications for a Greener Tomorrow”, and two research 

articles.  
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CHAPTER II: What is true for plants may not be true for Phaeodactylum 

tricornutum: The case of Vanilla planifolia vanillin synthase targeted 

to four subcellular compartments of the diatom. 
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Résumé 

La vanilline est le principal composé organoleptique de l'arôme de vanille. 

Comme le processus d'extraction à partir de sa source naturelle (Vanilla 

planifolia) est limité par un faible rendement, la demande du marché en 

vanilline est satisfaite en la produisant par synthèse chimique ou 

biosynthèse en utilisant des micro-organismes pour convertir différents 

substrats en vanilline. Notre objectif était d'utiliser la diatomée 

Phaeodactylum tricornutum, un organisme modèle photosynthétique déjà 

utilisé pour produire des protéines eucaryotes et des composés de grande 

valeur, pour caractériser la vanilline synthase de V. planifolia (VpVAN). 

Cette enzyme fait l'objet de résultats contradictoires et a été rapportée 

comme étant localisée dans le plaste des cellules de V. planifolia, ce qui 

pourrait jouer un rôle dans son activité. Dans ce but, nous avons ciblé 

VpVAN liée par une séquence clivable in vitro (Xa) à la protéine 

fluorescente verte améliorée (eGFP en anglais) dans le cytoplasme, les 

peroxysomes, le plaste et l'appareil de Golgi. Nous avons utilisé un système 

d'expression épisomale transformant P. tricornutum avec VpVAN:Xa:eGFP 

par conjugaison bactérienne. Les lignées cellulaires positives ont été 

sélectionnées par fluorescence et caractérisées par séquençage des 

épisomes, confirmant une réplication stable dans la diatomée, ainsi qu'une 

localisation subcellulaire dans les compartiments cellulaires ciblés. Des 

stratégies telles que l'enrichissement des cellules positives à l’eGFP par tri 

cellulaire, la purification des protéines et l'isolement des organites n'ont pas 

permis d'obtenir des niveaux détectables de la protéine de fusion. Une 

meilleure compréhension du système d'expression des diatomées est 

nécessaire pour compléter la caractérisation de cette enzyme et révéler si 
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la localisation subcellulaire pourrait être un aspect limitant pour son 

expression dans les micro-organismes.  

Mots-clés : vanilline ; diatomée ; compartimentation des organelles ; 

ingénierie métabolique; système d’expression épisomal. 
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Abstract 

Vanillin is the major organoleptic compound of the vanilla flavor. Since the 

extraction process from its natural source (Vanilla planifolia) is limited by a 

low yield, the market demand for vanillin is met by producing it through 

chemical synthesis or biotechnologically using microorganisms to convert 

ferulic acid, lignin, and guaiacol into vanillin. Our aim was to use the diatom 

Phaeodactylum tricornutum, a photosynthetic model organism already used 

to produce eukaryotic proteins and high-value compounds, to characterize 

V. planifolia vanillin synthase (VpVAN). This enzyme is the subject of 

conflicting results and was reported to be localized in the plastid of V. 

planifolia cells, which may play a role in its activity. For this purpose, we 

targeted VpVAN linked by an in vitro cleavable sequence (Xa) to the 

enhanced green fluorescent protein (eGFP) to the cytoplasm, peroxisomes, 

plastid, and Golgi apparatus. We used an episomal expression system 

transforming P. tricornutum with VpVAN:Xa:eGFP by bacterial conjugation. 

Positive cell lines were selected by fluorescence and characterized by 

sequencing the episomes, confirming stable replication in the diatom, as 

well as assessing the subcellular localization in the targeted cell 

compartments. Strategies such as enriching GFP-positive cells by cell 

sorting, protein purification, and organelle isolation did not yield detectable 

levels of the fusion protein. A better understanding of the diatom expression 

system is needed to complete the characterization of this enzyme and 

reveal whether the subcellular localization could be a missing aspect of 

VpVAN expression in microorganisms. 

Keywords: vanillin; diatom; organelle compartmentalization; metabolic 

engineering; episomal expression system. 
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Introduction 

Natural vanilla flavor source is the orchid Vanilla planifolia native to Mexico 

and some countries from Central America (Martău et al. 2021). The main 

constituent of the 200 compounds that make up vanilla flavor is vanillin (4-

hydroxy-3-methoxy benzaldehyde) (Anand et al. 2019). The low yield of 

extraction of vanillin from its natural source, e. g. one kg of vanillin requires 

approximately 500 kg of vanilla pods, has led to the development of 

alternative production using biotechnology to meet the market demand 

(Gallage and Møller 2015).  

Efforts to elucidate the complete biosynthetic pathway from V. planifolia 

have led to the controversial discovery of vanillin synthase (VpVAN) an 

enzyme with hydratase/lyase activity, which was described to catalyze the 

conversion of ferulic acid and its glucoside into vanillin (Gallage et al. 2014). 

Gallage et al. found VpVAN to localize in the inner part of the vanilla pod 

with high transcripts levels in the inner epidermis (Gallage et al. 2018). 

Enzymatic activity was tested producing the enzyme in a coupled 

transcription/translation assay. Transient expression in tobacco and stable 

expression in barley resulted in the production of vanillyl alcohol glucoside. 

VpVAN controversy arose from the high sequence similarity to cysteine 

proteases, and its identical amino acid sequence to a protein previously 

discovered to participate in the conversion of coumaric acid to 4-

hydroxylbenzaldehyde (Yang et al. 2017). In addition, Yang et al.  

demonstrated that the recombinant VpVAN produced in vitro, in Escherichia 

coli, yeast or plant systems was unable to synthesize vanillin from ferulic 

acid. Added to the lack of tissue-specific gene expression, Yang and 

colleagues concluded that this enzyme cannot by itself directly convert 
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ferulic acid to vanillin and that the pathway of vanillin biosynthesis in V. 

planifolia was yet to be determined (Yang et al. 2017).   

However, heterologous production of VpVAN in other plant systems, which 

already produce high amounts of ferulic acid and trace amounts of vanillin, 

such as Capsicum frutescens (Chee et al. 2017) and rice (Oryza sativa L.) 

calli (Arya et al. 2022), succeeded to increase the production of vanillin. This 

reinforced that VpVAN plays a role in the production of vanillin and that there 

may be missing key elements in expression systems which do not produce 

it endogenously. Along this line, Gallage et al. characterized the subcellular 

localization of VpVAN demonstrating that it localized in the chloroplast and 

the re-differentiated chloroplasts named phenyloplast. In addition, they 

isolated chloroplast and proved their biosynthetic capacity to produce 

vanillin from phenylalanine (Gallage et al. 2014).  

Even though plant systems were successful in expressing VpVAN, 

expression of this enzyme in microorganisms has not been well established, 

leading to the use of alternative bacterial pathways. Ni et al. generated E. 

coli strains able to de novo synthesize vanillin from inexpensive substrates 

(xylose and glycerol) by introducing five genes encoding for the enzymes 

tyrosine ammonia-lyase, 4-coumarate 3-hydroxylase, caffeate O-

methyltransferase, trans-feruloyl-CoA synthase (Fcs), and enoyl-CoA 

hydratase/aldolase (Ech) (Ni et al. 2015). The high reactivity of the aldehyde 

functional group of vanillin that causes damage to the cell membrane of 

conventional host for metabolic engineering (i. e. Saccharomyces 

cerevisiae, and E. coli) limits production in microorganism cell factories 

(Nguyen et al. 2014; Pattrick et al. 2019). Since accumulation of vanillin is 

toxic, V. planifolia cell strategies such as the co-expression of a UDP-
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glycosyltransferase has been implemented for its accumulation in yeast 

(Hansen et al. 2009). Also, in S. cerevisiae after strain optimization using a 

combination of engineering strategies including the blocking of the 

metabolic pathways responsible for the oxidation and reduction of vanillin, 

while the strains transformed with the Fcs and Ech from Streptomyces, 

produced up to 10.4 mg of vanillin per g of carbon source, vanillin was not 

detected in transgenic strains expressing VpVAN (Xin et al. 2024). A 

possible explanation is that compartmentalization of its production may be 

required to synthetize vanillin recreating the environment of phenyloplasts. 

Therefore, our hypothesis was that VpVAN enzymatic activity depended on 

its subcellular localization. Thus, localizing the enzyme in the correct cellular 

compartment would have an impact in the production of vanillin.  

Phaeodactylum tricornutum, a diatom which possesses a plastid, the 

organelle where vanillin is stored and produced in the vanilla pod (Gallage 

et al. 2018), is already successfully used for recombinant protein expression 

attributed to its high growth rates and high efficiency expressing complex 

eukaryotic proteins (Hempel and Maier 2012; Taparia et al. 2019). 

Metabolically engineered P. tricornutum successfully accumulated 

docosahexaenoic acid (DHA) (Hamilton et al. 2014), produced geraniol 

(George et al. 2020b), and showed an increase in biomass, lipid content, 

and growth (Seo et al. 2020). In addition, the sequencing and annotation of 

the diatom’s genome in 2008 (Yang et al. 2018b), and the development of 

a variety of genetic tools, have enable its use in biotechnology (Daboussi et 

al. 2014; Slattery et al. 2018). Several genetic tools have been developed, 

including episomal expression systems (Kassaw et al. 2022), TALEN 

technology (Serif et al. 2017b), and CRISPR/Cas9 for gene knock out 
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(Stukenberg et al. 2018). Promoters (Seo et al. 2015b; Chu et al. 2016; 

Adler-Agnon et al. 2018; Watanabe et al. 2018; Erdene-Ochir et al. 2019b) 

and characterized subcellular localization signals were successfully 

identified to direct proteins to different compartments of the cell such as the 

plastid (Kilian and Kroth 2005), central vacuole (Schreiber et al. 2017), 

peroxisome (Gonzalez et al. 2011), and Golgi apparatus (Liu et al. 2016).  

Therefore, the aim of this study was to identify if the subcellular localization 

of VpVAN could influence its enzymatic activity in a microorganism cell. Our 

objectives were to test three subcellular compartments of the diatom cell 

and characterize the protein production by increasing the percentage of 

positive cells. We used P. tricornutum to express VpVAN linked to the 

enhanced green fluorescence protein (eGFP) with three different 

subcellular localization signals including bipartite signal of the chloroplast 

ATPase, the conserved peroxisome targeting signal 1 (PTS1), and the 

sequence encoding the first 23 amino acid of the xylose transferase 

localized in the lumen of Golgi. Subcellular localization in the targeted 

organelles was confirmed by confocal microscopy. Even though 

fluorescence was detected, VpVAN recombinant protein was not. Organelle 

isolation for plastid constructions was used as strategy to enrich in protein 

fraction with VpVAN as well as purification using GFP-trap without success 

to detect protein. This indicates that the fusion protein was produced at 

lower amount than the detection levels and characterization of the diatom 

is needed to ensure recombinant protein production. 

Results 

Neither vanillin nor ferulic acid affect P. tricornutum growth at pH 8. 
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A limitation of phenyl aldehydes heterologous production is their 

antimicrobial property. Therefore, prior to choosing P. tricornutum as a 

candidate organism to test VpVAN’s activity, its growth was assessed under 

the presence of ferulic acid and vanillin. The phenolic compounds tested 

delayed the growth of P. tricornutum (Figure 2. 1a-b). Cell morphology was 

assessed by light microscopy at day five (120h), revealing no observable 

differences between cells grown in L1 media supplemented with 1 mM of 

vanillin and the negative control with L1 media alone (Figure S2. 1).  

After adjusting pH of the media to 8, neither vanillin nor ferulic acid had a 

negative effect in P. tricornutum growth (Figure 2. 1c-d). In fact, growth was 

slightly higher at 144h of cells cultured with 2.5 mM of vanillin (Figure 2. 1d). 

Cell viability was also assessed in the presence of 2.5 mM of vanillin at pH 

8 using propidium iodide (PI), showing no cytotoxic effect at 24, 48, or 72h 

(Figure 2. 1e).  

Selection and characterization of P. tricornutum exconjugants. 

To target and assess VpVAN localization in specific compartments, several 

constructions were assembled, VpVAN was linked to eGFP through the 

cleavable peptide by factor Xa. To target the chloroplast, VpVAN was 

preceded by a signal specific to the plastid stroma in pCSVpVAN:eGFP 

(Figure 2. 2). To avoid hampering the normal function of P. tricornutum 

plastid, we assembled alternative constructions pGoVpVAN:eGFP and 

pPeVpVAN:eGFP to direct the enzyme to Golgi and peroxisome, 

respectively, as well as one construction without any signal to target the 

cytosol (pCyVpVAN:eGFP). The signal peptide to target the Golgi was 
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placed before VpVAN, while it was placed after eGFP for localization in 

peroxisomes.  

 
Figure 2. 1. Assessing cytotoxicity of ferulic acid and vanillin to 

wildtype P. tricornutum cells. Growth of P. tricornutum with different 

concentrations of a) ferulic acid and b) vanillin, for 5 days (120h), without 

pH adjustment. Growth of P. tricornutum at pH 8 with different 

concentrations of c) ferulic acid and d) vanillin, for 6 days (144h). e. 

Percentage of viable cells of P. tricornutum incubated with 2.5 mM of vanillin 



52 

for 24, 48 and 72h. n= 3; Ctl: L1 media alone; Van: 2.5 mM of vanillin; 

numbers indicate biological replicates. 

Following transformation and a two-week selection in P. tricornutum in ½L1 

agar plates with zeocin, at least 36 colonies of each construction were 

screened for fluorescence using an epifluorescence microscope (Table 2. 

1). The percentage of fluorescent colonies for each construction is 

presented in Table 2. 1. pCSVpVAN:eGFP transformants exhibited the 

lowest percentage of positive colonies with 53.7%. The peroxisome 

construction had the highest percentage with 80.5% positive colonies. 

Three different positive colonies per construction were picked for further 

analyses. To confirm the integrity of the gene of interest, whole plasmid 

sequencing was performed, revealing no mutations in the expression 

cassettes in any of the clones (Figure 2. 2).  

Table 2. 1. Fluorescent colonies per construction. 

Construction 
Percentage of fluorescent 

colonies 

pCyVpVAN:eGFP 24/36 (66.7%) 

pPeVpVAN:eGFP 29/36 (80.5%) 

pCSVpVAN:eGFP 29/54 (53.7%) 

pGoVpVAN:eGFP 25/36 (69.4%) 

 

Successful localization of the recombinant proteins in four different cell 

compartments. 

The assessment of the subcellular localization was done for three different 

transformants for each construction by confocal microscopy. Fluorescent 
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signal from the clones carrying VpVAN:Xa:eGFP was compared to the 

empty vector (EV) strain as negative control (Figure 2. 3a). Clones were 

only considered positive for protein production if the fluorescent pattern was 

different from the EV strain, including higher signal intensity. Localization in 

the cytosol, visible as a uniform signal throughout the cell, was confirmed in 

CyVpVAN:eGFP clones (Figure 2. 3b). In the case of PeVpVAN:eGFP and 

Pe:eGFP clones, a punctuated pattern of three to five dots surrounding the 

plastid was observed (Figure 2. 3c). The signal for these constructs was 

also detected in the cytosol.  

 

Figure 2. 2. Stable episome propagation without mutations in the 

expression cassettes with localization signals for three different 

organelles and the cytosol. a. Cytosolic construction of VpVAN:Xa:eGFP 
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without any localization signal; b) peroxisome construction harboring the 

peroxisomal targeting signal 1 (PST1); c) plastid construction with the 

bipartite signal of the chloroplast ATPase gamma subunit (ATPCBPS); d) 

β1,2-xylosyltransferase cytosolic tail and transmembrane domain (CT) for 

medial Golgi (XylTCT). VpVAN expression cassette is antisense from sh ble. 

e. Empty vector strain harboring the pPtGE30 plasmid. Distances are not at 

scale. 

Interestingly, differences between controls and clones with VpVAN 

constructions were observed for plastid and Golgi subcellular localization. 

Co-localization of the recombinant protein and plastid autofluorescence was 

observed in CSVpVAN clones (Figure 2. 3d), as well as aggregation of 

proteins seen as high intensity dots together with cytosolic fluorescence. 

Clones harboring the Golgi retention signal, with and without VpVAN, 

presented a characteristic “C”-shape in the middle of the plastid (Figure 2. 

3e). In addition, Go:eGFP clones also presented fluorescence in the 

endoplasmic reticulum (ER). This pattern was not observed in 

GoVpVAN:eGFP clones, which instead had overlapping fluorescence with 

the plastid. The discrepancy between control and the localization of VpVAN 

clones could be attributed to the amino acids located after the predicted 

transmembrane domain (TMD) from XylT. In silico analysis predicted the 

three first amino acids of eGFP as part of the TMD of Go:eGFP, not present 

in either the full length XylT or GoVpVAN:eGFP.  

Since most of the localization signals are in the N-terminal of the fusion 

protein and sequencing results confirmed intact cassettes, we could deduce 

that the fusion protein is present in the positive clones. However, the main 
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cause of VpVAN controversy is the inability to reproduce vanillin synthesis 

by itself. Therefore, it is vital that we confirm the production of the full fusion 

protein in our desired cellular compartments. 
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Figure 2. 3. The fusion protein VpVAN:Xa:eGFP localizes in the 

targeted cell compartment of P. tricornutum. a. EV: empty vector strain. 

b. cytosolic constructions: eGFP and CyVpVAN:eGFP. c. Pe:eGFP and 

Pe:VpVAN:eGFP clones. d. plastid stroma clones with the bipartite signal 

of ATPC linked to eGFP alone (CS:eGFP) and the fusion protein 

(CSVpVAN:eGFP). e. Clones with Golgi retention signal: Go:eGFP and 

GoVpVAN:eGFP. Merge images represent the combination with plastid 

autofluorescence, GFP channel and bright field. Scale bars 10 µm.  

Enrichment in fluorescent cells, protein purification, and plastid isolation 

failed as strategies to detect heterologous protein by western blot in 

positive clones. 

We aimed to enrich in fluorescent cells by FACS with the purpose of 

increasing the percentage of cells in one clone that produce the fusion 

protein. We used an empty vector strain to gate the GFP+ cells (Figure 2. 

4a). However, after sorting GFP+ cells and growing them for four weeks we 

were not able to obtain high percentage of fluorescent cells (Figure 2. 4b-

e).  

VpVAN production was not detected in any of the transformed cell lines by 

western blot, mainly attributed to the low percentage of fluorescent cells. 

Since we were not able to increase the number of fluorescent cells in the 

population by cell sorting, we decided to enrich the protein fraction to detect 

the protein by western blot. We used two different strategies: plastid 

isolation for the CSVpVAN clones and protein purification by GFP-trap for 

CyVpVAN clones. Unlike for peroxisomes and Golgi, plastid isolation 

protocol for P. tricornutum is available in the literature. Besides, the 
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CSVpVAN:eGFP had the highest percentage of fluorescent cells. 

Purification using GFP-trap was done only for the cytosolic clones since it 

is the only one where the protein is not compartmentalized in another 

membranous structure. However, western blots failed to reveal bands 

specific to VpVAN, thus protein production of the fusion protein was not 

detected in any of the tested clones (Figure 2. 5). The controls of protein 

transfer to the membrane are present in Figure S2. 2. We succeeded to 

purify eGFP:T2A and eGFP:T2A:mCherry from a pDMi8 cell line as a 

positive control (Figure 2. 5a), the detected bands at 36kDa and 58 kDa 

correspond to the cleaved (eGFP:T2A) and uncleaved 

(eGFP:T2A:mCherry). The percentage of GFP+ cells for the control was 

35.2 %.  
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Figure 2. 4. Enrichment for fluorescent cells by FACS fails to yield a 

high percentage of fluorescent cells. A single cell line is presented per 

targeted cellular compartment, four weeks after sorting. a. empty vector 

(EV); b. CyVpVAN:eGFP; c. PeVpVAN:eGFP; d. CSVpVAN:eGFP; e. 

GoVpVAN:eGFP. 

Discussion 

To first assess if P. tricornutum was a suitable platform to produce vanillin 

we observed the diatom growth in 2.5 mM of vanillin. Vanillin has been 

reported to be toxic for E. coli, Lactobacillus plantarum and Listeria innocua, 

since it is a membrane-active compound able to dissipate ion gradients and 

inhibits respiration (Fitzgerald et al. 2004). P. tricornutum growth was 

delayed when cultured with ferulic acid and vanillin without adjusting the pH 

of the media. However, after we adjusted the pH to 8, we did not observe 

any delay in growth, we even observed a higher growth when culturing P. 

tricornutum at 2.5 mM of vanillin. Studies show that vanillin is a transient 

intermediate of ferulic acid degradation and can be used as carbon source 

by 42 strains of Actinobacteria (Brink et al. 2019). It has been proven that 

by increasing the pH of the media, ferulic acid occurs in its anionic form and 

can be transported better into the cell with less membrane damage 

increasing both, ferulic acid consumption rate and vanillin yield in an 

engineered E. coli strain harboring Ech and Fcs (Luziatelli et al. 2019). We 

validated the fitness of the cells at 2.5mM of vanillin pH 8 by assessing 

membrane integrity. We did not observe significant cytotoxic effect after 24, 

48, or 72h adding vanillin to the media. While our results support the use of 

P. tricornutum as a platform to produce phenylpropanoids, they also 
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indicate that metabolic optimization is needed since phenyl compounds 

could be metabolized by the cell.  

 

Figure 2. 5. Enrichment of protein fraction and purification failed to 

increase fusion protein to detectable levels. a-c. Western blot of protein 

extracts from three different clones with cytosol constructions after 

purification using GFP-trap. d-f. Western blot using protein extract of plastid 

purification of three different clones harboring the plastid construction. MW: 

molecular weight marker; FT: flow through; W1-3: washes; E1-2: elution 

fraction; Ptot: total protein in the soluble fraction; +Ctl: eGFP:T2A:mCherry 

clone; F1: total protein extract; F2: thylakoids fragments and mitochondria; 

F3: plastids; LQ: low quality plastids; MQ: medium quality plastids. 
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We constructed four different expression cassettes to target VpVAN to 

cytosol, peroxisomes, plastid stroma, and Golgi apparatus. While in V. 

planifolia this enzyme is localized in the plastid, we decided to target the 

production of vanillin to other cellular compartments in P. tricornutum since 

previous studies have shown that the accumulation of phenylpropanoids in 

a plastid can cause a re-differentiation, stopping the production of 

chlorophyll and thus the photosynthesis (Brillouet et al. 2014a). The Golgi 

apparatus is an organelle of interest since glycosyltransferases (Baïet et al. 

2011) reside in this compartment. Therefore, targeting the production of 

vanillin to Golgi could yield production of vanillin glycoside, which can be 

accumulated in the cell without presenting toxicity. Peroxisomes have a 

single-layer membrane where low molecular weight compounds can cross 

passively or by protein channels (Dusséaux et al. 2020). These organelles 

are in charge of detoxification which means they can sequester and handle 

molecules that are toxic for the rest of the cell, such as vanillin (Dusséaux 

et al. 2020). In addition, a re-evaluation of vanillin biosynthetic machinery 

has been proposed since Gallage et al. only confirmed the subcellular 

localization of VpVAN (2018). It could be possible to have cytosolic and ER-

anchored enzymes that were also isolated with the chloroplast tested as co-

isolation of the fragments of other organelles with chloroplasts is common 

to happen (Diamond et al. 2023a).  

After selecting three positive colonies of each construction, we verified the 

integrity of the episomes by sequencing. While plasmid re-arrangements 

have been described to happen in P. tricornutum (Diamond et al. 2023b), 

our results are consistent with previous reports showing stable plasmid 

propagation in the diatom (Slattery et al. 2018; Awwad et al. 2023).  
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The subcellular localization patterns matched what has been previously 

described for the localization signals used in this study (Kilian and Kroth 

2005; Gonzalez et al. 2011; Liu et al. 2016). However, we observed 

differences in eGFP signal comparing clones carrying VpVAN and the 

control clones with eGFP linked to the localization signals. The 

CSVpVAN:eGFP clones presented besides the chloroplast localized 

fluorescent signal, aggregation of proteins observed as high intensity dots 

and cytosolic fluorescence not seen in the control without VpVAN 

(pCSeGFP). This distinct fluorescent pattern could be caused by a cleavage 

of the Xa peptide by native P. tricornutum peptidases, as it has been 

hypothesized by Messaabi and colleagues producing free eGFP, localizing 

in the cytosol (Messaabi et al. 2024).  

Optimization of protein compartmentalization may be necessary for the 

peroxisome and Golgi localizations. Clones harboring PTS1 presented 

cytosolic fluorescence most likely due to the presence of the recombinant 

protein prior to its import. An enhanced PTS1 sequence in S. cerevisiae has 

been reported to increase the rate of cytosolic protein import by the addition 

of the linker LGRGRR, which has a higher affinity to the import receptor 

(DeLoache et al. 2016). A similar strategy could be implemented for the 

diatom to effectively compartmentalize the enzymatic activity into the 

peroxisome. There is evidence in other organisms that a single TMD, 

arginine-based motifs residues used as sorting sequences, and protein 

conformation are responsible in the localization of glycosyltransferases 

within Golgi (Banfield 2011). Moreover, it has been shown that Golgi-

resident enzymes possess multiple mechanisms to effectively be retained 

in this compartment, which can be complementary or additive (Welch and 
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Munro 2019). Therefore, a characterization is needed to identify the 

elements in XylT sequence responsible of targeting this enzyme to Golgi 

and obtain reproducible results using different proteins. CTS regions of 

glycosyltransferases from other organisms contain a luminal stem region 

separating the catalytic domain from the TMD that plays a role in sub-

localization and oligomerization of the protein, in addition to the cytosolic tail 

and a single short TMD (Grabenhorst and Conradt 1999; De Graffenried 

and Bertozzi 2004). Identification of the minimal stem region necessary to 

retain enzymes in Golgi could replace the use of the full amino acid 

sequence to target proteins to this compartment. Alternatively, the fragment 

tested in this study could provide a shared localization in Golgi and ER, 

which may be beneficial for accumulation of vanillin glycoside since both 

compartments harbor glycosyltransferases (Schmitz et al. 2008; Tannous 

et al. 2015). 

Detection of the VpVAN:Xa:eGFP protein by western blot was not possible 

in this study. A plausible cause of the lack of signal could be very low 

amounts of produced protein that despite purification was below the 

detection limits of our assay. This led us to use different strategies to 

increase the protein fraction of our protein of interest including, purification, 

organelle enrichment and increasing the fraction of GFP+ cells by FACS. 

However, these three strategies failed to yield detectable levels of our 

protein of interest. In addition, we obtained low percentages of GFP+ cells 

after growing the sorted cells from our positive clones for four weeks. These 

results indicate that we selected more than one phenotype when sorting the 

cells and/or P. tricornutum regulated the production of the fusion protein in 

days post-sorting. Our results are consistent with George and colleagues 



63 

who were not able to enrich in phenotypic populations by cell sorting of P. 

tricornutum cells episomally expressing mVenus (George et al. 2020b). 

Studies done in heterologous subpopulations in cell lines expressing 

mVenus integrated into the genome of P. tricornutum suggest that 

differential DNA methylation patterns and histone modification (H3K4me2) 

are not responsible for transgene silencing (Faessler 2024). In addition, in 

another study, we reported differences in plasmid copy number, a large 

deletion, and co-expression of a putative zeocin resistant gene with the 

transgene, as factors contributing to the formation of subpopulations in a 

single clonally propagated episomal cells line of P. tricornutum (Diaz-Garza 

et al. 2024). 

The decrease in heterologous protein production may be specific to cell 

lines harboring VpVAN, as a response for the high production of an enzyme 

with high amino acid sequence homology to a cysteine protease. 

Identification of protein degradation mechanisms in P. tricornutum, by using 

protease or proteasome inhibitors, could provide insight into the 

accumulation of heterologous proteins, although this could affect VpVAN 

cysteine protease function. Additionally, this information could lead to the 

engineering of strains with lower protein degradation mechanisms. Similar 

work has been done in yeast strains, generating mutant variants with 

disrupted protease genes, efficiently increasing heterologous protein 

accumulation (Cho et al. 2010; Tomimoto et al. 2013). 

An alternative hypothesis regarding the low accumulation of VpVAN is that 

the trace amount of ferulate in P. tricornutum (Rico et al. 2013) could be 

used by the enzyme to produce vanillin, and the cell would in turn 

downregulate its production. The diatom cells could be adapting to reduce 
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the production of a toxic enzyme or product, as it has been suggested in our 

previous study, where re-arrangements occur in high frequency in an 

episome harboring Ech and Fcs genes, able to convert ferulic acid into 

vanillin (Diamond et al. 2023b). Diatoms have evolved to rapidly adjust to a 

changing environment; therefore, mechanisms lighten the metabolic burden 

of producing a toxic enzyme may be in place to decrease the synthesis of 

VpVAN. Better understanding of dynamics of P. tricornutum expression 

system is needed to successfully characterize possibly toxic proteins such 

as VpVAN. 

Conclusions 

Synthesis of vanillin from ferulic acid in one-step using VpVAN remains a 

challenge, since many characteristics of this enzyme are still unknown. 

However, by establishing requirements for the expression of VpVAN in 

microorganisms, such as targeting a specific compartment of the cell, we 

could contribute to answer questions about its activity. In this study we were 

able to introduce VpVAN:Xa:eGFP in an episome by bacterial conjugation 

into P. tricornutum. Plasmid rescue and sequencing showed that episomes 

remained extrachromosomal and were stably propagated. Besides, we 

confirmed that previously characterized localization signals of the diatom 

effectively directed our fusion protein into the plastid, peroxisome, and 

Golgi. However, we also observed that optimization of this sequences to 

increase the rate of transport of the desired protein may be needed to avoid 

pre-import enzymatic activity. Finally, we were not able to detect either 

truncated or full protein by western blot. Enrichment strategies used by 

previous studies failed to yield detectable levels of the fusion protein, which 
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questions if this effect is due to the alternative enzymatic activity proposed 

of VpVAN as cysteine protease exhibiting toxicity for the diatom cell. These 

results strongly suggest that P. tricornutum expression system needs to be 

studied in more details to be able to characterize “toxic” enzymes.  

Materials and Methods 

Microbial Strains and Growth Conditions. 

Escherichia coli (Epi300, Epicenter) was grown in Luria Broth (LB) 

supplemented with appropriate antibiotics (gentamicin (20 mg L-1) or 

chloramphenicol (15 mg L-1) and gentamicin (20 mg L-1)). Phaeodactylum 

tricornutum (CCAP 1055/1, Culture Collection of Algae and Protozoa) was 

grown in modified L1 medium without silica at 18 °C under cool white 

fluorescent lights (75 µE m−2 s−1) and a photoperiod of 16 h light:8 h dark 

with an agitation of 130 rpm for liquid cultures (Diamond et al. 2023b).  

Cytotoxicity assays of P. tricornutum with ferulic acid and vanillin. 

To observe the effect of phenylpropanoids in the diatom’s growth, 2.0 x 106 

P. tricornutum cells were cultured in 200 µL in a 96-well plate with L1 media 

for 5 days with 0, 0.5, 0.75, 1, 2 mM of either ferulic acid or vanillin, and its 

growth was assessed by measuring each 24h the optical density at 730 nm. 

The experiment was repeated adjusting the pH of the media to 8 and 

assessing growth for 6 days. Cells grown in 1mM of vanillin were assessed 

for changes in their morphology at day five by light microscopy (OMAX, 

USA) using the 40X objective. Finally, the percentage of viable cells of 

cultures with 2.5 mM of vanillin after 24, 48, and 72 hours of treatment was 

measured by incubating for 10 min with propidium iodide (PI) final 
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concentration of 3 μg/mL. PI emission was measured by BD FACS Melody 

(BD Biosciences, La Jolla, CA, USA) in the ECD channel (610/20 nm). The 

percentages of live cells were calculated relative to the untreated control 

wells. 

Plasmid construction and transformation of P. tricornutum by bacterial 

conjugation from E. coli cells. 

Plasmids were constructed by Gibson Assembly using the NEBuilder® HiFi 

DNA Assembly Bundle for Large Fragments (New England Biolabs, 

Canada). All fragments used in the assemblies were amplified by PCR using 

PrimeSTAR GXL DNA Polymerase (Takara Bio, Japan) following the 

manufacturer’s protocol. Episomes were completed by replacing the coding 

sequence in the expression cassette of pDMi7 (Diamond et al. 2023b) 

containing the 40SRPS8 (40S ribosomal protein S8) promoter and the FcpA 

terminator, with the backbone of pPtGE30 harboring the CAH region 

(CEN6-ARSH4-HIS3) and the sh ble gene that confers resistance to zeocin. 

All expression cassettes consisted in VpVAN without the predicted signal 

peptide linked to the enhanced green fluorescent protein gene (eGFP) by 

the factor Xa cleavable peptide (Xa). Depending on the targeted cellular 

compartment P. tricornutum localization signals were added to each 

construction: cytosol without any signal, peroxisome construction harboring 

the peroxisomal targeting signal 1 (PST1) tripeptide SKL, plastid 

construction with the bipartite signal of the plastid ATP synthase gamma 

chain (Phatr3_J20657) to direct the recombinant protein to the stroma, and 

Golgi apparatus with the N-terminal (31 amino acids) of the β1,2-

xylosyltransferase (Phatr3_J45496). The latest contains a predicted 
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transmembrane domain as well as and a triple arginine motif (RRR) in the 

cytosol tail. In addition, four constructs harboring the localization signals and 

eGFP were assembled as controls for subcellular localization (Figure S2. 

3). The empty vector used in this study was the plasmid pPtGE30 (Slattery 

et al. 2018), harboring no expression cassette besides sh ble. 

Sequences were synthesized and optimized for P. tricornutum codon usage 

by Bio Basic (Markham, Ontario, Canada). All primers used in the assembly 

are listed in Table S2. 1. DNA sequences from this study are available in 

Table S2. 2.  

Successful cloning and transformation of all four constructions was 

confirmed by screening 10 chloramphenicol resistant E. coli NEB 10-beta 

colonies by colony PCR. A single colony for each construction was chosen 

for plasmid extraction and the integrity of the episomes was verified by 

Sanger sequencing (Génome Québec). Plasmids with intact expression 

cassettes were transformed into E. coli Epi300 pTA-MOB, since this strain 

harbors the plasmid that allows to do conjugation with P. tricornutum. 

Episomes were transformed into wild type P. tricornutum by bacterial 

conjugation as previously described (Diamond et al. 2023b). Briefly, 250 µL 

of P. tricornutum culture, concentration of 1.0 × 108 cells mL-1, were plated 

in ½L1 agar plates and grown under the conditions mentioned above for 4 

days. Prior to transformation, cells were harvested by scraping the plates 

and adding 1 mL of L1 media, cell concentration was then adjusted to 5.0 × 

108 cells mL-1. A culture of 25 mL of E. coli EPI300 pTA-MOB containing 

either the empty vector or pDMi8 plasmids was grown at 37°C and 220 rpm 

until reaching an OD600 of 0.7, then centrifuged at 3000 g for 10 min and 

resuspended in 250 µL of SOC media. To initiate the conjugation, 200 µL 



68 

of P. tricornutum cells were mixed with 200 µL E. coli cells, plated in ½L1 

5% LB agar plates, and incubated at 30°C for two hours in the dark. After 

conjugation, plates were kept at standard growth conditions for P. 

tricornutum for the recovery period of 2 days. Cells were collected by 

scraping with 1 mL of L1 media and plated in selective ½L1 agar plates with 

zeocin 50 µg/mL. Colonies appeared after 10 to 14 days of growth at 18°C 

and photoperiod of 16 h light:8 h dark.  

Screening positive exconjugants by fluorescence microscopy. 

Two weeks following the conjugation colonies were screened by eGFP 

fluorescence using a Fluorescent Stereo Microscope Leica M165 FC with 

GFP filter for eGFP fluorescence detection. Colonies were observed with a 

magnification of 80 to 120x. Three positive colonies for each construction 

were selected to start 25 mL cultures. 

Episome rescue, whole plasmid sequencing and in silico analysis. 

Episome isolation from P. tricornutum was conducted as described in 

Diamond et al. (Diamond et al. 2023b), using Large Plasmid Mini Kit 

(Geneaid Biotech Ltd., Taiwan), with approximately 1 x 108 cells of P. 

tricornutum. Plasmid extracts were used to transformed NEB 10-beta 

chemically competent E. coli cells following the manufacturer's protocol. 

After overnight incubation of the plates a single colony was used to inoculate 

10 mL LB cultures to proceed for miniprep using Large Plasmid Mini Kit 

(Geneaid Biotech Ltd., Taiwan). Plasmids were sequenced by CCIB DNA 

Core (Massachusetts General Hospital, United States of America) through 

their Next-Generation sequencing Illumina MiSeq platform. 
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Amino acid sequences obtained from in silico translation of the sequenced 

episomes targeting Golgi were analyzed using TMHMM 2.0 as well as the 

full XylT sequence to predict the transmembrane domains (Sonnhammer et 

al. 1998). 

Assessing subcellular localization by confocal microscopy. 

Live cell images of the five-day-old culture were captured using a Leica SP8 

confocal laser microscope (Leica, Wetzlar, Germany) with an HCX PL APO 

60×/1.25–0.75 Oil CS objective. The excitation of eGFP and chlorophyll 

fluorescence occurred at 488 nm with a 65 mW argon laser. eGFP 

fluorescence emission was detected between 499nm and 531nm, whereas 

chlorophyll fluorescence was detected at a bandwidth of 640nm - 710nm. 

Bright-field light microscopy images were also taken. The images were 

analyzed using LAS X software (version) (Leica). 

Fluorescence-activated cell sorting (FACS).  

The BD FACS Melody (BD Biosciences, La Jolla, CA, USA) equipped with 

blue (488 nm), red (640 nm) and violet (405 nm) lasers was used to analyze 

and sort P. tricornutum transconjugants according to eGFP production as 

described by Diamond et al.(Diamond et al. 2023b). Five-day-old P. 

tricornutum cultures were filtered with Falcon™ Cell Strainers (Fisher 

Scientific, USA) prior to sorting. Events were acquired at a fixed flow rate 

and at least 10,000 events were analyzed. Cells were gated according to 

FSC-A (forward scatter area) and SSC-A (side scatter area) parameters and 

doublets were excluded according to further gating on homogeneous FSC-

H (height) vs. FSC-W (width) and SSC-H vs. SSC-W populations. 

Chloroplast autofluorescence was gated in the PerCP channel (700/54 nm, 
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665 LP). Cells with non-specific autofluorescence detected in the PE 

channel (582/15 filter, 582 long pass filter mirror – LP) were excluded from 

sorting. eGFP was further analyzed on the 527/32 nm band-pass filter 

channel. Sorting was set on purity parameter. Sorted cells were collected in 

1.5 mL microcentrifuge tubes containing 250 µL of L1 media with ampicillin 

(100 µg/mL) and zeocin (50 µg/mL). Cells were centrifuged for 10 min at 

3,500 g, supernatant was removed to avoid toxicity from the FACS sheath 

fluid, and fresh L1 media with antibiotics was added. Cultures were grown 

for two weeks and used as inoculum for 50 mL cultures. Data analysis was 

conducted with BD FlowJo version 10 software (BD Biosciences, La Jolla, 

CA, USA, 2020). 

Protein extraction and purification.  

Protein was extracted using 20 mL seven-days-old cultures as described by 

Fantino et al. (2024). Cells were harvest by centrifugation at 3,500 xg for 10 

min at 4°C. Pellets were weighted and 500µL of lysis buffer (51.4 mM Tris 

pH 8, 0.75 mM SDS, 10 % Glycerol, 0.02 mM EDTA, 10 mM PMFS and 2 

μL of protease inhibitor cocktail) per 200 mg of wet biomass was added. 

Cells were lysed by sonication with 35% of amplitude and 6 pulses of 30 s 

with a rest period of 30 s between pulses using Fisherbrand Model 505 

Sonic Dismembrator (Thermo Fisher Scientific). The soluble fraction was 

separated by 30 min of centrifugation at 20,000 xg. The supernatant of 

clones harboring the cytosol construction was used for purification with 

GFP-trap beads following the manufacturer protocol, keeping aliquots of 

each fraction for posterior analyses. Protein quantification was performed 

using the RC DC Protein Assay Kit I (Bio-Rad). 
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Plastid isolation. 

Plastid isolation from clones carrying the construction targeting this 

organelle was performed according to the protocol of Schober et al. 

(Schober et al. 2018) with the modification of using sonication as mentioned 

above to lyse the cells. After cell disruption, intact cells and debris were 

removed by centrifugation at 500 xg. The supernatant containing mainly 

plastids and mitochondria was centrifuged at 2,000 xg to concentrate the 

plastids. The supernatant was discarded, and the pellet was resuspended 

in isolation buffer (0.5 M Sorbitol, 50 mM HEPES-KOH pH 8, 6 mM EDTA, 

5 mM MgCl2, 10 mM KCl, 1mM MnCl2, 1% polyvinylpyrrolidone, 0.5% BSA, 

and 0.1% L-cysteine). High quality plastids were isolated by applying the 

plastid-containing solution into a layered Percoll density gradient and 

centrifuged at 10,000 x g. Plastid were washed by resuspending them in 

washing buffer (0.5 M Sorbitol, 30 mM HEPES-KOH pH 8, 6 mM EDTA, 5 

mM MgCl2, 10 mM KCl, 1mM MnCl2, and 1% polyvinylpyrrolidone) and 

centrifugated at 4,000 xg. Proteins were extracted from the final plastid 

fraction by freeze and thaw (using liquid nitrogen), and resuspending on 

protein extraction buffer containing 10% glycerol, 5mM EDTA, 10 mM DTT, 

and 100 mM HEPES (pH 7.2).  

Western blot. 

Proteins were detected by western blot, loading 50 µg for soluble fraction. 

SDS-PAGE of 12% polyacrylamide. Regarding the washing and elution 

fractions, 25 µL of sample were loaded since the amount protein was either 

too low or protein quantification was not possible due to interaction with the 

reagents of the elution buffer. Also, a 3 µL of positive control for western 
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blot (purified GFP) were loaded in the gel. Protein transfer to a 0.2 μm PVDF 

membrane was done by semi-wet transfer at constant amperage of 1 A for 

30 min and maximum voltage of 25 V. The membrane was blocked using 

3% BSA in Tris-buffered saline, 0.1 % Tween 20 (TBST) solution for one 

hour at room temperature. Afterwards it was incubated overnight with anti-

GFP antibody (CLH106AP) purchased from Cedarlane (Ontario, Canada). 

Then, the membrane was washed using TBST and incubated for 1 h in a 

1:20,000 dilution in 5 % milk of Immun-Star Goat Anti-Mouse (GAM)-HRP 

conjugate from Bio-Rad (Ontario Canada). Three washes were done, and 

protein detection was performed using Clarity Max Western ECL Substrate-

Luminol solution from Bio-Rad. Chemiluminescence detection and Ponceau 

S stained (Glacial Acetic Acid 5 % v/v, Ponceau Red dye 0.1 % m/v) of the 

blots were visualized using ChemiDoc Imaging System with Image Lab™ 

Software (Bio-Rad). The molecular weights of the proteins corresponding to 

the detected bands were confirmed with protein markers (Precision Plus 

Protein Dual Color Standards). 
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Résumé 

La délivrance d'épisomes par conjugaison est une méthode très efficace 

utilisée pour transférer l'ADN dans la diatomée Phaeodactylum tricornutum, 

facilitant ainsi la production de protéines recombinantes et de métabolites 

de grande valeur. Cependant, des rapports précédents ont indiqué une 

hétérogénéité phénotypique entre les cellules individuelles des lignées 

cellulaires exconjugantes propagées par clonage, ce qui pourrait affecter la 

stabilité de la production de protéines recombinantes dans la diatomée. Ici, 

nous avons caractérisé les différences entre les sous-populations 

présentant des phénotypes d'intensité de fluorescence distincts dérivés 

d'une seule colonie exconjugante de P. tricornutum exprimant la protéine 

fluorescente verte améliorée (eGFP en anglais). Nous avons analysé 

l'intégrité de la séquence de la cassette d'expression, le nombre de copies 

du plasmide et l'expression globale du gène. Nos résultats révèlent que le 

faible nombre de copies et la suppression de la cassette d'expression dans 

une partie de la population ont contribué à la faible expression du 

transgène. L'analyse de la co-expression des gènes a permis d'identifier un 

ensemble de gènes ayant un profil d'expression similaire à celui de l'eGFP, 

y compris un gène codant pour une recombinase Flp putative, ce qui peut 

être lié aux variations de l'intensité de la fluorescence. Ces gènes se 

présentent donc comme des candidats potentiels pour augmenter la 

production de protéines recombinantes dans le système d'expression 

épisomal de P. tricornutum. Globalement, notre étude élucide les 

différences génétiques et transcriptomiques entre des sous-populations 

distinctes dans une culture à propagation clonale, et contribue à une 
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meilleure compréhension de l'hétérogénéité dans les systèmes 

d'expression des diatomées pour des applications de biologie synthétique. 

Mots-clés 

Diatomée, sous-populations hétérologues, cytométrie en flux, nombre de 

copies de plasmides, transcriptomique. 
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Abstract 

Background 

Conjugation-based episome delivery is a highly efficient method used to 

transfer DNA into the diatom Phaeodactylum tricornutum, facilitating the 

production of recombinant proteins and high-value metabolites. However, 

previous reports have indicated phenotypic heterogeneity among individual 

cells from clonally propagated exconjugant cell lines, potentially affecting 

the stability of recombinant protein production in the diatom.  

Results 

Here, we characterized the differences between subpopulations with 

distinct fluorescence intensity phenotypes derived from a single 

exconjugant colony of P. tricornutum expressing the enhanced green 

fluorescent protein (eGFP). We analyzed the expression cassette sequence 

integrity, plasmid copy number, and global gene expression. Our findings 

reveal that lower copy numbers and the deletion of the expression cassette 

in part of the population contributed to low transgene expression. Gene co-

expression analysis identified a set of genes with similar expression pattern 

to eGFP including a gene encoding a putative Flp recombinase, which may 

be related to variations in fluorescence intensity. These genes thus present 

themselves as potential candidates for increasing recombinant proteins 

production in P. tricornutum episomal expression system.  

Conclusions 

Overall, our study elucidates genetic and transcriptomic differences 

between distinct subpopulations in a clonally propagated culture, 

contributes to a better understanding of heterogeneity in diatom expression 

systems for synthetic biology applications. 
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Keywords 

Diatom, heterologous subpopulations, flow cytometry, plasmid copy 

number, transcriptomics. 

Background 

Diatoms’ robustness to grow at industrial-scale along with their capacity to 

produce specialized metabolites have attracted scientific interest for their 

use in biotechnology (Huang and Daboussi 2017; Sharma et al. 2021). 

Phaeodactylum tricornutum has been established as model organism 

because of its ease of cultivation and cryopreservation, as well as its ability 

to be reproducibly genetically transformed, characteristics that made it 

possible to unravel molecular mechanisms in diatoms (Russo et al. 2023). 

In addition, the availability of the complete and annotated genome assembly 

from telomere to telomere (Rastogi et al. 2018; Giguere et al. 2022) has 

positioned P. tricornutum as one of the leading photosynthetic eukaryotic 

chassis for metabolic engineering (Pampuch et al. 2022).  

Conjugation-based episome delivery is the most efficient method to 

transform diatoms (Karas et al. 2015). It has facilitated the characterization 

of new promoter elements (Windhagauer et al. 2021; Garza et al. 2023), the 

development of tunable and reversible dose- and time-dependent 

transcriptional systems (Kassaw et al. 2022), and the delivery of gene 

editing elements (Slattery et al. 2018; Gao et al. 2022; Taparia et al. 2022). 

For instance, P. tricornutum episomal expression system has been used to 

produce the receptor-binding domain of the SARS-CoV-2 spike protein 

(Slattery et al. 2022) and specialized metabolites of pharmaceutical interest, 

i.e., monoterpenoids (Fabris et al. 2020), cannabinoids (Fantino et al. 2024), 
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and cannabinoid precursors (Awwad et al. 2023). While episomal 

expression provides advantages over genomic integration, such as avoiding 

the disruption of essential genes by random integration of DNA and insertion 

position-specific expression effects on the transgenes (Diner et al. 2016), 

this system is still not fully characterized. Even though it is rarely 

characterized, the heterogeneity among the clonal bacterial population after 

DNA transfer is known to be an issue, raising doubts about this concept in 

other unicellular genetically engineered organisms (Tomoiaga et al. 2022). 

There have been few reports of P. tricornutum cells originated from a single 

exconjugant colony showing different phenotypes, generating 

inconsistencies when producing recombinant proteins. George et al. 

(George et al. 2020a) reported cell lines of episomal expression (EE) of 

mVenus with high mean fluorescent signal that seemed to be constituted of 

cells greatly different from each other, since the distribution profiles of 

fluorescence per cell within individual cell lines was diverse. Moreover, in a 

previous study we investigated episomal rearrangements in P. tricornutum 

exconjugants showing that individuals from a single colony are not identical 

in genetic material, but may harbor different versions of episomes (Diamond 

et al. 2023b). This raises several questions regarding the dynamics of 

episomal copy number and segregation across cells within a population.  

Therefore, the aim of our study was to characterize the population dynamics 

of individuals coming from a single exconjugant colony of P. tricornutum 

exhibiting different phenotypes grouped in subpopulations. For this 

purpose, we enriched by fluorescent activated cell sorting (FACS) three 

subpopulations of an EE cell line harboring the episome pDMi8 (Diamond 

et al. 2023b) with the enhanced green fluorescent protein (GFP) and 
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mCherry, with a broad fluorescent profile. These subpopulations differed in 

GFP and mCherry intensities and were characterized by sequencing of the 

transgene cassettes, RNA-sequencing, and plasmid copy number 

quantification.  

Material and methods  

Microbial Strains and Growth Conditions. 

Escherichia coli (Epi300, Epicenter) was grown in Luria Broth (LB) 

supplemented with appropriate antibiotics (gentamicin (20 mg L-1) alone or 

chloramphenicol (15 mg L-1) and gentamicin (20 mg L-1)). Phaeodactylum 

tricornutum (CCAP 1055/1, Culture Collection of Algae and Protozoa) was 

grown in modified L1 medium without silica (Diamond et al. 2023b) at 18 °C 

under cool white fluorescent lights (75 µE m−2 s−1) and a photoperiod of 16 

h light:8 h dark with an agitation of 130 rpm for liquid cultures.  

Transformation of P. tricornutum by bacterial conjugation from E. coli cells. 

GFP cell line was generated by introducing in P. tricornutum the plasmid 

pDMi8 which was previously constructed by Diamond et al. (2023). This 

plasmid contains the sh ble gene that confers resistance to zeocin, with the 

backbone of pPtGE30 harboring the CAH region (CEN6-ARSH4-HIS3) and 

an expression cassette containing the 40SRPS8 (40S ribosomal protein S8) 

promoter, a coding sequence composed of eGFP linked to mCherry by the 

T2A self-cleaving peptide, and the FcpA terminator. The empty vector cell 

line was generated as described by Fantino et al. with a plasmid harboring 

no expression cassette besides sh ble [16]. Episomes were transformed 

into wild type P. tricornutum by bacterial conjugation as previously 
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described (Diamond et al. 2023b). Briefly, 250 µL of P. tricornutum culture, 

concentration of 1.0 × 108 cells mL-1, were plated in ½L1 agar plates and 

grown under the conditions mentioned above for 4 days. Prior to 

transformation, cells were harvested by scraping the plates and adding 1 

mL of L1 media, cell concentration was then adjusted to 5.0 × 108 cells mL-

1. A culture of 25 mL of E. coli EPI300 pTA-MOB containing either the empty 

vector or pDMi8 plasmids was grown at 37°C and 220 rpm until reaching an 

OD600 of 0.7, then centrifuged at 3000 g for 10 min and resuspended in 250 

µL of SOC media. To initiate the conjugation, 200 µL of P. tricornutum cells 

were mixed with 200 µL E. coli cells, plated in ½L1 5% LB agar plates, and 

incubated at 30°C for two hours in the dark. After conjugation, plates were 

kept at standard growth conditions for P. tricornutum for the recovery period 

of 2 days. Cells were collected by scraping with 1 mL of L1 media and plated 

in selective ½L1 agar plates with zeocin 50 µg mL-1. Colonies appeared 

after 10 to 14 days of growth at 18°C and photoperiod of 16 h light:8 h dark.  

Four colonies were randomly picked for starting 200 µL liquid cultures in 96-

well microplate and were analyzed by flow cytometry after six weeks of 

subculturing (Fig. S3.1). Clone 2 was chosen for 25 mL culture and was 

kept for a year with frequent subculturing (once every 14 days) before 

sorting.  

Doubling times were calculated in the enriched cultures using the following 

equation:  

𝑡𝑡𝑑𝑑 = 𝐿𝐿𝐿𝐿 2

𝐿𝐿𝐿𝐿(𝑁𝑁1 𝑁𝑁0)�
 where N1 is the number of cells at t1 and N0 is the number of 

cells at t0. 
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Flow cytometry and fluorescence-activated cell sorting (FACS)  

The BD FACSMelody (BD Biosciences, La Jolla, CA, USA) equipped with 

blue (488 nm), red (640 nm) and violet (405 nm) lasers was used to sort P. 

tricornutum transformed transconjugants according to eGFP production as 

described by Diamond et al. (Diamond et al. 2023b). GFP and empty vector 

cell lines were grown in semicontinuous batch culture for two weeks. P. 

tricornutum cultures were filtered with Falcon™ Cell Strainers (Fisher 

Scientific, USA) prior to sorting. Events were acquired at a fixed flow rate 

and at least 10,000 events were analyzed. Cells were gated according to 

FSC-A (forward scatter area) and SSC-A (side scatter area) parameters and 

doublets were excluded according to further gating on homogeneous FSC-

H (height) vs. FSC-W (width) and SSC-H vs. SSC-W populations. 

Chloroplast autofluorescence was gated in the PerCP channel (700/54 nm, 

665 LP). Cells with non-specific autofluorescence detected in the PB450 

channel (448/45 nm filter mirror) were excluded from sorting by gating on 

PB450- events. eGFP was further analyzed on the 527/32 nm band-pass 

filter channel. Sorting was set on purity parameter. Sorted cells were 

collected in 5 mL round bottom tubes containing 250 µL of L1 media with 

ampicillin (100 µg mL-1) and zeocin (50 µg mL-1). Cells were centrifuged for 

10 min at 1,500 g, supernatant was removed to avoid toxicity from the FACS 

sheath fluid, and fresh L1 media with antibiotics was added. Cultures were 

grown for two weeks and used as inoculum for 50 mL semicontinuous batch 

cultures kept in early exponential phase (OD730 ~ 0.6) for 7 days by 

subculturing.  

Fluorescence intensity per cell was quantified before and after sorting using 

a CytoFLEX S flow cytometer (Beckman Coulter Life Sciences) equipped 
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with violet (405 nm), blue (488 nm), yellow-green (561 nm) and red (638 

nm) lasers. Chlorophyll autofluorescence was detected in the PerCP 

channel (690/50 nm), while GFP fluorescence was detected in the FITC 

channel (525/40 nm). mCherry fluorescence was detected in the ECD 

channel (610/20 nm). Since we observed a Pearson’s correlation coefficient 

of ~0.92 between GFP and mCherry mean fluorescence intensities (MFI) of 

the non-sorted cultures (p=0.0002; Fig. S3.2), all analyses are only 

presented based on GFP intensity. 

Data analysis was conducted with BD FlowJo version 10 software (BD 

Biosciences, La Jolla, CA, USA, 2020) and python 3.11.2 using 

FlowCytometryTools package (v. 0.5.1) (Yurtsev and Friedman 2015). 

GMM-based clustering was done by scikit learn package (v. 1.5.1) setting 

the number of components to three and covariance type as “full” (Pedregosa 

et al. 2011). Violin and scatter plots were designed with the package 

matplotlib (v. 3.8.0) (Hunter 2007).  

Episome DNA isolation and sequencing. 

Episome isolation from P. tricornutum was conducted as described in 

Diamond et al. (Diamond et al. 2023b), using Large Plasmid Mini Kit 

(Geneaid Biotech Ltd., Taiwan), with approximately 9 x 107 cells of P. 

tricornutum. Expression cassettes were amplified by PRIMESTAR GXL 

(Takara Bio) using the primer pair pPtGE30 Bb F and pPtGE30 Bb R (Table 

S3.1). The integrity of the episomes was verified by Sanger sequencing 

(Génome Québec).  
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DNA extraction and copy number quantification. 

To quantify the plasmid copy number (PCN) in each subpopulations, DNA 

was extracted according to Filloramo et al. (2021). Briefly, cell pellets were 

resuspended in SDS lysis buffer (200 Mm Tris-HCl Ph 8, 250 Mm NaCl, 

25 Mm EGTA, 0.5% w/v SDS) and lysed through 10 cycles of freeze and 

thaw. Proteinase K was added to the lysed cells and samples were 

incubated at 50 °C for 60 min. RNA contamination was removed by 

incubating the samples at 37°C for 30 min with RNase I, then DNA was 

extracted by adding phenol:chloroform:isoamyl alcohol (25:24:1) and 

recovering the aqueous phase by centrifugation. Subsequently, 

chloroform:isoamyl alcohol (24:1) was added and the aqueous phase was 

recovered again by centrifugation. DNA was precipitated with room 

temperature 100% isopropanol and washed using 70% ethanol. Pellets 

were dried in a SpeedVac Concentrator SPD1010 (Thermo Scientific, USA) 

and resuspended in 50μl of nuclease free water. DNA was quantified using 

the Nanophotometer (IMPLEN).  

PCN was quantified by qPCR using the Luna Universal Master Mix (New 

England Biolabs) according to the manufacturer’s protocol. PCN relative 

quantification was performed according to Lee at al. (Lee et al. 2006) using 

as reference gene Ribulose-1,5-bisphosphate carboxylase/oxygenase 

small subunit N-methyltransferase I (Phatr3_J46871). Primers pairs binding 

in the sh ble cassette were validated using a standard curve with pDMi8 

DNA (Fig. S3.3). All primers used in the qPCR are listed in supplementary 

table 1. 

 

RNA extraction and sequencing 
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For RNA extraction, three replicates of each subpopulation were used, 

including a negative control, containing only the antibiotic resistance gene 

(sh ble), which went through the same process of sorting and culture. RNA 

was extracted using NucleoSpin RNA Plus XS (TAKARA) with minor 

modifications from the manufacturer’s protocol as follows. Briefly, the 

volume of lysis buffer 1 and 2 was tripled and then split into three columns 

to avoid clumping the columns. After removing genomic DNA (gDNA), the 

technical replicates from the same biological replicates were pooled 

together and divided into two RNA isolation columns. RNA was eluted using 

30 µL of nuclease free water and the remaining DNA was removed by using 

Turbo DNase (Invitrogen) with the manufacturer’s protocol. The RNA 

integrity and the absence of gDNA was verified by migrating 200 ng of RNA 

per sample in an agarose gel. Samples were sequenced at the Centre 

d’expertise et de services Génome Québec using Illumina NovaSeq PE 

100bp 25M reads with a poly-A enriched library.  

Bioinformatic analyses 

To analyze the transcriptome sequencing results, first adapters were 

trimmed and the reads were filtered according to quality, amount of uncalled 

(N) bases, and length using fastp (v0.23.4) with the default parameters 

(Chen et al. 2018). Good quality reads were mapped using HISAT2 (v 2.2.1) 

(Zhang et al. 2021) to the latest version of the genome of Phaeodactylum 

tricornutum (Phatr3) (Rastogi et al. 2018) downloaded from Ensembl 

Protists (Kinsella et al. 2011) and modified adding the transgenes 

FcpC::shble::fcpC and 40SRP8::eGFP:T2A:mCherry::fcpA. The alignments 
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files were sorted and indexed using samtools (v 1.17) (Li et al. 2009). 

Posterior analyses were carried in R (v 4.3.1) (R Core Team 2023).  

Read counts were used to calculate the transcript expression levels in 

transcripts per million (TPM) and genes with expression lower than the 

minimum expression level, calculated with the function DAFS from 

CustomSelection R package (v 1.1) (Dos Santos et al. 2021), were excluded 

from further analysis. Raw read counts of retained genes were then used 

for differential expression analysis using DESeq2 (v 1.40.2), using the 

default parameters, comparing each subpopulation against the sh ble 

sample. Genes with |log2 fold change| > 2 and adjusted p-value < 0.05 were 

considered as deregulated.  

InterPro protein families annotation was extracted from Ensembl Protists 

(Kinsella et al. 2011) and used to identified enriched protein families in the 

deregulated genes using clusterProfiler (v. 4.8.3) (Wu et al. 2021). Results 

of different subpopulations were compared visually with Venn diagrams 

using ggvenn (v. 0.1.10) (Linlin 2023).  

Gene co-expression analysis, without bait genes, was done to highlight 

specific expression patterns following the workflow from Li et al. (Li et al. 

2023) powered by tidyverse (v2.0.0) (Wickham et al. 2019) and igraph 

(v2.0.2) (Csárdi et al. 2024) packages. The three biological replicates TPMs 

were averaged for each subpopulation, and the expression pattern was 

standardized by z-score. The genes with the highest variance were selected 

to perform gene-wise correlation, and only the statistically significant 

correlations with r > 0.7 (edges) were selected. Groups of highly correlated 

genes were clustered using the Leiden algorithm with a resolution of 2.5 to 
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detect the modules. Nested co-expression analysis was done by reducing 

the universe of genes to the ones previously grouped in the selected 

modules and repeating the analysis pipeline. 

Results 

Subpopulations of a heterogenic episomal expression cell line were 

efficiently enriched using Fluorescence Activated Cell Sorting (FACS). 

We transformed wild type P. tricornutum by bacterial conjugation, with a 

construction composed of the 40SRPS8 promoter, the eGFP linked by the 

sequence encoding for the self-cleavable peptide T2A to mCherry with the 

FcpA terminator. The empty vector strain (EV), which only had the sh ble 

cassette, served as a negative control for gating to exclude cells that were 

not fluorescent (GFP-) having a background of GFP positive cells (cells 

outside of the gate GFP negative with higher values of GFP intensity) of 

less than 1%. A cell line episomally expressing eGFP isolated from a single 

colony was phenotypically characterized by flow cytometry (Fig. 3.3.1a) 

showing a broad distribution of fluorescence per cell, with GFP intensity 

grouping in three subpopulations identified as different components by 

Gaussian mixture model (GMM) based clustering (Fig. 3.3.1b).  

To gate the positive subpopulations, named GFP+ and GFP++, we used the 

naturally clustered distribution of the cells according to GFP intensity levels, 

background: GFP-, medium: GFP+, and high: GFP++. These three 

subpopulations differed in mean fluorescence intensity (subtracting the 

background fluorescence from EV, ∆MFIGFP) with a p-value < 0.001 (Fig. 

3.3.1c). Clones contained a mixed population of 11.8-14.0% GFP-, 39.9-

42.4% of GFP+, and 44.6-48.6% of GFP++ cells (Fig. S3.4).  
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We proceeded to enrich the subpopulations in individual cultures by FACS, 

as shown in Fig. 3.3.1d and e. Three weeks following sorting, GFP+ sorted 

cultures were composed of 75-88.2% of cells gated in this subpopulation 

with a ∆MFIGFP ranging between 1659-2045 (Fig. S3.5). In the case of 

GFP++ sorted cells, the corresponding subpopulation represented 89-92% 

of the total population with an ∆MFIGFP of 4603-4972, while 99% of GFP- 

cultures remained GFP- with ∆MFIGFP of 4.3-28. The percentage of GFP++ 

subpopulations fluctuated between 5.35 to 18.2% in the GFP+ enriched 

cultures, while the ∆MFIGFP did not vary with the same magnitude. This 

variation in percentages of GFP+ cells can be attributed to the use of fixed 

gates to analyze flow cytometry data. After sorting, the distribution of the 

enriched cultures was more homogeneous (Fig. 3.3.1e) compared to the 

non-sorted culture. GFP- sorted cells were the purest subpopulation, while 

the GFP+ and GFP++ still contained around 5% of cells gated as GFP-. 

Sorting accuracy could have influenced the distribution of the phenotype in 

the enriched cultures. Alternatively, sorted cells may revert to the non-sorted 

culture phenotype after several generations, or there may be dynamic 

fluctuations in GFP levels in the subpopulations. Our results denote that 

populations with distinct GFP levels can be significantly enriched using this 

method. The loss of GFP fluorescence was observed to occur more 

frequently than shifts between variation between the active GFP expressing 

states (GFP+ and GFP++) (Fig. 3.3.1e). This is intriguing considering the 

selective pressure for the persistence of the episome, containing both eGFP 

and sh ble, imposed by antibiotic addition in the culture media. Thus, we 

successfully isolated three populations with distinct levels of GFP 

fluorescence with stable heterogenous phenotypes from a single colony.  
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The stability of the GFP- subpopulation could be due to differences in 

sequence. 

To assess whether the differences in fluorescence were due to changes in 

gene sequence, we extracted the episomes from sorted cultures and 

amplified the expression cassettes. Amplification by PCR yielded a single 

band for GFP+ enriched cultures and non-sorted GFP cell line, while for 

GFP- there were one faint band at the expected size of around 4kb and a 

lower band of 3.3 kb (Fig. S3.6).  

Sequencing of the episomal expression cassettes showed that both GFP+ 

and GFP++ enriched cultures had identical sequences to the non-sorted 

culture (Fig. 3.3.2), while GFP- 3.3kb sequence was the product of a 

deletion of 707 bp starting in eGFP which caused a frame shift of the T2A 

and mCherry sequences (Fig. S3.7). This is consistent with the GFP- 

phenotype and its persistence following culture after sorting. Interestingly 

the GFP- enriched culture also contained the 4kb band corresponding to the 

full construct. However, we were not able to characterize this sequence due 

to insufficient amount of amplified fragment and the small difference in 

molecular weight causing co-purification of the shorter sequence presenting 

the deletion. The presence of a sequence with the expected length despite 

having no more GFP positive cells than the EV strain (<1%), suggested that 

some episomes with the intact cassette did not produce the protein.  

Taken together these results indicate that the GFP- phenotype was partially 

caused by a deletion and frame shift in the expression cassette, while 

differences in fluorescence intensity in GFP+ were not due to modifications 

in the sequence. This led us to investigate other factors that could be 

responsible for the changes in phenotype.  
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Plasmid copy number differs between GFP++ and GFP-. 

To test whether the differences in GFP fluorescence intensity were due to 

differences in the number of copies of the episome in each subpopulation, 

we quantified the plasmid copy number (PCN) of the enriched cultures by 

qPCR. Relative PCN was significantly different between GFP++ compared 

GFP+ and GFP- enriched cultures (Table 3. 1). GFP++ had an average of 1.8 

copies of plasmid, which was twice the amount found in GFP- (0.83) and 

GFP+ (0.89). The average PCN in the GFP+ subpopulation was not 

statistically different from GFP-. Thus, asymmetrical segregation of 

episomes during mitosis is an additional mechanism that could explain the 

presence of cells with low fluorescence (GFP-) or medium fluorescence 

(GFP+) and cells that are highly fluorescent (GFP++) in the same sample.  

In addition, we assessed if the double copy number and the production of 

the expression of eGFP imposed a burden by reducing the growth rate by 

calculating the doubling times of each enriched culture and comparing it to 

the EV strain (Table 3. 2). GFP++ enriched cultures had a significantly 

higher doubling time (p value < 0.05) than the EV strain. However, GFP- 

and GFP+ enriched cultures doubling times were not significantly different.  

eGFP is selectively expressed at higher level in GFP positive 

subpopulations. 

To further characterize the enriched cultures, we analyzed differences in 

gene expression between the transcriptomes of the subpopulation-enriched 

cultures compared to the EV strain. In total we identified 388 differentially 

expressed genes (Fig. S3.8), among them only a few showed an increase 

in expression in specific subpopulations, namely 20, 12 and 20 genes were 
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up-regulated in GFP-, GFP+, and GFP++, respectively. We detected 246, 241 

and 226 genes that were down-regulated in GFP-, GFP+ and GFP++ 

subpopulations, respectively, which represented almost 2% of the 

expressed genes in P. tricornutum in our study (11, 734 expressed genes 

in total).  

As expected, eGFP was up-regulated in all the subpopulations and the log2 

fold-change varied between the three subpopulation-enriched cultures. The 

eGFP expression, measured in transcript per million (TPM), correlated (ρ = 

0.85 and p-value < 0.001) with the fluorescence intensity observed in flow 

cytometry (Fig. 3.3). GFP- enriched cultures presented a lower abundance 

of eGFP transcripts compared to GFP+ populations, but a higher level 

compared to EV (eGFP absent), possibly coming from the intact expression 

cassette. GFP+ and GFP++ subpopulations showed higher expression of 

eGFP than GFP- and EV. However, the difference between GFP+ and 

GFP++ was not statistically significant.  

Differences at transcriptomic level highlight enriched protein families.  

Out of the 388 deregulated genes, 176 were annotated with gene ontology 

(GO) terms, 226 with InterPro protein families, and 382 with functional 

domains. Because so few GO annotations were possible, we focused on 

the InterPro and functional domain annotation rather than on GO terms for 

posterior analyses. Deregulated genes with their respective annotations are 

presented in Data1. We identified over-represented protein families among 

the down- and up-regulated genes compared to the EV strain in the 

enriched cultures as follows. Six protein families were over-represented 

across the down-regulated genes of the three enriched cultures, including 
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integrase, histone H2A/H2B/H3, chromo-like domain, the ribonuclease H 

superfamily, SWIM type zinc fingers, and reverse transcriptase (Fig. 3.4). 

Histone fold and HSP20-like chaperons were over-represented in the 

downregulated genes exclusively in the GFP++ subpopulation. In the case 

of the GFP+ subpopulation, the enoylreductase domain of polyketide 

synthase was the only over-represented protein family. The genes 

belonging to this family were annotated as alcohol dehydrogenases. Finally, 

DNA/RNA polymerase superfamily were mostly downregulated in the GFP- 

culture, the genes Phatr3_J50124 and Phatr3_J52678 are associated to 

DNA repair processes and annotated with an exonuclease DNA polymerase 

family B domain, RNase H superfamily, and C-4 type zinc fingers.  

Among the up-regulated genes, there were between 10 and 20 genes 

annotated with InterPro protein families per subpopulation. Therefore, 

protein families with a single gene annotated in a gene set were identified 

as enriched (Data S2). These protein families were mostly enriched in 

specific subpopulations. A single family, ribonuclease H superfamily, 

enriched for the presence of a single gene (Phatr3_EG0075), was identified 

in the three subcultures. The only protein family shared between GFP+ and 

GFP++ subpopulations was the alpha/beta hydrolase fold superfamily. 

However, a single gene per subpopulation was identified: Phatr3_EG00439 

in GFP++ and Phatr3_J45633 in GFP+. While Phatr3_EG00439 functional 

domain annotation also describes it as an acetyl xylan esterase, 

Phatr3_J45633 annotation is limited to the protein family level.  

Coordinated expression patterns reveal candidate genes to increase 

recombinant protein expression in P. tricornutum. 
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Gene co-expression analysis was used to identify patterns of expression 

that could reveal factors involved in the mechanism behind distinct 

fluorescent phenotypes. Out of 11,734 expressed genes that we identified 

in our analysis, 3,908 were identified as highly interconnected and grouped 

in modules based on their expression patterns in each subpopulation (Fig. 

3.5a). We detected 699 genes co-expressed with eGFP (module 4) which 

may be related to the difference in phenotype, as well as 882 genes highly 

expressed in GFP++ (module 1), 10 genes with a peak of expression in GFP+ 

(module 73), and 327 in GFP- subpopulation (module 5). To break down 

expression patterns increasing the resolution between genes grouped in the 

same modules, we performed nested co-expression analysis using modules 

1, 4, and 5 (Fig. 3.5b-d). We selected these modules since module 4 

showed differential co-expression between GFP positive and GFP negative 

cells, and eGFP was identified among these genes, and modules 1 and 5 

because they included genes with higher expression in GFP++ and GFP-, 

respectively. Module 73 was not used in for this analysis because it was 

composed of only 10 genes (Table S3.2).  

Nested analyses allow us to identify candidate genes correlated with the 

difference in phenotype of the subpopulations. In module 1, we found 

protein families related to gene expression, including winged helix DNA-

binding domain superfamily, heat-shock transcription factor, and peptidase 

S8 like proteases (Data S3). By nesting the analysis from module 4 (Data 

S4), we found genes co-expressed with eGFP in module 4.1 (Table 3. 3), 

including Phatr3_J4423 annotated as histone deacetylase domain protein 

family. Additionally, we discovered that genes involved in fitness, ribosome 

biogenesis, plasmid mobilization and protein folding shared the same 
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expression pattern. Among them, there were two genes upregulated in 

GFP++ enriched culture, encoding for maintenance of telomere capping 

protein 1 (Phatr3_J45944) and DnaJ domain containing protein 

(Phatr3_J15138). Other genes that were in the same cluster, but not 

significantly up-regulated in the GFP++ culture, were the MbeD/MobD like 

protein (Phatr3_J48608), and the SAM-dependent RNA methyltransferase 

(Phatr3_J34157). Also, in module 4.1, we found a predicted 

recombinase Flp protein (Phatr3_J36840) showing increased expression in 

GFP+ enriched cultures (log2 fold change > 1). In addition, Phatr3_J7801, a 

gene that encodes for a predicted nuclear transcription factor Y, gamma 

and belongs to the protein families Histone H2A/H2B/H3 and Histone fold, 

was found among the genes highly expressed in both GFP+ and GFP++ 

(module 4.3). Finally, in module 5 (Data S5), consisting of genes highly 

expressed only in the the GFP- subpopulation, we found a gene annotated 

as glyoxalase/bleomycin resistance protein/dihydroxybiphenyl 

dioxygenase.  

Discussion 

Recently, the heterogeneity of clonally propagated cultures after 

transformation has been addressed in bacteria (Tomoiaga et al. 2022). 

Here, we showed that DNA and RNA content differs between P. tricornutum 

cells in a clonally propagated culture, giving rise to phenotypically distinct 

subpopulations. We enriched cultures in individual subpopulations with 

different GFP intensities to investigate the mechanisms of difference among 

cells from the same EE cell line. Our enriched GFP positive subpopulation 

cultures exhibited a percentage of cells outside of their gate, which can be 
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due to sorted cells reverting to their original phenotype after several 

generations. Suggesting that growing the sorted cultures for a longer time 

lapse could potentially yield similar phenotype to the unsorted culture. In 

this regard, George et al. compared the distribution of a P. tricornutum EE 

line expressing mVenus, before and six months after sorting and did not 

observe an enrichment of phenotypic populations using cell sorting (George 

et al. 2020a). The percentage of non-fluorescent cells (GFP-) in both GFP+ 

and GFP++ enriched cultures was around 5%, even though GFP++ carries 

double amount of the episome. This percentage of GFP- cells may represent 

cells that downregulated the protein production, which have been described 

in previous studies (Diamond et al. 2023b; Faessler 2024; Fantino et al. 

2024). The findings suggest that factors other than copy number, such as 

transcriptional regulation, episome instability, or post-transcriptional 

silencing, could be responsible for this shutdown. 

Recombination events in P. tricornutum are known to accumulate over time 

to increase variability in diatom clonal population during mitosis (Bulankova 

et al. 2021). An increase in the number of haplotypes was detected by 

Bulankova et al. (2021) over a period of six months from cultures coming 

from a single founder cell of the diatom. Although the recombination was 

observed between homologous chromosomes, double-strand breaks 

(DSBs) occurring before the S phase are believed to be the cause of mitotic 

recombination in other unicellular organisms (LaFave and Sekelsky 2009). 

Since DSBs could also occur in episomal DNA, mitotic recombination could 

cause episome rearrangements explaining the deletion harbored by part of 

the GFP- subpopulation, which was not detected in the unsorted culture. 

Mechanism of DNA repair by microhomology end joining (MHEJ) requires 
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the presence of small (2-70 bp) identical sequences at the junction of the 

deletion (Ottaviani et al. 2014). Sequence analysis revealed three identical 

nucleotides (GGA) at each extremity of the deletion, however only the two 

guanines were conserved after the repair (Fig. S3.7). MHEJ has not been 

characterized in the diatom, however, Matsui et al. used this mechanism in 

P. tricornutum to repair DSB induced by CRISPR-Cas9 (Matsui et al. 2024). 

Further characterization of MHEJ mechanism in the diatom is needed. The 

truncated plasmid may have been present before sorting at a very low 

abundance, as most cells were GFP positive, with the deletion occurring 

during the diatoms cell division. Interestingly, part of GFP- subpopulation 

may harbor an intact expression cassette, suggesting that episomes with 

the intact cassette did not produce the protein, as we previously reported 

[21]. Alternatively, there could be mutations causing a frame shift or 

truncated versions of GFP which would not emit fluorescence that we were 

unable to identify due to the low abundance of the 4kb sequence after 

amplification.  

While based on the literature, big deletions are not common in episomes, 

rearrangements have been reported by Diamond et al. (Diamond et al. 

2023b). High strength of the promoter and plasmid copy number have been 

associated with the activation of multiple stress responses in the host cell, 

decreasing the growth rate, impairing protein production, and promoting 

genetic instability (Snoeck et al. 2024). Therefore, we assessed doubling 

time of the enriched cultures, and detected that GFP++ enriched cultures 

had significantly higher doubling times compared to the EV strain (Table 3. 

2). This suggests a metabolic burden caused by producing a higher amount 

of eGFP. Since the GFP+ cultures had similar doubling time to the EV strain 
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we cannot hypothesize that the strength of the 40SRPS8 promoter forced 

mutations to occur. Nevertheless, Diamond and colleagues showed 

instability in episomes in P. tricornutum where the expression of the gene 

of interest was driven by the same promoter sequence (Diamond et al. 

2023b). 

It has been reported that the T2A self-cleavable peptide efficiency is not 

100% in P. tricornutum, which could lead to subpopulations with varying 

proportions of free eGFP (Slattery et al. 2018; Baiden et al. 2023; Diamond 

et al. 2023b). The self-cleavage mechanism is known to involve ribosome 

skipping, with the possibility of ribosome fall-off and discontinued translation 

after both successful and unsuccessful skipping events (Liu et al. 2017). In 

this study, we did not analyze the efficiency of T2A cleavage as potential 

factor contributing to the clustering of three distinct subpopulations. A 

difference in T2A cleavage efficiency would be expected to affect mCherry 

fluorescence differently than eGFP, but this was not observed. In addition, 

the GFP cell lines were maintained in suspension culture for a year, during 

which mutation events likely gave rise to phenotypic subpopulations varying 

in PCN and sequence.  

In addition, GFP- and GFP+ subpopulations contained two-fold less plasmid 

copy number compared to GFP++ subpopulation, indicating that alterations 

in episome replication or asymmetric segregation of the episomes during 

mitosis could contribute to phenotypic differences. Our results of average 

PCN are relative to a single copy gene from P. tricornutum, which is a diploid 

organism, thus having a PCN equal to one represents two copies of plasmid 

per cell. A PCN of less than one in GFP- and GFP+ subpopulations may be 

due to asymmetric segregation causing part of the subpopulation to have 
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only one copy per cell. Segregation of episomes has not been yet 

characterized in P. tricornutum. However, plasmid maintenance and 

distribution mechanisms have been described for other model organisms 

used to produce recombinant proteins and metabolites, such as E. coli and 

Saccharomyces cerevisiae, the latest being more likely to mirror the 

diatom’s mechanisms because of their eukaryotic nature. In bacteria 

plasmid segregation may occur by different mechanisms, low copy number 

plasmids transfer to daughter cells by partitioning systems, high copy 

number plasmids by random segregation, and post-segregational killing 

eliminates plasmid-free progeny (Million-Weaver and Camps 2014). Yeast 

episomal plasmids, such as the 2-micron, segregate by chromosome 

“hitchhiking”: localizing at the telomeres of sister chromatids during mitosis 

to utilize spindle forces and localize to opposite cell poles (Sau et al. 2019). 

In S. cerevisiae, centromeric plasmids containing centromeric (CEN) 

sequence and autonomously replicating sequence (ARS) elements 

segregate using chromosome machinery (Gnügge and Rudolf 2017). 

Centromeric plasmid copy number can vary in a population, averaging one 

copy per haploid genome (Tschumper and Carbon 1983). The variation 

primarily results from asymmetric plasmid segregation and, less frequently, 

plasmid replication failure. Although the pDMi8 plasmid used in this study 

harbors centromeric and autonomous replicating sequences (CEN6-

ARSH8) from yeast, little is known about how these sequences function in 

P. tricornutum. It has been reported that the CEN6-ARSH4-HIS3 region of 

the episome associates to the centromeric histone 3 variant in P. 

tricornutum (Diner et al. 2017). This suggests that foreign DNA sequences 

can recruit native diatom machinery for DNA replication and episome 
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maintenance. If centromeric plasmid pDMi8 copy number dynamics are 

similar to yeast (Tschumper and Carbon 1983; Karas et al. 2015), we could 

hypothesize that GFP+ was the original population (PCN ~ 1) after 

conjugation, and that mutation events caused aberrations in copy number 

gave rise to the GFP- and GFP++ subpopulations. Studies are needed to test 

this hypothesis using different cell lines to characterize the frequency of this 

event. Additionally, identifying the mechanisms of plasmid segregation in P. 

tricornutum could expand the synthetic biology toolkit to control gene 

expression by creating tunable plasmid copy number systems, as 

developed for E. coli (Rouches et al. 2022).  

Transcriptomic analysis revealed that only a small proportion (3%) of the 

total number of genes were deregulated across the three subpopulations. 

While the expression levels of sh ble did not vary between samples, eGFP 

expression levels were higher in GFP+ and GFP++ subpopulations 

compared to GFP- and EV (Fig. 3.3.2). This discrepancy is likely due to the 

sample point being selected based on GFP phenotype during the early 

exponential phase. Since the expression of sh ble gene is driven by a 

different promoter than eGFP, its expression may differ at other stages of 

the culture. Additionally, FcpC promoter (sh ble) is known to have a lower 

relative expression compared to 40SRPS8 (eGFP) [11].  

Among the over-represented protein families (Fig. 3.4) shared between the 

down-regulated genes of the three enriched cultures, those associated with 

integrase, chromo-like domain, ribonuclease H superfamily, SWIM type zinc 

fingers and reverse transcriptase are linked to transposon elements 

(Novikova 2009; Liu and Wessler 2017). Moreover, HSP20-like chaperones 

were enriched in GFP++ down-regulated genes. These chaperones 
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accumulate in P. tricornutum under stressful culture conditions, such as 

nitrogen depletion or activation of stress response pathways mediated by 

the signaling nucleotides guanosine penta‐ and tetraphosphate ((p)ppGpp) 

(Longworth et al. 2016; Avilan et al. 2021). However, down-regulation of 

these chaperones has not been linked to a specific condition in P. 

tricornutum. The DNA/RNA polymerase superfamily, associated to DNA 

repair processes, was over-represented in downregulated genes in the 

GFP- enriched culture. Thus, down-regulation of these genes could be 

related to the mutated expression cassette in GFP- enriched cultures. 

Co-expression analysis identified genes with expression patterns similar to 

that of eGFP, potentially related to the high intensity fluorescent phenotype. 

Two genes were upregulated in GFP++ enriched culture: one annotated as 

‘’maintenance of telomere capping protein 1’’ and another as ‘’DnaJ domain 

containing protein’’. The former has been shown to increase fitness in 

telomere capping (Cdc13) protein yeast mutants (Addinall et al. 2008), while 

the latter is known to play a role in bacteria, yeast and mammals in protein 

translation, folding, translocation, and degradation by stimulating the 

ATPase activity of chaperone proteins (Qiu et al. 2006). A MbeD/MobD-like 

protein encoding gene clustered with eGFP but was not significantly up-

regulated in GFP++ subpopulations. This protein is involved in entry 

exclusion mechanism of the ColE1 plasmid family during plasmid transfer 

through conjugation in Citrobacter, decreasing plasmid transmissibility 

(Zharikova et al. 2018). Also in this cluster was the SAM-

dependent RNA methyltransferase, involved in rRNA methylation during 

ribosome biogenesis in humans (Shen et al. 2020). A predicted 

recombinase Flp protein, responsible for plasmid amplification and 
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preventing copy number drop of the 2-micron plasmid in yeast (Sau et al. 

2015), was co-expressed with eGFP. Plasmid amplification in S. cerevisiae 

is triggered by a Flp-mediated recombination event during bi-directional 

replication, reconfiguring the replication mode into double uni-directional 

forks that produce plasmid copies in tandem (Ma et al. 2019). To restore the 

replication fork movement and complete amplification, a second 

recombination event is needed, with the plasmid separating into monomers 

by either Flp-mediated or homologous recombination (Ma et al. 2019). It 

remains unclear if Flp overexpression could be related to the higher copy 

number found in GFP++, since pDMi8 does not contain the recombination 

elements of the yeast 2-micron plasmid. Further investigation is needed to 

determine whether Flp overexpression in P. tricornutum could increase 

episome copy number as well as to characterize the recombinase 

recognition sites and its transcriptional regulators. Additionally, episomal 

constructs and CRISPR-Cas technologies could be used to overexpress or 

knock-out the gene annotated as Flp recombinase in P. tricornutum cell 

lines to analyze its impact on plasmid copy number.  

Finally, for genes highly expressed only in the GFP- subpopulation, we 

identified a gene annotated as “glyoxalase/bleomycin resistance 

protein/dihydroxybiphenyl dioxygenase”. This gene could be related to 

resistance to zeocin, since it is a member of the pleomycin/bleomycin 

antibiotic family (Buck et al. 2018), potentially compensating for lower copy 

number of sh ble in GFP- compared to GFP++ subpopulations. 

Taken together, these results highlight candidate genes for enhancing 

recombinant proteins production in P. tricornutum episomal expression 

system. The speculative mechanisms based on these observations are 
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shown in Fig. 3.6. This study contributes to diatom synthetic biology by 

elucidating genetic differences between cells in clonally propagated cultures 

and linking to phenotype. A more in-depth characterization of plasmid 

dynamics in P. tricornutum is needed to manipulate and expand the genetic 

toolbox of this model organism. 
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Tables 

Table 3. 1. Plasmid copy number (PCN) of subpopulations is significantly 

different. For normalization we used the EV strain’s single copy gene of the 

ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit N-

methyltransferase I and the sh ble gene. Statistical comparisons were made 

using one-way ANOVA and Tukey post-hoc test. Letters denote statistically 

significant differences between samples with p value < 0.001. 

Sample PCN* 

2.04-∆∆Ct 

GFP -  0.83 ± 0.038a 

GFP + 0.89 ± 0.066a 

GFP ++ 1.80 ± 0.147b 

* Average ± S.D. (n = 3) 
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Table 3. 2. Doubling time of enriched cultures is only significantly higher in 

GFP++. * denote statistically significant differences between samples with p 

value < 0.05 by Student’s t-test. Doubling times are presented in as average 

± S.D. (n = 3) 

  

Sample Doubling time (h) 

EV 27.74 ± 4.97 

GFP -  33.71 ± 2.65 

GFP + 27.67 ± 1.07 

GFP ++ 39.58 ± 4.93*  
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Table 3. 3. Complete list of genes following similar expression pattern with 

eGFP clustered in module 4.1. 

Gene ID Functional domain 

EPrPhatr3G00000013123 NA 

Phatr3_EG00208 Exostosin family; 

Phatr3_EG00439 Acetyl xylan esterase (AXE1); 

Phatr3_EG00504 Fibrinogen binding protein; 

Phatr3_EG01949 Putative glutamine amidotransferase

; 

Phatr3_EG01955 Carboxyl transferase domain; Biotin-

requiring enzyme; Carbamoyl-

phosphate synthase L chain, ATP bi

nding domain;Biotin carboxylase, N-

terminal domain; Acetyl-

CoA carboxylase, central region; 

Phatr3_EG01993 Endomembrane protein 70; 

Phatr3_EG02214 P-

loop containing dynein motor region 

D3; Radical SAM superfamily; 

AAA domain (dynein-

related subfamily); 

AAA domain (dynein-

related subfamily); 
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Phatr3_EG02258 GET complex subunit GET2; 

Steroid receptor RNA activator (SRA

1); 

Phatr3_EG02486 Protein of unknown function (DUF12

95); 

Phatr3_J14176 PQQ enzyme repeat;WD domain, G-

beta repeat;PQQ-like domain; 

Phatr3_J14327 NLI interacting factor-

like phosphatase; 

Phatr3_J15138 X-domain of DnaJ-containing; 

DnaJ domain; 

Phatr3_J19329 Carboxyl transferase domain; 

Phatr3_J228 haloacid dehalogenase-

like hydrolase; 

Cation transporting ATPase, C-

terminus; 

Cation transporter/ATPase, N-

terminus; 

Phatr3_J23658 Flavodoxin; 

Phatr3_J29658 Oxidoreductase FAD-

binding domain; 

Oxidoreductase NAD-

binding domain ; 

Phatr3_J29660 Oxidoreductase NAD-

binding domain; 
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Oxidoreductase FAD-

binding domain; 

Phatr3_J34157 SAM-

dependent RNA methyltransferase; 

Phatr3_J36840 Recombinase Flp protein; 

Phatr3_J37425 ZIP Zinc transporter; 

Phatr3_J39006 Haloacid dehalogenase-

like hydrolase; 

Phatr3_J39019 tRNA (Guanine-1)-

methyltransferase; 

Phatr3_J43348 GyrI-

like small molecule binding domain; 

Phatr3_J4423 Ankyrin repeat; 

Ankyrin repeats (many copies);Histo

ne deacetylase domain; 

Phatr3_J44262 Protein of unknown function (DUF36

19); 

Phatr3_J44680 THRAP3/BCLAF1 family; 

Phatr3_J45031 P-loop ATPase protein family; 

Phatr3_J45324 Transport protein Avl9; 

Phatr3_J45341 ST7 protein; 

Phatr3_J45944 Maintenance of telomere capping pr

otein 1; 

Phatr3_J46275 Fatty acid desaturase; 

Phatr3_J46345 Fibronectin type I domain; 
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  Phatr3_J47842 Glycosyl transferase 1 domain A; 

Phatr3_J48565 Protein of unknown function (DUF45

51); 

Phatr3_J48608 MbeD/MobD like; 

Phatr3_J49986 Low iron-

inducible periplasmic protein; 

Phatr3_J49991 Sulfotransferase domain; 

Phatr3_J50093 Domain of unknown function (DUF3

402); 

Phatr3_J50187 STAS domain; 

gfp_t2a_mcherry eGFP:T2A:mCherry 
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Figures 

 

Fig 3. 1. Subpopulations are efficiently enriched through cell sorting. 

(a) Violin plots of per cell GFP fluorescence intensity of exconjugants 

harboring eGFP (GFP 1-3) and empty vector (EV 1-3) analyzed by flow 

cytometry. (b) Scatter plot of GFP cell line (GFP 1) before sorting with three 

populations grouping separately in GMM-based clustering (GFP-, GFP+, 

and GFP++); ellipsoids indicate the confidence region for each cluster. (c) 

Box plot of the mean fluorescence intensity of eGFP subtracting the 

background fluorescence from the EV strain (∆MFIGFP) for each 
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subpopulation, letters denote distinct significance with a p-value < 0.001.(d) 

Scheme showing the sorting strategy (created with BioRender.com). (e) 

Violin plots after sorting in GFP- and GFP+ and GFP++. The median (n= 

10,000 cells) is indicated by a white dot. Fluorescence intensity is presented 

as a corrected measurement in arbitrary units (A.U.). 
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Fig 3. 2. Enriched GFP- subpopulation exhibits episome 

rearrangement. Schematic representation of expression cassettes 

sequenced from the pDMi8 before and after sorting. The 707 bp deletion 

causes a frame shift of the expression cassette. 
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Fig 3. 3. eGFP, but not sh ble, is expressed at higher level in GFP 

positive subpopulations. Dot plot showing differences in eGFP 

expression between sorted subpopulations measured in transcript per 

million (TPM). Statistically significant differences were calculated 

using Kruskal-Wallis and Dunn’s post-hoc test; * denotes p-value < 0.05. 
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Fig 3. 4. Most of the protein families enriched in the down-regulated 

genes are shared between the three subpopulations. Venn diagram 

representing the overlap between subpopulations of InterPro protein 

families enriched in down-regulated genes compared to empty vector strain 

(EV). Genes down-regulated correspond to log fold-change < -2 and an 

adjusted p-value < 0.05. 
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Fig 3. 5. Nested co-expression analysis highlights specific expression 

patterns in the subpopulations. Co-expression analysis of (a) all the 

highly correlated genes expressed in P. tricornutum enriched cultures, (b) 

genes from module 1, (c) genes from module 4, and (d) genes from module 

5. 
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Fig 3. 6. Speculative mechanisms of P. tricornutum cells in a clonally 

propagated culture creating differences in genetic content and gene 

expression. Schematic representation of the proposed mechanisms 

causing phenotypic subpopulation in a single culture: GFP- down-regulation 

of DNA repair proteins may lead to a partial loss due to mutation, differences 

in PCN could be caused by prevention of copy number drop with higher 

expression of Flp recombinase, GFP- may compensate lower copy number 

of sh ble by overexpressing a native protein conferring antibiotic resistance. 

Created with Biorender.com. 
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CHAPTER IV: DISCUSSION AND CONCLUSIONS 

Investigation of the long-term stability of transgene expression in 

microalgae is still needed since robustness, reproducibility, and reliability 

are required for large-scale production. Here, we maintained stable 

replication of plasmids and confirmed subcellular localization in the targeted 

compartment of P. tricornutum cells with low accumulation of VpVAN, which 

was under the detection limits of western blot. Flow cytometry analysis 

showed that even after enrichment by cell sorting, cells downregulated the 

production of recombinant protein. A possible explanation for low levels of 

recombinant VpVAN is that its production may be a metabolic burden for 

the cell, and it reduces its expression to avoid hampering growth. The 

impact on the host metabolism when producing a heterologous enzyme has 

been assessed in E. coli. Rajacharya and colleagues expressed the acyl-

ACP carrier protein reductase (AAR) of cyanobacteria in E. coli and used it 

as a reference recombinant protein (Rajacharya et al. 2024). They used a 

proteomic and metabolomic approach to gather insights into the dynamic 

response of the metabolism to produce recombinant AAR. They identified 

transcription as the primary factor contributing to metabolic burden with an 

effect of growth retardation (Rajacharya et al. 2024).  

The permissibility of P. tricornutum to acquire genes in the nucleus may 

require the diatom to downregulate their transcription or translation when 

they represent a burden. In our other study, we mentioned that the transcript 

levels between two distinct fluorescent populations (GFP++ and GFP+) with 

different plasmid copies were not statistically significant. These results 

support the hypothesis of regulation of transcript in P. tricornutum. A study 

in yeast revealed that upon the induction of expression of a 
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phosphoribulokinase (PRKp), the plasmid copy number of CEN-ARS-

constructs stayed identical. However, the enzyme activity was lower at 

higher inducer concentrations (Rouzeau et al. 2018). Rouzeau and 

colleagues did not measure the amount of recombinant protein. Still, since 

their enzymatic assays were done with total protein extract, PRKp may have 

been produced less even after induction.  

Our approach to compartmentalize the VpVAN reaction to identify the effect 

in the activity and increase vanillin accumulation was made to take 

advantage of organelle barriers. Organelles in eukaryotes provide a manner 

to sequester specialized processes incompatible with the rest of intracellular 

metabolism (Tan et al. 2021). Compartmentalization increases the 

efficiency of metabolic pathways by providing close proximity to the 

functional components of the pathway and separating them from competing 

processes (Zecchin et al. 2015; Bar-Peled and Kory 2022). Successful 

compartmentalization of the amino acid biosynthesis in the peroxisome 

Schizosaccharomyces japonicus facilitated the adaptation of its metabolism 

to nutrient-poor conditions (Gu et al. 2023). In addition, glycosylation allows 

the accumulation of phenolic compounds to maintain phenol homeostasis 

in the cell (Brillouet et al. 2014b).  

Regarding the controversy of VpVAN, we must acknowledge that the only 

evidence of activity provided by authors other than Gallage and colleagues 

is in plant cells that already produce the compound. Therefore, the cysteine 

protease‐like protein may assist the chain‐shortening reaction as part of a 

complex (Havkin‐Frenkel and Belanger 2018). Another possible role for 

VpVAN proposed by Havkin-Frenkel and Belanger is that it could trigger 

proteolysis activating enzymes for vanillin synthesis.  



119 

Using co-expression analyses, our study of different phenotypic 

subpopulations in a single culture aimed to identify genes involved in the 

mechanism originating the subpopulations. However, we encountered 

difficulties due to a lack of protein characterization and genes missing 

annotations. Therefore, our analyses were limited to the available 

information. We were interested in finding insight into how plasmid copy 

number doubled in a population to take advantage of native mechanisms of 

P. tricornutum to tune plasmid copy number and heterologous expression. 

It was previously reported that episomes are kept at the native chromosomal 

number in P. tricornutum (Karas et al. 2015). This supports our hypothesis 

that the GFP++ subpopulation originated from GFP+ by an aberration in 

copy number maintenance mechanisms. In our analysis, we identified a co-

expressed gene annotated as “Flp recombinase,” which prevents copy 

number drop in yeast. Yeast diploid cells adapt to burden by plasmid loss, 

while haploid strains maintain a constant plasmid copy number in a minimal 

medium (Kastberg et al. 2022).  

The acquisition of zeocin resistance in P. tricornutum GFP- subpopulation 

and posterior silencing of the plasmid would require the levels of transgene 

expression of the heterologous sh ble protein to be significantly lower in the 

GFP- subpopulation. In the enriched cultures, we identified a gene 

annotated as “glyoxalase/bleomycin resistance protein/dihydroxybiphenyl 

dioxygenase” that could be related to resistance to zeocin, highly expressed 

only in the GFP- subpopulation. This result should be taken cautiously since 

this predicted protein lacks characterization. While antibiotic resistance 

occurs as a global response of a population, antibiotic persistence in 

bacteria is characterized by the survival of a subpopulation to high 
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concentrations of antibiotics (Huemer et al. 2020). Stochastic expression of 

genes that could confer resistance to a subpopulation has been 

hypothesized to play a role in persistent and non-persistent states (Avery 

2006). However, since this subpopulation was not susceptible to zeocin 

once it was sorted, we ruled out a state of persistence involved in the 

heterologous phenotypes, leaving unclear the involvement of the 

endogenous candidate gene.  

Diatoms epigenetic processes have been proposed to mediate responses 

in highly dynamic environments significantly (Tirichine et al. 2017). While in 

our study, we did not explore epigenetic marks differentiating the 

subpopulations, DNA methylation and H3K4me2 marks in transgene 

insertion sites have been studied as causes for the apparition of 

subpopulations in genome-integrated transgenic P. tricornutum cell lines. P. 

tricornutum exhibits low methylation levels in transgene insertion sites, with 

no difference between fluorescent and non-fluorescent subpopulations 

(Faessler 2024). Likewise, H3K4me2 mark levels were not found to be 

different between fluorescent and non-fluorescent subpopulations (Faessler 

2024). However, it does not rule out the possibility of involvement of other 

histone marks.  

4.1 Perspectives 

P. tricornutum has the potential to be a good platform to produce phenolic 

aldehydes since neither vanillin nor ferulic acid slowed its growth. However, 

efforts should be directed to understand the metabolism of these 

compounds in the diatom. Ferulic acid, vanillic acid, caffeic acid, and 

protocatechuic acid have been identified at trace levels in the diatom 
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(Haoujar et al. 2019; Rico et al. 2013). Protocatechuate is likely to come 

from the degradation of shikimate, but the formation of ferulate is unclear. 

Investigating the vanillin biosynthetic pathway will provide a clearer picture 

of vanillin production. It will improve its commercial production to meet the 

global market demand of the pharmaceutical and food industry (Kundu 

2017).   

To understand how heterologous protein production is governed in P. 

tricornutum, a study of the metabolic burden imposed by the transgene 

expression should be conducted. Using media with lower contents of 

nitrogen and phosphate could allow the identification of factors that 

contribute to the burden. In addition, a study following the growth of the 

transgenic strains after multiple subcultures could establish a threshold 

where downregulation of recombinant protein could occur. This would be 

based on the hypothesis that the diatom is able to downregulate the 

production of recombinant protein to accelerate its growth in presence of 

antibiotic. The pleomorphism of P. tricornutum cell is thought to be the 

reason they can easily adapt to changing environments. Through-out the 

conjugation, the cell goes from oval to fusiform. This change of shape could 

change the production of the recombinant genes. Oval morphotype has 

been investigated for the secretion of recombinant proteins by 

transcriptomic and proteomic analysis, even though it is a morphotype 

believed to help the cell cope with stresses and it could be possible that the 

protein production of non-indispensable proteins is downregulated. Further 

studies could be done to maintain the diatom in oval morphotype by media 

limitation and observe if it impacts the production of the recombinant protein.  
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As stated before, we encountered limitations in our analysis caused by the 

insufficient number of genes characterized from the genome P. tricornutum 

genome. Efforts should be directed to the characterization of genes and 

proteins of the model diatom. Large-scale tools have been developed to 

bridge the gap between sequencing and functional characterization. Loss-

of-function is a common approach to assess the phenotype of an unknown 

protein. High throughput methods of this approach include the use of 

Transposon mutagenesis followed by sequencing (TnSeq), measuring 

mutant phenotypes genome-wide in one experiment (van Opijnen et al. 

2009). The coupling of TnSeq with random DNA barcoding (RB-TnSeq) has 

been used to identify the mutant phenotypes of 11,779 protein-coding 

genes of unknown function (Price et al. 2018). However, since P. 

tricornutum is a diploid organism, after performing transposon mutagenesis 

the mutant strains will likely recover the wild-type phenotype unless 

homologous end joining based DNA repair mechanism is impaired. 

In addition, the generation of gain-of-function overexpression libraries is a 

complementary approach to analyze the phenotype of increasing the gene 

copy number. A high-throughput technology was developed to avoid the 

necessity of organism-specific genetic tools, called dual-barcoded shotgun 

expression library sequencing (Dub-seq) (Mutalik et al. 2019). This 

technique was validated by overexpressing nearly all genes on E. coli 

fitness under 52 experimental conditions, showing consistent results with 

known biological functions and provided novel insights. This high-

throughput approach could be implemented to investigate the function of P. 

tricornutum poorly annotated genes, because it only requires DNA and a 

suitable host organism for assessing the fitness. Due to the complex 
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evolutionary history of the diatoms, a combination of experiments in multiple 

host organisms could provide validation to gene functions, as well as 

implementation of loss-of-function and overexpression in P. tricornutum 

using a fewer number of genes.  

Another aspect that requires further studies is the aberration in plasmid copy 

number. We could study their occurrence comparing with different cell lines 

and identify mutations in the host genome of P. tricornutum subpopulations 

to pinpoint genes involved in this. CRISPR/Cas could be used to knock out 

the gene annotated as “glyoxalase/bleomycin resistance 

protein/dihydroxybiphenyl dioxygenase” for its characterization. 

Alternatively, we could use auxotrophic strains and markers instead of 

zeocin, since uracil and histidine auxotroph strains are available for P. 

tricornutum (Slattery et al. 2020). In order for Flp to be responsible of 

increasing plasmid copy number in P. tricornutum, specific recognition sites 

would need to be located in the plasmid. Validation of this hypothesis would 

require overexpression and/or knock-out of Flp, and in vitro characterization 

of the recombinase. Identification of the mechanism causing copy number 

increase in subpopulations of P. tricornutum could expand the genetic 

toolbox of the model diatom, allowing to tune plasmid copy number.  

4.2 Conclusion 

While VpVAN was stably replicated in P. tricornutum episome and localized 

in targeted compartments, low protein production levels did not allow 

detection by western blot. Flow cytometry analysis revealed low percentage 

of fluorescent cells even after enrichment. This led to the study of 

differences between stable subpopulations using a cell line expressing GFP 
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episomally. Our study of phenotypic subpopulations showed that plasmid 

copy numbers can vary between them. However, the mechanisms causing 

this plasmid copy aberration are still unclear. We also identified a specific 

mutation in the episome of the non-fluorescent subpopulation. Nonetheless, 

sequencing of plasmids coming from a majoritarian non-fluorescent 

population of VpVAN expressing lines was absent of mutations in gene 

sequences in the cassettes. We could conclude that there are different 

mechanisms governing the reduction of transgene expression and that the 

mutation of the expression cassettes can be one of them. However, our 

results also indicate that post-transcriptional regulation is likely to be 

involved in the apparition of the non-fluorescent subpopulations. Findings 

and hypotheses of causes of heterogeneity in P. tricornutum EE cell lines 

generated by conjugation are summarized in Figure 4.1. This research 

improves our understanding of synthetic biology of diatoms and highlights 

how crucial it is to characterize the cell response after introduction of foreign 

DNA in P. tricornutum. 
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Figure 4. 1. Summarized findings of heterologous gene expression in 

cell lines originated from exconjugants of P. tricornutum. Different 

intensities of green are used to represent levels of eGFP accumulation. 

Created in Biorender.com. 
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ANNEX A: Supplementary Information from Chapter II 

Table S2. 1. Primer sequences used for Gibson assembly. 

Name Sequence 

FW-

BiPCS-

Gibson 

GCGTTGATCTTGCACCGAAGGAATCAGAGAATAGAATA

CCATGAGATCCTTTTGCATCGC 

RV-

BiPCS-

Gibson 

GTTGCG TGA CCG ATC GAA TGG GGT TAT CTT CTT 

CAA ATC CATC CAT GAC AAT CGT TGC TTT AC  

FW-

SiGol-

Gibson 

GCGTTGATCTTGCACCGAAGGAATCAGAGAATAGAATA

CC ATG GCG TTT TTG CCG AAT C  

EV-

SiGol-

Gibson 

GTT GCG TGA CCG ATC GAA TGG GGT TAT CTT CTT 

CAA ATC CTGC ACT CAT CCA CAT GAG AAA  

FW-

VANCS-

Gibson 

CTCTGCTCATCGCACGCGTAAAGCAACGATTGTCATGG

AT  GGA TTT GAA GAA GAT AAC CCC  

FW-

VANGol-

Gibson 

TTTTGCCCTCAATATATGCTTTCTCATGTGGATGAGTGC

A GGA TTT GAA GAA GAT AAC CCC 

FW-

GFPBb-

Gibson 

TGCCTCGTACCCGATTGTCGCCGTCATTGAAGACGGAC

GA ATG GTG AGC AAG GGC GAG GAG C 
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RV-

GFPBb-

Gibson 

CAGCCAAAGTCGAGGTAGTTGTTGCGGTTA GAA TTC 

CTT GTA CAG CTC GTC CAT GCC GAG 

RV-

GFPPeSi

-Gibson 

GAAAGTGTCCCAGCCAAAGTCGAGGTAGTTGTTGCGGT

TA CAA CTT CGA GAA TTC CTT GTA CAG CTC GTC CAT 

GCC GAG 

FW-

BbGFP-

Gibson 

CTC GGC ATG GAC GAG CTGTACAAGGAATTC TAA CCG 

CAA CAA CTA CCT C  

RV-

BbGFP-

Gibson 

GCG TGA CCG ATC GAA TGG GGT TAT CTT CTT CAA 

ATC CCA TGGT ATT CTA TTC TCT GAT TCC TTC G  

FW-

BbPeSi-

Gibson 

GACGAGCTGTACAAGGAATTC TCGAAGTTG TAA CCG 

CAA CAA CTA CCT C  

RV-

BbCS-

Gibson 

ATG CCA CAG CCA AAA GGG CTG CGA TGC AAA AGG 

ATC TCA TGGT ATT CTA TTC TCT GAT TCC TTC G  

RV-

BbER-

Gibson 

GCA AGG CCA GTG CTG CTA CGG CAA TTC TCA TGA 

ACA TCA TGGT ATT CTA TTC TCT GAT TCC TTC G  

RV-

BbGol-

Gibson 

AGG CCA CGG TAT ATC TTC GTC GAT TCG GCA AAA 

ACG CCA TGGT ATT CTA TTC TCT GAT TCC TTC G  
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40SRPS

8F 

GCA CCA CCC CGG TGA ACA GCT CCT CGC CCT TGC 

TCA CCA TGG TAT TCT ATT CTC TGA TTC C 

GFPR CGT TGA TCT TGC ACC GAA GGA ATC AGA GAA TAG 

AAT ACC ATG GTG AGC AAG GGC GAG G 

Go40SR

PS8F 

AGG CCA CGG TAT ATC TTC GTC GAT TCG GCA AAA 

ACG CCA TGG TAT TCT ATT CTC TGA TTC 

GoGFPR GCG TTG ATC TTG CAC CGA AGG AAT CAG AGA ATA 

GAA TAC CAT GGC GTT TTT GCC GAA TCG 

CS40SR

PS8F 

ATG CCA CAG CCA AAA GGG CTG CGA TGC AAA AGG 

ATC TCA TGG TAT TCT ATT CTC TGA TTC 

CSGFPR GCG TTG ATC TTG CAC CGA AGG AAT CAG AGA ATA 

GAA TAC CAT GAG ATC CTT TTG CAT CGC 

VANF GTC GAG GTA GTT GTT GCG GTT AGT GGT GGT GGT 

GAT GGT GTC GTC CGT CTT CAA TGA CGG 

PeVANF GTT GTT GCG GTT ACA ACT TCG AGT GGT GGT GGT 

GAT GGT GTC GTC CGT CTT CAA TGA CGG 
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Table S2. 2. Sequences used in this study. 

Name Sequence 

VpVAN GGATTTGAAGAAGATAACCCCATTCGATCGGTCACG

CAACGACCCGATTCCATTGAACCCGCCATTTTGGGC

GTTTTGGGTTCGTGCCGCCACGCCTTTCACTTTGCC

CGATTTGCCCGCCGATACGGAAAGTCGTACGGATC

GGAAGAAGAAATTAAGAAGCGATTTGGAATTTTTGT

CGAAAACTTGGCCTTTATTCGATCGACGAACCGTAA

GGATTTGTCGTACACGTTGGGAATTAACCAATTTGC

CGATTTGACGTGGGAAGAATTTCGAACGAACCGATT

GGGAGCCGCCCAAAACTGTTCCGCCACGGCCCACG

GAAACCACCGCTTTGTCGATGGTGTCTTGCCCGTCA

CGCGTGATTGGCGCGAACAAGGAATTGTATCCCCG

GTCAAAGACCAAGGTTCGTGCGGATCGTGCTGGAC

GTTTTCCACCACGGGAGCCTTGGAAGCCGCCTACA

CCCAATTGACGGGAAAATCGACCTCGTTGTCGGAAC

AACAATTGGTTGACTGCGCTTCGGCCTTTAACAACT

TTGGATGTAACGGAGGATTGCCGTCCCAGGCTTTTG

AATACGTCAAATACAACGGTGGAATTGACACCGAAC

AAACCTACCCCTACCTCGGAGTCAACGGAATTTGTA

ACTTTAAGCAAGAAAACGTCGGAGTCAAAGTCATTG

ACTCCATTAACATTACCTTGGGAGCCGAAGATGAAT

TGAAACACGCCGTCGGATTGGTTCGCCCCGTCTCG

GTCGCCTTTGAAGTCGTCAAGGGTTTTAACTTGTAC

AAAAAGGGAGTCTACTCGTCCGACACGTGCGGACG
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AGATCCAATGGATGTCAACCACGCCGTCTTGGCCGT

CGGTTACGGAGTCGAAGACGGTATTCCGTACTGGTT

GATCAAAAACTCGTGGGGAACGAACTGGGGAGATA

ACGGATACTTTAAGATGGAATTGGGAAAAAACATGT

GCGGAGTCGCCACGTGTGCCTCGTACCCGATTGTC

GCCGTCA 

eGFP ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGT

GGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAA

ACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAG

GGCGATGCCACCTACGGCAAGCTGACCCTGAAGTT

CATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGC

CCACCCTCGTGACCACCCTGACCTACGGCGTGCAG

TGCTTCAGCCGCTACCCCGACCACATGAAGCAGCA

CGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGT

CCAGGAGCGCACCATCTTCTTCAAGGACGACGGCA

ACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGC

GACACCCTGGTGAACCGCATCGAGCTGAAGGGCAT

CGACTTCAAGGAGGACGGCAACATCCTGGGGCACA

AGCTGGAGTACAACTACAACAGCCACAACGTCTATA

TCATGGCCGACAAGCAGAAGAACGGCATCAAGGTG

AACTTCAAGATCCGCCACAACATCGAGGACGGCAG

CGTGCAGCTCGCCGACCACTACCAGCAGAACACCC

CCATCGGCGACGGCCCCGTGCTGCTGCCCGACAAC

CACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGA

CCCCAACGAGAAGCGCGATCACATGGTCCTGCTGG
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AGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG

GACGAGCTGTACAAGGAATTC 

p40SRPS8 CCCTGCGATAGACCTTTTCCAAACTCACGCAGTCCA

AGAAAACAAAGGGGTGAGAAGTATACGCACCTTTCG

GTTTCGGCATAATTCTTAAACTCTTGTGGTCACTTTC

TTGTGAAGAAGCTAGGGGCACTCGTTTTCCCTCAGA

GCCTGCAAACACAAAATTCCTGCAGTCAATTGTCCC

AACACTCGGCAAACCGTATGCGCAAGCAACGATGC

GCAGAAGGCCGTGGATGGATGGCGACTCGCGATAT

GGCTTCTTGGGTCGCCAGTGTGGTACGTCCGGCGT

ATGTCAATACGCGAATTCGGACGACTGGCATCTCTA

GGAGGAGGATTCCTTCTTTTATGACATGTTTATTTTA

TATACATTGATGCTTTCCGACAGTCGGAAGTAATAAA

TGAATTTATTTCAAGACTACCTATACTCCTTTGACTT

GTTCGACTAATCTTACCGCTTACTAAAATCTCGAAAT

CACGCTTGACCTCTCGCACGCAAATTTTTGCTGCTG

GACGCTACGCACTCGGCCCAATTCTTCTCGGTCCTC

GTCGTCGCAATTGTCGTTGCGTTGATCTTGCACCGA

AGGAATCAGAGAATAGAATACC 

tFcpA CCGCAACAACTACCTCGACTTTGGCTGGGACACTTT

CAGTGAGGACAAGAAGCTTCAGAAGCGTGCTATCG

AACTCAACCAGGGACGTGCGGCACAAATGGGCATC

CTTGCTCTCATGGTGCACGAACAGTTGGGAGTCTCT

ATCCTTCCTTAAAAATTTAATTTTCATTAGTTGCAGTC

ACTCCGCTTTGGTTT 
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ATPCBPS ATGAGATCCTTTTGCATCGCAGCCCTTTTGGCTGTG

GCATCTGCCTTCACCACACAGCCAACTTCCTTCACT

GTGAAGACTGCGAATGTGGGCGAACGGGCGAGTGG

GGTTTTCCCTGAGCAGAGCTCTGCTCATCGCACGC

GTAAAGCAACGATTGTCATGGAT 

PTS1 TCGAAGTTG 

XylTCT ATGGCGTTTTTGCCGAATCGACGAAGATATACCGTG

GCCTGCTTGTTTATCGGTTTTGCCCTCAATATATGCT

TTCTCATGTGGATGAGTGCA 

Xa TTGAAGACGGACGA 
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Figure S2. 1. The morphology of P. tricornutum cells treated with 1 mM 

of vanillin is similar to untreated cells at day five. Three biological 

replicates of the wild-type strain are shown for the non-treated (left panels) 

and treated cells with vanillin (right panels). Microscopy images were 

obtained using the 40x objective.  
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Figure S2. 2. Proteins transferred to the blotting membrane. Red 

ponceau staining of membranes used for western blot: (a-c) protein extracts 

from three different clones with cytosol constructions after purification using 

GFP-trap; (d-f) protein extract of plastid purification of three different clones 

harboring the plastid construction. MW: molecular weight marker; FT: flow 

through; W1-3: washes; E1-2: elution fraction; Ptot: total protein; +Ctl: 

eGFP:T2A:mCherry clone; F1: total protein extract; F2: thylakoids 

fragments and mitochondria; F3: plastids; LQ: low quality plastids; MQ: 

medium quality plastids. 
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Figure S2. 3. Constructions of controls for subcellular localization. a. 

cytosolic construction eGFP without any localization signal; b. peroxisome 

construction harboring the peroxisomal targeting signal 1 (PST1); c. plastid 

construction with the bipartite signal of the chloroplast ATPase gamma 

subunit (ATPCBPS); d. β1,2-xylosyltransferase cytosolic tail and 

transmembrane domain (CT) for medial Golgi (XylTCT). eGFP expression 

cassette is antisense from sh ble. 
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ANNEX B: Supporting Information from Chapter III 

Supplementary Figures 

 

Fig. S3. 1. Initial analysis of GFP cell lines (pDMi8) do not present three 

stable subpopulations. Flow cytometry analysis of four cell lines 

containing pDMi8 plasmid and the empty vector (EV) strain. 
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Fig. S3. 2. Fluorescence intensity of eGFP and mCherry is highly 

correlated. Analysis was performed in triplicates.  
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Fig. S3. 3. Sh ble primer pair validation for copy number quantification. 

Amplification efficiency (E) was calculated by the equation E = 10−1/slope − 1. 
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Fig. S3. 4. Subpopulations are detected in a clonally propagated P. 

tricornutum cell culture. (a) Negative control empty vector strain used for 

gating the GFP- subpopulation. (b) GFP cell line with diverse profile of 

fluorescence per cell grouping in three subpopulations: GFP-, GFP+, and 

GFP++. Percentages represent the number of cells in each gate.  
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Fig. S3. 5. Enrichment of subpopulations through fluorescence 

activated cell sorting. (a) Sorted empty vector strain in triplicates. (b-d) 

Cultures in triplicate of enriched subpopulations from GFP cell line: (b) GFP-

, (c) GFP+, and (d) GFP++.  
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Fig. S3. 6. PCR amplification reveals two different versions of 

expression cassettes are present in GFP- subpopulation. Amplification 

of the expression cassette from plasmid extract of P. tricornutum cultures 

(a) before (GFP) and (b) after sorting (GFP-, GFP+, and GFP++). The red 

arrow indicates the faint band present at the expected size of 4 kb. MW: 

molecular weight marker.   
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Fig. S3. 7. Deletion of 707 bp in GFP- sorted clones. Deletion map 

showing the sequencing results of GFP- enriched cultures, 

microhomologous 3 bp region are highlighted in the template sequence in 

magenta. Created with benchling. 
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Fig. S3. 8. Commonly deregulated genes between subpopulations. 

Heatmap of deregulated genes. Genes down-regulated correspond to log 

fold-change < -2 and an adjusted p value < 0.05. Up-regulated genes 

correspond to log fold-change > 2 and an adjusted p value < 0.05. 

  



175 

 

Supplementary Tables 

Table S3. 1. Primer sequences used for Sanger sequencing and qPCR to 

measure copy number. 

Name Sequence 

pPtGE30 bb F GCAATGGACAGAACAACCTAATG 

pPtGE30 bb R GGCAAAATCCTGTATATCGTGCG 

p3-Sanger GAGCCTACATCCTTCTGCAA 

p4-Sanger GAACCGCATCGAGCTGAA 

p5-Sanger TGCTTGTCGGCCATGATATAG 

p6-Sanger GACTACTTGAAGCTGTCCTTCC 

qPCR-shble F CGACGTGACCCTGTTCATC 

qPCR-shble R ACGACCTCCGACCACTC 

qPCR-Ru F CCACTCGCGGAATTCGATTA 

qPCR-Ru R GGCATCGTCCTCTTCACTTT 
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Table S3. 2. Highly interconnected genes from module 73 of co-expression 

analysis. 

Gene ID Functional domains (CLADE, DAMA) 

Phatr3_EG02315 

Metaviral_G glycoprotein;Mycoplasma protein of 

unknown function, DUF285;Putative RNA 

methylase family UPF0020;Leucine Rich repeats 

(2 copies); 

Phatr3_J3183 Pyridoxal-phosphate dependent enzyme; 

Phatr3_J44950 Transmembrane secretion effector; 

Phatr3_J47263 RNA binding activity-knot of a chromodomain ; 

Phatr3_J48068 Cytochrome c/c1 heme lyase; 

Phatr3_J48362 Leucine rich repeat N-terminal domain; 

Phatr3_J52285 

Zn-dependent metallo-hydrolase RNA specificity 

domain;Beta-Casp domain;Cleavage and 

polyadenylation factor 2 C-terminal;Metallo-beta-

lactamase superfamily; 

Phatr3_J8686 
Ribosomal protein L7Ae/L30e/S12e/Gadd45 

family; 

Phatr3_Jdraft1387 Galactose-3-O-sulfotransferase ; 

Phatr3_Jdraft144 Calcineurin-like phosphoesterase; 
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ANNEX C: Clustering algorithms for flow cytometry data 

Flow cytometry allows us to assess protein production by proxy in individual 

cells, tagging the protein of interest with reporter proteins such as the green 

fluorescent protein (GFP) (Muusse et al. 2022). This advantage of flow 

cytometry made possible the development of protocols for high through put 

screening of recombinant protein production (Spangenberg et al. 2021). 

However, analyzing data can be time consuming and subjective by 

manually gating subpopulations, since it relies on visual inspection of 

scatter plots (Ye and Ho 2019).  

The use of unsupervised algorithms to analyze flow cytometry data can 

speed up analysis and provide an objective manner to cluster 

subpopulations. In recent years, algorithms to cluster flow cytometry data 

have been implemented such as FlowPeaks and FLOCK, based on k-

means clustering (Ge and Sealfon 2012; Dorfman et al. 2016). K-means 

clustering algorithm performs well with compact hyper-spherical clusters, 

however is less efficient with asymmetric clusters (Ahmed et al. 2020).   

Another algorithm is Gaussian Mixture Models (GMM) which assigns data 

point to clusters using probability, with each cluster being described by a 

separate Gaussian distribution (Patel and Kushwaha 2020). GMM-based 

clustering involves the selection of the number of components (model order) 

and the estimation of parameters for each component, using the observed 

data, represented as a vector of features (Zeng and Cheung 2009). 

GMM-based clustering has been explained by Zeng and Cheung, it 

supposes that the number of observations (N) is denoted as 𝑋𝑋𝑁𝑁 =

{𝑥𝑥1, 𝑥𝑥2, . . . , 𝑥𝑥𝑁𝑁 } and generated from a mixture of k* Gaussian components: 
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𝑝𝑝(𝑥𝑥𝑥𝑥|𝛳𝛳 ∗) =  � 𝛼𝛼 ∗𝑗𝑗
𝑘𝑘∗

𝑗𝑗 = 1
𝑝𝑝�𝑥𝑥𝑥𝑥|𝜃𝜃 ∗𝑗𝑗� 

Where: 

∑ 𝛼𝛼 ∗𝑗𝑗𝑘𝑘∗
𝑗𝑗 = 1  =  1 and ∀1 ≤ 𝑗𝑗 ≤ 𝑘𝑘 ∗,𝛼𝛼 ∗𝑗𝑗> 0  

and each observation 𝑥𝑥𝑥𝑥(1 ≤ 𝑡𝑡 ≤ 𝑁𝑁) is a vector of d-dimensional features:  

𝑥𝑥1𝑡𝑡, . . . , 𝑥𝑥𝑑𝑑𝑑𝑑 

Also, 𝑝𝑝�𝑥𝑥𝑥𝑥|𝜃𝜃 ∗𝑗𝑗� is the jth Gaussian component with the parameter 𝜃𝜃 ∗𝑗𝑗=

�𝜇𝜇 ∗𝑗𝑗 ,∑ ∗𝑗𝑗  �, where 𝜃𝜃 ∗𝑗𝑗 and ∑ ∗𝑗𝑗  are, respectively, the center vector and 

covariance matrix of the jth component. The term 𝛼𝛼 ∗𝑗𝑗 is the mixing 

coefficient of the jth component in the mixture. GMM-based clustering main 

task is to find and estimate for 𝛳𝛳 ∗=  �𝛼𝛼 ∗𝑗𝑗 ,𝜃𝜃 ∗𝑗𝑗�𝑗𝑗=1
𝑘𝑘 , denoted as from N 

observations, where k is an estimate of the true model order k*.  

Gaussian mixture model-based clustering has been implemented in 

Scalable Weighted Iterative Flow-clustering Technique (SWIFT), to 

objectively identified asymmetric subpopulations (Mosmann et al. 2014). 

Here we used GMM-based clustering to validate the grouping of cells in the 

GFP cell line in three subpopulations (Figure S4. 1) presented in Chapter 

III. While we manually set the number of components to three, more 

objective analysis could be done by using the fitting scores.  

 

Figure S4. 1. A single GFP cell line presents three subpopulations. 

Analysis was done in triplicates.  
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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.

Keywords: diatoms, microalgae biotechnology, metabolic engineering, metabarcoding, sustainable economy,
biofuel, lipids

INTRODUCTION

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 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 1). But, limited attention
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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).
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 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, 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 2.

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
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FIGURE 1 | Approximate number of research articles indexed in Scopus database (September 14, 2020) in the area of industrial application of different microbes
(bacteria, yeast, algae, and diatoms).

FIGURE 2 | Scheme of the different uses of diatoms for green industry.

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
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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).

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 1.

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.

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

TABLE 1 | Lipid content and productivities of different microalgae diatom species (-: no data).

Microalgae Culture condition Lipid (% dry
weight)

Lipid productivity
mg L−1 day−1

TAG productivity
µ mol L−1 day−1

% of TAG References

Thalassiosira
weissflogii P09

– 29.94 ± 1.17 7.27 ± 0.28 – 51.0 ± 3.2 d’Ippolito et al.
(2015)

Nitrogen limitation – – 19 (+20%) – d’Ippolito et al.
(2015)

Thalassiosira
weissflogii
CCMP 1010

– 38.84 ± 0.78 4.87 ± 0.10 – 53.0 ± 1.9 d’Ippolito et al.
(2015)

Thalassiosira
pseudonana
CCMP 1335

– 29.33 ± 1.17 1.72 ± 0.07 – 19.0 ± 0.9 d’Ippolito et al.
(2015)

High CO2

20,000 ppm
– – 45.5 ± 26

(exponential)
(+285%)

– Jensen et al. (2020)

Cyclotella
cryptica CCMP
331

– 41.97 ± 1.26 2.98 ± 0.09 – 55.0 ± 2.1 d’Ippolito et al.
(2015)

Nitrogen limitation – – 45 (+20%) d’Ippolito et al.
(2015)

Phaeodactylum
tricornutum
CCMP 632

– 9.32 ± 0.28 2.09 ± 0.06 – 19.0 ± 0.6 d’Ippolito et al.
(2015)

Tn19745_1
strain + nitrogen
limitation

– – – 45-fold increase Daboussi et al.
(2014)

Dark +2.3-fold – – – Bai et al. (2016)

High CO2 – – 75.7 ± 9
(stationary) (+50%)

– Jensen et al. (2020)

textitNavicula
pelliculosa
(marine)

High CO2 – – 158.4 ± 29
(stationary) (+35%)

– Jensen et al. (2020)
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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 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 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).

Analytical 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).
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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 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 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.

Nanoparticles
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 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 2.

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
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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.

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 (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

TABLE 2 | Biomedical applications of diatom silica-based materials using different diatom species.

Application Organism References

Specific nanoporous biosilica delivery system of chemotherapeutic drug, consisting in the
attachment of antibodies and hydrophobic drug molecules, without using cross-linking, to the
diatoms biosilica.

T. pseudonana Delalat et al. (2015)

Modified frustule with self-assembled antibacterial aromatic amino acid conjugates Tyr−ZnII as a
zinc carrier for its controlled release to bacteria and inhibiting the bacterial growth.

N. palea Singh et al. (2020)

Genetically modified frustule with chimeric fusion proteins: diatom-derived silica targeting peptide
Sil3T8 and a small synthetic antibody derivative to detect Bacillus anthracis

T. pseudonana Ford et al. (2020)

Rapid and selective detection of typhoid using cross-linked amine-functionalized diatom
photoluminescent biosensor.

Amphora sp. Selvaraj et al.
(2018)

Nano composite of nanoporous diatom-ZrO2 selective and highly sensitive sensor for
non-enzymatic detection of methyl parathion.

P. tricornutum Gannavarapu et al.
(2019)

Biomaterial for negative electrode composed by a 3D-structured diatom biosilica for lithium-ion
batteries, showing increased charge capacity compared to graphite.

P. trainorii Nowak et al. (2019)

Improved capacitor performance of in situ coating of FeOx on live diatoms as a potential material for
super capacitor electrodes.

P. tricornutum Karaman et al.
(2019)
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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.

Phytoremediation
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 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 3).

TABLE 3 | Different industries producing variety of products from microalgae and diatoms around the world.

Company Products/services Country Website

Algae Biotechnologia Wastewater treatment, animal nutrition, carbon
dioxide fixation, biofuels, human health

Brazil http://www.algae.com.br/site/pt/

Algae Farm Omega3, diatom, water treatment and reuse,
nutraceuticals, cosmeceuticals, algae based
solar fuels cell, die sensitized solar panel,
bioplastics

Canada https://www.algaefarm.us/

Algorigin Nutritional supplements Switzerland https://algorigin.com/en/

Algaetoomega Omega 3, astaxanthin, animal feed United States https://algae2omega.com/

Algae Control Canada Pond and lake water management Canada https://www.algaecontrol.ca/

The Algae Factory Chocolate Netherlands http://thealgaefactory.com/

Algae Health Antioxidants United States https://www.algaehealthsciences.com/

Swedish Algae Factory Personal care products Sweden https://swedishalgaefactory.com/

Sabrtech Recombinant proteins, fuel, nutraceuticals,
aquaculture, etc.

Canada https://www.sabrtech.ca/

Pondtech Astaxanthin, aquaculture Canada https://www.pondtech.com/
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DIATOMS AS NUTRACEUTICALS
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).

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).

GENETIC 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.

TABLE 4 | Sequence Database of different diatoms species.

Species Genome database

Phaeodactylum tricornutum CCAP 1055/1 http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index

Thalassiosira pseudonana CCMP 1335 https://genome.jgi.doe.gov/Thaps3/Thaps3.home.html

Thalassiosira oceanica CCMP 1005 https://genome.jgi.doe.gov/Thaoce1/Thaoce1.info.html

Thalassiosira weissflogii CCMP1030 https://genome.jgi.doe.gov/portal/

Fragilariopsis cylindrus CCMP 1102 https://genome.jgi.doe.gov/Fracy1/Fracy1.info.html

Pseudo-nitzschia multiseries CLN-47 https://genome.jgi.doe.gov/Psemu1/Psemu1.home.html

Pseudo-nitzschia multistriata B856 http://apollo.tgac.ac.uk/Pseudo-nitzschia_multistriata_V1_4_browser/sequences

Seminavis robusta D6 https://genome.jgi.doe.gov/portal/Semrobnscriptome/Semrobnscriptome.info.html

Fistulifera solaris JPCC DA058 https://trace.ddbj.nig.ac.jp/DRASearch/submission?acc5DRA002403

Cyclotella cryptica CCMP332 http://genomes.mcdb.ucla.edu/Cyclotella/download.html
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TABLE 5 | Diatoms genetic engineering.

Species/strain Genetic and molecular tools

Transformation methods and
target compartment

Promoters: (S) strong, (I)
inducible and (H) heterologous

Reporters (R) and resistance
(Re) genes

Expression of recombinant
proteins

Genome editing
methods and gene

silencing

Phaeodactylum
tricornutum CCAP
1055/1

Biolistic (Cho et al., 2015)
Electroporation (Niu et al., 2012)
Conjugation (Zaboikin et al., 2017)
Nuclear and chloroplast
transformation (Xie et al., 2014)

(S): Lhcf (Fcp), light responsive
(Karas et al., 2015), EF-1a,
40SRPS8, g-tubulin, RBCMT
(Erdene-Ochir et al., 2019) and EF2
(Nymark et al., 2013), h4 (Fabris
et al., 2020), HASP1 (De Riso et al.,
2009). (I): rbcL (Xie et al., 2014),
NR, low NO3 induce
(Schellenberger Costa et al., 2012),
V-ATPase C, AP1 low P induce (Lin
et al., 2017) Fbp1, Fld, Isi1
iron-responsive (Yoshinaga et al.,
2014) ca1, ca2 CO2-responsive
(Harada et al., 2005; Tanaka et al.,
2016), U6, RNA polymerase III
transcribed (Nymark et al., 2016)
(H): CdP1, ClP1, ClP2, TnP1, TnP2
(Erdene-Ochir et al., 2016), CMV,
RSV-LTR, PCMV, CaMV35S
(Sakaue et al., 2008)

(R): GUS, GFP (Zhang and Hu,
2014), YFP, CFP (Zaboikin et al.,
2017) cat (Karas et al., 2015), LUC
(Cho et al., 2015), Aequorin
(Falciatore et al., 2000) (Re): Zeocin
and Phleomycin/sh ble,
Nourseothricin/nat,
Blasticidin-S/bsr, Streptothricin/sat,
Neomycin/nptII (Karas et al., 2015)

Expression of Acyl-ACP
thioesterases, increased
accumulation of shorter chain
(Radakovits et al., 2011). Malic
enzyme (Trentacoste et al., 2013).
G6PD (Wu et al., 2019), enhanced
lipid productivity. Heterologous
biosynthesis of the MIAs by CrGES
expression under phototrophic
conditions (Slattery et al., 2018),
Vanillin production (Erdene-Ochir
et al., 2019). PHBs for Bioplastics
production (Hempel et al., 2011a).
Human IgGαHBsAg:(Hempel et al.,
2011b) and IgG1/kappa Ab
CL4mAb: antibody to hepatitis B
virus surface protein against the
nucleoprotein of Marburg virus
(Hempel and Maier, 2012). Over
expression of DXS increased
fucoxanthin synthesis (Eilers et al.,
2016).

Targeted mutagenesis
methods:
meganucleases, gene
knockouts, TALENS,
and CRISPR/Cas9
(Poulsen and Kröger,
2005). Development of
auxotrophic strains of
P. tricornutum by
CRISPR/Cas9
(Sakaguchi et al.,
2011). A lipid producing
strain through the
disruption of the
UDP-glucose
pyrophosphorylase
gene (Daboussi et al.,
2014).

Thalassiosira
pseudonana CCMP
1335

Biolistic (Poulsen et al., 2006)
Electroporation (Buggé, 2015)
Conjugation (Zaboikin et al., 2017)

(S): Lhcf9 (I): nr (161) SIT1,
Si-starvation inducible (Davis et al.,
2017), Thaps3_9619, Si-starvation
inducible (Shrestha and Hildebrand,
2017), U6, RNA polymerase III
transcribed (Weyman et al., 2015)

(R): YFP (Zaboikin et al., 2017)
(Re): sh ble, nat (Poulsen et al.,
2006)

Overexpression a multiple plasmids
can be cotransformed; cloning
multiple genes of interest Secretion
of recombinant proteins has been
shown. Localization of SiMat1-GFP
(Kotzsch et al., 2016). Expression of
the protective HsIbpA DR2 antigen
for the production of a vaccine
against bovine respiratory disease
(Davis et al., 2017), scFvTNT scFv
and sdAbEA1 to detected Bacillus
anthracis (Ford et al., 2016).

Targeted mutagenesis
methods:
meganucleases,
TALENS, and
CRISPR/Cas9
(Weyman et al., 2015).
Gene silencing and
gene knockouts are
well established
(Shrestha and
Hildebrand, 2015).

Thalassiosira weissflogii
(CCMP1030)

Biolistics (Cho et al., 2015) (S): Lhcf2 (Cho et al., 2015) (R): GUS (Cho et al., 2015)

(Continued)
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TABLE 5 | Continued

Species/strain Genetic and molecular tools

Transformation methods and
target compartment

Promoters: (S) strong, (I)
inducible and (H) heterologous

Reporters (R) and resistance
(Re) genes

Expression of recombinant
proteins

Genome editing
methods and gene
silencing

Pseudo-nitzschia
multistriata B856

Biolistics (Sabatino et al., 2015) (S): h4 (Sabatino et al., 2015) (Re): sh ble (Sabatino et al., 2015)

Pseudo-nitzschia
arenysensis B858

Biolistics (Sabatino et al., 2015) (R): GUS, GFP (Sabatino et al.,
2015)

Fistulifera solaris JPCC
DA058

Biolistics (Muto et al., 2015) (S): Lhcf2 and h4 (H): RSV and
CaMV35S (Muto et al., 2015)

(R): GFP (Re): nptII (Muto et al.,
2015)

Overexpression of the endogenous
GK improve lipid productivity (Muto
et al., 2015)

Cylindrotheca
fusiformis CCAP
1017/2 –CYL

Biolistics (Kong et al., 2019) (I): nr (Kong et al., 2019) (R): GFP (Re): sh ble (Kong et al.,
2019)

Navicula saprophila
NAVICI

Biolistics (Dunahay et al., 1995) (S): ACCase (Dunahay et al., 1995) (Re): nptII (Dunahay et al., 1995)

Chaetoceros gracilis
UTEX LB2658

Biolistics (Ifuku et al., 2015) (S): Lhcr5 (I): nr (Ifuku et al., 2015) (R): GFP, LUC (Re): nat (Ifuku et al.,
2015)

DXS, 1-deoxy-D-xylulose 5-phosphate synthase; 40SRPS8, 40S ribosomal protein S8; ACCase, acetyl-CoA carboxylase; Acyl-ACP thioesterases, acyl–acyl carrier protein thioesterases; AP1, alkaline phosphatase
1; bsr, blasticidin-S resistance gene; Ca1, carbonic anhydrase 1; CaMV35S, cauliflower mosaic virus 35S; CdP, Chaetoceros debilis-infecting DNA virus; ClP, Chaetoceros lorenzianus-infecting DNA virus; cat,
chloramphenicol acetyl transferase conferring resistance to chloramphenicol; CRISPR, clustered regularly interspaced short palindromic repeats; CFP, cyan fluorescent protein gene; CMV, cytomegalovirus; Fcp,
diatom light-regulated promoters of the fucoxanthin chlorophyll a/c-binding protein genes Lhcf; EF-1α, elongation factor 1 alpha; EF2, elongation factor 2; Fbp1, ferrichrome binding protein1; Fld, flavodoxin; CrGES,
Catharanthus roseus geraniol synthase; G6PD, glucose-6-phosphate dehydrogenase; GK, glycerol kinase; GFP, green fluorescent protein gene; HASP1, highly abundant secreted protein 1; h4, histone H4; human
IgGαHBsAg, antibody against hepatitis B virus surface IgG1/kappa Ab CL4mAb; HsIbpA DR2, IbpA DR2 antigen from Histophilus somni; Isi1, iron-starvation-induced gene 1; MIAs, monoterpenoid indole alkaloids;
nptII, neomycin phosphotransferase II; NR, nitrate reductase; nat, nourseothricin acetyl transferase; P, phosphate; PHBs, polyhydroxybutyrate; PCMV, promoter sequences of the cytomegalovirus; psba, PSII reaction
center core 2 quinones are associated with D1; Lhcr5, red algal-like LHCRs; RBCMT, ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit N-methyltransferase I; RSV-LTR, Rous sarcoma virus long
terminal repeat; rbcL, Rubisco large subunit; SiMat1, silica matrix protein; SIT1, silicon transporter; scFvTNT, single chain antibodies; sdAbEA1, single domain antibodies; U6, small nuclear RNA of the U6 complex; sh
ble, Streptoalloteichus hindustanus bleomycin resistance gene; TnP, Thalassionema nitzschioides-infecting DNA virus; TALENs, transcription activator-like effector nucleases; sat, treptothricin acetyl transferase; TAG,
triacylglycerol; g-tubulin, tubulin gamma chain; GUS, uidA b-glucuronidase-encoding gene; V-ATPase C, vacuolar H+-ATPase; YFP, yellow fluorescent protein gene.
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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. pseudonana strains (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. tricornutum and 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 4).

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
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

1https://www.syntheticdiatoms.org/

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 5. The classic selection markers in diatoms
are genes that confer resistance to zeocin, phleomycin, and
nourseothricin, as shown in Table 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).

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 5).

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.

CONCLUSION AND FUTURE
PERSPECTIVES

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
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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 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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Instability of extrachromosomal DNA transformed into the diatom 
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A B S T R A C T   

Phaeodactylum tricornutum has been highly studied for its potential as a platform for metabolic engineering. 
While the possible applications of extrachromosomal expression via an episome have been investigated, there is 
still a lack of information concerning its efficacy and limitations. Therefore, we studied the episome expression 
system in P. tricornutum, aiming to elucidate its limitations regarding heterologous protein production and 
episome rearrangement events. Our objectives were to screen positive transconjugants by fluorescent signal 
indicating as a proxy for the production of the proteins of interest that could be used for vanillin synthesis, and to 
characterize the transconjugants by flow cytometry and whole plasmid sequencing. We designed an episome 
harboring an expression cassette that consisted of the enhanced green-fluorescent-protein (eGFP) linked by 
Thosea asigna virus 2A self-cleaving peptide (T2A) to a fusion protein of enoyl-CoA hydratase/aldolase (ech) and 
feruloyl-CoA synthetase (fcs), both from Streptomyces sp. strain V-1. This construction resulted in a percentage of 
fluorescent transconjugants lower than 10 % and it presented rearranged episomes in the fluorescent and the 
non-fluorescent transconjugants. The replacement of the fusion protein ech-fcs in the expression cassette with the 
fluorescent protein mCherry increased the percentage of eGFP fluorescent transconjugants over 80 % suggesting 
a toxicity of the ech-fcs gene expression and in turn forcing selection for rearranged episomes. A comparison of 
flow cytometry results and sequencing analysis demonstrated that a successful transformation with an unaltered 
expression cassette could lead to diatoms that do not produce the protein. On the other hand, transconjugants 
with mutations or rearrangements in the genes encoding the fusion ech-fcs protein led to fluorescent signal 
detection. Here, we show that using fluorescent reporters can mislead the selection of positive transconjugants by 
not being able to identify rearrangements in the genes of interest, and intact cassettes can lack fluorescent signal 
due to lack of heterologous protein production.   

1. Introduction 

Phaeodactylum tricornutum is the model organism for pennate di
atoms and a suitable platform for metabolic engineering. It is not only 
the best-characterized diatom so far known to accumulate high-value 
products but also is a viable organism for large-scale culture [1]. P. tri
cornutum has been successfully used for recombinant protein production 
attributed to its high growth rates and high efficiency to express com
plex eukaryotic genes [2–5]. In addition, the sequencing and annotation 

of the diatom's genome done in 2008 [6], and revised in 2021 [7] and 
2022 [8], combined with the development of a variety of genetic tools, 
have enabled its use in biotechnology [9,10]. 

Biolistic transformation of P. tricornutum led to the successful accu
mulation of docosahexaenoic acid (DHA) [11] and the production of 
betulin and its precursors [12]. This transformation method leads to 
random integration into the genome that could interrupt non-target 
genes by partial or multiple integrations of the expression cassette 
requiring high throughput screening methods of positive clones [13,14]. 
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To overcome these undesirable effects, the episomal expression method 
was recently added to the molecular tools for diatoms, allowing the 
design of extrachromosomal consistent, complex, and predictable plat
forms for protein production [13,14]. Besides, when compared to 
extrachromosomal episomal expression systems, random integration 
into the genome produced a higher, but variable, fluorescent signal 
detected from the reporter protein mVenus whereas the fluorescence 
intensity was more stable between the transconjugants harboring the 
linearized episome [15]. This expression variability of the heterologous 
genes following nuclear transformation can be due to the random inte
gration impacting genes responsible for growth and development or to 
silencing due to the integration site. 

Although episomes have recently been successfully used for protein 
synthesis and production of metabolites [15,16], there is still a lack of 
knowledge on the success of episomal expression and the screening 
particularly when referring to sequence stability and segregation pat
terns, impacting the production of heterologous proteins or metabolites. 
In a previous study, Slattery et al. (2018) have demonstrated the pos
sibility to introduce eight genes encoding enzymes of the vanillin 
biosynthesis pathway including Vanilla planifolia vanillin synthase 
(VpVAN) [17] into P. tricornutum in a single episome. Despite the 
absence of mutations in the genes, enzyme production and activity in the 

selected transconjugants was not detected (data not shown), justifying 
the need to a more in-depth study of alternative pathways such as 
episomal expression systems. 

Therefore, our aim was to study the episomal expression system in 
P. tricornutum focusing on the production of heterologous proteins and 
episome rearrangement events. To the best of our knowledge, this kind 
of molecular events in extrachromosomal expression system propagated 
by P. tricornutum has not been reported previously. The objectives were 
(1) to screen positive colonies using a fluorescent reporter linked to a 
fusion protein that could potentially be used for vanillin production; (2) 
to characterize the transconjugants by flow cytometry and whole 
plasmid sequencing. Briefly, we used a construction containing the 
enhanced green fluorescent protein (eGFP) linked to the fusion protein 
composed of feruloyl-CoA synthetase (fcs) and enoyl-CoA hydratase/ 
aldolase (ech) soluble enzymes from Streptomyces sp. strain V-1 (Fig. 1a). 
Since these two enzymes have already been characterized for the con
version of ferulic acid to vanillin in E. coli [18,19], they were chosen 
over VpVAN whose catalytical activity remains controversial [20]. We 
demonstrated that the screening of P. tricornutum transconjugants by 
fluorescence detection using eGFP as a reporter protein can be 
misleading. On the one hand, no fluorescence could be detected using 
microscopy and flow cytometry on zeocin resistant transconjugants, 

Fig. 1. Transformation of P. tricornutum 
cells with a vanillin biosynthetic pathway. 
(a) Biosynthetic pathway of two bacterial 
enzymes from Streptomyces sp. that 
convert ferulic acid into vanillin. (b) 
Plasmid scheme of pControl. The scheme 
is on scale, with the exceptions of the size 
of the promoter and terminator. (c) 
Plasmid scheme of pDMi7 and the 
expression cassette containing the vanillin 
biosynthetic pathway. The scheme is on 
scale, with the exceptions of the size of the 
promoter and terminator. (d) Total count 
of colonies per bacterial conjugation done 
in parallel with an empty vector 
(pPtGE30) and pDMi7. (e) Percentage of 
GFP fluorescent colonies obtained from 
bacterial conjugations with pDMi7 and 
pControl observed by fluorescence micro
scopy. Data in (d) and (e) are means of 
three biological replicates except for the 
percentage of GFP fluorescent colonies 
from pDMi7 that was calculated from two 
biological replicates. The asterisk annota
tion indicates a significant difference from 
pControl as determined by Welch's t-test 
(p = 8.1E-06). 40SRPS8, 40SRPS8 pro
moter; eGFP, enhanced green fluorescent 
protein; T2A, Thosea asigna virus 2A self- 
cleaving peptide; ech, enoyl-CoA hydra
tase/aldolase; fcs, feruloyl-CoA synthetase; 
FcpA, FcpA terminator. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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despite confirming a genetically intact whole plasmid by sequencing. On 
the other hand, in the zeocin resistant eGFP fluorescent transconjugants, 
the fcs protein was altered with deletions, shifts in the open reading 
frame (ORF), or nonsynonymous substitution mutations. Thus, the 
screening based on the fluorescence of eGFP led us to the selection of 
transconjugants that did not contain an intact episome nor an unaltered 
expression cassette. While, previous studies proved the efficiency of the 
episome for the genetic engineering of P. tricornutum [15,16,21–24], our 
work suggests that the episomes can be rearranged at an unknown step 
during the conjugation to diatoms or subsequent episome propagation. 

2. Material and methods 

2.1. Microbial strains and growth conditions 

Escherichia coli (NEB® 10-beta, New England Biolabs, Canada) was 
grown in Luria Broth (LB) supplemented with appropriate antibiotics 
(chloramphenicol (15 mg L−1)). Escherichia coli (Epi300, Epicenter) was 
grown in Luria Broth (LB) supplemented with appropriate antibiotics 
(gentamicin (20 mg L−1) or chloramphenicol (15 mg L−1) and genta
micin (20 mg L−1)). Phaeodactylum tricornutum (CCAP 1055/1, Culture 
Collection of Algae and Protozoa) was grown in modified L1 medium 
without silica at 18 ◦C under cool white fluorescent lights (75 μE m−2 

s−1) and a photoperiod of 16 h light:8 h dark with an agitation of 130 
rpm for liquid cultures. 

2.2. P. tricornutum growth medium 

L1 media preparation was adapted from [10]. It consisted of 917 mL 
of autoclaved distilled water, 50 mL of 20× stock of NaCl and Na2SO4, 
10 mL of 100× stock of anhydrous salt, 20 mL of 50× stock solution of 
hydrous salt, 2 mL of sodium phosphate (NP) stock, 1 mL L1 trace metals 
stock, 0.5 mL f/2 vitamin solution. 

The 20× stock of NaCl and Na2SO4 sterilized by autoclave consisted 
of 245 g L−1 NaCl and 40.9 g L−1 Na2SO4. The 100× stock of anhydrous 
salt sterilized by autoclave consisted of 35 g L−1 KCl, 10 g L−1 NaHCO3, 
5 g L−1 KBr, 1.5 g L−1 H3BO3, and 0.15 g L−1 NaF. The 50× stock of 
hydrous salt sterilized by autoclave consisted of 277.5 g L−1 

MgCl2⋅6H2O and 38.5 g L−1 CaCl2⋅2H2O. The sodium phosphate (NP) 
stock was made in 100 mL H2O and consisted of 37.5 g NaNO3 and 2.5 g 
NaH2PO4⋅H2O and was sterilized through a 0.2 μm filter. The L1 trace 
metal stock solution was made by mixing 3.15 g FeCl3⋅6H2O, 4.36 g 
Na2EDTA⋅2H2O, 0.25 mL (9.8 g L−1 dH2O) CuSO4⋅5H2O, 3.0 mL (6.3 g 
L−1 dH2O) Na2MoO4⋅2H2O, 1.0 mL (22.0 g L−1 dH2O) ZnSO4⋅7H2O, 1.0 
mL (10.0 g L−1 dH2O) CoCl2⋅6H2O, 1.0 mL (180.0 g L−1 dH2O) 
MnCl2⋅4H2O, 1.0 mL (1.3 g L−1 dH2O) H2SeO3, 1.0 mL (2.7 g L−1 dH2O) 
NiSO4⋅6H2O, 0.1 mL (100 mM, Cat. P0758S, NEB) Na3VO4, and 1.0 mL 
(1.94 g L−1 dH2O) K2CrO4 in 1 L H2O and was sterilized through a 0.2- 
μm filter. The F/2 vitamin stock solution was made by mixing 200 mg 
thiamine-HCl, 10 mL of a 0.1 g L−1 biotin stock, and 1 mL of a cyano
cobalamin 1 g L−1 stock in 1 L H2O and was sterilized through a 0.2-μm 
filter. 

For agar plates, equal parts sterilized liquid L1 medium and auto
claved 2 % agar were combined and poured into Petri dishes. 

2.3. Plasmid construction 

All plasmid constructs were done by Gibson assembly using the 
NEBuilder® HiFi DNA Assembly Bundle for Large Fragments (New En
gland Biolabs, Canada). Amplicons used to do the assemblies were 
amplified by PCR with PrimeSTAR GXL DNA Polymerase (Takara Bio, 
Japon) following the manufacturer's protocol. Episome pDMi7 was 
made by replacing the URA3 element in pPtGE30 with an expression 
cassette containing 40SRPS8 promoter and FcpA terminator driving 
eGFP linked with a T2A self-cleaving peptide linker to the enzyme ech 
fused with the enzyme fcs by a flexible linker (GGGGS)3 (Fig. 1a). 

Expression vector pDMi8 was derived from pDMi7 by inserting mCherry 
ORF next to the T2A peptide instead of ech, flexible linker (GGGGS)3, 
and fcs genes. 

The ech, and fcs containing a Myc tag in 3′ genes were codon opti
mized and were synthesized by Bio Basic (Markham, Ontario, Canada) 
using the codon usage list extracted from the High-performance Inte
grated Virtual Environment-Codon Usage Tables (HIVE-CUTs) platform 
[25] with the refseq database on September 21st in 2018 (Supplemen
tary Fig. S9). The eGFP and T2A DNA were amplified from pPtGE33, and 
the 40SRPS8 promoter was amplified from pPtGE19 [10]. 

All forward and reverse primers used are listed in Supplementary 
Table S4. Plasmids list used and constructed for this study is available in 
Supplementary Table S5. The list of all DNA sequences used in this study 
is available in Supplementary Table S6. 

2.4. Transformation of P. tricornutum by bacterial conjugation from 
E. coli cells 

Conjugation protocol was adapted from Karas et al. (2015) and 
Slattery et al. (2018). 

2.4.1. Preparation of P. tricornutum cells 
A liquid culture of P. tricornutum of 4 to 8 days old was used as the 

starter culture. The cell concentration of 250 μL culture was adjusted to 
1.0 × 108 cells ml−1 based on the optical density of a 1/5 diluted sample 
and calibration curve (Supplementary Fig. S10). To adjust the concen
tration, the cells were centrifuged at 3500 ×g at room temperature. The 
250 μL of concentrated culture is plated on 1/2 × L1 1% agar plates and 
grown for 4 days. The cells were then scrapped three times with 400 μL 
of L1 media and the concentration was adjusted to 5.0 × 108 cells mL−1. 

2.4.2. Preparation of E. coli cells 
The E. coli transconjugants used for bacterial conjugation contain the 

conjugative plasmid pTA-Mob [26] and the cargo plasmid with the 
expression cassette of interest. A 50 mL of LB was inoculated with 1 mL 
of an overnight 5 mL culture of E. coli and incubated at 37 ◦C to A600 of 
0.8–1.0, centrifuged for 10 min at 3000 ×g and resuspended in 500 μL of 
SOC media. 

2.4.3. Bacterial conjugation 
Then, 200 μL of P. tricornutum and 200 μL of E. coli cells were mixed 

to initiate the conjugation. The cell mixture was plated on 1/2 × L1 5% 
LB 1 % agar plates, incubated for 2 h at 30 ◦C in the dark, and then 
moved to grow for two days at 18 ◦C in the light. After 2 days, the cells 
were scrapped twice with 650 μL of L1 media. The scrapped cells were 
plated with 200 μL three times and the remaining volume (<200 μL) on 
the fourth plates of 1/2 × L1 1% agar plates supplemented with Zeocin 
50 μg/mL (or nourseothricin 200 μg/mL for pPtGE33 transconjugants 
only). Colonies appeared after 10–14 days of incubation at 18 ◦C with a 
photoperiod of 16 h light: 8 h dark. 

Counts of P. tricornutum (Pt) colonies per conjugation were compared 
statistically by Welch's t-test (α = 0.05) in Microsoft Excel with the Data 
AnalysisToolPak. 

The P. tricornutum transconjugants were named as follows in our 
study: (Name of the episome used for conjugation) - (Round of conju
gation)(Number of the E. coli colony obtained from the Gibson assembly 
of pDMi7) - (Number of P. tricornutum colony after the bacterial con
jugation)→As an example: DMi7-21-1 

2.5. Fluorescence microscopy 

Colonies were analysed 14 days after conjugation under a Fluores
cent Stereo Microscope Leica M165 FC with GFP filter for eGFP fluo
rescence and RFP filter for mCherry fluorescence detection. Colonies 
were observed with a magnification of 80 to 120×. 

The percentage of eGFP fluorescent colonies were compared 
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statistically by Welch's t-test (α = 0.05) in Microsoft Excel with the Data 
AnalysisToolPak. 

2.6. Episome DNA isolation from P. tricornutum and episome rescue 

The recovery of episomes from P. tricornutum was adapted from 
Karas et al. (2015) and Slattery et al. (2018), and the manufacturer's 
protocol of the Large Plasmid Mini Kit (Geneaid Biotech Ltd., Taiwan). 
Briefly, 5 mL of a 7 days old culture of P. tricornutum was centrifuged for 
10 min at 3500 ×g. The pellet was resuspended in 235 μL of PDL1 buffer 
(Geneaid) supplemented with 5 μL of hemicellulase (100 mg/mL), 5 μL 
of lysozyme (25 mg/mL) and 5 μL of 20 T zymolyase solution (10 mg/ 
mL). The mixed solution was incubated for 30 min at 37 ◦C. To initiate 
the lysis, 250 μL of PDL2 buffer was added to the solution and mixed by 
inversions 5 to 10 times and incubated 2 min at room temperature. The 
lysis was neutralized by the addition of 375 μL of PDL3 buffer and mixed 
by inversions 5 to 10 times and incubated 2 min at room temperature. 
The mixture was centrifuged for 3 min on a microcentrifuge at maximal 
speed at room temperature. The manufacturer's protocol from the Large 
Plasmid Mini Kit (Geneaid) was then followed for the steps of DNA 
binding, washing, and elution. 

To complete the episome rescue, 2 μL of the miniprep were trans
formed by heat shock in NEB 10-beta chemically competent E. coli cells 
following the manufacturer's protocol up to the spreading of trans
formed cells on LB plates. At this point, 100 μL of the cell mixture was 
spread on a LB plate with chloramphenicol. The remaining volume was 
centrifuged 2000 ×g at room temperature for 5 min. The supernatant 
was partially removed (700 μL) and the remaining volume is used to 
resuspend the pellet. The total volume of the cell mixture is then plated 
on a LB plate with chloramphenicol. After an overnight incubation at 
37 ◦C, an isolated colony was used to inoculate 5 mL of LB culture to 
proceed for a miniprep following the manufacturer's protocol from the 
Large Plasmid Mini Kit (Geneaid). 

2.7. Whole plasmid sequencing 

Episome pDMi7 was sequenced following the Gibson assembly and 
served as the reference sequence for further alignment made with CLC 
Main Workbench 7.7 (QIAGEN, Germany) with the “very accurate” 
alignment parameter. pDMi7 episomes from Gibson assembly and 
episome rescue were completely sequenced by CCIB DNA Core (Mas
sachusetts General Hospital, United States of America) through their 
next Next-Generation sequencing Illumina MiSeq platform. 

2.8. Promoter region prediction 

To analyze the sequence of a putative promoter in DMi7-21-3 clone, 
a region of 1000 bp before the first ATG of the longest predicted open 
reading frame from the sequence result of episome rearrangements was 
analysed using PlantCARE [27] software for predicting transcription 
factor binding sites. Besides, to determine if it had the potential 
consensus transcription initiation sequence from P. tricornutum we 
searched for “TCAH+1W” in the selected region [28]. 

2.9. Protein extraction 

One-week-old cultures were centrifuged at 1500 ×g for 20 min at 
4 ◦C. Pellets were weighed and resuspended with a ratio 1.3 g FW/mL in 
an extraction buffer (50 mM Tris pH 7.4, 500 mM NaCl, 0.1 % Tween20, 
1× protease inhibitor cocktail). Sonication was performed 6 times at 35 
% amplitude, 30 s on, 30 s off for 3 min total. Protein extracts were 
centrifuged at 20,000 ×g for 30 min at 4 ◦C. Supernatant containing the 
total soluble protein fractions were kept at −20 ◦C to be used for western 
blot. The proteins were quantified with the RC DC™ Protein Assay Kit I 
(Bio-Rad cat # 5000121). 

2.10. Western blot 

For protein detection, 50 μg of total proteins were loaded in 10 % 
SDS-PAGE. The proteins were then transferred to the 0.2 μm PVDF 
membrane and transfer settings were; 100 V constant and 400 mA for 2 
h. Primary antibodies were incubated overnight at 4 ◦C. Primary anti
body for eGFP was purchased from Cedarlane (Ontario L7L 5R2 Canada, 
cat. #CLH106AP) and for Myc Tag from ThermoFisher Scientific (Illi
nois 61101 USA, cat. #MA1-21316). Both were used at a 1:1000 dilution 
in 3 % BSA. After three washes with Tris-buffered saline, 0.1 % Tween 
20 (TBST) solution, the blots were incubated for 1 h in a 1:20,000 
dilution, in 5 % milk, of Immun-Star Goat Anti-Mouse (GAM)-HRP 
Conjugate from Bio-Rad (Ontario L5T 1C9 Canada, cat. #1705047). 
P. tricornutum clone containing pPtGE33 was used as a positive control 
for eGFP expression. A quantity of 10 ng of Multiple Tag from GenScript 
(cat. # M0101) was used as a positive control for Myc Tag detection. 
After three washes of the membrane with TBST solution, protein 
detection was realized by using Clarity Max Western ECL Substrate- 
Luminol solution from Bio-Rad (cat # 1705062S). Chemiluminescence 
detection and Ponceau S stained (Glacial Acetic Acid 5 % v/v, Ponceau 
Red dye 0.1 % m/v) of the blots were visualized using ChemiDoc Im
aging System with Image Lab Touch Software (Bio-Rad cat # 12003153) 
and Image Lab™ Software (Bio-Rad cat # 1709690). The molecular 
weight of the protein corresponding to the detected band was calculated 
with Image Lab™ Software and the method point-to-point (semi-log). 

2.11. Flow cytometry and fluorescence-activated cell sorting (FACS) 

The BD FACSMelody (BD Biosciences, La Jolla, CA, USA) equipped 
with blue (488 nm), red (640 nm) and violet (405 nm) lasers was used to 
sort P. tricornutum transformed transconjugants according to eGFP 
production. Prior to the first sort, selected transconjugants were grown 
in L1 liquid medium supplemented with corresponding antibiotic and 
grown for 7 days. P. tricornutum cultures were washed in L1 medium, 
filtered on a 100 μm Nylon Net filter (Merck Millipore, Ireland) and 
diluted to an OD730 = 0.1 in L1 media prior to sorting. 

Events were acquired at a fixed flow rate of 1 and at least 10,000 
events were analysed. Cells were gated according to FSC-A (forward 
scatter area) and SSC-A (side scatter area) parameters and doublons 
were excluded according to FSC-H (height) vs. FSC-W (width) and SSC-H 
vs SSC-W plots. Chloroplast autofluorescence was measured on the 
PerCP channel (700/54 nm). Cells with high levels of PerCP fluores
cence were further gated whereas cells with non-specific high auto
fluorescence were excluded based on their emission in the 448/45 nm 
channel. eGFP was further analysed on the 527/32 nm band-pass filter 
channel. Sorting parameters were set on purity parameter. Sorted cells 
were collected in 1.5 mL Eppendorf containing 500 μL of L1 media 
without antibiotics. Sorted cells were centrifuged 10 min at 3500 ×g and 
90–95 % of the supernatant was removed and replaced by 500 μL of L1 
media supplemented with zeocin 50 μg/mL and chloramphenicol 25 μg/ 
mL. 

For the second round of sorting, 1st round-sorted cultures were 
incubated for 7 days and diluted in 1 mL to an OD730 of 0.1. The cultures 
were then grown for another 7 days before being sorted a second time, 
according to the same procedure. Figures and statistics were analysed 
using BD FlowJo version 10 software (BD Biosciences, La Jolla, CA, USA, 
2020). At least 10,000 events were acquired for each sample. 

2.12. Total RNA extraction and RT-PCR 

Total RNA from P. tricornutum from flash frozen biomass (10 mL of a 
7 days old culture) was extracted using the RNeasy Plant Mini Kit ac
cording to the manufacturer's protocol (QIAGEN, Germany). Followed 
by DNase I (NEB, Canada) treatment at 37 ◦C for 15 min according to the 
manufacturer's protocol to remove episome contamination and purifi
cation using RB columns from Plant Total RNA Mini Kit (GENEAID, 
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Taiwan). The RNA quality was confirmed by migration at 100 V on a 1 % 
agarose gel for 35 min. RT-PCR was carried out using High-Capacity 
cDNA Reverse Transcription Kit according to the manufacturer's proto
col (Applied Biosystems, USA). For PCR reaction, all the transconjugants 
were tested using a forward primer binding at ech (DMI7_F) and a 
reverse primer that binds at the beginning of fcs (DMI7_R). The reaction 
conditions were: initial denaturation at 95 ◦C for 30s; 30 cycles of 95 ◦C 
(30s), 50 ◦C (40s) and 68 ◦C (16 s), with a final extension at 68 ◦C for 5 
min. PCR products were visualized in 1 % agarose gel and the length of 
259 bp was expected for the positive amplification. The forward and 
reverse primers sequence used for PCR are listed in Supplementary 
Table S4. 

3. Results and discussion 

3.1. Fluorescence microscopy analysis of transconjugants demonstrated 
different fluorescent patterns in a single transformation event 

In a previous study, we constructed an episome encoding eight het
erologous genes involved in vanillin biosynthesis that was stable and 
propagated in P. tricornutum over four months with no evidence of 
rearrangements [10]. However, we could not detect vanillin, VpVAN 
enzyme activity or accumulation in the transconjugants. Since there is a 
controversy surrounding the function of VpVAN in vanillin biosynthesis, 
we engineered a new construction to study protein production linked to 
vanillin biosynthesis. It is based on a simpler pathway using two genes 
encoding enzymes already characterized for the conversion of ferulic 
acid to vanillin [18,19]. Specifically, the fcs enzyme can convert the 
ferulic acid into feruloyl-CoA which will be converted into vanillin by 
the catalytic activity of ech (Fig. 1a). The new episomal construction was 
built into the previously characterized plasmid pPtGE33 containing the 
Thosea asigna virus 2A self-cleaving peptide (T2A) linker cloned between 
eGFP and mCherry sequences, and the selection marker ShBle as resis
tance cassette obtained from pPtGE30 plasmid [10]. There, the expres
sion of the bi-cistronic gene construction of eGFP-T2A-mCherry is under 
the control of the 40SRPS8 promoter and its native terminator which is 
known for increased heterologous gene expression [10]. Furthermore, 
the fluorescence from the reporter genes, eGFP and mCherry, will allow 
for high-throughput screening of transconjugants from liquid culture by 
flow cytometry or directly from plate using fluorescence microscopy 
(Supplementary fig. S1). Using this system, we constructed two epi
somes; pControl and pDMi7 (Fig. 1b, c). In pDMi7, the expression 
cassette eGFP-T2A-mCherry of pControl was modified by replacing the 
mCherry sequence with the ech and fcs coding sequence linked by a 
flexible peptide sequence (GGGGS)3 (Fig. 1c). 

First, we evaluated the transformation efficiency on zeocin resistant 
transconjugants 14 days after the transformation of P. tricornutum with 
pPtGE30 (empty vector) and pDMi7 by E. coli conjugation. The number 
of colonies obtained from pControl and pDMi7 conjugations was not 
significantly different (p-value = 0.25) (Fig. 1d and Supplementary 
Table S2), indicating that the transformation was successful. 

To evaluate the potential of screening directly on L1 agar plate 
media, the eGFP fluorescence was observed using fluorescence micro
scopy on P. tricornutum zeocin resistant transconjugants. For pControl, 
the fluorescence of eGFP and mCherry was observed respectively on 
82.1 ± 1.8 % and 76.0 ± 1.0 % of the analysed colonies (Fig. 1e and 
Supplementary Table S1). Whereas, the absence of eGFP and mCherry 
fluorescence was observed in 17.9 % and 24.0 % of pControl colonies, 
respectively. The non fluorescent clones could be due to an absence of 
fluorescent proteins accumulation that might be caused by a partial 
expression cassette resulting from an incomplete episome transfer dur
ing conjugation, or by mutations in the expression cassette sequence. 

Unexpectedly, a percentage of 8.2 ± 0.8 % of pDMi7 colonies dis
played eGFP fluorescence (Fig. 1e) which is significantly different (p- 
value < 0.00001) from the pControl results as determined by Welch's t- 
test. The only difference between pControl and pDMi7 is located in the 

expression cassettes downstream the T2A sequence which is coding 
respectively for mCherry or ech-fcs (Fig. 1b-c). Regarding the protein of 
interest eGFP-T2A-ech-fcs from pDMi7, the eGFP fluorescence should be 
produced by the cleaved protein eGFP-T2A, or the uncleaved product 
eGFP-T2A-ech-fcs. Compared to pControl, the low percentage of pDMi7 
colonies suggests an instability or a potential toxicity related to the ech- 
fcs at gene level that could lead to low or non-fluorescent trans
conjugants. It is possible that the fusion protein ech-fcs promotes the 
instability of the uncleaved protein eGFP-T2A-ech-fcs resulting in its 
degradation or in its incapacity to produce fluorescence. However, it 
cannot explain the absence of fluorescence from the cleaved form eGFP- 
T2A since this protein is cleaved and released from the ribosomes before 
the translation of ech-fcs downstream the same mRNA. In the case of the 
non-fluorescent pDMi7 colonies, there is then also lack of accumulation 
of the protein eGFP-T2A. It then means that the gene eGFP-T2A-ech-fcs is 
not translated, or that the T2A peptide is not cleaved resulting only in 
eGFP-T2A-ech-fcs proteins that are not fluorescent or not degraded by 
P. tricornutum. 

Regarding the possible toxicity of ech-fcs, the number of zeocin 
resistant colonies obtained from pPtGE30 (empty vector) is not signifi
cantly different than conjugations with pDMi7 (Fig. 1d and Supple
mentary Table S2). It indicates that if the ech-fcs gene was lethal for 
P. tricornutum, the diatom was able to counter its toxic property through 
translation inhibition or degradation of the protein of interest. It would 
allow its survival and would explain the diminution of fluorescence 
transconjugants. It is possible that the toxicity is an effect of the catalytic 
activity of the ech-fcs fusion protein in P. tricornutum's metabolism, 
either by producing vanillin or catalyzing another reaction, thus 
consuming an important metabolite or producing something toxic. A 
literature search did not yield any information on the toxicity from ech 
or fcs enzymes. 

It is interesting to note that the fluorescent areas inside the pDMi7 
transconjugant colonies were not always uniform. Some colonies were 
almost completely fluorescent (Supplementary fig. S2a), and others 
were partially fluorescent (Supplementary fig. S2b-f). We noticed that 
some colonies were weakly fluorescent as the GFP signal was observed 
only from small dots (Supplementary fig. S2b). In other cases, the col
onies were fluorescent, but they had regions where the fluorescence 
signal was undetectable (Supplementary fig. S2c-f). An overlap between 
a fluorescent colony and a non-fluorescent one could explain this 
pattern. The irregular shapes of some colonies and their fluorescence 
pattern support this hypothesis (Supplementary fig. S2c-e). However, for 
some round colonies, it was more ambiguous to determine if two col
onies had merged or if the heterogeneous fluorescence pattern was 
originating from a unique colony (Supplementary fig. S2f). Theses ob
servations were also present among pControl transconjugants colonies 
(Supplementary fig. S3). 

3.2. The sequences of the episomes recovered from P. tricornutum pDMi7 
transconjugants showed rearrangements and mutations 

We selected ten positive pDMI7 transconjugants displaying anti
biotic resistance to investigate eGFP fluorescence from the reporter 
gene. Six out of the ten transconjugants were eGFP positives (GFP+) 
whereas four were not (GFP-). To further investigate this, we assessed 
the integrity of the pDMI7 with an episomes rescue experiment. For that, 
the recovered episomes from P. tricornutum cultures were transformed 
and replicated in E. coli from our six GFP+ transconjugants (namely 
DMi7-21-1, DMi7-21-3, DMi7-31-1, DMi7-31-3, DMi7-31-4, and DMi7- 
31-8) and four non-fluorescent (GFP-) ones (DMi7-21-14, DMi7-21-15, 
DMi7-21-16, and DMi7-31-10), extracted and digested (Fig. 2a). The 
double digestion of the recovered episomes showed variable profiles 
compared to the control plasmid which is the initial pDMi7 following 
Gibson assembly. Only DMi7-21-16 exhibited an expected restriction 
enzyme digestion profile corresponding to the plasmid control (Fig. 2a). 
This suggests that DNA rearrangements occurred in nine out of the ten 
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Fig. 2. DNA digestion profiles and representation of the rearrangements of the recovered episomes from pDMi7 P. tricornutum transconjugants 
(a) Double digestion by PstI and SpeI of the episomes recovered from P. tricornutum transconjugants showing rearrangement in their sequence. The control is the 
digestion of the plasmid pDMi7 used for the conjugation. (b and c) Schematic representation of the rearrangements in the expression cassette from the episomes 
recovered from P. tricornutum transconjugants containing pDMi7. The GFP+ transconjugants are the one where GFP fluorescent cells have been detected by fluo
rescent microscopy and flow cytometry. Shaded parts represent deletions in the expression cassettes and is on scale. As a reference the schemes of DMi7–21-16 and 
DMi7–31-10 are identical to the designed expression cassette from pDMi7. 40SRPS8, 40SRPS8 promoter; eGFP, enhanced green fluorescent protein; T2A, Thosea 
asigna virus 2A self-cleaving peptide; ech, enoyl-CoA hydratase/aldolase; fcs, feruloyl-CoA synthetase; FcpA, FcpA terminator; SNV, single nucleotide variation (T to 
G); AA, amino acid (E to A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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episomes recovered from pDMi7 transconjugants whether they pro
duced eGFP or not (Fig. 2a). 

To further analyze the profile of rearrangements, the rescued epi
somes were sequenced by whole plasmid next-generation sequencing 
with the Illumina MiSeq platform. Interestingly, the episome sequence 
recovered from the six GFP+ clones showed the fcs coding sequence 
altered by mutations, or from complete or partial deletions (Fig. 2b, c). 
The complete analysed changes in the DNA sequences are listed in 
supplementary table S3. The sequence of the expression cassette was 
truncated with total or partial deletion of the fcs gene and complete 
deletion of the FcpA terminator for DMi7-21-1, DMi7-21-3, DMi7-31-3, 
and DMi7-31-8, (Fig. 2b). The total length of the deletions starting in the 
expression cassette for DMi7-21-1 and DMi7-31-3 were of 5523 bp and 
4873 bp respectively. Regarding DMi7-31-8, the deletion of 2552 bp was 
replaced by a partial and inverted duplicate from the ech sequence of 
155 bp. In the case of DMi7-21-3 there was also a partial deletion of 
5004 bp starting in the ech gene. Moreover, in this transconjugant, the 
expression cassette was also present in two extra partial duplicates. The 
first one carries the partial sequence of ech-fcs. The second one consists 
of a partial eGFP sequence with the complete gene encoding the fusion 
protein (ech-fcs), however, lacking the promoter sequence of 40SRPS8. 
Regarding the clone DMi7-31-1, there was a change in the open reading 
frame of the fcs gene with a single insertion after the first twelve nu
cleotides as represent in Fig. 2b. A nonsynonymous substitution was 
detected in the sequence of the fcs gene of the clone DMi7-31-4 causing a 
substitution of negatively charged amino acid glutamic acid (E) with a 
non-polar aliphatic alanine (A). Further work needs to be done to 
evaluate the impact of this mutation on the enzymatic activity of fcs. 
Altogether, the six GFP+ transconjugants demonstrated instability in 
their episomal sequences that was linked to the fcs sequence. This type of 
extrachromosomal DNA instability which influences the production of 
an heterologous protein has never been reported from diatoms before. It 
is possible that the lack of data in the literature concerning this matter 
could be due to the fact that the episome in P. tricornutum has been 
discovered fairly recently [13]. However, it is conceivable that this 
instability should not be specific to the fcs coding sequence used in this 
study. If so, it would then be possible that the episome instability could 
be problematic in some metabolic engineering experiments as it was 
reported for development of Cyanobacteria strains [29]. 

Intriguingly, no mutations were observed in the eGFP-T2A-ech-fcs 
coding sequence of the expression cassette in any of the non-fluorescent 
GFP- transconjugants (Fig. 2c). Moreover, DMi7-21-16 and DMi7-31-10 
had no modification in the 40SRPS8 promoter and in the FcpA termi
nator sequences. Regarding the two other eGFP negative trans
conjugants, the expression cassette from the clone DMi7-21-14 
contained a single nucleotide insertion in the promoter sequence and 
DMi7-21-15 was harboring a deletion of the first half of the promoter 
sequence. Thus, the absence of eGFP fluorescence of those trans
conjugants could not be explained by rearrangements and/or mutations 
in the expression cassette. Besides, the absence of fluorescence in the 
recombinant P. tricornutum transconjugants is not related to the DNA 
sequence, which suggests that regulation at other levels such as RNA 
silencing, protein degradation or low protein production below the 
sensitivity levels, could be responsible for this phenomenon. 

Interestingly, a similar observation was reported recently. Defrel 
et al. (2021) transformed P. tricornutum by biolistic with the uidA gene, 
which encodes the β-glucuronidase (GUS) enzyme, linked by the 2A 
peptide to the nourseothricin N-acetyl transferase gene (NAT). No GUS 
activity was detected in two transconjugants with a colorimetric assay 
despite the absence of sequence modification of their transgene. With 
the development of a fluorometric assay, GUS activity was detected in 
both transconjugants and was 30 and 40 times lower compared to the 
clone with the strongest activity. The reason for the low activity from 
these two transconjugants was not elucidated. In their case, the inte
gration of the transgenes in poorly expressed genomic regions might be 
the cause of their low activity. This hypothesis cannot be applied to our 

work since the episomes are extrachromosomal expression systems. 
However, it is possible that the heterologous expression systems, either 
by random DNA integration or by episome, would be affected by defense 
mechanisms of P. tricornutum like RNA silencing. Regarding RNA 
silencing, De Riso et al. showed that the GUS reporter gene expression 
can be successfully silenced using constructs with sense and antisense 
guide RNAs in P. tricornutum [30]. Besides, they were able to modulate 
the expression of two endogenous genes encoding for phytochrome 
(Dph1) and cryptochrome/photolyase family 1 (CPF1), proving that 
RNA silencing can occur in P. tricornutum [30]. Screening of potential 
miRNAs would allow to determine whether this mechanism could be the 
cause of the absence of fluorescent signal in transconjugants with no 
mutations. In this regard, Huang et al. identify by sequencing and bio
informatic analysis novel miRNAs which may play an important role in 
the regulation of P. tricornutum metabolism [31]. 

3.3. Fluorescent and non-fluorescent transconjugants tested positive for 
gene expression of the ech-fcs fusion protein 

To investigate the heterologous protein production from the pDMi7 
transconjugants, we first tested the gene expression of the cassette by an 
endpoint RT-PCR, using primers that amplified a 209 bp long fragment 
that covered the end of ech and the beginning of the fcs genes. For this 
purpose, six transconjugants were analysed including GFP+ and GFP- 
ones. To remove traces of episomal DNA that co-purified with the total 
RNA and could give false positives from the PCR analysis, the samples 
were treated with DNase I. Total RNA samples without reverse tran
scription were used as negative control for the PCR. All the trans
conjugants tested were positive indicating that they express the gene 
encoding the ech-fcs fusion protein (Fig. 3). Based on the construction 
design, the eGFP should be produced from the same mRNA as the ech-fcs 
fusion protein, and then separated by the self-cleavage T2A linker. 

The clone DMi7-21-3 gave a positive result even though the partial 
cassette where the 40SRPS8 promoter and the eGFP sequences are 
complete does not have the reverse primer binding site (Fig. 2b and 
Supplementary table 3). In the episome recovered from this trans
conjugants, there were three partial copies of the cassette where one of 
them contains the sequence that would give correct RT-PCR amplifica
tion. The first partial copy is presented in Fig. 2b, which is composed of 
40SRPS8 promoter, eGFP, and ech partial sequence lacking the binding 
site for the reverse primer (DMi7_R). The second partial copy of 2400 bp 
is inserted after the reference position 13,888 bp. However, it is 
composed of ech partial sequence (3′-end) lacking the promoter, eGFP, 
and binding site for the forward primer (DMi7_F). Regarding the other 
copy, it is an insertion of 3561 bp before the reference position 14,879. 
In this case, the 40SRPS8 promoter sequence and the first nucleotide of 
eGFP are lacking, but the ech-fcs sequence is complete and contains the 

Fig. 3. Expression of the cassette of interest from pDMi7 P. tricornutum trans
conjugants 
Endpoint RT-PCR of P. tricornutum transconjugants that have been observed by 
fluorescence microscopy as fluorescent GFP+ (DMi7-21-1, -3, and -7) or non- 
fluorescent GFP- (DMi7-21-14, -15, -16). The plasmid pDMi7 has been used 
as a positive control for PCR (+Ctl) and the respective RNA samples (without 
reverse transcription) were used as negative controls (-Ctl RT). 
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RT-PCR primers binding sites. This could explain the cDNA amplifica
tion from DMi7–21-3. We hypothesized that the sequence upstream the 
duplicate, product of the episome rearrangements, could drive the 
expression of the eGFP:c.1delA-T2A-ech-fcs cassette. For this, we ana
lysed the upstream sequence of the forward promoter binding site and 
found transcription factor binding sites predicted by PLANTCARE soft
ware [27] and the presence of the transcription initiation (Inr) like 
consensus motif “TCAH+1W” (Supplementary Fig. S4) which has been 
characterized before in this diatom [28]. 

3.4. Detection of heterologous proteins in P. tricornutum transconjugants 
depends on the percentage of producing cells in the total population and on 
the DNA sequence of the expression cassette 

To confirm the presence of eGFP fluorescence, transconjugants that 
were assessed by endpoint RT-PCR were also analysed by flow 

cytometry. We confirmed that fluorescent P. tricornutum transconjugants 
observed under fluorescence microscopy contained both eGFP+ and 
eGFP- cells, with a majority of the cells that were non-fluorescent (Fig. 4 
a-b, initial cultures). As such, the percentages of fluorescent cells ob
tained by flow cytometry were 33.8 %, 5.65 %, and 10.2 % for DMi7-21- 
1, DMi7-21-3, and DMi7-21-7 respectively (Fig. 4b; left panels). 
Regarding the non-fluorescent transconjugants (DMi7-21-14; DMi7-21- 
15 and DMi7-21-16), no eGFP fluorescent cells were detected by flow 
cytometry (Supplementary fig. S5; right panel). 

Furthermore, we used cell sorting with flow cytometry to enrich the 
proportion of fluorescent cells in DMI7-21-1, DMI7-21-3, and DMI7-21-7 
cultures (Fig. 4). A first sorting was performed on the initial trans
conjugants DMi7-21-1, DMi7-21-3, and DMi7-21-7 (Fig. 4b and sup
plementary fig. S6; left panels). Both fluorescent (named sGFP+

cultures) and non-fluorescent cells (named sGFP- cultures) were indi
vidually sorted. The sGFP+ and the sGFP- cell cultures were grown for 7 

Fig. 4. Enrichment of P. tricornutum 
GFP+ through fluorescence activated 
cell sorting. 
(a). Histogram plots of GFP intensity 
profile in cultures of DMi7-21-1 (pink), 
DMi7-21-3 (turquoise) and DMi7-21-7 
(green) compared to control pPtGE30 
(grey). Background autofluorescence 
across days following two sequences of 
enrichment (initial cultures and results 
from first sorting). The total GFP+ pop
ulation gate is shown as reference. 
Numbers indicate the mean fluorescence 
intensity of GFP in the total chlorophyll+
population. (b). Pseudocolor dot plots of 
control pPtGE30 and transconjugant 
DMi7-21-1, DMi7-21-3, and DMi7-21-7 
cells at 530 nm (GFP) in the x axis, and 
autofluorescence at 448 nm in the y axis 
from initial culture used for sorting (left 
panels). The cultures grown for 7 days 
after first sorting (sGFP+ cultures in 
center panels) were used for second 
sorting. The enriched cultures following 
the second sorting were then subcultured 
after 2 days and grown for 5 days 
(GFP++, right panels). Gates and fre
quencies of total GFP+, GFP+ sorted 
(sGFP+ sort and GFP++ sort) and GFP- 
populations were designed according to 
the autofluorescence of the negative 
control pPtGE30 at each day of experi
ment and are shown as reference. GFP, 
green fluorescent protein. (For interpre
tation of the references to colour in this 
figure legend, the reader is referred to 
the web version of this article.)   
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days and then sorted for a second time (Fig. 4b and supplementary fig. 
S6; center panels). For this last round of sorting, only the fluorescent 
cells were sorted from the sGFP+ cultures and the resulting cultures 
from this enrichment were named GFP++ (e.g., DMi7-21-1GFP++) 
(Fig. 4b; right panels). From the sGFP- enrichment, only the non- 
fluorescent cells were sorted and the resulting cell cultures were 
named GFP– (Supplementary fig. S6; right panel). With the enrichment 
in eGFP+ cells, the percentage of fluorescent P. tricornutum cells 
increased from 2 to 9 fold as shown in Fig. 4 from 33.8 % to 53.2 % for 
DMi7-21-1GFP++, from 5.65% to 48.8% for DMi7-21-3GFP++, and from 
10.2% to 96.4% for DMi7-21-7GFP++. 

Among the transconjugants tested, only DMi7-21-7GFP++ reached 
almost 100% of fluorescent cells. Even after three subculturing of DMi7- 
21-7GFP++, the enriched proportion did not decrease and showed over 
99% of fluorescent cells (Fig. 5). The stability of the fluorescent cells 
population in the enriched DMi7-21-7GFP++ culture and the failure to 
recover the episomes from the initial culture cells of DMi7-21-7 could 
suggest that the DNA episome was integrated into the diatom genome. 
Intriguingly, the GFP- sorted cells such as DMi7-21-1GFP– and DMi7-21- 
3GFP– come from transconjugants with an intact eGFP sequence (Fig. 2b). 
This suggests that protein production such as GFP can be stably turned 
off in P. tricornutum episome (Supplementary Fig. S6). Although, DMi7- 
21-1GFP++ and DMi7-21-3GFP++ display similar eGFP frequency and 
mean fluorescence intensity (MFI), a distinct subpopulation of eGFP+

cells was only observed in DMi7-21-1GFP++, compared to a continuous 
range of eGFP intensity (from negative to positive cells) was observed in 
DMi7-21-3GFP++ (Fig. 4a; right panel). Based on this observation, it is 
possible that some colonies of pDMi7 transconjugants are originating 
from a mix or heterogenous transconjugants as shown in (Supplemen
tary Figs. S2 and S3) with a subpopulation of cells producing eGFP and 
another not producing eGFP. In all, the results demonstrated that using 
cell sorting by flow cytometry to enrich a cell population can increase 
the production of a heterologous protein from a culture of P. tricornutum 
transconjugants without optimization of the media or the culture con
ditions. This can also be achieved by the droplet-based microfluidic 
techniques that can be used to accelerate the screening of microalgal 
transconjugants and to increase the cell population producing the eGFP 
[32]. 

Next, we assessed the production of eGFP using western blot analysis 
(Fig. 6a). Proteins were extracted from P. tricornutum transconjugants 
including empty vector controls, and initial unsorted (DMi7-21-1, DMi7- 
21-3, and DMi7-21-7), and sorted (GFP++ and GFP–) cell cultures. As 
expected, the negative control (empty vector pPTGE30) showed no GFP 
specific bands (Fig. 6a). Positive control (pPtGE33) showed three bands 
(28. 36, and 58 kDa) where the lower (28 kDa) and the upper (58 kDa) 
bands corresponded to the cleaved and uncleaved form of the protein 
eGFP-T2A-mCherry that have a theoretical molecular weight of 29 and 
56 kDa respectively (Fig. 6a). The results are consistent with previously 
reported ones [10]. The 36 kDa band appears to be a byproduct of the 
2A. Indeed, green and red fluorescent proteins linked by a 2A peptide 
have been used to study the 2A cleavage efficiency. In some cases, it was 
reported that byproducts were detected in immunoblotting experiments 
with anti-GFP antibodies [33–35]. It raised the question of whether the 
assigned bands reported in these investigations as cleaved and 
uncleaved proteins and the byproducts detected by western blot could 
be eGFP cleaved and/or uncleaved variants with post-translational 
modifications. 

Regarding the unsorted cultures, eGFP was detected only in DMi7- 
21-1 (Fig. 6a) and this transconjugant exhibited 33.4 % of eGFP+ cells 
(Fig. 6b, c). The analysis of the DMi7-21-1 episome sequence revealed 
the deletion of the initial stop codon and a partial loss of the fcs gene 
sequence (Fig. 2b and Supplementary table S3). Based on the protein 
size of 59 kDa detected in the western blot, it suggests that the eGFP was 
not cleaved by the self-cleaving T2A peptide. From the sequence of 
DMi7-21-1 episome, the expected protein sizes were 29 kDa and 65 kDa 
for the cleaved and uncleaved eGFP, respectively. If the eGFP-T2A-ech- 
fcs cassette would have been unaltered, the cleaved (29 kDa) and 
uncleaved protein (115 kDa) could have been expected. However, it 
appears that a deletion in the DNA led to an unexpected 59 kDa eGFP 
protein. Regarding the unsorted initial cultures of DMi7-21-3 and DMI7- 
21-7 transconjugants, no band was detected, and only 8.0 % and 5.9 % 
of cells were fluorescent, respectively (Fig. 6a-c). For the group of 
transconjugants enriched in non-fluorescent cells (GFP–), no proteins 
were detected. The percentages of eGFP fluorescent cells for the cultures 
of DMi7–21-1GFP– and DMi7–21-3GFP– are close to 0 %. The cultures of 
DMi7–21-7GFP– reached back to 7.82 % which is close to the level of the 

Fig. 5. Stable and high level of GFP 
expression in DMi7-21-7 across subcultur
ing. 
Pseudocolor dot plots of pPtGE30 (upper 
lane) and DMi7-21-7GFP++ (lower lane) 
cultures with 530 nm (GFP) in the x axis 
and autofluorescence at 448 nm in the y 
axis of the first three subculturing after the 
second sorting of GFP+ cells. Gates and 
frequencies of total GFP were designed 
according to the negative control pPtGE30 
autofluorescence and are shown as refer
ence. GFP, green fluorescent protein. (For 
interpretation of the references to colour 
in this figure legend, the reader is referred 
to the web version of this article.)   
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unsorted culture (Fig. 6c). 
As for enriched sorted GFP++ cells, different sizes of eGFP were 

detected in each of the three transconjugants (Fig. 6a). For example, the 
previously observed 59 kDa band was detected in P. tricornutum DMi7- 
21-1GFP++ but not in the other enriched transconjugants. The clones 
DMi7-21-1GFP++and DMi7-21-3GFP++ showed a band at 29 kDa which 
matches the theoretical molecular weight of eGFP associated with the 
cleaved form of the T2A peptide. Thus, DMi7-21-1GFP++ seems then to 
produce a protein with an uncleaved T2A peptide, while DMi7-21- 
3GFP++ is producing a cleaved protein. In HeLa cells and in the TnT 
Quick Coupled Transcription/Translation System, it was demonstrated 
that the sequence upstream of the 2A peptide influences its cleavage 
efficiency [34]. This investigation demonstrated that an addition of a 
spacer composed of three amino acids (Gly-Ser-Gly) between the N- 
terminal protein and the 2A peptide can increase the efficiency of the 
cleavage. In the expectation that this spacer would also increase the 
cleavage efficiency of the 2A peptides in P. tricornutum, we added this 
spacer upstream of the T2A peptide in all the episomes designed in this 
study. No difference in the sequence upstream the T2A region that can 
explain the difference between DMi7-21-1 and DMi7-21-3 related to the 
cleavage of the heterologous proteins produced. This was also confirmed 
by sequencing analysis following the episome rescue (Fig. 2 and 

Supplementary table S3). In the case of the enriched culture of DMi7-21- 
7GFP++, composed of almost 100% of eGFP fluorescent cells, the mo
lecular weight of the detected band is 26 kDa which is lower compared 
to the band obtained from DMi7-21-3GFP++ (Fig. 6a). In the impossibility 
to recover the episome from this clone and sequence it, we cannot 
analyze the sequence of this protein, but it suggests a truncated form of 
eGFP. Interestingly, DMi7-21-3GFP++ production of only cleaved protein 
suggests that either the length of the C-terminal protein or the possible 
modifications of the mRNA secondary structure could affect the ribo
some skipping producing mostly cleaved protein (which was detected by 
western blot) with a shorter sequence in the case of DMi7-21-3GFP++ and 
an uncleaved form in the case were the sequence of the complete ech 
protein is present (DMi7-21-1GFP++). This could lead to think that when 
ech protein is complete it is less stable by itself, and it is not detected by 
western blot, either because of its enzymatic activity or the non-codon 
optimized sequence, since both rearranged episomes have lost the stop 
codon. In this regard, studies have shown that protein synthesis levels as 
well as a functional polycistronic 2A construct could be affected either 
by the N- or C- terminal fusion of partial 2A sequences and/or the 
identity and order of adjacent genes [36]. 

Based on the western blot results (Fig. 6a), there is knowledge that 
needs to be acquired regarding the cleavage efficiency of the T2A 

Fig. 6. Comparison of GFP detected by 
western blot and by flow cytometry. 
(a) Western blot anti-GFP of unsorted, 
GFP+ sorted (GFP++), GFP- sorted 
(GFP–) cultures of DMi7-21-1, DMi7- 
21-3 and DMi7-21-7 compared to 
pPtGE30 (empty vector) and pPtGE33 
(positive control). The size of the pro
teins from the ladder are identified at 
the left of the blot. The sizes measured 
for the detected proteins are indicated 
at the right of the blot. The table at the 
right of the blot contains the expected 
size of the proteins based on their 
sequencing result. (b) Histogram plots 
from the same culture of GFP++ sorted 
(green), GFP- sorted (red) and unsorted 
(blue) cultures of DMi7-21-1, DMi7-21- 
3 and DMi7-21-7 compared to pPtGE30 
(grey) autofluorescence. The GFP+

population gate is shown. (c) Table of 
mean fluorescence intensity (MFI) at 
530 nm (GFP) and frequency of GFP+

population (% GFP in bold) in sorted 
and unsorted DMi7-21-1, -3 and -7 
cultures, as compared to pPtGE30 
(autofluorescence). Sorted ++, GFP 
positive population was sorted twice; 
Sorted –, GFP negative population was 
sorted twice; na, not applicable. (For 
interpretation of the references to 
colour in this figure legend, the reader 
is referred to the web version of this 
article.)   
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peptide in P. tricornutum. Multiple 2A peptides have been compared for 
their cleavage efficiency in Drosophila [37], in CHO cells [38], in yeast 
[35], in the silkworm Bombyx mori [39], in the zebrafish embryos [33], 
in human cell lines [33,36], in adult mice [33], in mouse cell lines [36], 
and recently in P. tricornutum [40]. In all, the 2A peptides with the best 
cleavage efficiency were the T2A, the porcine teschovirus-1 2A (P2A), 
and the ERBV-1 peptide. In the case of P. tricornutum, Defrel et al. (2021) 
compared the activity of the GUS enzyme linked to NAT by the P2A or 
T2A peptides. A higher β-glucuronidase activity was observed when the 
P2A was used between the two enzymes and when the GUS enzyme was 
in C-terminal position. Based on a relative comparison with their 
reference strain named Gus5, the relative β-glucuronidase intensity with 
GUS in C-terminal was higher than 50 % for 10 of 24 and for 23 of 31 
transconjugants, respectively for T2A and P2A groups. When GUS gene 
was upstream of the 2A peptide sequence, the transconjugants with a 
relative β-glucuronidase intensity that was higher than 50 % were 2 of 
18 for the group with the T2A peptide and 5 of 20 for the ones with the 
P2A peptide. The authors proposed that when the GUS enzyme is cloned 
in N-terminal of the construct, the residual 20 amino acids resulting 
from the cleavage of the 2A peptide could negatively affect its 
β-glucuronidase activity. The cleavage efficiency of the 2A peptides was 
not measured by Defrel et al. (2021) and it was then not correlated with 
the β-glucuronidase activity. While we also analysed the production of 
the ech-fcs fusion protein by western blot detecting an anti-myc tag 
antibody. None of the fusion proteins tagged with a Myc tag in C-ter
minal were detected on the blot (Supplementary Fig. S7). More studies 
are required for better understanding 2A peptides for P. tricornutum 
engineering. For its potential as a molecular tool, it will be necessary to 
investigate the correlation between the sequence of the 2A peptides, 
their cleavage efficiency, the position effect of the proteins in the 
expression cassette, and the activities of the proteins of interest. 

3.5. The sequence of the expression cassette has an impact on the 
percentage of fluorescent transconjugant obtained by bacterial conjugation 

Based on the sequencing results from the rescued episomes and flow 
cytometry, we observed three contexts in which the reporter protein 
eGFP was detected in the DMi7 transconjugants. First, there was a 
partial or complete deletion of the fcs sequence in DMi7-21-1, DMi7-21- 
3, DMi7-31-3, and DMi7-31-8. Second, there was a change in the ORF 
affecting the fcs sequence in DMi7-31-1. Third, there was a non
synonymous substitution in the fcs sequence of DMi7-31-4 that could 
have an impact on the structure of the protein. In all these scenarios, the 
eGFP-T2A-ech-fcs protein could not be produced unaltered (Fig. 2b and 
Supplementary table 3). 

There still could be a possibility that those modifications in the fcs 
sequence and the rearrangement in the episomes could have removed 
toxic elements or parts that inhibited P. tricornutum translation of the 
unaltered eGFP-T2A-ech-fcs gene sequence. These modifications could 
also be consequences of a random phenomenon. To determine what 
could be the impact of rearrangements, episomal DNA was extracted and 
recovered from P. tricornutum clones and then transformed into E. coli for 
a new round of bacterial conjugation into wild type strain of 
P. tricornutum. The episomes rescued from non-fluorescent DMi7-21-14, 
DMi7-21-15, and DMi7-31-10 transconjugants were successfully trans
formed in P. tricornutum and led to frequencies of 13.1 %, 12.6 %, and 
15.0 % of fluorescent colonies, respectively, which are similar to the 
results obtained with the conjugation of the original pDMi7 (Fig. 1e and 
Table 1). In these rescued episomes, the coding sequence of the 
expression cassette did not contain any mutation or rearrangement 
(Fig. 2c and Supplementary Table S3). From this point of view, there is 
no difference between transforming P. tricornutum with those three 
episomes or with the original episome pDMi7. The eGFP fluorescence of 
the transconjugants from these rescued episomes is then possibly orig
inating from mutated or rearranged episomes, like the transconjugants 
from the conjugation with the episome pDMi7. Different results were 

obtained with the episomes rescued from the two remaining fluorescent 
transconjugants. Episome originating from the fluorescent clone DMi7- 
31-1 contained a frameshift in the ORF of the fcs sequence (Fig. 2b 
and Supplementary Table S3). Once it was reintroduced into 
P. tricornutum, 84.1 % of the colonies were detected as fluorescent using 
fluorescence microscopy (Table 1). This percentage of fluorescent col
onies is close to what was obtained from the conjugation with the 
episome pControl where the ech-fcs sequence was replaced by mCherry 
(Fig. 1b, d). Regarding the episome from the clone DMi7-21-3, the 
number of colonies was lower than what was obtained with the others 
rescued episomes (Supplementary Fig. S8) with 46 % of fluorescent 
colonies (Table 1). Based on the sequencing of the episome recovered 
from the clone DMi7-21-3, the bacterial conjugation should not have 
been possible as this episome contains only two partial duplicates of the 
OriT cassette which is necessary to activate the transfer of the episome 
from E. coli to P. tricornutum [26]. The first partial copy of the OriT 
cassette contains the first 131 bp and the second one has the first 158 bp 
on a total length of 771 bp. It seems that those two partial sequences 
could be sufficient to activate the conjugation, but at a lower efficiency. 
As expected, no colonies were obtained from the conjugation of the 
episomes recovered from the transconjugants DMi7-21-1, DMi7-21-16, 
DMi7-31-3, DMi7-31-4, and DMi7-31-8. Following the sequencing 
analysis of these episomes (Supplementary Table S3), it revealed the 
complete or partial deletion of the OriT sequence. 

4. Conclusion 

To engineer P. tricornutum to produce enzymes linked to vanillin 
biosynthesis, we designed a bicistronic expression cassette containing a 
T2A peptide into an episomal system. We observed rearrangement of the 
episomal cassette in P. tricornutum. Based on western blot results and the 
sequencing of the episomes, it appears that the sequence downstream of 
the T2A peptide could have an impact on its cleavage efficiency. Future 
investigations focusing on 2A peptides in P. tricornutum should elucidate 
the links between the selected 2A peptides, their cleavage efficiency, the 
genes order in the expression cassette, and their impacts on the proteins 
produced downstream or upstream the 2A peptide. 

The results presented here introduce the possibilities of mechanisms 
used by P. tricornutum to prevent the production of a heterologous 
protein of interest from extrachromosomal expression systems. Indeed, 
the bacterial conjugation of P. tricornutum with an episome harboring 
the expression cassette for the polyprotein eGFP-T2A-mCherry resulted 
in 82.1 % of colonies producing the eGFP fluorescence. A significant 
reduction to 8.1 % of fluorescent colonies was observed by replacing the 
mCherry sequence by the coding sequences of the enzymes ech and fcs 
from Streptomyces sp. strain V-1. 

We herein demonstrated that a screening that is not specific to the 
production of the proteins or the metabolites of interest can lead to the 
selection of transconjugants that contain a rearranged or mutated 
episome at the level of the expression cassette. A screening could have 
been based on the sequence of the episome. However, it would most 
likely have selected transconjugants where the reporter protein eGFP 
and the proteins of interest ech and fcs are not produced. 

We successfully enriched cultures of P. tricornutum by fluorescence- 

Table 1 
Count of fluorescent colonies using fluorescence microscopy 14 days after the 
bacterial conjugation with the episomes recovered from the P. tricornutum cells 
initially transformed with pDMi7.  

Subclones of GFP fluorescent colonies (%) 

DMi7-21-3 Replicate #1 46.4 (13/28) 
DMi7-21-14 13.1 (47/358) 
DMi7-21-15 12.6 (42/333) 
DMi7-31-1 84.1 (334/397) 
DMi7-31-2 14.3 (36/252) 
DMi7-31-10 15.0 (53/354)  
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activated cell sorting by flow cytometry. Following the enrichment, it 
was possible to increase the protein production of a clone without 
optimizing the culture conditions. Further investigation will be neces
sary to understand the dynamic of the cell population of the 
P. tricornutum transconjugants. The observations by fluorescence mi
croscopy showed that some colonies are almost completely fluorescent, 
and some others are only partially fluorescent. We could not confirm the 
reason for these differences in fluorescence patterns and what could be 
the impact on the cultures made from these colonies. 

It is the first time that rearrangement of episomes in P. tricornutum is 
investigated. We demonstrated that the episome can be unstable as a 
molecular in in this microalgae species. Nevertheless, recent publica
tions by other groups presented successful uses of this extrachromo
somal expression system. This article should therefore be interpreted as 
a warning about the limits of the episome in P. tricornutum and the 
importance of the construction strategy. It can be concluded that the 
screening strategy used in this paper led to the selection of trans
conjugants that did not contain the designed episome. 
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Abstract: The increasing demand for novel natural compounds has prompted the exploration of
innovative approaches in bioengineering. This study investigates the bioengineering potential of the
marine diatom Phaeodactylum tricornutum through the introduction of cannabis genes, specifically,
tetraketide synthase (TKS), and olivetolic acid cyclase (OAC), for the production of the cannabinoid
precursor, olivetolic acid (OA). P. tricornutum is a promising biotechnological platform due to its
fast growth rate, amenability to genetic manipulation, and ability to produce valuable compounds.
Through genetic engineering techniques, we successfully integrated the cannabis genes TKS and
OAC into the diatom. P. tricornutum transconjugants expressing these genes showed the production
of the recombinant TKS and OAC enzymes, detected via Western blot analysis, and the production of
cannabinoids precursor (OA) detected using the HPLC/UV spectrum when compared to the wild-
type strain. Quantitative analysis revealed significant olivetolic acid accumulation (0.6–2.6 mg/L),
demonstrating the successful integration and functionality of the heterologous genes. Furthermore,
the introduction of TKS and OAC genes led to the synthesis of novel molecules, potentially expanding
the repertoire of bioactive compounds accessible through diatom-based biotechnology. This study
demonstrates the successful bioengineering of P. tricornutum with cannabis genes, enabling the
production of OA as a precursor for cannabinoid production and the synthesis of novel molecules
with potential pharmaceutical applications.

Keywords: diatom; metabolic engineering; olivetolic acid cyclase; tetraketide synthase; synthetic
biology; cannabinoids; microalgae

1. Introduction

Over a thousand of the molecules produced in Cannabis sativa plants have been re-
ported in the literature, including more than a hundred cannabinoids (CBs) [1]. The
antinociceptive and appetite-stimulating properties of CBs have been studied thoroughly,
as well as their association with relieving the symptoms associated with different diseases
such as multiple sclerosis and the relief of chemotherapy side effects [2–5]. The most
studied CBs are ∆9-tetrahydrocannabinol (THC), which has psychoactive potential, and
cannabidiol (CBD), which acts on human endocannabinoid receptors to modulate pain
and is already contained in many pharmaceutical products available on the market, such
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as Sativex and Bediol [6–8]. Other therapeutic properties of specific CBs that could be
administrated in a purified form are still under investigation and offer a promising alter-
native for different human pathology applications [5]. In planta, phytocannabinoids are
produced in glandular trichomes via fatty acid and terpenoid precursors [9]. The genes
and enzymes implicated in the cannabinoid pathway were characterized by several plant
biologists shortly after the sequencing of the C. sativa genome [9–12]. The first step in the
CB biosynthetic pathway is the formation of olivetolic acid (OA) from malonyl-CoA and
hexanoyl-CoA, through a two-step reaction performed by a type-III polyketide synthase
named tetraketide synthase (CsTKS) followed by a cyclase named olivetolic acid cyclase
(CsOAC), both of which are localized in the cytosol or cells from the glandular trichomes
(Figure 1). The enzymes belonging to the type-III polyketide synthase (PKS) superfamily
are responsible for producing a wide array of central frameworks that are found in spe-
cialized plant metabolites of significant medicinal value. These metabolites encompass
various categories, such as flavonoids, stilbenes, chromones, pyrones, phloroglucinols,
resorcinols, xanthones, acridones, and quinolones [13,14]. Examples of PKS include chal-
cone synthase, which accepts p-coumaroyl-CoA as the starter substrate to catalyze three
successive condensations with malonyl-CoA to generate naringenin chalcone [15,16] and
stilbene synthase, which generates resveratrol [17]. The polyketide synthase from C. sativa
(also named tetraketide synthase or olivetol synthase) was characterized and has been
shown to be dependent on OAC for the formation of OA (Figure 1) [9]. The 3D structure
of CsOAC is most accurately described as a dimeric α + β barrel (DABB) protein, with
similarities to other plant DABBs, especially those implicated in stress responses and to
the DABB proteins found in Streptomyces bacteria [9]. The aromatic precursor OA is a
resorcinol carrying an alkyl chain (named alkylresorcinolic acid), which is condensed with
a monoterpenoid moiety (geranyl diphosphate, GPP) to yield the general structure of
the most well-known CBs, as reported in feeding studies of 13C-labeled glucose in the
early 1960s [18,19]. Although not all CBs are derived from the OA precursor, it remains
the most widely characterized pathway in C. sativa [20]. The prenyl moiety of GPP is
transferred to OA by an aromatic prenyltransferase (CsAPT) to form cannabigerolic acid
(CBGA) (Figure 1). This core intermediate is the backbone of the remaining reaction, which
diverges to form cannabidiolic acid (CBDA) and tetrahydrocannabinolic acid (THCA)
through CBDA-synthase (CBDAS) and THCA-synthase (THCAS), respectively (Figure 1),
as well as other CBs such as cannabichromenic acid (CBCA) via cannabichromenic acid
cyclase (CBCAS) [9,11,21,22]. The neutral phytocannabinoids THC and CBD are generated
from cannabinolic acids by non-enzymatic decarboxylation and are often produced upon
exposure to light or heat (Figure 1) [21]. Aside from CBs, the cannabis plants also produce
other specialized metabolites from shared precursors with cannabinoids, such as fatty acids,
competing with olivetolic acid synthesis, and terpenoids such as limonene [23], competing
for the GPP pool [24,25].

The yield of CB in plants is limited, both in quality and in quantity; the maximum
production is due to a mixture of these metabolites accumulating in the flowers (20 mg/g
fresh weight) [6,26]. In addition, the lack of scientific literature on cannabis physiology
leads to the absence of standardized culturing protocols, resulting in a variation in CB
profiles, quality, and quantity. In addition, cannabis pathogens such as the gray mold
causal agent (Botrytis cinerea) affect the overall plant yield and metabolite composition [27].
As well as multiple unknown facets of CB production in planta, this suggests that the
implementation of a heterologous expression system with fewer components and fewer
competing enzymes might be a solution for achieving a higher production yield of single
CB components, such as CBD or THC. Therefore, synthetic biology offers an important
alternative method to produce CBs for the pharmaceutical field with less risk and fewer
crop management challenges.
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noids, THC and CBD. Enzymes are shown in blue. Bolded arrows represent an enzymatic reaction,
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Several research groups aimed to design de novo or improve pre-existing cannabinoid
production in plant tissue cultures, but apart from the transformation rates, in vitro culture
viability and yield are still to be optimized [6]. For instance, few groups succeeded in
transforming yeast (Saccharomyces cerevisiae) and bacteria (Escherichia coli) to produce the
different metabolites of the CB pathway, such as OA or CBGA [28,29]. The production of
these metabolites in yeast and bacteria often involves the addition of costly precursors such
as acetyl-CoA, hexanoyl-CoA, or olivetolic acid [28,30], or involves supplementing the
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media with sugars [31], such as galactose, to provide a more affordable alternative with a
long series of gene stacking. For instance, the production of OA in Dyctiostelium discoideum
on a 300-L scale led to 4.8 µg/L [32]. OA production in E. coli reached 80 mg/L after
introducing a series of modifications to increase the CoAs pool [33]. However, the bacte-
rial and yeast translation and post-translational mechanisms, as well as their metabolic
chassis, are distinct from the mechanisms found in higher plants. This resulted in low
yields, such as picomoles per unit of optical density, from these microorganisms when
compared to the bioengineering and supplementation costs [31,34]. By contrast, diatoms
are photosynthetic organisms that share the main metabolic paths with plants, making
them promising candidates for the production of heterologous compounds [9]. All the
precursor pathways, such as acetyl-CoA, hexanoyl-CoA, GPP, etc., are present in diatom
cells at different times of the cell cycle, which reduces the need to supplement the culture
media with costly precursors or sugars [35]. Also, the extrachromosomal transformation
of diatoms via bacterial conjugation allows the fairly stable expression of heterologous
genes [36,37]. Similar advances in the bioengineering of diatoms have been shown recently,
allowing the production of monoterpenoids such as geraniol, an insect repellant, in the
model diatom Phaeodactylum tricornutum [36].

Thus, the aim of this study is to produce the CB precursor OA in the marine microalga,
P. tricornutum. Here, we inserted cannabis CsTKS and CsOAC genes into a stable optimized
episome that was assembled in S. cerevisiae [38,39]. The recombinant episome was then
transformed via a trans-kingdom conjugation between E. coli and P. tricornutum [38]. The
transconjugant strains were screened for their ability to produce molecules of interest, using
a high-performance liquid chromatograph coupled to an ultra-violet detector (HPLC-UV).
We detected OA (0.6–2.6 mg/L) in P. tricornutum transconjugants that issued from two
different expression cassettes. Although the production of the OA compounds of interest
was temporary, this work sheds light on a powerful and suitable system for plant metabolite
heterologous production in a cost-effective phototropic system employing P. tricornutum.

2. Results
2.1. Heterologous Protein Expression and Localization in the Diatom P. tricornutum
2.1.1. Transformation Validation and Transconjugant Characterization

To inform and design the metabolic engineering strategy, we first performed computa-
tional analyses to assess the availability of the lipid-derived precursors required to produce
OA and cannabinoids in P. tricornutum with in silico tools and showed that upstream path-
ways existed in the host organism. According to the Biocyc database [40], hexanoyl-CoA
can be formed in P. tricornutum in the peroxisome via the fatty acid β-oxidation pathway,
mainly by long-chain acyl-CoA synthase (PtACS3 and PtACS4), while malonyl-CoA is
formed via the activity of an ACYL-CoA carboxylase (ACCase). Moreover, the geranyl
pyrophosphate (GPP) pool is present at detectable levels in P. tricornutum [36].

To produce OA in P. tricornutum, three different expression cassettes were designed
using pPtGE30 as a backbone plasmid DNA (Figure 2A), namely, PtOA1, PtOA2, and
PtOA3, with various combinations of C. sativa genes encoding for CsTKS and CsOAC
(Figure 2B). Each expression cassette was codon-optimized for P. tricornutum and assembled
(Appendix A, Figure A1, Tables A1–A3) according to the HIVE lab codon usage table
(CUT) [41].

The transconjugant strains PtOA1, PtOA2, and PtOA3 did not present significant
differences in growth and shape compared to P. tricornutum when transformed with the
pPtGE30 empty vector or wild-type strains (Figure 3A–C). In addition, morphological
properties such as morphotype, size, granulosity, and chlorophyll levels did not signifi-
cantly differ between the studied strains, as evaluated by microscopy (Figure 3A) and flow
cytometry (Figure 4).
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C. sativa polyketide synthase (CsTKS) and olivetolic acid cyclase (CsOAC) under P. tricornutum’s
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Figure 3. Cell shapes and growth curves of the transformed clones in comparison with wild-type
P. tricornutum. (A) Optical microscope images of wild-type (WT) P. tricornutum and the transformed
cells PtOA1, PtOA2, and PtOA3. (B,C) P. tricornutum WT, transformed with pPtGE30, PtOA1, PtOA2,
and PtOA3 cell culture growth curves, followed by absorbance at 680 nm (B) or via cell count
(C) during the 15 days of the cycle. The plotted values represent the means of three replicates and
error bars represent the standard deviation.
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representation of chlorophyll and size percentages among gated cells of wild-type P. tricornutum (WT),
and P. tricornutum, harboring the empty vector pPtGE30, PtOA1, PtOA2, and PtOA3. (C) Histogram
representing the mean chlorophyll fluorescence intensity, mean granulosity, and mean size scatter.

2.1.2. Heterologous Protein Detection and Localization

The successful expression of cannabis genes and the accumulation of the correspond-
ing enzymes was observed in P. tricornutum transconjugants. Indeed, the accumulation of
the CsTKS-T2A (45 kDa band) protein in PtOA1C1 (Figure 5A), a 68 kDa uncleaved protein
corresponding to CsTKS-His-T2A-CsOAC-cMyc in PtOA2C2 (Figure 5B), and an 85 kDa
band corresponding to YFP-CsTKS-3(GGGGS)-CsOAC-cMyc in PtOA3C1 (Figure 5C)
was detected via Western blot analysis in PCR-positive P. tricornutum transconjugants
(Appendix A, Figure A1B). However, the construction with the self-cleavable sequence did
not yield detectable successful single proteins in PtOA2. This could be caused by the tag
(6xHis) used in the OA2 construct but not in the OA1 construct, changing the efficiency
of cleavage (Figure 5B). Then, we studied the localization of CsTKS in PtOA3, taking ad-
vantage of the presence of the fluorescent YFP fusion protein. We observed under confocal
microscopy that the heterologous recombinant protein (YFP-CsTKS-3(GGGGS)-CsOAC-
cMyc) produced in PtOA3 accumulated and was localized to the cytosol (Figure 5D).
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Figure 5. Expression and localization of heterologous proteins in transconjugant P. tricornutum
strains. (A) Whole-cell extraction of four PtOA1 (TKS-T2A-OAC) strains 1–4; TKS protein detection
(45 kDa) was performed using anti-T2A antibodies. (B) Whole-cell extraction of two PtOA2 (TKS-
His-T2A-OAC-cMyc) clones 1 and 2; TKS:T2A:OAC protein detection (68 kDa) was performed using
anti-His antibodies. (C) Whole-cell extraction of PtOA3 (YFP-TKS-3(GGGGS)-OAC-cMyc) strains;
YFP:TKS:OAC protein detection (85 kDa) was performed using anti-YFP antibodies. Mk: protein
ladder; whole-cell extracts of the pPtGE30 culture were used as negative control (empty vector, EV);
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C+: Multi Tag was used as a positive control. All Western blots were obtained from 12% SDS-PAGE
gel. For each construct, four clones were characterized and the ones showing protein production
are presented in this figure. (D) Confocal microscopic images of PtOA3 and pPtGE30 cells in a
bright field, with autofluorescence of the chloroplast, YFP:TKS:OAC fluorescence, and the merging of
three fields are shown.

2.2. Temporal Metabolite Production
2.2.1. Metabolite Detection and Identification

Selected positive transconjugant strains, displaying protein accumulation via Western
blot analysis, were cultivated, extracted, and used for targeted metabolite analysis. OA
was detected at 2.6 mg/kg in PtOA1 and 0.54 mg/kg in PtOA2, using HPLC-UV, whereas
no peaks at the OA retention time were detected in the PtOA3 extracts (Figure 6 and
Appendix A, Figure A3).
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Figure 6. Olivetolic acid production, obtained via HPLC-UV analysis at 280 nm. (A) Curves represent
the peak at the OA retention time of chromatograms, obtained following the injection of 10 µL
of each extracted sample. At the bottom, a concentration of 10 µg/mL of commercial standards
(STD) is shown: metabolite extraction from the P. tricornutum wild type (WT); P. tricornutum, trans-
formed with an empty vector (EV = pPtGE30), PtOA1, PtOA2, and PtOA3. The peaks represent
olivetolic acid. (B) Schematic representation of the bioengineered P. tricornutum for the production of
cannabinoid precursors.

Interestingly, additional peaks with similar retention times to the cannabinoid stan-
dards of CBN, CBD, and THC, and their corresponding acid forms were detected in the ex-
tracts of OA-producing transconjugants (PtOA1C1 and PtOA2C2) (Appendix A, Figure A4).
Liquid chromatography–mass spectrometry (LC-MS) analyses using electrospray ioniza-
tion in the positive mode (ESI+) were performed to validate if the mass-to-charge ratio
(m/z) of these peaks corresponded to protonated CBs (M + H)+. The compounds were first
scanned for specific masses corresponding to the metabolites of interest, then, in the case of
a positive scan, another LC-MS analysis was performed to make sure that the fragments
corresponded to the target compound. Unexpectedly, the daughter m/z obtained after
employing collision-induced energy (CID) at 40 V of the selected RT and m/z corresponded
to the cannabinoid standards (Appendix A, Figure A4). This suggests that P. tricornutum
may contain endogenous enzymes that are capable of converting OA into CB-like metabo-
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lites such as CBGA, CBDA, and THCA. Such enzymes could be mimicking the activity
of cannabis APT (using the endogenous pool of GPP) and CBDAS/THCAS (Figure 1).
Candidate enzymes from the diatom database were searched and low-similarity sequences
for APT and THCAS were identified (Appendix B, Figure A6). However, further characteri-
zation is needed and might help find closer candidates among microalgae. Alternatively,
candidates from a completely different type of enzyme could be involved.

To test for the presence of such endogenous enzymes, we performed a supplementation
assay with P. tricornutum transconjugants harboring the pPtGE30, which were devoid of
cannabis genes (Table 1). We first added OA and GPP for 16 h and could subsequently
detect small amounts (circa 3–5 mg/kg) of CBGA and other CB-like metabolites using
HPLC analysis. This suggests the presence of an APT-like enzyme in P. tricornutum (Table 1).
Next, we supplemented the sample with CBGA and detected metabolites that behaved
in a similar way to CB on an HPLC chromatogram, but we were unable to confirm their
identity (not all were appropriate m/z fragments) via LC-MS.

Table 1. Results of a supplementation assay of P. tricornutum with olivetolic acid (OA), geranyl
diphosphate (GPP), and cannabigerolic acid (CBGA). The results show the mean detection levels that
were found in three different strains of P. tricornutum transconjugants harboring pPtGE30.

Supplemented mM Detected
OA GPP CBGA HPLC MS (m/z) Confirmation HPLC MS (m/z) Confirmation

0.45 1 0 CBGA yes CBDA, CBNA No
0 0 0.27 CBDA yes THCA, CBNA No

2.2.2. Metabolite Production Timeline

Olivetolic acid and cannabinoid-like metabolites were detected up to three months
after obtaining and subculturing each transconjugant in optimal conditions with no supple-
mentation of any kind. However, a gradual decrease in the concentration of the OA and
CB-like metabolites was observed. After six months, the transconjugants completely lost
the ability to produce these desired metabolites. Along with production loss, we noticed
that the P. tricornutum transconjugant morphotype also changed from triradiate (Figure 3A)
to fusiform (Figure 5D), and that the initial triradiate morphotype of the transconjugants
was never restored.

3. Discussion

The bioengineering of P. tricornutum with cannabis genes represents a promising ap-
proach to addressing the challenges associated with traditional cannabinoid production.
By harnessing the unique capabilities of marine diatoms, this study paves the way for sus-
tainable and controlled cannabinoid biosynthesis. Furthermore, the successful expression
of cannabis genes in a non-native host highlights the versatility of synthetic biology in the
context of metabolic engineering. This work represents the first report of cannabinoid engi-
neering in brown microalgae and provides a proof-of-concept evaluation of P. tricornutum
for the heterologous production of OA and cannabinoids. We provide evidence that the
natural metabolism of the marine diatom P. tricornutum is well-suited for use in metabolic
engineering to produce the cannabinoid precursor, OA, and CB-like metabolites.

The episomal vectors, PtOA1 and PtOA2, contained both CsTKS and CsOAC genes,
separated by a self-cleaving peptide sequence and under the control of the same promoter,
to ensure similar levels of expression of both genes and, subsequently, comparable levels of
accumulated enzymes for performing the two-step reactions. The transconjugants PtOA1
and PtOA2 only differed in terms of the addition of a 6xHis tag on CsTKS for easier
detection of the protein. In PtOA3, both genes were linked together with a linker and
tagged with YFP for visualization and localization studies.
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Although a previous study demonstrated the occurrence of episomal rearrange-
ments [42], in this study, the P. tricornutum transconjugant strains obtained for each episomal
vector did not show significant DNA sequence rearrangement after 1 year (Appendix A,
Figure A1 and Table A4). This suggests that episomal rearrangements could be sequence-
or DNA-motif-specific. Also, the PtOA1-3 transconjugant strains grew similarly to the
WT and EV strains (Figures 3 and 4). This suggests that the presence and expression of
the transgenes and the produced metabolites did not significantly affect the growth and
division of P. tricornutum. Genome analysis of green algae, diatoms, and higher plants
revealed similarities in lipid metabolism [43,44]. Therefore, the fact that there is little to
no effect of CsTKS and CsOAC expression on P. tricornutum growth and fitness could be a
result of the nature of the pathway, as an extension of fatty acid metabolism that is fairly
close to the diatom chassis, and a preference for energy conversion into lipids.

Heterologous protein detection was not consistent among the different transconjugant
strains (Figure 5 and Appendix A, Figure A2). For example, the four analyzed transcon-
jugant strains of PtOA1 show a similar pattern of accumulation, whereas, in the PtOA2
strains, the T2A sequence did not appear to be cleaved. This could be explained either
by the possible presence of negatively acting cis elements in the sequence of PtOA2 trans-
genes [43] or by the nature of the amino acid environment that surrounds the T2A sequence
cleavage site [45]. It was also reported that the gene following the T2A sequence would be
affected on the expression level [46] and, thus, would yield fewer CsOAC transcripts, but
the effect of this phenomenon would be validated if the C10–C12 polyketide product was
available as a standard for HPLC detection, which is not the case.

When compared to previous studies, the production of OA in Yarrowia lypolytica
slightly changed when CsTKS and CsOAC were expressed under different promoters,
compared to when the two genes were fused [42]; in P. tricornutum, the PtOA1 showed
a higher quantity of OA (Figure A3) compared to there being none in PtOA3 when the
two genes were fused by a glycine-serine linker. This is not applicable in PtOA2 since the
Western blot did not show cleaved proteins, which could indicate that the cleaved proteins
were below detection levels.

To our knowledge, this is the first time that a brown microalgae host has demonstrated
the capacity to accumulate OA and use it for the synthesis of CB-like metabolites. The het-
erologous production of OA was observed in the different transconjugants of P. tricornutum,
transformed with episomal constructions and harboring various combinations of C. sativa
TKS and OAC genes (Figure 2; Appendix A, Figure A1 and Table A2). The cassette designs
in this study were fairly simple and direct, with only two main cannabis genes being
introduced. When compared to the literature, the first approaches regarding yeast achieved
the production of only 0.48 mg/L of OA by expressing CsTKS and CsOAC, and by feeding
the culture with sodium hexanoate [9]. Here, we obtained higher yields (0.56–2.6 mg/kg)
compared to yeast with and without hexanoate supplementation [9]. In Y. lipolytica, it was
bioengineered with Pseudomonas sp. LvaE, encoding a short-chain acyl-CoA synthetase,
acetyl-CoA carboxylase, pyruvate dehydrogenase bypass, NADPH-generating malic en-
zyme, as well as the activation of the peroxisomal β-oxidation pathway and the ATP export
pathway to redirect the carbon flux toward OA synthesis [47]; the yield was also less than
0.5 mg/L until batch culture optimization.

Further optimization of the P. tricornutum transconjugant strains by boosting the pool
of precursors could increase the production of OA. In E. coli, besides introducing CsTKS
and CsOAC, metabolic engineering consisted of the overexpression of the acetyl-CoA
carboxylase subunits A, B, C, and D from the same host to ensure the high production of
malonyl-CoA, and a reversal of beta-oxidation that allowed the accumulation of hexanoyl-
CoA [33]. This led to a higher quantity of OA (46.3 mg/L) after the optimization of
culture conditions and induction parameters [33]. In P. tricornutum, hexanoyl-CoA and
malonyl-CoA occur naturally, due to the long-chain acyl-CoA synthase (PtACS3 and
PtACS4) for hexanoyl-CoA and to the acetyl-CoA ATP-dependent carboxylase (PtACCase)
for malonyl-CoA [43]. P. tricornutum was also shown to accumulate intracellular amounts
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of GPP, along with neryl diphosphate (NPP) [36,48]; both precursors are donors of the
prenyl moiety of several cannabinoids, such as CBGA and cannabinerolic acid (CBNA) in
cannabis [46]. However, overexpression of these upstream genes could eliminate the need
for supplementation while maintaining the necessary pools of precursors for more stable
production of cannabinoids, which is similar to the process used with yeast [31,34].

Along with precursor bioavailability, endogenous enzymes are required to enable the
conversion of OA into CB or CB-like compounds, as observed in this study, either by direct
production (Figure A4) or by supplementation assays (Table 1). Bioinformatic analyses led
to the identification of two putative enzymes (Appendix B, Figure A6) that are encoded by
Phatr3_J37858 and Phatr3_J2738.t1 and are capable of prenyltransferase activity, thereby
allowing the production of CBGA. Both enzymes are UbiA prenyltransferase family mem-
bers that could be used originally by the diatom to produce terpenes or flavonoids [49,50].
The in silico identification of THCAS and CBDAS-like endogenous candidate genes is more
intricate, given the specificity of these enzymes. Our approach can also be used to further
characterize endogenous diatom enzymes with multiple functions by testing the reactivity
of diatoms to drug precursors in higher-level plants.

The episomal sequences were well-conserved in the timeframe of this study in all
three constructions of interest (in DNA and proteins). However, after such a timeframe,
the production of OA was not detectable, perhaps due to silencing via an epigenetic mech-
anism [42], mRNA or protein stability [37], and, less probably, episomal rearrangements,
as seen in other cases [42]. It would be useful to characterize a larger number of trans-
formed P. tricornutum using a method similar to the process used with yeast [31,34], or
to try randomly integrated chromosomal expression (RICE). Interestingly, a loss of pro-
duction was observed in parallel with a change in cell morphotype from a triradiate to
a fusiform population, which could also be associated with changes in the intracellular
levels of certain precursors related to general metabolism [51]. A loss of heterologous
production of specialized metabolites was previously observed for E. coli, where, after the
31st generation, lycopene production decreased from 3.3% of its initial yield [52] due to
segregational plasmid instability. Similarly, the use of cyanobacteria as a heterologous
production platform faces many challenges, such as a loss of productivity due to the burden
or loss of the metabolic pathway and genetic instability [52,53]. In yeast, low expression-
cassette instability in large fermentation batches led to a decrease in recombinant protein
production [54]. Taken together, these studies show that a loss of production seems to
occur elsewhere in other systems, as a result of different underlying problems. In addition,
these further demonstrate that like other systems, diatoms need further optimization of
the metabolic pathway-encoding constructs discussed below to ensure a suitable plat-
form for the heterologous production of specialized metabolites. Recently, cloning the
Metarhizium anisopliae ARSEF23 highly reducing PKS enzyme (MaOvaA), in addition to a
non-reducing PKS (MaOvaB) and a domain PKS (MaOvaC) consisting of an acyl carrier
protein and a thioesterase, in the fungus Aspergillus nidulans yielded high titers of OA
(80 mg/L) [55]. Thus, it would be interesting to compare the expression and behavior of
cannabis enzymes regarding fungal enzymes such as highly reducing and non-reducing
PKS, along with thioesterase and acyl carrier enzymes [50]. Another approach to increase
OA titers could be the construction of alternative pathways using enzymes found in other
OA-producing plants than cannabis, in order to achieve OA and other CB precursors while
using fungal enzymes or mutation-enhanced enzymes. It is possible, from an evolutionary
point of view, that other sources of transgenes are more suitable for heterologous expression
in diatoms.

Moreover, in this study, low OA yield could be explained by the detection of cannabin-
oid-like compounds in higher titers (Figure A4) similar to those observed in other studies,
where flavonoid precursors were consumed to form flavonoids in bioengineered yeast [56].
Further steps of compartmentalization of the products would be an interesting strategy,
given the possible cytotoxicity of the cannabinoids in many systems [12,57].
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The application of P. tricornutum as a production platform for OA raises intriguing
questions about its metabolic compatibility with the broader CB biosynthesis pathway.
Further research is warranted to understand how the engineered diatom handles the
downstream conversion of OA into various cannabinoids. Additionally, optimizing the
growth conditions, such as light intensity, nutrient availability, and cultivation scale, will be
crucial for maximizing production yields [51,58,59]. The successful synthesis of olivetolic
acid in P. tricornutum opens the door to a range of future possibilities. Further pathway
engineering could enable the production of specific compounds, offering a renewable and
controllable source of cannabinoids for medical and industrial applications. The engineered
diatom strains could be integrated into larger bioprocessing systems, harnessing their
natural growth advantages for cost-effective production.

4. Materials and Methods
4.1. Microbial Strains and Growth Conditions

Saccharomyces cerevisiae VL6-48 (ATCC MYA-3666: MATα his3-∆200 trp1-∆1 ura3-52
lys2 ade2-1 met14 cir0) was used for the yeast assembly, as described previously [38].
Positive yeast strains containing the His selection were grown on minimal yeast media
without histidine. A pool of the grown yeasts was harvested 5 days after assembly and
the total DNA was extracted, as described previously [60]. The assembled plasmids were
then transformed via electroporation and amplified in Escherichia coli (Epi300, Epicenter,
Biosearch Technologies, Guelph, ON, Canada), which was grown on Luria Broth (LB) media
supplemented with the appropriate antibiotic chloramphenicol (25 mg·L−1) overnight at
37 ◦C. The plasmids were then extracted from the chloramphenicol-E. coli colonies, which
were tested by cPCR using a miniprep kit, allowing the extraction of large vectors (EZ10
DNA miniprep kit, Bio Basic Inc., Markham, ON, Canada).

4.2. Diatom Transformation, Selection, and Subculturing

The plasmids were verified by next-generation sequencing and were then amplified
in an E. coli Epi 300 strain containing the pTA-MOB plasmid to enable conjugation with
wild-type diatoms, as described in the literature [38]. P. tricornutum (Culture Collection of
Algae and Protozoa, CCAP 1055/1), was kindly provided by Prof. Bogumil Karas. The
transfer of plasmid DNA to P. tricornutum via conjugation from E. coli was performed as
described by Karas et al. [38]. For this process, 250 µL of wild-type P. tricornutum culture
was adjusted to a density of 108 cells/mL, while the P. tricornutum cell density was obtained
by plating 1 mL of wild-type P. tricornutum on 1/2 × L1 1% agar plates and growing them
at 18 ◦C under cool fluorescent lights (75 µE m−2s−1) on a light/dark cycle of 16/8 h for
4 days. Prior to transformation, 1 mL of L1 media was added to each agar plate, and the
cells were first scraped and then harvested via pipetting in a sterile tube. The cells were
then diluted and mounted in an improved Neubauer hemacytometer (BLAUBRAND®

counting chamber, MilliporeSigma Canada Ltd., Oakville, ON, Canada) to be counted,
then the cell concentration was adjusted to 5.0 × 108 cells mL−1. A volume of 50 mL of
E. coli culture containing the assembled and pTA-MOB plasmids was grown at 37 ◦C under
agitation to reach an OD600 of 0.9, then the volume was centrifuged at 3000× g for 10 min
and resuspended in 500 µL of SOC media. Conjugation was initiated by adding 200 µL of
P. tricornutum to 200 µL of E. coli cells. The cell mixture was then plated on 1/2 L1, 5% LB,
1% agar plates, incubated at 30 ◦C for 90 min in the dark, and then transferred to 18 ◦C in
the light and grown for 48 h. Two days later, 1 mL of L1 media was added to the plates
and the cells were collected by scraping, then a volume of 200 µL of cells was plated on
1/2 L1, 1% agar plates supplemented with zeocin at 50 µg mL−1 for selection and were
incubated at 18 ◦C under light (75 µE m−2s−1). Two weeks later, positive colonies appeared
and were streaked again on 1/2 L1, 1% agar plates supplemented with zeocin at 50 µg mL−1

for the verification of plasmid stability. The recombinant colonies of P. tricornutum were
checked via cPCR. Four positive colonies were retained from each construct, from which
the plasmids were extracted for further confirmation. The extracted vectors were then
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amplified in E. coli Epi300; these were extracted using the EZ10 kit and sequenced using
next-generation sequencing via Illumina MiSeq technology at the Massachusetts General
Hospital’s Center of Computational and Integrative Biology (MGH CCIB DNA Core,
Boston, MA, USA). In parallel, transformed P. tricornutum culture was launched from a
single colony until obtaining an OD680 nm of 0.06–0.1. The bioengineered P. tricornutum
strains were then sub-cultured every 10 days in a 1/3 volume ratio of fresh L1 Si− medium
containing zeocin (50 mg·L−1).

4.3. Transgene Sequences Validation

C. sativa tetraketide synthase (CsTKS) and olivetolic acid cyclase (CsOAC) amino acid
sequences were obtained from C. sativa through Genbank, under the respective accession
numbers of ACD76855.1 and JN679224.1 (Appendix A, Table A1). The amino acid sequence
was then converted into a DNA sequence with respect to P. tricornutum’s codon usage table,
which is accessible through NCBI Genbank, as well as the HIVE laboratory’s codon usage
table (CUT) [41]. Several cassettes containing the genes of interest were designed; in this
article, we describe three of them. (1) PtOA1 was a construction where TKS and OAC
were linked by a self-cleavable sequence from the Thosea asigna virus (T2A) [45] without
tags, to ensure a similar enzymatic site exposition as that seen in C. sativa. (2) PtOA2 is a
construction where TKS and OAC were tagged, respectively, in the C-terminal with 6xHis
and c-Myc tags for possible protein detection or purification and were linked by a T2A
sequence. (3) PtOA3 is a construction designed to present TKS coupled with a reporter
gene fluorescent protein eYFP on the N-terminal fused by (GlyGlyGlyGlySer)3 to OAC,
which is tagged with c-Myc on the C-terminal. Each inserted construction was designed to
be expressed under the strong constitutive promoter 40SRPS8 and the FcpA terminator in a
pPtGE30 backbone vector [61] that contained the zeocin resistance gene ShBle as a selection
marker. The plasmid pPtGE30 contains a centromeric yeast fragment, allowing it to remain
extrachromosomal [38]. All gene sequences were codon-optimized for P. tricornutum’s
optimal codon usage, with a GC content ranging from 48 to 55%. A representation of each
plasmid design is detailed in Figure 1. The primers used for the gene amplification and
DNA fragment assembly are listed in Appendix A, Table A1. The fragments and transgene
sequences that have been optimized for higher expression in P. tricornutum are detailed
in Appendix A, Table A2. The sequencing results of the plasmid DNA obtained from
P. tricornutum clones described in this study are detailed in Appendix A, Table A3.

4.4. Heterologous Protein Detection

Protein detection in the positively transformed strains of P. tricornutum and the nega-
tive control (wild type, transformed with pPtGE30) was performed on 50 mL (OD680 nm
0.1 a.u.) cultures that were 6 days old with OD680 nm values between 0.9 and 1.7 a.u. The
cells were centrifuged at 4000 rpm for 20 min at 4 ◦C. The resulting pellets were weighed
and resuspended in loading buffer 1× (0.8% sodium dodecyl sulfate, 0.05 M Tris-HCl pH
6.8, 6% glycerol, bromophenol blue, and 3.2% β-mercaptoethanol) to a final concentration
of 500 mg FW·mL−1. The cell lysates were boiled at 95 ◦C for 5 min and were then cen-
trifuged at maximum speed for 5 min at room temperature. A volume of 35 µL of the
supernatant was loaded into 12% SDS-PAGE gel and migrated at 80 volts until the proteins
passed through to the stacking gel, then the voltage was raised to 120 volts. The gel was
then transferred using the BioRad Trans-Blot Turbo Transfer system at 2.5 A for 15 min.
The blot was equilibrated in 1× TBS solution and blocked with 5% milk for 1 h at room
temperature, before washing it three times with TBST solution and adding the primary
antibody overnight at 4 ◦C. In this study, the various primary antibodies used for the T2A
sequence were purchased from Sigma Aldrich (cat. #ABS31, Boston, MA, USA), the 6X-His
Tag Monoclonal antibody from Thermofisher (cat. #MA1-21315, Waltham, MA, USA), and
anti-GFP/CFP/YFP from Cedarlane (cat. #CLH106AP, Burlington, ON, Canada), all at a
1:1000 dilution in 3% BSA. After three washes with TBST solution, the PtOA1 sample blot
was incubated for 1 h in a 1:20,000 dilution in 5% milk of the Immun-Star Goat Anti-Rabbit
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(GAR)-HRP conjugate from Bio-Rad (Mississauga, ON, Canada, cat. #1705046). Meanwhile,
the PtOA2 and PtOA3 blots were incubated under the same conditions with Immun-Star
Goat Anti-Mouse (GAM)-HRP conjugate from BioRad (cat. #1705047, Hercules, CA, USA).
The multiple Tag protein (GenScript, cat. # M0101, Piscataway, NJ, USA) and the recom-
binant YFP purified protein (10 ng) from E. coli were used as the positive controls. After
three washes with TBST solution, protein detection was performed using the Clarity Max
Western ECL Substrate-Luminol solution from Bio-Rad (cat #1705062S, CA, USA). The
blots and Coomassie-stained gels were visualized using a ChemiDoc Imaging System with
Image Lab Touch software 2.4 (Bio-Rad, cat #12003153, Hercules, CA, USA) and Image
Lab™ 5.2 software (Bio-Rad, cat # 1709690, Hercules, CA, USA).

4.5. Subcellular Localization of YFP

Live cell images of the four-day-old culture were captured using a Leica SP8 confocal
laser microscope (Leica, Wetzlar, Germany) with an HCX PL APO 60×/1.25–0.75 Oil CS
objective. The excitation of YFP and chlorophyll fluorescence occurred at 488 nm with
a 65 mW argon laser. YFP fluorescence emission was detected between 552 and 560 nm,
whereas chlorophyll fluorescence was detected at a bandwidth of 625–720 nm. Bright-field
light microscopy images were also taken. The images were analyzed using the Fiji software
(https://imagej.net/software/fiji/) for Windows (64-bit) [62].

4.6. Flow Cytometry Analysis

The BD FACS Melody device (BD Biosciences, La Jolla, CA, USA), equipped with blue
(488 nm), red (640 nm), and violet (405 nm) lasers, and a Beckn Cytoflex FC500 equipped
with Argon (488 nm) and HeNe (633 nm) lasers were used to measure YFP fluorescence on
the FITC channel (527/32 and 525/15 nm) and chloroplast autofluorescence on the APC
channel (660/10 nm and 675/15 nm, respectively). The P. tricornutum samples were diluted
to an OD680 of 0.1 and were then analyzed at a fixed flow rate of 1 for at least 10,000 events
per sample, conducted with 3 replicates. The diatoms were first gated using side-scattered
light (SSC) versus forward scatter plots to determine the targeted population and were then
gated using the chlorophyll levels (650 nm) (Figure 4). All data acquisition and analysis
were carried out with the BD FlowJo version 10 software (BD Biosciences, La Jolla, CA,
USA, 2020). All FACS experiments were conducted in triplicate.

4.7. Metabolite Extraction Method

The wild-type and positive transconjugant strains were pre-cultured in L1 medium,
as mentioned previously. Approximately 100 mg of wet biomass from each culture was
harvested by centrifuging 50 mL of culture at 1500× g and at 4 ◦C for 10 min. The pellets
were resuspended in 5 mL of ethanol 95% (cat.# P016EA95), vortexed 5 times for 1 min each
time, and stored at −20 ◦C overnight. The metabolite extracts were separated from the cells
by centrifuging at 1500× g and at 4 ◦C for 10 min. The supernatants were transferred to
clean tubes and ethanol fractions were evaporated via a speedvac vacuum concentrator
(Thermo Savant SPD 2010) over 3 h at ramp level 5, without heat. The dried extracts were
reconstituted in 250 µL of mobile phase solution, consisting of formic acid at 0.1% v/v in
methanol and water (85:15), for the purposes of HPLC analysis. After homogenization,
200 µL of the extract was transferred to an HPLC vial with a 300 µL adaptor.

4.8. HPLC Detection Method for Cannabinoid Precursors

Olivetolic acid (CAS 491-72-5) and olivetol (CAS 500-66-3) standards were purchased
from Santa Cruz Biotechnologies (Dallas, TX, USA). Extracts from P. tricornutum transconju-
gant strains and the wild type were then analyzed via HPLC (Agilent 1260 Infinity II) with
a DAD detector. The column used was a ZORBAX Eclipse XDB-C18, 80Å, 4.6 × 250 mm,
and 5 µm (Agilent; PN: 990967-902, Missisauga, ON, Canada). The sampler harvested and
injected 10 µL of the sample into the system; the analysis conditions were the following: the
temperature applied to the column was 30 ◦C, while the isocratic mobile phase comprised
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methanol at 85% and formic acid at 0.1%, mixed with 15% pure water at a flow rate of
0.4 mL per minute. The total run time of the analysis was 70 min per sample. The analyzed
wavelengths were chosen based on the maximal peak of each standard (220, 230, and
280 nm).

4.9. Mass Spectrum Validation

All the LC-MS analyses in this study were performed at the Centre National en
Électrochimie et en Technologies Environnementales, Inc. (CNETE, Shawinigan, QC,
Canada). To validate the presence of the compounds of interest, the samples were analyzed
under the same LC conditions but used the MS detector, achieving this by diluting each
sample 10 times in methanol at LC-MS grade containing 0.1% formic acid and injecting
the samples into a Thermo Scientific UPLC Dionex Ultimate 3000 MS LTQ XL UPLC-MS
system equipped with a ZORBAX Eclipse XDB-C18 at 80 Å, 4.6 × 250 mm, and 5 µm
(Agilent; PN.: 990967-902). The MS detector was set to analyze five scan events during the
same period of analysis, taking one SIM event for each compound and one for large-scale
TIC analysis (the event parameters are detailed in Appendix A, Figure A5). The analysis
conditions used were the following: the temperature applied to the column was 30 ◦C and
the isocratic mobile phase used comprised methanol 85% and formic acid 0.1%, mixed
with 15% pure water at a flow rate of 0.4 mL per minute. The total run time of an analysis
was 70 min per sample. The sample injection volume was 2.5 µL. The events observed at
220 nm were analyzed for 5 main events via the MS spectra corresponding to each of the
main cannabinoids, while fragmentation was compared to the corresponding standard and
theoretical fragmentation using the software program Mass Frontier 7.0.

4.10. Precursor Supplementation Assay

P. tricornutum’s empty vector (pPtGE30) was grown for a full cycle from an established
liquid culture until the OD680 was greater than 2 a.u. Afterward, six new subcultures were
made with a starting inoculum of 0.1 OD680 in L1 media and then supplemented with
50 mg/L of zeocin for 9 days. The final volume of all subcultures was around 360 mL.
Then, this volume was distributed as nine 30 mL cultures and placed into 50 mL Falcon
tubes. The first set of triplicates was supplemented with ethanol as a negative control, the
second set was supplemented with 1 mM of geranyl diphosphate ammonium salt (Sigma,
CAS no 763-10-0) and 0.45 mM of olivetolic acid dissolved in L1 media, and the third set
was supplemented with 0.27 mM of CBGA diluted in ethanol. Along with the pPtGE30
subcultures, this assay was performed on at least two other recombinant strains containing
at least one of the PtOA cassettes. The Falcon tubes were returned to normal growth
conditions for 16 h; the next day, each culture was centrifuged to separate the supernatant,
then the pellet was washed and the washing liquid was kept for analysis. The metabolites
were extracted from the cell pellets, as described in Section 4.7. The supernatant, washes,
and cell extracts were analyzed via HPLC, and the signals of interest were confirmed later
via MS analysis.

5. Conclusions

In conclusion, the bioengineering of P. tricornutum with cannabis genes represents a
significant advancement in CB production technology. This innovative approach not only
provides a sustainable alternative to traditional cannabis cultivation but also highlights the
potential of marine microorganisms as versatile bioreactors for valuable natural products.
As synthetic biology and metabolic engineering continue to evolve, the intersection of
marine biology and cannabis biosynthesis could shape the future of CB production.
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Abbreviations

Au Absorbance units
CB Cannabinoid
CBD Cannabidiol
CBDA Cannabidiolic acid
CBGA Cannabigerolic acid
cPCR Colony polymerase chain reaction
FACS Fluorescence-activated cell sorting
Gly Glycine
GPP Geranyl pyrophosphate
His Histidine
OA Olivetolic acid
OAC Olivetolic acid cyclase
OD Optical density
Ser Serine
T2A Thosea asigna virus self-cleavable sequence
THC ∆-9-tetrahydrocannabinol
THCA Delta (9)-tetrahydrocannabinolic acid
TKS Tetraketide synthase
YFP Yellow fluorescent protein

Appendix A

Our study showed the construction of three episomes in the pPtGE30 backbone con-
taining C. sativa genes for the production of OA (Appendix A, Figure A1 and Tables A1–A3).
Each episome was inserted into P. tricornutum via bacterial conjugation and the correspond-
ing enzymes were successfully accumulated (Appendix A, Figure A2 and Table A4).
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Figure A1. P. tricornutum plasmid fragments for yeast assembly and the colony PCR of recombinant 
P. tricornutum after bacterial conjugation. (A) Agarose gel electrophoresis of the amplified fragments 
(the backbone moieties (P1 and P2), promoter (P), gene (G), terminator (T), and selection marker 
ShBle encoding for zeocin resistance) for the plasmid constructs PtOA1 and PtOA2. (B) Agarose gel 
(2%) electrophoresis of the colonies. PCR was performed on the P. tricornutum colonies for each 
construct, with the cPCR primers from Appendix A, Table A4.

Figure A1. P. tricornutum plasmid fragments for yeast assembly and the colony PCR of recombinant
P. tricornutum after bacterial conjugation. (A) Agarose gel electrophoresis of the amplified fragments
(the backbone moieties (P1 and P2), promoter (P), gene (G), terminator (T), and selection marker ShBle
encoding for zeocin resistance) for the plasmid constructs PtOA1 and PtOA2. (B) Agarose gel (2%)
electrophoresis of the colonies. PCR was performed on the P. tricornutum colonies for each construct,
with the cPCR primers from Appendix A, Table A4.
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Figure A2. Western blot membranes and the Ponceau red coloration of gels of (A) PtOA1, (B) PtOA2, 
and (C) PtOA3. The membranes were obtained from different 12% SDS gels, and the antibodies used 
are described in the main text. 

Table A4. Olivetolic acid biosynthesis construct analysis. The plasmid constructs were rescued from 
positive P. tricornutum-transformed clones and amplified in E. coli before being extracted and fully 
sequenced at the Massachusetts General Hospital (MGH), Center for Computational and Integrative 
Biology (CCIB) DNA Core, using Illumina MiSeq technology. ON: original nucleotide; SN substitute 
nucleotide. 

Sequence ID Identity Mismatch Position 
(ON-SN) 

Effect on Protein Number of Insertion 

PtOA1 >99% 9305 (T-C) No 60 bp insertion (after terminator, no effect) 

PtOA2 >99% 8526 (C-T) 
9304 (T-C) No 0 

PtOA3 >99% 
8192 (G-A) 
9304 (T-C) No 0 

Figure A2. Western blot membranes and the Ponceau red coloration of gels of (A) PtOA1, (B) PtOA2,
and (C) PtOA3. The membranes were obtained from different 12% SDS gels, and the antibodies used
are described in the main text.
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Table A1. The amino acid sequences of CsTKS and CsOAC used in this study to build the PtOA1, PtOA2, and PtOA3 cassettes. CDS: coding sequence.

Sequence Name Amino Acid Sequence Length (a.a.) Accession Number (CDS) Accession Number AA Seq

C. sativa type 3 tetraketide
synthase (TKS)

MNHLRAEGPASVLAIGTANPENILLQDEFPDYYFRVTKSEHMTQLKEKFRKICDK
SMIRKRNCFLNEEHLKQNPRLVEHEMQTLDARQDMLVVEVPKLGKDACAKAIKEWGQPKS
KITHLIFTSASTTDMPGADYHCAKLLGLSPSVKRVMMYQLGCYGGGTVLRIAKDIAENN
KGARVLAVCCDIMACLFRGPSESDLELLVGQAIFGDGAAAVIVGAEPDESVGERPIFELVSTG
QTILPNSEGTIGGHIREAGLIFDLHKDVPMLISNNIEKCLIEAFTPIGISDWNSIFWITH
PGGKAILDKVEEKLHLKSDKFVDSRHVLSEHGNMSSSTVLFVMDELRKRSLEEGKSTTGDGFE
WGVLFGFGPGLTVERVVVRSVPIKY

385 EU551165.1 ACD76855.1

C. sativa olivetolic acid
cyclase (OAC)

MAVKHLIVLKFKDEITEAQKEEFFKTYVNLVNIIPAMKDVYWGKDVTQKNKEEGYTHIVEV
TFESVETIQDYIIHPAHVGFGDVYRSFWEKLLIFDYTPRK 101 NM_001397939.1 NP_001384868.1

Table A2. List of the DNA sequence parts for the plasmid constructs, with the corresponding references and accession numbers. The OA1, OA2, and OA3 parts are
color-coded as follows: Cannabis sativa tetraketide synthase CsTKS (AB164375), Cannabis sativa olivetolic acid cyclase CsOAC (JN679224), self-cleavable sequence from
the Thosea asigna virus T2A, c-Myc and 6His tags, 3(GGGGS) fusion, and the yellow fluorescent protein, YFP. All the mentioned sequences are codon-optimized for
the best Phaeodactylum tricornutum usage.

Name Nucleotide Sequence (Codon Optimized) Description and/or References

pPtGE30-part 1

CAGGGTAATATAGATCTTCCGCTGCATAACCCTGCTTCGGGGTCATTATAGCGATTTTTTCGGTATATCCATCCTTTTTCGCA
CGATATACAGGATTTTGCCAAAGGGTTCGTGTAGACTTTCCTTGGTGTATCCAACGGCGTCAGCCGGGCAGGATAGGTGAAGTAG
GCCCACCCGCGAGCGGGTGTTCCTTCTTCACTGTCCCTTATTCGCACCTGGCGGTGCTCAACGGGAATCCTGCTCTGCGAGGCTG
GCCGGCTACCGCCGGCGTAACAGATGAGGGCAAGCGGATGGCTGATGAAACCAAGCCAACCAGGAAGGGCAGCCCACCTATCAAG
GTGTACTGCCTTCCAGACGAACGAAGAGCGATTGAGGAAAAGGCGGCGGCGGCCGGCATGAGCCTGTCGGCCTACCTGCTGGCCG
TCGGCCAGGGCTACAAAATCACGGGCGTCGTGGACTATGAGCACGTCCGCGAGCTGGCCCGCATCAATGGCGACCTGGGCCGCCT
GGGCGGCCTGCTGAAACTCTGGCTCACCGACGACCCGCGCACGGCGCGGTTCGGTGATGCCACGATCCTCGCCCTGCTGGCGAAG
ATCGAAGAGAAGCAGGACGAGCTTGGCAAGGTCATGATGGGCGTGGTCCGCCCGAGGGCAGAGCCATGACTTTTTTAGCCGCTAA
AACGGCCGGGGGGTGCGCGTGATTGCCAAGCACGTCCCCATGCGCTCCATCAAGAAGAGGCACTTCGAGCTGTAAGTACATCACC
GACGAGCAAGGCAAGACGATCCGCGCCTGTTTTATTGAGAACGTTGTTCGTGTTGGCCTCAATGGTAGCGATGCGTCATTCAGCG
AAGTTCTGGTGCTGATGATGTGGTTCGCTTTGCCACTGGTCAATGTGGTAAGCCCGTGTAATGTCAGTAACCTTTTTACTGATCT
CAGCTTGAGCACGGTCGCTGATGAGCTTATCCATGGCCCCACGGTAACGGATATGATCCTCTAGGGCGTTGACAAATTCTTTGTC
GGTTTTCATGGGGTAGACGTCAGTGACCAGGGAACGTCTCCCTACAAAAAGTTGCGCATACTTTGCTCCGTTGTCGACGGCAGGG
GTGTCGGACCAGATTGTATCTGTGGCAACGGCCTCATTGCGTCAATGGACCTTTAAAGCCGGGAAACGAGACTTGAAATGTTTAC
GTAGAGGTGCATTATAGACCTCACGCGCATATTGAGTGGTTGCAAAAATGGTTTTGCGAACGGTATCACTGGAGACCCATGCCAG
GCAAGGACGGAGGGCATCATAATCATGTTCATTGCGTTGGACAGCATGCTTGTTACACGTAAGTATACGGTCGAGAGCATCGTGA
CGTTGAGAATTACAGATGGCAACGTGTCGGTGCATGTATTGGCCGAGATTGTCAAATCGTGGCTCAATATATGGCATGCCAGGTA
AGTCATGGATGTCGGTATGCCATTCAGCCTTCATGTCGATTTCGTTGTCGAGAACTGATGGGTCCCAGTCAACGTCAGAAGTAAG
AACAACATGGGGAAGGGAATGAAGTTCATGACTGGTGGGTGCGCGCATATCCATGTACGGAAGACCCTGTCGTATGTTTAGTGGG
ATGATGTAATCATCCAGGGTAACAATACGTTGGTTGCCGCCCACGGTACGAGACCGATCTTGAACACAATTGTGGCAATGTTCAA

Slattery et al., 2018 [61]
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Table A2. Cont.

Name Nucleotide Sequence (Codon Optimized) Description and/or References

pPtGE30-part 1

GTTGGGCGCTGGAATGGATGGTTTTACCTTTACCAAGATGCGCGTATTGATGCATGATAACAACAATGGGCCCTCGTTGCGATTC
GACAAGACCGGCAGCCGTGACAATGTCTAGATTGGACAAGGTATGTTCATTTATACCGGTTATGTTGGCTGAACGTCCAGTTTTG
TGCAGTACGGTAACATCACTCCCCGCAAGTCCACCGTTGGCACCGCGATCGACAAGTGCAGATGTGGTATTTTGTACTGTGTGTCG
GGAGACTTGGTACTGTAACACATTTGACTGAAGTGACTTGGTGGTACCATGAGGACGGAGGGAACCCGTTGATACGGTGTTGCGT
GACGCTGCAAGTACCTTACGTATGTCGCCTGGATCCATACGTCCAACCCGATCAGAAAGATGTGCTAGGAGTTCCGTTTCTGGTG
CACAATCATGAAAGGTATCCACGGGAGTTCCATTGTTGTCGTCCGGGGCTGCGTCGCGACTGCCAGTTGCATGTACATGCGCCAT
CAAGGGACGTGCCAATCCATTACTAACCGGGAGAACCTTAGCTGGGGCAGCCAATCCCTGAAGTATAGCCTTAGCATCATCTGAG
AGCTGGTTCCACATATCTCTAGGGATATAAGGTCGTTCACGGTTAGTGGGCGTACTATGATGTCGGTTATTAGTACAATTCTCCC
TGCGGGCATGCGCATTGGCTTCATAGAGTACGGAAGGTGACAAGTCAATATTGTAGTTAACATCCGGATCAGTGTCAAAGTCTGT
AGGATGGTAAGAAAGATCAGTAGAATGAATACTACGCTTTTCCTTGGGACTACGGGAATTAGAGAAGTTGTTTCCTTTATTGTAG
AGTGACGCTGAAGCAAGTAGAAGACTAAGGTAACTCTCGTAGCTAATAGGATTACCTCCTTTGGCTAGGTCAAGAGTGGCTGTGA
TCTTCACTTGACAAAGTTCCGGTACATTGTGGACAGCATTCTCCAAAAGACTAAGACACAGTTGCTTTGGGAGTTGCTCAGCCAT
TGGTACAGTATTGTGGTAGATACAAAGGTGGTTCTTCCAATGAAGGATAAATCCTTCTGCTGTGCCTGTCCATGAGGATCCATAT
TTCGCCGTAGTTAGGTAACCAAGCGTGGTGGCTGAACTGATCTTCGCACTTGCTGATTCCGTATAGTGTTTGACAACTTTACAAA
ACACTTCTTGCGCAGTTCGCTCTAGCCTGGACAGAGAAGGGACAATCTTCGTCGTTAAGACTCGTGCGAATAGCAAAAGATCACA
AAATAGCACATCGGCACCGACCAACGATTATTTCCAAGGAAAAAAAGAATGCTTCACTACAAGAAATTGTGTCATCCCTATACAG
AGTCTTGTTACTGTGACAGAAAATTGATGGAAGATGTGGCGGATTGCCTTTACACTAGCCAACTTGTTCGACTAATTGCAGCTTCT
TCTGAGAGGCTTCACCGAGTAACGCGAAGAACACCGGTGTCTCGTACATGCTCGTCGGTGAACGCTCGTCCAATGACACCCCCCA
CTTTGTATCAATATCCCAACTTGGTAGTGAACTGGAATGATACATGCAATTTCGCGCCGCATCAACAGCCACGGGCACCATCGACG
AATAGACTCGGTCGAGCTGGTTGCCCTCGCCGCTGGGCTGGCGGCCGTCTATGGCCCTGCAAACGCGCCAGAAACGCCGTCGAAGC
CGTGTGCGAGACACCGCGGCCGGCCGCCGGCGTTGTGGATACCTCGCGGAAAACTTGGCCCTCACTGACAGATGAGGGGCGGACGT
TGACACTTGAGGGGCCGACTCACCCGGCGCGGCGTTGACAGATGAGGGGCAGGCTCGATTTCGGCCGGCGACGTGGAGCTGGCCAG
CCTCGCAAATCGGCGAAAACGCCTGATTTTACGCGAGTTTCCCACAGATGATGTGGACAAGCCTGGGGATAAGTGCCCTGCGGTAT
TGACACTTGAGGGGCGCGACTACTGACAGATGAGGGGCGCGATCCTTGACACTTGAGGGGCAGAGTGCTGACAGATGAGGGGCGCA
CCTATTGACATTTGAGGGGCTGTCCACAGGCAGAAAATCCAGCATTTGCAAGGGTTTCCGCCCGTTTTTCGGCCACCGCTAACCTG
TCTTTTAACCTGCTTTTAAACCAATATTTATAAACCTTGTTTTTAACCAGGGCTGCGCCCTGTGCGCGTGACCGCGCACGCCGAAG
GGGGGTGCCCCCCCTTCTCGAACCCTCCCGGTCGAGTGAGCGAGGAAGCACCAGGGAACAGCACTTATATATTCTGCTTACACACG
ATGCCTGAAAAAACTTCCCTTGGGGTTATCCACTTATCCACGGGGATATTTTTATAATTATTTTTTTTATAGTTTTTAGATCTTCT
TTTTTAGAGCGCCTTGTAGGCCTTTATCCATGCTGGTTCTAGAGAAGGTGTTGTGACAAATTGCCCTTTCAGTGTGACAAATCACC
CTCAAATGACAGTCCTGTCTGTGACAAATTGCCCTTAACCCTGTGACAAATTGCCCTCAGAAGAAGCTGTTTTTTCACAAAGTTAT
CCCTGCTTATTGACTCTTTTTTATTTAGTGTGACAATCTAAAAACTTGTCACACTTCACATGGATCTGTCATGGCGGAAACAGCGG
TTATCAATCACAAGAAACGTAAAAATAGCCCGCGAATCGTCCAGTCAAACGACCTCACTGAGGCGGCATATAGTCTCTCCCGGGAT
CAAAAACGTATGCTGTATCTGTTCGTTGACCAGATCAGAAAATCTGATGGCACCCTACAGGAACATGACGGTATCTGCGAGATCCA
TGTTGCTAAATATGCTGAAATATTCGGATTGACCTCTGCGGAAGCCAGTAAGGATATACGGCAGGCATTGAAGAGTTTCGCGGGGA
AGGAAGTGGTTTTTTATCGCCCTGAAGAGGATGCCGGCGATGAAAAAGGCTATGAATCTTTTCCTTGGTTTATCAAACGTGCGCAC
AGTCCATCCAGAGGGCTTTACAGTGTACATATCAACCCATATCTCATTCCCTTCTTTATCGGGTTACAGAACCGGTTTACGCAGTTT
CGGCTTAGTGAAACAAAAGAAATCACCAATCCGTATGCCATGCGTTTATACGAATCCCTGTGTCAGTATCGTAAGCCGGATGGCTCA
GGCATCGTCTCTCTGAAAATCGACTGGATCATAGAGCGTTACCAGCTGCCTCAAAGTTACCAGCGTATGCCTGACTTCCGCCGCCG
CTTCCTGCAGGTCTGTGTTAATGAGATCAACAGCAGAACTCCAATGCGCCTCTCATACATTGAGAAAAAGAAAGGCCGCCAGACGA
CTCATATCGTATTTTCCTTCCGCGATATCACTTCCATGACGACAGGATAGTCTGAGGGTTATCTGTCACAGATTTGAGGGTGGTTCG

Slattery et al., 2018 [61]
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Table A2. Cont.

Name Nucleotide Sequence (Codon Optimized) Description and/or References

pPtGE30-part 1

TCACATTTGTTCTGACCTACTGAGGGTAATTTGTCACAGTTTTGCTGTTTCCTTCAGCCTGCATGGATTTTCTCATACTTTTTGAA
CTGTAATTTTTAAGGAAGCCAAATTTGAGGGCAGTTTGTCACAGTTGATTTCCTTCTCTTTCCCTTCGTCATGTGACCTGATATC
GGGGGTTAGTTCGTCATCATTGATGAGGGTTGATTATCACAGTTTATTACTCTGAATTGGCTATCCGCGTGTGTACCTCTACCTGG
AGTTTTTCCCACGGTGGATATTTCTTCTTGCGCTGAGCGTAAGAGCTATCTGACAGAACAGTTCTTCTTTGCTTCCTCGCCAGTT
CGCTCGCTATGCTCGGTTACACGGCTGCGGCGAGCATCACGTGCTATAAAAATAATTATAATTTAAATTTTTTAATATAAATATA
TAAATTAAAAATAGAAAGTAAAAAAAGAAATTAAAGAAAAAATAGTTTTTGTTTTCCGAAGATGTAAAAGACTCTAGGGGGATCG
CCAACAAATACTACCTTTTACCTTGCTCTTCCTGCTCTCAGGTATTAATGCCGAATTGTTTCATCTTGTCTGTGTAGAAGACCAC
ACACGAAAATCCTGTGATTTTACATTTTACTTATCGTTAATCGAATGTATATCTATTTAATCTGCTTTTCTTGTCTAATAAATATA
TATGTAAAGTACGCTTTTTGTTGAAATTTTTTAAACCTTTGTTTATTTTTTTTTCTTCATTCCGTAACTCTTCTACCTTCTTTATT
TACTTTCTAAAATCCAAATACAAAACATAAAAATAAATAAACACAGAGTAAATTCCCAAATTATTCCATCATTAAAAGATACGAGG
CGCGTGTAAGTTACAGGCAAGCGATCCTAGTACACTCTATATTTTTTTATGCCTCGGTAATGATTTTCATTTTTTTTTTCCACCTA
GCGGATGACTCTTTTTTTTTCTTAGCGATTGGCATTATCACATAATGAATTATACATTATATAAAGTAATGTGATTTCTTCGAA
GAATATACTAAAAAATGAGCAGGCAAGATAAACGAAGGCAAAGATGACAGAGCAGAAAGCCCTAGTAAAGCGTATTACAAATGA
AACCAAGATTCAGATTGCGATCTCTTTAAAGGGTGGTCCCCTAGCGATAGAGCACTCGATCTTCCCAGAAAAAGAGGCAGAAGCA
GTAGCAGAACAGGCCACACAATCGCAAGTGATTAACGTCCACACAGGTATAGGGTTTCTGGACCATATGATACATGCTCTGGCCA
AGCATTCCGGCTGGTCGCTAATCGTTGAGTGCATTGGTGACTTACACATAGACGACCATCACACCACTGAAGACTGCGGGATTGC
TCTCGGTCAAGCTTTTAAAGAGGCCCTAG

Slattery et al., 2018 [61]

pPtGE30-part 2

TCGAGCTGGTTGCCCTCGCCGCTGGGCTGGCGGCCGTCTATGGCCCTGCAAACGCGCCAGAAACGCCGTCGAAGCCGTGTGCGA
GACACCGCGGCCGGCCGCCGGCGTTGTGGATACCTCGCGGAAAACTTGGCCCTCACTGACAGATGAGGGGCGGACGTTGACACTT
GAGGGGCCGACTCACCCGGCGCGGCGTTGACAGATGAGGGGCAGGCTCGATTTCGGCCGGCGACGTGGAGCTGGCCAGCCTCGCA
AATCGGCGAAAACGCCTGATTTTACGCGAGTTTCCCACAGATGATGTGGACAAGCCTGGGGATAAGTGCCCTGCGGTATTGACAC
TTGAGGGGCGCGACTACTGACAGATGAGGGGCGCGATCCTTGACACTTGAGGGGCAGAGTGCTGACAGATGAGGGGCGCACCTAT
TGACATTTGAGGGGCTGTCCACAGGCAGAAAATCCAGCATTTGCAAGGGTTTCCGCCCGTTTTTCGGCCACCGCTAACCTGTCTT
TTAACCTGCTTTTAAACCAATATTTATAAACCTTGTTTTTAACCAGGGCTGCGCCCTGTGCGCGTGACCGCGCACGCCGAAGGGG
GGTGCCCCCCCTTCTCGAACCCTCCCGGTCGAGTGAGCGAGGAAGCACCAGGGAACAGCACTTATATATTCTGCTTACACACGAT
GCCTGAAAAAACTTCCCTTGGGGTTATCCACTTATCCACGGGGATATTTTTATAATTATTTTTTTTATAGTTTTTAGATCTTCTT
TTTTAGAGCGCCTTGTAGGCCTTTATCCATGCTGGTTCTAGAGAAGGTGTTGTGACAAATTGCCCTTTCAGTGTGACAAATCACC
CTCAAATGACAGTCCTGTCTGTGACAAATTGCCCTTAACCCTGTGACAAATTGCCCTCAGAAGAAGCTGTTTTTTCACAAAGTTA
TCCCTGCTTATTGACTCTTTTTTATTTAGTGTGACAATCTAAAAACTTGTCACACTTCACATGGATCTGTCATGGCGGAAACAGC
GGTTATCAATCACAAGAAACGTAAAAATAGCCCGCGAATCGTCCAGTCAAACGACCTCACTGAGGCGGCATATAGTCTCTCCCGG
GATCAAAAACGTATGCTGTATCTGTTCGTTGACCAGATCAGAAAATCTGATGGCACCCTACAGGAACATGACGGTATCTGCGAGA
TCCATGTTGCTAAATATGCTGAAATATTCGGATTGACCTCTGCGGAAGCCAGTAAGGATATACGGCAGGCATTGAAGAGTTTCGC
GGGGAAGGAAGTGGTTTTTTATCGCCCTGAAGAGGATGCCGGCGATGAAAAAGGCTATGAATCTTTTCCTTGGTTTATCAAACGT
GCGCACAGTCCATCCAGAGGGCTTTACAGTGTACATATCAACCCATATCTCATTCCCTTCTTTATCGGGTTACAGAACCGGTTTA
CGCAGTTTCGGCTTAGTGAAACAAAAGAAATCACCAATCCGTATGCCATGCGTTTATACGAATCCCTGTGTCAGTATCGTAAGCC
GGATGGCTCAGGCATCGTCTCTCTGAAAATCGACTGGATCATAGAGCGTTACCAGCTGCCTCAAAGTTACCAGCGTATGCCTGAC
TTCCGCCGCCGCTTCCTGCAGGTCTGTGTTAATGAGATCAACAGCAGAACTCCAATGCGCCTCTCATACATTGAGAAAAAGAAAG
GCCGCCAGACGACTCATATCGTATTTTCCTTCCGCGATATCACTTCCATGACGACAGGATAGTCTGAGGGTTATCTGTCACAGAT
TTGAGGGTGGTTCGTCACATTTGTTCTGACCTACTGAGGGTAATTTGTCACAGTTTTGCTGTTTCCTTCAGCCTGCATGGATTTT
CTCATACTTTTTGAACTGTAATTTTTAAGGAAGCCAAATTTGAGGGCAGTTTGTCACAGTTGATTTCCTTCTCTTTCCCTTCGTC

Slattery et al., 2018 [61]
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Table A2. Cont.

Name Nucleotide Sequence (Codon Optimized) Description and/or References

pPtGE30-part 2

ATGTGACCTGATATCGGGGGTTAGTTCGTCATCATTGATGAGGGTTGATTATCACAGTTTATTACTCTGAATTGGCTATCCGCGT
GTGTACCTCTACCTGGAGTTTTTCCCACGGTGGATATTTCTTCTTGCGCTGAGCGTAAGAGCTATCTGACAGAACAGTTCTTCTT
TGCTTCCTCGCCAGTTCGCTCGCTATGCTCGGTTACACGGCTGCGGCGAGCATCACGTGCTATAAAAATAATTATAATTTAAATT
TTTTAATATAAATATATAAATTAAAAATAGAAAGTAAAAAAAGAAATTAAAGAAAAAATAGTTTTTGTTTTCCGAAGATGTAAAA
GACTCTAGGGGGATCGCCAACAAATACTACCTTTTACCTTGCTCTTCCTGCTCTCAGGTATTAATGCCGAATTGTTTCATCTTGT
CTGTGTAGAAGACCACACACGAAAATCCTGTGATTTTACATTTTACTTATCGTTAATCGAATGTATATCTATTTAATCTGCTTTT
CTTGTCTAATAAATATATATGTAAAGTACGCTTTTTGTTGAAATTTTTTAAACCTTTGTTTATTTTTTTTTCTTCATTCCGTAACT
CTTCTACCTTCTTTATTTACTTTCTAAAATCCAAATACAAAACATAAAAATAAATAAACACAGAGTAAATTCCCAAATTATTCCA
TCATTAAAAGATACGAGGCGCGTGTAAGTTACAGGCAAGCGATCCTAGTACACTCTATATTTTTTTATGCCTCGGTAATGATTTT
CATTTTTTTTTTCCACCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGCATTATCACATAATGAATTATACATTATATAAAG
TAATGTGATTTCTTCGAAGAATATACTAAAAAATGAGCAGGCAAGATAAACGAAGGCAAAGATGACAGAGCAGAAAGCCCTAGTA
AAGCGTATTACAAATGAAACCAAGATTCAGATTGCGATCTCTTTAAAGGGTGGTCCCCTAGCGATAGAGCACTCGATCTTCCCAG
AAAAAGAGGCAGAAGCAGTAGCAGAACAGGCCACACAATCGCAAGTGATTAACGTCCACACAGGTATAGGGTTTCTGGACCATAT
GATACATGCTCTGGCCAAGCATTCCGGCTGGTCGCTAATCGTTGAGTGCATTGGTGACTTACACATAGACGACCATCACACCACTG
AAGACTGCGGGATTGCTCTCGGTCAAGCTTTTAAAGAGGCCCTAGGGGCCGTGCGTGGAGTAAAAAGGTTTGGATCAGGATTTGC
GCCTTTGGATGAGGCACTTTCCAGAGCGGTGGTAGATCTTTCGAACAGGCCGTACGCAGTTGTCGAACTTGGTTTGCAAAGGGAG
AAAGTAGGAGATCTCTCTTGCGAGATGATCCCGCATTTTCTTGAAAGCTTTGCAGAGGCTAGCAGAATTACCCTCCACGTTGATT
GTCTGCGAGGCAAGAATGATCATCACCGTAGTGAGAGTGCGTTCAAGGCTCTTGCGGTTGCCATAAGAGAAGCCACCTCGCCCAA
TGGTACCAACGATGTTCCCTCCACCAAAGGTGTTCTTATGTAGTTTTACACAGGAGTCTGGACTTGACGCTAGTGATAATAAGTG
ACTGAGGTATGTGCTCTTCTTATCTCCTTTTGTAGTGTTGCTCTTATTTTAAACAACTTTGCGGTTTTTTGATGACTTTGCGATTT
TGTTGTTGCTTTGCAGTAAATTGCAAGATTTAATAAAAAAACGCAAAGCAATGATTAAAGGATGTTCAGAATGAAACTCATGGAA
ACACTTAACCAGTGCATAAACGCTGGTCATGAAATGACGAAGGCTATCGCCATTGCACAGTTTAATGATGACAGCCCGGAAGCGA
GGAAAATAACCCGGCGCTGGAGAATAGGTGAAGCAGCGGATTTAGTTGGGGTTTCTTCTCAGGCTATCAGAGATGCCGAGAAAGCA
GGGCGACTACCGCACCCGGATATGGAAATTCGAGGACGGGTTGAGCAACGTGTTGGTTATACAATTGAACAAATTAATCATATGCG
TGATGTGTTTGGTACGCGATTGCGACGTGCTGAAGACGTATTTCCACCGGTGATCGGGGTTGCTGCCCATAAAGGTGGCGTTTACA
AAACCTCAGTTTCTGTTCATCTTGCTCAGGATCTGGCTCTGAAGGGGCTACGTGTTTTGCTCGTGGAAGGTAACGACCCCCAGGGA
ACAGCCTCAATGTATCACGGATGGGTACCAGATCTTCATATTCATGCAGAAGACACTCTCCTGCCTTTCTATCTTGGGGAAAAGG
ACGATGTCACTTATGCAATAAAGCCCACTTGCTGGCCGGGGCTTGACATTATTCCTTCCTGTCTGGCTCTGCACCGTATTGAAACT
GAGTTAATGGGCAAATTTGATGAAGGTAAACTGCCCACCGATCCACACCTGATGCTCCGACTGGCCATTGAAACTGTTGCTCATG
ACTATGATGTCATAGTTATTGACAGCGCGCCTAACCTGGGTATCGGCACGATTAATGTCGTATGTGCTGCTGATGTGCTGATTGT
TCCCACGCCTGCTGAGTTGTTTGACTACACCTCCGCACTGCAGTTTTTCGATATGCTTCGTGATCTGCTCAAGAACGTTGATCTTA
AAGGGTTCGAGCCTGATGTACGTATTTTGCTTACCAAATACAGCAATAGCAATGGCTCTCAGTCCCCGTGGATGGAGGAGCAAAT
TCGGGATGCCTGGGGAAGCATGGTTCTAAAAAATGTTGTACGTGAAACGGATGAAGTTGGTAAAGGTCAGATCCGGATGAGAACTG
TTTTTGAACAGGCCATTGATCAACGCTCTTCAACTGGTGCCTGGAGAAATGCTCTTTCTATTTGGGAACCTGTCTGCAATGAAATT
TTCGATCGTCTGATTAAACCACGCTGGGAGATTAGATAATGAAGCGTGCGCCTGTTATTCCAAAACATACGCTCAATACTCAACCG
GTTGAAGATACTTCGTTATCGACACCAGCTGCCCCGATGGTGGATTCGTTAATTGCGCGCGTAGGAGTAATGGCTCGCGGTAATGC
CATTACTTTGCCTGTATGTGGTCGGGATGTGAAGTTTACTCTTGAAGTGCTCCGGGGTGATAGTGTTGAGAAGACCTCTCGGGTAT
GGTCAGGTAATGAACGTGACCAGGAGCTGCTTACTGAGGACGCACTGGATGATCTCATCCCTTCTTTTCTACTGACTGGTCAACAG
ACACCGGCGTTCGGTCGAAGAGTATCTGGTGTCATAGAAATTGCCGATGGGAGTCGCCGTCGTAAAGCTGCTGCACTTACCGAAAG
TGATTATCGTGTTCTGGTTGGCGAGCTGGATGATGAGCAGATGGCTGCATTATCCAGATTGGGTAACGATTATCGCCCAACAAGTG
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CTTATGAACGTGGTCAGCGTTATGCAAGCCGATTGCAGAATGAATTTGCTGGAAATATTTCTGCGCTGGCTGATGCGGAAAATATT
TCACGTAAGATTATTACCCGCTGTATCAACACCGCCAAATTGCCTAAATCAGTTGTTGCTCTTTTTTCTCACCCCGGTGAACTATC
TGCCCGGTCAGGTGATGCACTTCAAAAAGCCTTTACAGATAAAGAGGAATTACTTAAGCAGCAGGCATCTAACCTTCATGAGCAGA
AAAAAGCTGGGGTGATATTTGAAGCTGAAGAAGTTATCACTCTTTTAACTTCTGTGCTTAAAACGTCATCTGCATCAAGAACTAGT
TTAAGCTCACGACATCAGTTTGCTCCTGGAGCGACAGTATTGTATAAGGGCGATAAAATGGTGCTTAACCTGGACAGGTCTCGTGTT
CCAACTGAGTGTATAGAGAAAATTGAGGCCATTCTTAAGGAACTTGAAAAGCCAGCACCCTGATGCGACCTCGTTTTAGTCTACGT
TTATCTGTCTTTACTTAATGTCCTTTGTTACAGGCCAGAAAGCATAACTGGCCTGAATATTCTCTCTGGGCCCACTGTTCCACTTG
TATCGTCGGTCTGATAATCAGACTGGGACCACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCACGGTCCCACTCG
TATCGTCGGTCTGATTATTAGTCTGGGACCACGGTCCCACTCGTATCGTCGGTCTGATAATCAGACTGGGACCACGGTCCCACTCG
TATCGTCGGTCTGATTATTAGTCTGGGACCATGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCACGGTCCCACTCG
TATCGTCGGTCTGATTATTAGTCTGGAACCACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCACGGTCCCACTCG
TATCGTCGGTCTGATTATTAGTCTGGGACCACGATCCCACTCGTGTTGTCGGTCTGATTATCGGTCTGGGACCACGGTCCCACTTG
TATTGTCGATCAGACTATCAGCGTGAGACTACGATTCCATCAATGCCTGTCAAGGGCAAGTATTGACATGTCGTCGTAACCTGTAG
AACGGAGTAACCTCGGTGTGCGGTTGTATGCCTGCTGTGGATTGCTGCTGTGTCCTGCTTATCCACAACATTTTGCGCACGGTTAT
GTGGACAAAATACCTGGTTACCCAGGCCGTGCCGGCACGTTAACCGGGCTGCATCCGATGCAAGTGTGTCGCTGTCGACGAGCTCG
CGAGCTCGGACATGAGGTTGCCCCGTATTCAGTGTCGCTGATTTGTATTGTCTGAAGTTGTTTTTACGTTAAGTTGATGCAGATCA
ATTAATACGATACCTGCGTCATAATTGATTATTTGACGTGGTTTGATGGCCTCCACGCACGTTGTGATATGTAGATGATAATCATT
ATCACTTTACGGGTCCTTTCCGGTGATCCGACAGGTTACGGGGCGGCGACCTCGCGGGTTTTCGCTATTTATGAAAATTTTCCGGTT
TAAGGCGTTTCCGTTCTTCTTCGTCATAACTTAATGTTTTTATTTAAAATACCCTCTGAAAAGAAAGGAAACGACAGGTGCTGAAA
GCGAGCTTTTTGGCCTCTGTCGTTTCCTTTCTCTGTTTTTGTCCGTGGAATGAACAATGGAAGTCCGAGCTCATCGCTAATAACTT
CGTATAGCATACATTATACGAAGTTATATTCGATGCGGCCGCAAGGGGTTCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCT
TAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCACACAGATGCGTAAGGAGAAAATACC
GCATCAGGCGCCATTCGCCATTCAGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAA
AGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGT
AATACGACTCACTATAGGGCGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGAGTATTCT
ATAGTCTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACA
TACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCT
TTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGAACCCCTTGCGGCCGCCCGGGCCGTCGACCAATT
CTCATGTTTGACAGCTTATCATCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCGTAGCAACCAGGCGTTTAAGGG
CACCAATAACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGCATTCTGCCGACATGG
AAGCCATCACAAACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTGAA
AACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCCAGGGATTGGCTGAGACGAAAAACA
TATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAATATATGTGTAGAAACTGCCGGA
AATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCAT
ATCACCAGCTCACCGTCTTTCATTGCCATACGAAATTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATA
AAACTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACT
GACTGAAATGCCTCAAAATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATTTTAGC
TTCCTTAGCTCCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTT
ACGTGCCGATCAACGTCTCATTTTCGCCAAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGC
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GAAGTGATCTTCCGTCACAGGTATTTATTCGCGATAAGCTCATGGAGCGGCGTAACCGTCGCACAGGAAGGACAGAGAAAGCGCGGA
TCTGGGAAGTGACGGACAGAACGGTCAGGACCTGGATTGGGGAGGCGGTTGCCGCCGCTGCTGCTGACGGTGTGACGTTCTCTGTT
CCGGTCACACCACATACGTTCCGCCATTCCTATGCGATGCACATGCTGTATGCCGGTATACCGCTGAAAGTTCTGCAAAGCCTGAT
GGGACATAAGTCCATCAGTTCAACGGAAGTCTACACGAAGGTTTTTGCGCTGGATGTGGCTGCCCGGCACCGGGTGCAGTTTGCGA
TGCCGGAGTCTGATGCGGTTGCGATGCTGAAACAATTATCCTGAGAATAAATGCCTTGGCCTTTATATGGAAATGTGGAACTGAGTG
GATATGCTGTTTTTGTCTGTTAAACAGAGAAGCTGGCTGTTATCCACTGAGAAGCGAACGAAACAGTCGGGAAAATCTCCCATTAT
CGTAGAGATCCGCATTATTAATCTCAGGAGCCTGTGTAGCGTTTATAGGAAGTAGTGTTCTGTCATGATGCCTGCAAGCGGTAACGA
AAACGATTTGAATATGCCTTCAGGAACAATAGAAATCTTCGTGCGGTGTTACGTTGAAGTGGAGCGGATTATGTCAGCAATGGACA
GAACAACCTAATGAACACAGAACCATGATGTGGTCTGTCCTTTTACAGCCAGTAGTGCTCGCCGCAGTCGAGCGACAGGGCGAAGCCC

Slattery et al., 2018 [61]

ShBle cassette

TCGAGCTGGTTGCCCTCGCCGCTGGGCTGGCGGCCGTCTATGGCCCTGCAAACGCGCCAGAAACGCCGTCGAAGCCGTGTGCGAGA
CACCGCGGCCGGCCGCCGGCGTTGTGGATACCTCGCGGAAAACTTGGCCCTCACTGACAGATGAGGGGCGGACGTTGACACTTGAG
GGGCCGACTCACCCGGCGCGGCGTTGACAGATGAGGGGCAGGCTCGATTTCGGCCGGCGACGTGGAGCTGGCCAGCCTCGCAAATC
GGCGAAAACGCCTGATTTTACGCGAGTTTCCCACAGATGATGTGGACAAGCCTGGGGATAAGTGCCCTGCGGTATTGACACTTGAG
GGGCGCGACTACTGACAGATGAGGGGCGCGATCCTTGACACTTGAGGGGCAGAGTGCTGACAGATGAGGGGCGCACCTATTGACAT
TTGAGGGGCTGTCCACAGGCAGAAAATCCAGCATTTGCAAGGGTTTCCGCCCGTTTTTCGGCCACCGCTAACCTGTCTTTTAACCT
GCTTTTAAACCAATATTTATAAACCTTGTTTTTAACCAGGGCTGCGCCCTGTGCGCGTGACCGCGCACGCCGAAGGGGGGTGCCCC
CCCTTCTCGAACCCTCCCGGTCGAGTGAGCGAGGAAGCACCAGGGAACAGCACTTATATATTCTGCTTACACACGATGCCTGAAAA
AACTTCCCTTGGGGTTATCCACTTATCCACGGGGATATTTTTATAATTATTTTTTTTATAGTTTTTAGATCTTCTTTTTTAGAGCG
CCTTGTAGGCCTTTATCCATGCTGGTTCTAGAGAAGGTGTTGTGACAAATTGCCCTTTCAGTGTGACAAATCACCCTCAAATGACA
GTCCTGTCTGTGACAAATTGCCCTTAACCCTGTGACAAATTGCCCTCAGAAGAAGCTGTTTTTTCACAAAGTTATCCCTGCTTATT
GACTCTTTTTTATTTAGTGTGACAATCTAAAAACTTGTCACACTTCACATGGATCTGTCATGGCGGAAACAGCGGTTATCAATCAC
AAGAAACGTAAAAATAGCCCGCGAATCGTCCAGTCAAACGACCTCACTGAGGCGGCATATAGTCTCTCCCGGGATCAAAAACGTAT
GCTGTATCTGTTCGTTGACCAGATCAGAAAATCTGATGGCACCCTACAGGAACATGACGGTATCTGCGAGATCCATGTTGCTAAAT
ATGCTGAAATATTCGGATTGACCTCTGCGGAAGCCAGTAAGGATATACGGCAGGCATTGAAGAGTTTCGCGGGGAAGGAAGTGGTT
TTTTATCGCCCTGAAGAGGATGCCGGCGATGAAAAAGGCTATGAATCTTTTCCTTGGTTTATCAAACGTGCGCACAGTCCATCCAG
AGGGCTTTACAGTGTACATATCAACCCATATCTCATTCCCTTCTTTATCGGGTTACAGAACCGGTTTACGCAGTTTCGGCTTAGTG
AAACAAAAGAAATCACCAATCCGTATGCCATGCGTTTATACGAATCCCTGTGTCAGTATCGTAAGCCGGATGGCTCAGGCATCGTC
TCTCTGAAAATCGACTGGATCATAGAGCGTTACCAGCTGCCTCAAAGTTACCAGCGTATGCCTGACTTCCGCCGCCGCTTCCTGCA
GGTCTGTGTTAATGAGATCAACAGCAGAACTCCAATGCGCCTCTCATACATTGAGAAAAAGAAAGGCCGCCAGACGACTCATATCG
TATTTTCCTTCCGCGATATCACTTCCATGACGACAGGATAGTCTGAGGGTTATCTGTCACAGATTTGAGGGTGGTTCGTCACATTT
GTTCTGACCTACTGAGGGTAATTTGTCACAGTTTTGCTGTTTCCTTCAGCCTGCATGGATTTTCTCATACTTTTTGAACTGTAATT
TTTAAGGAAGCCAAATTTGAGGGCAGTTTGTCACAGTTGATTTCCTTCTCTTTCCCTTCGTCATGTGACCTGATATCGGGGGTTAG
TTCGTCATCATTGATGAGGGTTGATTATCACAGTTTATTACTCTGAATTGGCTATCCGCGTGTGTACCTCTACCTGGAGTTTTTCC
CACGGTGGATATTTCTTCTTGCGCTGAGCGTAAGAGCTATCTGACAGAACAGTTCTTCTTTGCTTCCTCGCCAGTTCGCTCGCTAT
GCTCGGTTACACGGCTGCGGCGAGCATCACGTGCTATAAAAATAATTATAATTTAAATTTTTTAATATAAATATATAAATTAAAAA
TAGAAAGTAAAAAAAGAAATTAAAGAAAAAATAGTTTTTGTTTTCCGAAGATGTAAAAGACTCTAGGGGGATCGCCAACAAATACT
ACCTTTTACCTTGCTCTTCCTGCTCTCAGGTATTAATGCCGAATTGTTTCATCTTGTCTGTGTAGAAGACCACACACGAAAATCCT
GTGATTTTACATTTTACTTATCGTTAATCGAATGTATATCTATTTAATCTGCTTTTCTTGTCTAATAAATATATATGTAAAGTACGC
TTTTTGTTGAAATTTTTTAAACCTTTGTTTATTTTTTTTTCTTCATTCCGTAACTCTTCTACCTTCTTTATTTACTTTCTAAAATC
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CAAATACAAAACATAAAAATAAATAAACACAGAGTAAATTCCCAAATTATTCCATCATTAAAAGATACGAGGCGCGTGTAAGTTAC
AGGCAAGCGATCCTAGTACACTCTATATTTTTTTATGCCTCGGTAATGATTTTCATTTTTTTTTTCCACCTAGCGGATGACTCTTT
TTTTTTCTTAGCGATTGGCATTATCACATAATGAATTATACATTATATAAAGTAATGTGATTTCTTCGAAGAATATACTAAAAAAT
GAGCAGGCAAGATAAACGAAGGCAAAGATGACAGAGCAGAAAGCCCTAGTAAAGCGTATTACAAATGAAACCAAGATTCAGATTGC
GATCTCTTTAAAGGGTGGTCCCCTAGCGATAGAGCACTCGATCTTCCCAGAAAAAGAGGCAGAAGCAGTAGCAGAACAGGCCACAC
AATCGCAAGTGATTAACGTCCACACAGGTATAGGGTTTCTGGACCATATGATACATGCTCTGGCCAAGCATTCCGGCTGGTCGCTA
ATCGTTGAGTGCATTGGTGACTTACACATAGACGACCATCACACCACTGAAGACTGCGGGATTGCTCTCGGTCAAGCTTTTAAAGA
GGCCCTAGGGGCCGTGCGTGGAGTAAAAAGGTTTGGATCAGGATTTGCGCCTTTGGATGAGGCACTTTCCAGAGCGGTGGTAGATC
TTTCGAACAGGCCGTACGCAGTTGTCGAACTTGGTTTGCAAAGGGAGAAAGTAGGAGATCTCTCTTGCGAGATGATCCCGCATTTT
CTTGAAAGCTTTGCAGAGGCTAGCAGAATTACCCTCCACGTTGATTGTCTGCGAGGCAAGAATGATCATCACCGTAGTGAGAGTGC
GTTCAAGGCTCTTGCGGTTGCCATAAGAGAAGCCACCTCGCCCAATGGTACCAACGATGTTCCCTCCACCAAAGGTGTTCTTATGT
AGTTTTACACAGGAGTCTGGACTTGACGCTAGTGATAATAAGTGACTGAGGTATGTGCTCTTCTTATCTCCTTTTGTAGTGTTGCT
CTTATTTTAAACAACTTTGCGGTTTTTTGATGACTTTGCGATTTTGTTGTTGCTTTGCAGTAAATTGCAAGATTTAATAAAAAAAC
GCAAAGCAATGATTAAAGGATGTTCAGAATGAAACTCATGGAAACACTTAACCAGTGCATAAACGCTGGTCATGAAATGACGAAGG
CTATCGCCATTGCACAGTTTAATGATGACAGCCCGGAAGCGAGGAAAATAACCCGGCGCTGGAGAATAGGTGAAGCAGCGGATTTA
GTTGGGGTTTCTTCTCAGGCTATCAGAGATGCCGAGAAAGCAGGGCGACTACCGCACCCGGATATGGAAATTCGAGGACGGGTTGA
GCAACGTGTTGGTTATACAATTGAACAAATTAATCATATGCGTGATGTGTTTGGTACGCGATTGCGACGTGCTGAAGACGTATTTC
CACCGGTGATCGGGGTTGCTGCCCATAAAGGTGGCGTTTACAAAACCTCAGTTTCTGTTCATCTTGCTCAGGATCTGGCTCTGAAG
GGGCTACGTGTTTTGCTCGTGGAAGGTAACGACCCCCAGGGAACAGCCTCAATGTATCACGGATGGGTACCAGATCTTCATATTCAT
GCAGAAGACACTCTCCTGCCTTTCTATCTTGGGGAAAAGGACGATGTCACTTATGCAATAAAGCCCACTTGCTGGCCGGGGCTTGAC
ATTATTCCTTCCTGTCTGGCTCTGCACCGTATTGAAACTGAGTTAATGGGCAAATTTGATGAAGGTAAACTGCCCACCGATCCACA
CCTGATGCTCCGACTGGCCATTGAAACTGTTGCTCATGACTATGATGTCATAGTTATTGACAGCGCGCCTAACCTGGGTATCGGCAC
GATTAATGTCGTATGTGCTGCTGATGTGCTGATTGTTCCCACGCCTGCTGAGTTGTTTGACTACACCTCCGCACTGCAGTTTTTCG
ATATGCTTCGTGATCTGCTCAAGAACGTTGATCTTAAAGGGTTCGAGCCTGATGTACGTATTTTGCTTACCAAATACAGCAATAGC
AATGGCTCTCAGTCCCCGTGGATGGAGGAGCAAATTCGGGATGCCTGGGGAAGCATGGTTCTAAAAAATGTTGTACGTGAAACGGA
TGAAGTTGGTAAAGGTCAGATCCGGATGAGAACTGTTTTTGAACAGGCCATTGATCAACGCTCTTCAACTGGTGCCTGGAGAAATGC
TCTTTCTATTTGGGAACCTGTCTGCAATGAAATTTTCGATCGTCTGATTAAACCACGCTGGGAGATTAGATAATGAAGCGTGCGCCT
GTTATTCCAAAACATACGCTCAATACTCAACCGGTTGAAGATACTTCGTTATCGACACCAGCTGCCCCGATGGTGGATTCGTTAATT
GCGCGCGTAGGAGTAATGGCTCGCGGTAATGCCATTACTTTGCCTGTATGTGGTCGGGATGTGAAGTTTACTCTTGAAGTGCTCCGG
GGTGATAGTGTTGAGAAGACCTCTCGGGTATGGTCAGGTAATGAACGTGACCAGGAGCTGCTTACTGAGGACGCACTGGATGATCTC
ATCCCTTCTTTTCTACTGACTGGTCAACAGACACCGGCGTTCGGTCGAAGAGTATCTGGTGTCATAGAAATTGCCGATGGGAGTCGC
CGTCGTAAAGCTGCTGCACTTACCGAAAGTGATTATCGTGTTCTGGTTGGCGAGCTGGATGATGAGCAGATGGCTGCATTATCCAGA
TTGGGTAACGATTATCGCCCAACAAGTGCTTATGAACGTGGTCAGCGTTATGCAAGCCGATTGCAGAATGAATTTGCTGGAAATATT
TCTGCGCTGGCTGATGCGGAAAATATTTCACGTAAGATTATTACCCGCTGTATCAACACCGCCAAATTGCCTAAATCAGTTGTTGCTC
TTTTTTCTCACCCCGGTGAACTATCTGCCCGGTCAGGTGATGCACTTCAAAAAGCCTTTACAGATAAAGAGGAATTACTTAAGCAGCA
GGCATCTAACCTTCATGAGCAGAAAAAAGCTGGGGTGATATTTGAAGCTGAAGAAGTTATCACTCTTTTAACTTCTGTGCTTAAAACG
TCATCTGCATCAAGAACTAGTTTAAGCTCACGACATCAGTTTGCTCCTGGAGCGACAGTATTGTATAAGGGCGATAAAATGGTGCTTA
ACCTGGACAGGTCTCGTGTTCCAACTGAGTGTATAGAGAAAATTGAGGCCATTCTTAAGGAACTTGAAAAGCCAGCACCCTGATGCGAC
CTCGTTTTAGTCTACGTTTATCTGTCTTTACTTAATGTCCTTTGTTACAGGCCAGAAAGCATAACTGGCCTGAATATTCTCTCTGGGC
CCACTGTTCCACTTGTATCGTCGGTCTGATAATCAGACTGGGACCACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGAC
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CACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCACGGTCCCACTCGTATCGTCGGTCTGATAATCAGACTGGGACC
ACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCATGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCA
CGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGAACCACGGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCAC
GGTCCCACTCGTATCGTCGGTCTGATTATTAGTCTGGGACCACGATCCCACTCGTGTTGTCGGTCTGATTATCGGTCTGGGACCACG
GTCCCACTTGTATTGTCGATCAGACTATCAGCGTGAGACTACGATTCCATCAATGCCTGTCAAGGGCAAGTATTGACATGTCGTCGT
AACCTGTAGAACGGAGTAACCTCGGTGTGCGGTTGTATGCCTGCTGTGGATTGCTGCTGTGTCCTGCTTATCCACAACATTTTGCGC
ACGGTTATGTGGACAAAATACCTGGTTACCCAGGCCGTGCCGGCACGTTAACCGGGCTGCATCCGATGCAAGTGTGTCGCTGTCGAC
GAGCTCGCGAGCTCGGACATGAGGTTGCCCCGTATTCAGTGTCGCTGATTTGTATTGTCTGAAGTTGTTTTTACGTTAAGTTGATGC
AGATCAATTAATACGATACCTGCGTCATAATTGATTATTTGACGTGGTTTGATGGCCTCCACGCACGTTGTGATATGTAGATGATAA
TCATTATCACTTTACGGGTCCTTTCCGGTGATCCGACAGGTTACGGGGCGGCGACCTCGCGGGTTTTCGCTATTTATGAAAATTTTCC
GGTTTAAGGCGTTTCCGTTCTTCTTCGTCATAACTTAATGTTTTTATTTAAAATACCCTCTGAAAAGAAAGGAAACGACAGGTGCTGA
AAGCGAGCTTTTTGGCCTCTGTCGTTTCCTTTCTCTGTTTTTGTCCGTGGAATGAACAATGGAAGTCCGAGCTCATCGCTAATAAC
TTCGTATAGCATACATTATACGAAGTTATATTCGATGCGGCCGCAAGGGGTTCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGC
TTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCACACAGATGCGTAAGGAGAAAATAC
CGCATCAGGCGCCATTCGCCATTCAGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCG
AAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATT
GTAATACGACTCACTATAGGGCGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGAGTATT
CTATAGTCTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAA
CATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCG
CTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGAACCCCTTGCGGCCGCCCGGGCCGTCGACCAA
TTCTCATGTTTGACAGCTTATCATCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCGTAGCAACCAGGCGTTTAAG
GGCACCAATAACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGCATTCTGCCGACA
TGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGT
GAAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCCAGGGATTGGCTGAGACGAAAA
ACATATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAATATATGTGTAGAAACTGCC
GGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCC
ATATCACCAGCTCACCGTCTTTCATTGCCATACGAAATTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGA
TAAAACTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACT
GACTGAAATGCCTCAAAATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATTTTAGCT
TCCTTAGCTCCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACG
TGCCGATCAACGTCTCATTTTCGCCAAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAG
TGATCTTCCGTCACAGGTATTTATTCGCGATAAGCTCATGGAGCGGCGTAACCGTCGCACAGGAAGGACAGAGAAAGCGCGGATCTG
GGAAGTGACGGACAGAACGGTCAGGACCTGGATTGGGGAGGCGGTTGCCGCCGCTGCTGCTGACGGTGTGACGTTCTCTGTTCCGGT
CACACCACATACGTTCCGCCATTCCTATGCGATGCACATGCTGTATGCCGGTATACCGCTGAAAGTTCTGCAAAGCCTGATGGGACA
TAAGTCCATCAGTTCAACGGAAGTCTACACGAAGGTTTTTGCGCTGGATGTGGCTGCCCGGCACCGGGTGCAGTTTGCGATGCCGGA
GTCTGATGCGGTTGCGATGCTGAAACAATTATCCTGAGAATAAATGCCTTGGCCTTTATATGGAAATGTGGAACTGAGTGGATATGC
TGTTTTTGTCTGTTAAACAGAGAAGCTGGCTGTTATCCACTGAGAAGCGAACGAAACAGTCGGGAAAATCTCCCATTATCGTAGAGA
TCCGCATTATTAATCTCAGGAGCCTGTGTAGCGTTTATAGGAAGTAGTGTTCTGTCATGATGCCTGCAAGCGGTAACGAAAACGATT
TGAATATGCCTTCAGGAACAATAGAAATCTTCGTGCGGTGTTACGTTGAAGTGGAGCGGATTATGTCAGCAATGGACAGAACAACCT
AATGAACACAGAACCATGATGTGGTCTGTCCTTTTACAGCCAGTAGTGCTCGCCGCAGTCGAGCGACAGGGCGAAGCCC
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40SRPS8 promoter

CCCTGCGATAGACCTTTTCCAAACTCACGCAGTCCAAGAAAACAAAGGGGTGAGAAGTATACGCACCTTTCGGTTTCGGCATAATTCT
TAAACTCTTGTGGTCACTTTCTTGTGAAGAAGCTAGGGGCACTCGTTTTCCCTCAGAGCCTGCAAACACAAAATTCCTGCAGTCAAT
TGTCCCAACACTCGGCAAACCGTATGCGCAAGCAACGATGCGCAGAAGGCCGTGGATGGATGGCGACTCGCGATATGGCTTCTTGGG
TCGCCAGTGTGGTACGTCCGGCGTATGTCAATACGCGAATTCGGACGACTGGCATCTCTAGGAGGAGGATTCCTTCTTTTATGACAT
GTTTATTTTATATACATTGATGCTTTCCGACAGTCGGAAGTAATAAATGAATTTATTTCAAGACTACCTATACTCCTTTGACTTGTT
CGACTAATCTTACCGCTTACTAAAATCTCGAAATCACGCTTGACCTCTCGCACGCAAATTTTTGCTGCTGGACGCTACGCACTCGGC
CCAATTCTTCTCGGTCCTCGTCGTCGCAATTGTCGTTGCGTTGATCTTGCACCGAAGGAATCAGAGAATAGAATACC

Slattery et al., 2018 [61]

FcpA terminator
CCGCAACAACTACCTCGACTTTGGCTGGGACACTTTCAGTGAGGACAAGAAGCTTCAGAAGCGTGCTATCGAACTCAACCAGGGACGTG
CGGCACAAATGGGCATCCTTGCTCTCATGGTGCACGAACAGTTGGGAGTCTCTATCCTTCCTTAAAAATTTAATTTTCATTAGTTGCAGTCA-
CTCCGCTTTGGTTT

Niu et al., 2013 [63]

OA1

ATGAACCACCTCCGTGCCGAAGGACCCGCCTCCGTCCTCGCCATTGGAACCGCCAACCCCGAAAACATTCTCCTCCAGGACGAATTCCC
GGACTACTACTTCCGCGTCACCAAGTCGGAACACATGACCCAGCTCAAGGAAAAGTTCCGTAAGATCTGTGACAAGTCGATGATTCG
TAAGCGCAACTGCTTCCTCAACGAAGAACACTTGAAGCAGAACCCCCGTCTCGTCGAACACGAAATGCAGACCCTCGACGCCCGTCA
GGACATGCTCGTCGTCGAAGTCCCCAAGCTCGGAAAGGATGCCTGCGCCAAGGCCATCAAGGAATGGGGTCAGCCCAAGTCCAAGAT
CACCCACCTCATTTTCACCTCCGCCTCCACCACCGACATGCCCGGAGCTGACTACCACTGCGCCAAGTTGCTCGGCCTCTCCCCCTC
CGTCAAGCGCGTCATGATGTACCAGCTTGGCTGCTACGGCGGAGGTACCGTCTTGCGTATTGCCAAGGACATCGCCGAAAACAACAA
GGGAGCCCGTGTCTTGGCCGTCTGCTGTGACATTATGGCCTGCCTCTTCCGTGGCCCCTCCGAATCCGACCTCGAACTCTTGGTCGGT
CAGGCCATCTTTGGCGATGGAGCCGCCGCCGTCATTGTCGGTGCCGAACCCGACGAATCCGTCGGAGAACGTCCCATTTTTGAACTT
GTCTCCACCGGACAGACCATTCTCCCCAACTCCGAAGGAACCATTGGCGGCCACATTCGTGAAGCCGGACTCATCTTTGACCTCCAC
AAGGACGTCCCGATGCTCATCTCCAACAACATCGAAAAGTGCCTCATTGAAGCCTTCACTCCGATCGGAATTTCCGACTGGAACTCC
ATCTTCTGGATTACCCACCCCGGCGGAAAGGCCATTTTGGACAAGGTCGAAGAAAAGCTCCACCTCAAGTCCGATAAGTTTGTCGAC
TCCCGTCACGTCCTCTCCGAACACGGTAACATGTCCTCCTCCACCGTCCTCTTTGTCATGGACGAACTCCGTAAGCGTTCCTTGGAA
GAAGGCAAGTCGACCACCGGCGACGGCTTCGAATGGGGAGTCTTGTTTGGCTTCGGTCCCGGATTGACCGTCGAACGTGTCGTCGTC
CGTTCCGTTCCCATCAAGTACGGATCCGGAGAAGGACGCGGTTCGTTGCTCACCTGCGGAGACGTCGAAGAAAACCCCGGACCCATGG
CCGTCAAGCACCTCATTGTCTTGAAGTTCAAGGATGAAATCACCGAAGCTCAGAAGGAAGAATTCTTCAAGACCTACGTCAACCTCG
TCAACATCATTCCCGCCATGAAGGACGTCTACTGGGGAAAGGACGTCACCCAGAAGAACAAGGAAGAAGGATACACCCACATTGTCG
AAGTCACCTTTGAATCCGTCGAAACCATCCAGGACTACATCATCCACCCCGCCCACGTCGGATTCGGTGACGTCTACCGCTCCTTCT
GGGAAAAGCTCTTGATTTTCGACTACACCCCCCGTAAATAA

This study

OA2

ATGAACCACCTCCGTGCCGAAGGTCCCGCCTCCGTCCTCGCCATTGGAACCGCCAACCCCGAAAACATTCTCCTCCAAGACGAATTCCC
TGACTACTACTTCCGCGTGACTAAGAGTGAGCACATGACGCAATTGAAAGAAAAGTTCCGTAAGATCTGTGATAAGTCCATGATCCG
TAAGCGTAACTGTTTCCTGAATGAGGAACACCTTAAGCAGAACCCCCGCTTGGTCGAACATGAAATGCAGACCTTGGATGCCCGCCA
GGACATGCTCGTCGTTGAAGTCCCTAAGTTGGGTAAAGACGCTTGCGCCAAGGCCATTAAGGAATGGGGACAGCCCAAGAGTAAGAT
CACCCATTTGATTTTCACATCCGCCTCTACGACCGATATGCCTGGAGCCGATTACCACTGCGCCAAGCTTCTGGGACTGTCCCCCTC
CGTTAAGCGCGTCATGATGTACCAGCTTGGATGTTACGGAGGTGGCACCGTCCTCCGTATTGCCAAGGACATTGCCGAAAACAACAA
GGGTGCCCGTGTCCTCGCCGTCTGCTGCGACATCATGGCCTGCCTCTTCCGCGGACCCTCCGAATCCGACTTGGAACTCCTCGTGGG
ACAGGCCATTTTTGGTGACGGCGCCGCCGCCGTCATTGTCGGAGCTGAACCCGACGAATCCGTCGGAGAAAGGCCCATTTTTGAATT
GGTCTCCACCGGACAGACCATTCTCCCGAACTCCGAAGGAACCATCGGCGGACACATTCGTGAAGCCGGTCTCATCTTTGACTTGCA
CAAGGACGTTCCCATGCTCATTTCCAACAACATTGAAAAGTGCCTCATTGAAGCCTTCACCCCCATTGGAATCTCCGACTGGAATAG
TATCTTTTGGATTACCCACCCCGGAGGAAAGGCCATCTTGGATAAGGTGGAAGAAAAGCTCCACCTCAAGTCCGACAAGTTCGTCGA

This study
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Table A2. Cont.

Name Nucleotide Sequence (Codon Optimized) Description and/or References

OA2

CTCCCGTCACGTCTTGTCCGAACACGGAAACATGTCGTCCTCCACCGTCCTCTTTGTCATGGATGAATTGCGTAAGCGCTCGCTCGA
AGAAGGAAAGTCCACCACCGGCGATGGTTTCGAATGGGGCGTTCTCTTCGGATTTGGACCCGGTCTCACCGTCGAACGTGTCGTCGTC
CGTTCTGTCCCGATTAAGTACCACCATCACCACCACCACGGATCGGGCGAAGGACGTGGTTCCCTCCTTACGTGCGGAGACGTCGAA
GAAAACCCCGGTCCCATGGCCGTCAAGCACTTGATCGTTCTCAAGTTCAAGGACGAAATCACCGAAGCCCAGAAGGAAGAATTCTTC
AAGACCTACGTCAACCTCGTCAACATCATTCCCGCCATGAAGGATGTTTACTGGGGAAAGGACGTCACCCAGAAGAACAAGGAAGAA
GGTTACACCCACATCGTCGAAGTCACCTTTGAATCCGTTGAAACCATCCAGGACTACATTATCCACCCGGCCCACGTCGGCTTCGGA
GACGTCTACCGTTCCTTTTGGGAAAAGTTGTTGATTTTCGACTACACCCCCCGTAAGGAACAGAAGTTGATTTCCGAAGAAGACCTCTAA

This study

OA3

ATGCGTAAGGGTGAAGAACTCTTCACCGGAGTCGTCCCCATCTTGGTGGAATTGGACGGAGACGTCAACGGCCATAAGTTCTCGGTT
TCCGGTGAAGGTGAAGGTGACGCCACTAACGGAAAGCTCACCCTCAAGTTCATTTGCACCACCGGCAAGCTCCCGGTCCCCTGGCCC
ACCCTCGTCACCACCTTGACTTACGGTGTCCAGTGCTTCGCCCGTTACCCCGACCACATGAAGCAGCACGACTTCTTTAAGTCCGCC
ATGCCCGAAGGATACGTCCAGGAACGCACCATTTCCTTCAAGGACGACGGAACCTACAAGACCCGTGCCGAAGTCAAGTTTGAAGGAG
ATACCCTCGTCAACCGCATTGAACTCAAGGGCATTGATTTCAAAGAAGATGGCAACATTCTCGGACACAAGCTCGAATACAACTTCAA
CTCCCACAACGTCTACATCACCGCCGATAAGCAAAAGAACGGTATTAAGGCCAACTTCAAGATTCGCCACAACGTCGAAGACGGTTC
CGTCCAGTTGGCCGACCACTACCAGCAGAACACCCCGATTGGTGACGGTCCGGTCCTCCTCCCCGACAACCACTACCTCTCGTACCAG
TCCGCCCTCTCCAAGGATCCGAACGAGAAGCGTGACCACATGGTCCTCTTGGAATTCGTCACCGCCGCCGGAATCACCCACGGCATGG
ACGAACTCTACAAGCGTCCCGCCGCCAACGACGAGAACTACGCCGCCTCCGTCGGTATGAACCACTTGCGCGCCGAAGGACCGGCTTC
CGTCTTGGCCATTGGTACCGCCAACCCGGAAAACATCCTCCTCCAGGACGAATTCCCCGACTACTACTTCCGTGTCACCAAGTCCGAA
CACATGACCCAGTTGAAGGAAAAATTCCGTAAGATTTGTGATAAGTCCATGATTCGTAAGCGTAACTGCTTCTTGAACGAAGAACACC
TCAAGCAAAACCCCCGTCTCGTCGAACACGAAATGCAAACCCTCGACGCCCGTCAGGACATGCTCGTTGTCGAAGTCCCGAAGCTTGG
CAAGGACGCCTGCGCCAAGGCCATTAAGGAATGGGGCCAGCCCAAGAGCAAGATTACCCACTTGATTTTCACCTCCGCCTCCACCACC
GATATGCCCGGCGCTGACTACCACTGCGCTAAGCTCCTCGGTCTCTCCCCCTCCGTCAAGCGTGTCATGATGTACCAGCTCGGATGCT
ACGGAGGTGGAACCGTCCTCCGCATTGCCAAGGACATTGCTGAAAACAACAAGGGCGCCCGTGTCCTCGCCGTCTGCTGTGACATTAT
GGCCTGCTTGTTTCGTGGTCCCTCCGAATCCGATTTGGAACTCCTCGTCGGCCAGGCCATTTTTGGTGACGGTGCCGCCGCCGTCATC
GTCGGCGCCGAACCGGACGAATCCGTCGGTGAACGTCCGATTTTTGAACTCGTCTCCACCGGTCAAACCATTCTCCCCAACTCCGAAG
GAACCATCGGAGGACACATCCGTGAAGCCGGACTCATTTTTGACCTCCACAAGGATGTCCCCATGCTCATCTCCAACAACATCGAAAA
GTGCCTCATCGAAGCCTTCACCCCCATTGGCATCTCCGACTGGAACTCCATTTTCTGGATTACCCACCCCGGTGGAAAGGCCATTCTC
GACAAGGTCGAAGAAAAGCTCCACTTGAAGTCCGATAAGTTCGTCGACTCCCGCCACGTCCTCTCCGAACACGGAAACATGTCCTCCT
CCACCGTCCTCTTCGTCATGGACGAACTCCGTAAGCGTTCCCTCGAAGAAGGAAAGTCCACGACGGGTGACGGATTCGAGTGGGGAGT
CCTCTTCGGCTTCGGTCCCGGACTCACCGTCGAACGTGTCGTCGTCCGTTCCGTGCCCATCAAGTACGGAGGAGGAGGATCCGGTGGT
GGCGGATCCGGAGGTGGTGGATCGATGGCCGTCAAGCACCTCATTGTCTTGAAGTTTAAGGACGAAATCACCGAAGCCCAGAAGGAAG
AATTCTTCAAGACTTACGTCAACTTGGTCAACATCATCCCCGCCATGAAGGACGTCTACTGGGGAAAGGACGTCACCCAAAAGAACAA
GGAAGAAGGATACACCCACATTGTCGAAGTCACCTTTGAATCCGTCGAAACCATTCAGGACTACATTATTCACCCCGCCCACGTCGGTT
TCGGTGACGTCTACCGTTCCTTCTGGGAAAAGCTCTTGATTTTTGACTACACCCCCCGTAAGGAACAGAAGTTGATTTCCGAAGAAGACTTGTAA

This study
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Table A3. List of the primers used in this study for the P. tricornutum episome, with the design of and description of the obtained product.

Primer Name Sequence (5′ to 3′) Amplicon Size (bp) Description of Product

bk1-FP CAGGGTAATATAGATCTTCCGCTGCATAACCCTGCTTCGGGGTCATTATAGCGATTTTTT
6158 pPTGE30 backbone part 1

bk1-RP TTTGCAAACCAAGTTCGACAACTGCGTACGGCCTGTTCGAAAGATCTACCACCGCTCTGG

bk1-FP GGGCCGTGCGTGGAGTAAAAAGGTTTGGATCAGGATTTGCGCCTTTGGATGAGGCACTTT
6318 pPTGE30 backbone part 2

bk2-RP ATGGGCTTCGCCCTGTCGCTCGACTGCGGCGAGCACTACTGGCTGTAAAAGGACAGACCA

ShBle-FP TGGTCTGTCCTTTTACAGCCAGTAGTGCTCGCCGCAGTCGAGCGACAGGGCGAAGCCCATGAGCACAAGAGGTGACAAAA
1466 P. t selection marker region

ShBle-RP ATACTTCTCACCCCTTTGTTTTCTTGGACTGCGTGAGTTTGGAAAAGGTCTATCGCAGGGATTGCAGCTTGTTGCAGAAG

40SRPS8-FP TTGCATGGTTAGACCTCCTTGACGACTGTGAGCCTACATCCTTCTGCAACAAGCTGCAATCCCTGCGATAGACCTTTTCC
700 40SRPS8 Promoter region

40SRPS8-RP CGAGGACGGAGGCGGGTCCTTCGGCACGGAGGTGGTTCATGGTATTCTATTCTCTGATTC

FcpA terminator-FP GGAAAAGCTCTTGATTTTCGACTACACCCCCCGTAAATAACCGCAACAACTACCTCGACT
275 FcpA Terminator region

FcpA terminator-RP CCGAAGCAGGGTTATGCAGCGGAAGATCTATATTACCCTGAAACCAAAGCGGAGTGACTG

OA1-FP GCGTTGATCTTGCACCGAAGGAATCAGAGAATAGAATACCATGAACCACCTCCGTGCCGA
1524 OA1 pathway genes

OA1-RP ACTGAAAGTGTCCCAGCCAAAGTCGAGGTAGTTGTTGCGGTTATTTACGGGGGGTGTAGT

OA2-FP GCGTTGATCTTGCACCGAAGGAATCAGAGAATAGAATACCATGAACCACCTCCGTGCCGA
1572 OA2 pathway genes

OA2-RP AGTCGAGGTAGTTGTTGCGGTTAGAGGTCTTCTTCGGAAATCAACTTCTGTTCCTTACGG

OA3-FP GCGTTGATCTTGCACCGAAGGAATCAGAGAATAGAATACCATGCGTAAGGGTGAAGAACT
2352 OA3 pathway genes

OA3-RP AGTCGAGGTAGTTGTTGCGGTTACAAGTCTTCTTCGGAAATCAACTTCTGTTCCTTACGG

Q-TKS1-Gn2-F CGA CTG GAA CTC CAT CTT CTG
527 Pt OA1 colony PCR

Q-OAC1-Gn2-R GGGTGTATCCTTCTTCCTTGTT

Q-TKS3-Gn2-F ATTGGAATCTCCGACTGGAATAG
594 Pt OA2 colony PCR

Q-OAC3-Gn2-R GATGGTTTCAACGGATTCAAAGG

Q-TKS7-Gn2-F GTCAGGACATGCTCGTTGT
1211 Pt OA3 colony PCR

Q-OAC7-Gn2-R TTCCCAGAAGGAACGGTAGA

P. t: Phaeodactylum tricornutum; FcpA: fucoxanthin-chlorophyll binding protein.
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Table A4. Olivetolic acid biosynthesis construct analysis. The plasmid constructs were rescued
from positive P. tricornutum-transformed clones and amplified in E. coli before being extracted
and fully sequenced at the Massachusetts General Hospital (MGH), Center for Computational and
Integrative Biology (CCIB) DNA Core, using Illumina MiSeq technology. ON: original nucleotide; SN
substitute nucleotide.

Sequence ID Identity Mismatch Position
(ON-SN) Effect on Protein Number of Insertion

PtOA1 >99% 9305 (T-C) No 60 bp insertion (after terminator, no effect)

PtOA2 >99% 8526 (C-T)
9304 (T-C) No 0

PtOA3 >99% 8192 (G-A)
9304 (T-C) No 0Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 34 of 41 

 

 

 
Figure A3. Olivetolic acid detection by HPLC-UV. Curves obtained by the injection of 10 µL of each 
sample. A concentration of 10 mg/kg of commercial standards (A); metabolite extraction from the 
P. tricornutum wild type (B); PtOA1 (C) and PtOA2 (D). 

Figure A3. Olivetolic acid detection by HPLC-UV. Curves obtained by the injection of 10 µL of each
sample. A concentration of 10 mg/kg of commercial standards (A); metabolite extraction from the
P. tricornutum wild type (B); PtOA1 (C) and PtOA2 (D).
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Figure A4. The cannabinoid-like metabolites detected via HPLC-UV and LC-MS analyses. (A) The 
list and (B) chemical structure of the targeted metabolites. A representative LC chromatogram of 
(C) 10 µL of metabolite extraction from P. tricornutum PtOA1C1 and of (D) 10 mg/kg of a mixture 
of known cannabinoid commercial standards, both showing peaks corresponding to the retention 
times (RT) of cannabinoid standards. LC-MS in ESI+ analyses. Total ion chromatograph (TIC) of 
selected peaks from the corresponding cannabinoids, such as P. tricornutum PtOA1C1 (E) peak at 
RT 19.66 min, with an m/z similar to the CBGA standard (RT 19.65 min). (F) The peak at RT 15.96 
min, with an m/z similar to the CBDA standard (RT 15.91 min). (G) The peak at RT 19.66 min, with 
an m/z similar to the THCA standard (RT 65.04 min). 

Figure A4. The cannabinoid-like metabolites detected via HPLC-UV and LC-MS analyses. (A) The
list and (B) chemical structure of the targeted metabolites. A representative LC chromatogram of
(C) 10 µL of metabolite extraction from P. tricornutum PtOA1C1 and of (D) 10 mg/kg of a mixture
of known cannabinoid commercial standards, both showing peaks corresponding to the retention
times (RT) of cannabinoid standards. LC-MS in ESI+ analyses. Total ion chromatograph (TIC) of
selected peaks from the corresponding cannabinoids, such as P. tricornutum PtOA1C1 (E) peak at RT
19.66 min, with an m/z similar to the CBGA standard (RT 19.65 min). (F) The peak at RT 15.96 min,
with an m/z similar to the CBDA standard (RT 15.91 min). (G) The peak at RT 19.66 min, with an
m/z similar to the THCA standard (RT 65.04 min).
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Figure A5. Details of the events used in LC-MS to confirm the identity of the cannabinoids. 

Figure A5. Details of the events used in LC-MS to confirm the identity of the cannabinoids.
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Appendix B. The In Silico Analyses Identified Putative Endogenous P. tricornutum
Candidates for CB-like Biosynthesis

To investigate the hypothesis that the endogenous enzyme could yield cannabinoids,
characterization of the enzyme candidates was performed using bioinformatic tools. Puta-
tive candidate sequences for endogenous P. tricornutum enzymes that were able to convert
OA and GPP into CBGA were obtained from the HMMER web server [64], using the
CsAPT4 amino acid sequence as a query against the Protist database. We obtained five
hits where the protein B7G488 (gene ID Phatr3_J37858) (57% similarity) and the protein
B7FT51 (gene ID: Phatr3_J2738.t1) (51% similarity) had been annotated as the predicted
protein members of the UbiA prenyltransferase family, to which CsAPT4 belongs [49]. The
phylogenetic analysis indicated that these two proteins are clustered closer, according to
sequence similarity, to the C. sativa APTs group (Appendix A, Figure A5). The soluble
aromatic prenyltransferase from Streptomyces sp., NphB, had already been characterized by
Kuzuyama et al. in 2005 [65], in a cluster with that from Aspergillus terreus, a fungal APT. No
hits were found by using the same approach to identify endogenous diatom-soluble APT
candidates, using Streptomyces sp. NphB as a query. Endogenous P. tricornutum candidate
enzymes that were similar to THCA/CBDA synthase were not found in the database. One
putative hypothetical candidate (with a 25.50% sequence identity compared to THCAS)
from the diatom database was the violaxanthin deepoxidase-like protein (VDL), identified
for its putative function in pigment deepoxidation and its requirement of a specific pH,
which is similar to THCAS.
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A B S T R A C T   

Over the last few years, phytocannabinoids have been studied for their bioactive properties as potential drug 
candidates to treat or alleviate symptoms of several diseases. The isolation of single and pure cannabinoid (CB) 
from their natural source, i.e., Cannabis plants results in a low yield, diluted among hundreds of other plant 
metabolites. The use of biotechnological platforms to produce single CBs is appealing to the pharmaceutical 
industry. Therefore, our aim was to develop a sustainable system using the model diatom Phaeodactylum tri
cornutum to produce cannabigerolic acid (CBGA), the precursor to several CBs such as well-known cannabidiol 
(CBD) and delta-9-tetrahydrocannabinol (THC). We engineered P. tricornutum to express a mutant version of the 
Streptomyces sp. strain CL190’s naptherpin biosynthetic cluster gene B NphB (Y288A/G286S, nphB), a non- 
Cannabis aromatic prenyltransferase enzyme, either by random integrated chromosomal expression (RICE) or 
extrachromosomal expression (EE), to maximize the success of protein production. The gene of nphB was linked 
to the reporter cyan fluorescent protein (CFP) and introduced in P. tricornutum. Clones were characterized by CFP 
fluorescence intensity, protein synthesis, enzymatic activity, and production of CBGA. We present, for the first 
time in diatoms, the successful production of a CB, CBGA up to 4.1 (± 0.2) mg/kg of microalgal fresh biomass 
weight. This work shows the potential of P. tricornutum as a sustainable controlled heterologous platform for CBs 
production, plant bioactive compounds, and relevant pharmaceuticals.   

1. Introduction 

Cannabinoids (CBs) are bioactive metabolites from the terpeno- 
phenolic group produced in the glandular trichomes of Cannabis, as 
well as in some liverworts and fungi [1]. Although they have been used 
for centuries in traditional medicine such as Ayurveda and traditional 
Chinese medicine for pain relief, inflammation, and gastrointestinal 
disorders [2], their mode of action was only deeply understood after the 
discovery and characterization of endocannabinoid receptors CB1 in 
humans [3]. They have been described in preclinical studies to be po
tential treatments for chronic pain [4], multiple sclerosis [5], and 

neurodegenerative disorders, such as Parkinson’s disease [6], to name a 
few. Although CBs were used for different applications, their biosyn
thetic pathway in planta was not known until two decades ago [7–11]. 
CBs biosynthesis starts with the carboxylation of acetyl-CoA into 
malonyl-CoA by the action of acetyl-CoA carboxylase. Malonyl-CoA, 
which is a building block of fatty acids, is further converted into olive
tolic acid (OA) through a series of polyketide synthesis reactions fol
lowed by a C12-polyketide cyclization that allows the formation of OA, 
the precursor of various CBs. OA undergoes fusion with the prenyl 
moiety of geranyl pyrophosphate (GPP) to form cannabigerolic acid 
(CBGA) (Fig. 1A), catalyzed by plastid membrane-localized aromatic 

Abbreviations: Au, Absorbance units; CB, Cannabinoid; CBD, Cannabidiol; CBDA, Cannabidiolic acid; CBGA, Cannabigerolic acid; CFP, Cyan fluorescent protein; 
EE, Episomal expression; FACS, Fluorescence-activated cell sorting; Gly, Glycine; GPP, Geranyl pyrophosphate; NphB, Streptomyces sp. strain CL190’s naphterpin 
biosynthetic cluster gene B; OL, Olivetol; OA, Olivetolic acid; OAC, Olivetolic acid cyclase; OD, Optical density; RICE, Random integrated chromosomal expression; 
THCA, Delta-9-tetrahydrocannabinolic acid. 
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prenyltransferases (CsPT) in C. sativa [12–14]. CBGA is the branching 
point for the synthesis of delta-9-tetrahydrocannabinolic acid (THCA), 
cannabidiolic acid (CBDA), and cannabichromic acid (CBCA) via THCA 
synthase (THCAS), CBDA synthase (CBDAS), and CBCA synthase 
(CBCAS), respectively [8,9,15,16]. CBs accumulate at low levels in 
planta, and their single isolation from the complex extract of C. sativa is 
challenging [17], prompting the interest in alternative approaches for 
their synthesis. 

The formation of CBGA is considered as a central step in the 
biosynthesis of diverse CBs. Among the eleven candidates of CsPT, only 
CsPT1 and CsPT4 were shown to be active for this reaction [11,18–20]. 
Multiple attempts to replicate C. sativa CBGA production in heterologous 
systems have been done using biotechnological approaches. The 
expression of CsPT1 in Escherichia coli yielded detectable levels of CBGA 
when feeding OA and GPP [21] as substrates, but supplementation with 
such precursors is costly. In Saccharomyces cerevisiae, CsPT1 showed low 
or non-specific activity when compared to CsPT4, which yielded 136 
mg/L. [19]. Also, S. cerevisiae strains were engineered with multiple 
enzymes to produce the major CBs found in C. sativa including CBGA, 
using a more affordable substrate, galactose [19]. This was done by 
introducing over 30 genes such as a multi-organism-derived hexanoyl- 
CoA pathway and engineering the mevalonate pathway to increase the 
flux of GPP. Besides performing metabolic engineering in yeast to ensure 
the presence of precursors, higher quantities have been achieved by 
overexpressing endogenous farnesyl diphosphate synthase, increasing 
the native mevalonate pathway, establishing orthogonal monoterpenoid 
biosynthesis [22–24]. In plants, transient transformation of Nicotiana 
benthamiana with CsPT4 showed accumulation of CBGA and CBGA- 
diglucoside [25]. 

One of the major limitations of the heterologous production of CBGA 
is due to the membrane-bound properties of CsPTs, as enzymatic activity 
could be affected by protein folding and incorrect subcellular localiza
tion [19,26]. To overcome this issue, CsPT4 has been replaced by a 
soluble prenyltransferase (NphB) from Streptomyces sp. strain CL190, 
involved in the biosynthesis of naphtherpin [27–29]. This hydrox
ynaphthalene prenyltransferase, is able to produce trace amounts of 
CBGA, as well as a side product 2-O-geranyl-olivetolic acid (2-O-GOA), 
in S. cerevisiae and Komagataella phaffii [30]. NphB is substrate- 
promiscuous for its prenyl acceptors, hence it is able to catalyze 

similar prenyltransferase reactions with a number of different aromatic 
substrates, including OA [31,32]. To increase its specificity to produce 
CBGA, a few groups have engineered NphB, producing diverse mutant 
variants [32,33]. Valliere et al. [32] constructed two libraries of mu
tants, from which they identified the variant NphB (Y288A/G286S) that 
produced almost exclusively CBGA and had a turnover number (kcat) 
1000-fold higher than the wild-type in a cell-free platform [32]. 

Alternatively, to the well-characterized chassis for metabolic engi
neering that are E. coli and S. cerevisiae, the intrinsic metabolic traits of 
the photosynthetic diatoms Phaeodactylum tricornutum are promising for 
the production of high-value compounds [34–36]. Diatoms have the 
ability to fix carbon, they are robust and can be grown at industrial-scale 
[37]. P. tricornutum has been successfully engineered to enhance tri
acylglycerol synthesis [38], to produce monoterpenoids, such as gera
niol [39] and OA precursor for CBs biosynthesis [40]. Unlike yeast and 
E. coli [41–44], P. tricornutum naturally produces prenylphosphate pre
cursors such as GPP [39]. In this study, we use diatoms as an expression 
system to accumulate soluble prenyltransferases, NphB. We engineered 
P. tricornutum to produce CBGA, the first CB and a major biosynthetic 
precursor molecule of several other CBs by introducing the double 
mutant NphB (Y288A/G286S), nphB (Fig. 1). We expressed nphB either 
by extrachromosomal expression (EE) or randomly integrated chromo
somal expression (RICE). EE is convenient for delivery of large DNA 
constructs, allowing consistent transgene expression [39,45,46]. 
Nevertheless, little is known about extrachromosomal transcription 
mechanism, stability and copy number [37,47,48]. RICE promises 
higher expression level depending on the genomic integration region 
[37]. In this study, both strategies were used to increase the chances of 
obtaining strains that successfully express the transgene. Moreover, in 
vitro assays at different temperatures revealed that nphB was active at 
P. tricornutum’s growth temperature. We performed in vivo supplemen
tation of OA and GPP using DMSO and hypo-osmotic shock to ensure the 
substrates permeate the cells. Here, we show for the first time, the 
successful production of CBGA and EE/RICE of CB metabolic enzymes in 
P. tricornutum. Our results suggest that both methods of transformation 
can be used efficiently. This study is a proof of concept that 
P. tricornutum can serve as a photosynthetic platform for the production 
of single phytocannabinoids. 

Fig. 1. P. tricornutum nphB transformant strains. A. CBGA Enzymatic reaction; CBGA forms from the C–C prenylation of olivetolic acid (OA) by geranyl diphosphate 
(GPP). B. Scheme of the recombinant cassettes expressing Streptomyces strain CL109 NphB (G286S/Y288A) driven by the diatom-infecting virus promoter from 
Chaetoceros protobacilla DNA virus (Clp1) and tagged with cyan fluorescence protein (CFP) reporter gene. Moreover, two negative controls were used such as CFP gene 
driven by Clp1 promoter and Empty vector (EV) expression only Sh ble gene conferring zeocin resistance. C. P tricornutum transformants strains were generated by the 
E. coli conjugation of nphB Extrachromosomal expression (EE) and by biolistic for Randomly integrated chromosomal expression (RICE) of the wild type 
P. tricornutum strain CCAP 1055/1. The figure was created with BioRender.com [49]. 
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2. Materials and methods 

2.1. Microbial strains and growth conditions 

E. coli strains: NEB® 10-beta (New England Biolabs, Canada) and 
Epi300 (Epicenter) were grown in Luria Broth (LB) supplemented with 
appropriate antibiotics: chloramphenicol (30 mg/L), and gentamicin 
(40 mg/L) for Epi300 strain. P. tricornutum (CCAP 1055/1, Culture 
Collection of Algae and Protozoa; kindly provided by Prof. Bogumil 
Karas) was grown in a modified L1 medium without silica [48]. The 
culture conditions were at 18 ◦C under cool white fluorescent lights (75 
μE m−2 s−1) and a photoperiod of 16 h light 8 h dark with an agitation of 
130 rpm for liquid cultures. 

2.2. Plasmid constructions 

All plasmid constructs were done by Gibson assembly using the 
NEBuilder® HiFi DNA Assembly Bundle for Large Fragments (New En
gland Biolabs, Canada). Fragments used for the assemblies were 
amplified by PCR with PrimeSTAR GXL DNA Polymerase (Takara Bio, 
Japan) following the manufacturer’s protocol. The three episomes: 
NphB (Y288A/G286S):CFP named hereafter nphB, CFP, and empty 
vector only harboring the Shble gene that confers antibiotic resistance to 
zeocin, were assembled by replacing the 40SRPS8 promoter and YFP 
from PtYFP episome [50] with Chaetoceros lorenzianus-infecting DNA 
virus (ClorDNAV) promoter (Clp1) [51] and nphB fused to CFP with a 
(GGGGS)3 peptide linker, respectively. Both coding sequences (nphB and 
CFP) were codon optimized and synthesized by Genewiz from Azenta 
Life Sciences (Plainfield, NJ, USA). The Shble selection cassette was 
designed with fucoxanthin chlorophyll a/c binding protein C (FcpC) 
promoter and terminator sequences [52]. All DNA and primers (forward 
and reverse) sequences used in this study are listed in Supplementary 
Table A.1 and A.2, respectively. All plasmids were sequenced by next- 
generation sequencing Illumina MiSeq technology at the Massachu
setts General Hospital Centre of Computational and Integrative MGH 
CCIB DNA Core (Massachusetts, USA), to verify the integrity of the DNA. 

2.3. Generation of episomal expression (EE) strains 

Episomes were transformed into the E. coli Epi 300 strain containing 
pTA-MOB plasmid to allow conjugation with wild-type diatoms, as 
described in the literature [45]. Briefly, 1 mL of wild type P. tricornutum 
was seeded on 0.5× L1, 1 % agar plates and grown at 18 ◦C on a light/ 
dark cycle of 16/8 h for 4 days. Prior to transformation, 1 mL of L1 
media was added to each agar plate, cells were scraped and recovered by 
pipetting in a sterile tube. Cell concentration 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 agitation to OD600 of 
0.9, then centrifuged at 3000 xg for 10 min and resuspended in 250 μL of 
SOC media. Conjugation was initiated by adding 200 μL of P. tricornutum 
to 200 μL of E. coli cells. The cell mixture was plated on 0.5× 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. After 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× L1, 1 % agar plates supple
mented with zeocin 50 μg/mL for selection and incubated at 18 ◦C. 
Transformed colonies appeared after 2 weeks. 

2.4. Genome integration transformation 

Biolistic transformation protocol to integrate nphB:CFP sequence 
was adapted from Nymark, [53]. P. tricornutum was pelleted from 
exponentially grown liquid culture, resuspended, and plated onto agar 
growth plates at a cell concentration of 1 × 108 cells/mL, for two days. 
The genomic material used consisted of the selection and expression 
cassettes plus 40 bp long arms amplified by PCR using PrimeSTAR GXL 

DNA Polymerase (Takara Bio, Japan). Next, 2.5 μg of DNA was hy
bridized to 0.6 μm gold beads and introduced to the plated P. tricornutum 
at high velocity using the Bio-Rad Helios Gene Gun instrument Hand
held (Bio-Rad, Hercules, CA), with a distance of 10 cm and a pressure of 
500 kPa, as described by the manufacturer. The transformed 
P. tricornutum plates were then allowed to recover for 48 h at 18 ◦C. Cells 
were re-plated on agar selection plates, zeocin at 50 μg/mL. Trans
formed colonies appeared after 2–3 weeks of incubation. 

2.5. Flow cytometry and fluorescence-activated cell sorting (FACS) 

EE and RICE positive colonies were screened by measuring fluores
cence emission using the Synergy H1 BioTek microplate reader (Agilent, 
Santa Clara, CA, USA). In brief, colonies were transferred from the agar 
plates to clear 96-well plates with to 200 μL of L1 in each well, after 8 
days old, 50 μL of liquid culture, were pipetted into black 96-well plates 
containing 200 μL of L1, to measure CFP fluorescence at Ex/Em wave
lengths of 430/491 nm (n = 3 for each screened transformant) and 
OD730nm. EV and CFP strains were used as negative and positive con
trols, respectively. Strains with higher fluorescence ratio (Ex/Em430/ 
491/OD730) than EV were selected 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, 75 μL 
of 8 days 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 CFP fluorescence 
was detected in the KO525 channel (525/40 nm). 

The BD FACS Melody (BD Biosciences, La Jolla, CA, USA) equipped 
with violet (405 nm), blue (488 nm), yellow-green (561 nm) lasers were 
used to sort nphB EE, nphB RICE, and CFP cells according to CFP 
emission. Selected cells were grown in L1 liquid medium supplemented 
with zeocin (50 μg/mL) and grown for 8 days. P. tricornutum cultures 
were filtered with Falcon™ Cell Strainers (Fisher Scientific, USA) and 
diluted to an OD730 nm = 0.1 in fresh L1 media prior to sorting. Events 
were acquired at a fixed flow rate and at least 10,000 events were 
analyzed. Cells were gated according to FSC-A (forward scatter area) 
and SSC-A (side scatter area) parameters and doublons were excluded 
according to further gating on homogeneous FSC-H (height) vs. FSC-W 
(width) and SSC-H vs. SSC-W populations. Chloroplast auto
fluorescence was gated in the PerCP channel (700/54 nm, 665 LP). Cells 
with non-specific autofluorescence detected in the PE channel (582/15 
filter, 582 long pass filter mirror - LP) were excluded from sorting. CFP 
fluorescence intensity was further analyzed on the CFP channel (528/45 
nm,500 LP). Sorted cells (1.0 × 105 cells/mL) were collected in a 1.5 mL 
tube containing 500 μL of L1 media without antibiotics, centrifuged for 
10 min at 3500 ×g. The supernatant was removed and replaced by 1 mL 
of L1 media supplemented with zeocin 50 μg/mL and ampicillin 100 μg/ 
mL and the culture was grown for one week. This was used as an inoc
ulum for enriched 20 mL cultures in L1 media supplemented with zeocin 
(50 μg/mL), cultures were grown as mentioned in section 2.1 and sorted 
a second round, after 14 days of growth, as described above. 

2.6. Protein extraction 

Twenty mL of eight-days-old cultures were centrifuged at 3500 xg for 
10 min at 4 ◦C. Pellets were weighed and resuspended in 500 μL of 
extraction buffer (EB), containing 51.4 mM Tris pH 8, 0.75 mM SDS, 10 
% Glycerol, 0.02 mM EDTA, 10 mM PMFS and 2 μL of protease inhibitor 
cocktail. Sonication was performed 6 times at 35 % amplitude, with a 30 
s pulse on, and 30 s off for 6 min total using FisherbrandTM Model 505 
Sonic Dismembrator (Thermo Fisher Scientific). Protein extracts were 
centrifuged at 20000 xg for 30 min at 4 ◦C. The supernatants containing 
the total soluble protein fractions were kept at 4 ◦C to be used for 
western blot and CBGAS in vitro enzymatic assay. The proteins were 
quantified with the RC DC™ Protein Assay Kit I (Bio-Rad). 
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2.7. Western blot 

For protein detection, 25 μg of total extracted protein were loaded 
and run into a 10 % SDS-PAGE. The proteins were then transferred to a 
0.2 μm PVDF membrane, using 100 V constant and 400 mA for 2 h. The 
transfer was done on ice using a transfer buffer composed of 25 mM Tris, 
192 mM glycine and 20 % methanol. Anti-CFP antibody, purchased from 
Cedarlane (Ontario, Canada), was used at a 1:1000 dilution in 3 % 
bovine serum albumin and incubated overnight (ON) at 4 ◦C. After three 
washes with Tris-buffered saline, 0.1 % Tween 20 (TBST) solution, the 
blot was incubated for 1 h in a 1:20000 dilution, in 5 % milk, of Immun- 
Star Goat Anti-Mouse (GAM)-HRP conjugate from Bio-Rad (Ontario 
Canada). Membranes were again washed three times using the TBST 
solution. Protein detection was done using Clarity Max Western ECL 
Substrate-Luminol solution from Bio-Rad. Chemiluminescence detection 
and Ponceau S stained (Glacial Acetic Acid 5 % v/v, Ponceau Red dye 
0.1 % m/v) of the blots were visualized using ChemiDoc Imaging System 
with Image Lab™ Software (Bio-Rad). The molecular weights of the 
proteins corresponding to the detected bands were confirmed with 
protein markers (Precision Plus Protein Dual Color Standards). NphB: 
CFP native sequence was used as positive control. 

2.8. CBGAS in vitro enzymatic assay 

Enzymatic assays were carried out using 500 μg of total protein 
extraction, from 3 biologically independent samples, in a 150 μL volume 
reaction. The reaction was adapted from Lim et al. [33], composed of 
100 mM HEPES (pH 7.5), 25 mM MgCl2, 2 mM OA, and 2 mM GPP, and 
incubated ON at 30 ◦C. The reactions were then extracted with 3 vol
umes 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 with 
diode-array detection (HPLC-DAD) analyses. Metabolite detection was 
confirmed by HPLC coupled with tandem mass spectrometry (MS/MS). 
For the CBGAS in vitro assay under different temperatures, 3 biologically 
independent samples of 30 mL liquid cultures of P. tricornutum were 
grown for 6 days, under the conditions defined above. Cells were har
vested by centrifugation at 3500 xg at 4 ◦C temperature for 10 min. The 
supernatants were discarded, and the biomass was resuspended in 500 
μL of elution buffer, sonication was performed as previously described. 
To test for CBGAS activity at different temperatures, 2 mM of OA and 
GPP were added, and tubes were incubated ON at 18, 24, 30, and 40 ◦C. 
The reactions were then extracted, as previously mentioned and 
analyzed by HPLC-DAD. 

2.9. 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), delta-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 pur
chased from Agilent Technologies (QC, Canada). Cannabinolic acid 
(CBNA, CAS 2808-39-1) was purchased from Sigma-Aldrich (ON, 
Canada). 

2.10. HPLC-DAD and HPLC-MS/MS analysis 

Analyses were conducted using high-performance liquid chroma
tography (HPLC) with diode-array detection (DAD). Chromatographic 
separation 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 sample were injected 
into the analytical 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 time per sample was 18.5 min to allow the reconditioning of the 
column prior to the next injection. 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 identified comparing retention time and maximum 
absorption wavelengths obtained with the ones of reference standards 
(Table A.3). Standard calibration curves were prepared as follows; two 
working solutions were prepared containing OA, OL and CBGA at 10 
mg/L and 100 mg/L each in HPLC grade methanol. These solutions were 
further diluted to prepare calibration solutions with the following con
centrations in triplicate: 0.5, 1, 2, 4, 5, 10, 25, 50 and 100 mg/L. These 
standard solutions were injected into the HPLC-DAD system and used to 
generate calibration curve regressions. Fig. A.1 shows the calibration 
curves obtained by plotting the area under the curve obtained as a 
function of the analyte’s concentration, which allowed OA, OL and 
CBGA quantification for the enzymatic and supplementation assays. 

Confirmatory analyses were performed using high-performance 
liquid chromatography (HPLC) coupled with tandem mass spectrom
etry (MS/MS) (Agilent, QC, Canada). This system is equipped with an 
Agilent Jet Stream ionization source, a binary pump, an autosampler, 
and a column compartment. Compounds separation was achieved using 
an InfinityLab Poroshell 120 EC-C18 column (4.6 × 100 mm, 2.7 mm; 
Agilent Technologies, QC, Canada). In vitro and supplementation 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 acid 0.1 % v/v in 
methanol with a flow rate of 0.5 mL/min was used to achieve chro
matographic separation. The HPLC elution 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 time 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 temper
ature 380 ◦C, capillary voltage 4500 V and nozzle voltage 0 V. Agilent 
MassHunter Data Acquisition (version 1.2) and MassHunter Qualitative 
Analysis (version 10.0) softwares were used for data acquisition and 
processing respectively. Samples analyses were carried out in triggered 
multiple reaction monitoring (tMRM) acquisition mode allowing com
pounds identification using authentic standards. Table A.4 shows MRM 
transitions and MS/MS parameters used for targeted compounds 
identification. 

2.11. Cell membrane permeabilization and olivetolic acid 
supplementation assay 

To ensure that the substrate OA penetrated inside the cells, six 
different permeabilization treatments were performed. A positive 
P. tricornutum nphB RICE strain showing active CBDAS enzyme was 
used. Liquid cultures of 10 mL (in triplicates) were grown for 7 days 
under the conditions defined above. At day 7, 2 mM of OA was supplied 
and the following treatments were conducted: i) sonication using an 
ultrasonic bath treatment with the following settings; 50/60 HZ, 117 
Volts, 1.0 Amps (Branson, ultrasonic cleaner) for 8 min [54], and kept 
ON; ii) dark treatment, where the culture was incubated at 18 ◦C in the 
dark ON; iii) cold treatment, incubating the culture for 1 h at 4 ◦C, before 
adding OA and transferring it to the growth chamber; iv) coadjuvant 
treatment, supplementing DMSO (2 %) with OA, and then incubating 
the culture ON under standard conditions; v) hypo-osmotic shock, 
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centrifuging the cultures at 3500 x g for 10 min, then washing with L1 
10%), and resuspending in 10 mL of L1 50% [55] followed by the 
addition of OA and incubation in the growth chamber ON. To perform 
the vi) nitrate-phosphate starvation assay, 10 mL of culture from day 5 
were centrifuged at 3500 xg for 10 min. Then washed with 10 % L1, and 
resuspended in 10 mL of L1 (without NaNO3 and NaH2PO4-H2O, [56]). 
The cultures were kept in the growth chamber for 2 days. On day 7th, OA 
was supplemented and incubated ON. Cultures supplemented with OA 2 
mM without being subjected to any treatment and DMSO (2 %) were 
used as authentic standard and negative control respectively. In all the 
treatments, cells were harvested on day 8, by centrifugation at 3500 xg 
at 4 ◦C temperature for 10 min, the supernatants were discarded. Pellets 
were washed with 10 mL of L1 10%. And they were resuspended in 100 
% methanol (1 mL per 100 mg of the fresh-weight pellet). The mix was 
vortexed for 10 min and prepared for HPLC-DAD analysis. 

2.12. CBGA supplementation assay 

In order to check the production of the metabolites inside the 
P. tricornutum cells, we performed CBGA supplementation assay. 
P. tricornutum nphB EE, nphB RICE, and CFP strains were used. Liquid 
cultures of 30 mL (triplicates) were grown for 6 days, under the condi
tions defined above. On day 6, the cells were harvested, by centrifuga
tion at 3500 xg at 4 ◦C temperature for 10 min. The supernatants were 
discarded, then the biomass was resuspended in 1.5 mL of L1 or L1 50%. 
Coadjuvant and hypo-osmotic shock treatments were performed as 
mentioned above. OA (0.25 and 2 mM) and GPP (0.25 and 2 mM) were 
added, then the cultures were kept ON under standard conditions. In 
addition, supplementation was conducted by adding OA 2 mM and GPP 
2 mM and adjusting the pH to 8. The negative controls were performed 
by adding 1.2 μL of DMSO and 3 μL of H2O (as solvent controls). The 
biomass was harvested on day 7, 2 mL of methanol were used as 
extraction solvant, and extracts were vortexed for 30 s and prepared for 
the HPLC-DAD and HPLC-MS/MS analysis, as referred to in section 2.8. 

2.13. Substrates and product cytotoxicity assay 

To evaluate the cytotoxicity of the substrates, CBGA, solvents, and 
permeabilization treatments in nphB RICE P. tricornutum cells; 200 μL of 
6 days-old cultures were incubated ON with serial concentrations of OA 
(0.1, 0.25, 0.5, 0.75, 1, 1.25, 1,5 and 2) mM, GPP (0.5, 0.75, 1, 1.25, 1.5, 
2) mM, CBGA (3, 6, 13, 25, 50, 100, 200) μM, methanol (0.1, 0.2, 0.5, 
0.9, 1.8, 3.6, 7.2) %, DMSO (0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2) % and 
Hypo-osmotic shock (L1 50%) treatment. CellTiter-Glo® Luminescent 
Cell Viability Assay (Promega) and Propidium Iodide (PI, Sigma Aldrich) 
were used to analyze the cytotoxic effect of CBs precursors and CBGA. 
CellTiter-Glo® reagent was added to each well of the treatments, the 
luminescence was then recorded according to manufacturers’ in
structions, using the Synergy H1 BioTek microplate reader. PI was added 
at a final concentration (3 μg/mL), and incubated at room temperature 
for 10 min. PI emission was measured by CytoFlex in the ECD channel 
(610/20 nm). The percentages of live and necrotic cells were calculated 
relative to the untreated control wells. 

2.14. Statistics and reproducibility 

General data analysis (means and standard deviation) 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. 

3. Results and discussion 

3.1. Selection of nphB P. tricornutum transformants 

In order to metabolically engineer the pennate diatom P. tricornutum 

to produce CBGA, we designed an episome harboring the gene encoding 
for the double mutant variant NphB (Y288A/G286S; nphB; Valliere et al. 
[32]) (Fig. 1B). Gene expression was driven by the Chaetoceros proto
bacilla-infecting DNA virus (ClorDNAV) promoter (Clp1) [51], and nphB 
was tagged with CFP at its C-terminal. Additionally, two episomes were 
constructed as negative controls: the empty vector (EV) containing only 
a zeocin resistance cassette with Sh ble gene; and a plasmid with the 
reporter gene CFP and Sh ble only (Fig. 1B). These three constructs were 
successfully transformed into P. tricornutum by E. coli conjugation (EE) 
or particle bombardment (RICE) (Fig. 1C). Both methods were included, 
as EE transgenes are known to be less prone to genomic control mech
anisms such as silencing or regiospecific expression [37,39,45]; while 
RICE transgenes might show overall higher gene expression levels but 
with stochastic outcomes depending on integration site [37]. 

Initial screening of the transformant lines was performed by 
measuring CFP fluorescence intensity by plate reader, normalized to the 
OD730 nm and compared with EV strain autofluorescence. For the EE 
lines, 36 colonies were analyzed, while for the RICE lines, a higher 
number of colonies (52) was screened to take into consideration random 
integration effects. Consistently with previous reports [37], the per
centage of positive clones in this study was higher in the EE lines (61 % 
of clones were CFP+), compared to the RICE lines (15 %) (Table 1). 
Clones with higher (Ex/Em 430/491 nm/ OD730 nm) than EV strain 
were selected and confirmed by flow cytometry. Three independent 
clones of each EE (n = 22) and RICE (n = 8) strains presented a per
centage of CFP+ cells higher than 2 %. These six strains were selected to 
be enriched through two rounds of fluorescence-activating cell sorting, 
as in [48,50,57]. At last, we continued working with the clones with the 
highest % of CFP+ cells. For nphB EE selected strain, the percentage of 
CFP+ cells before enrichment was 7 %, it scaled to 13 %, and then 59 % 
after the first and second sorting, respectively (Table 1, Fig. 2A). The 
percentage of CFP+ cells in nphB RICE selected strain was 2.1 %, 
increased to 5 % after the first enrichment, and to 90 % after the second 
sorting (Table 1, Fig. 2A). Post-sorting, both EE and RICE strains were 
enriched in CFP expression, which theoretically reflect nphB levels. 

The presence of the full size tagged nphB in the EE, RICE and control 
strains was confirmed by western blot analysis (Fig. 2B) from cells 
grown to late exponential phase (8 days-old cultures). As expected, the 
negative control (EV) showed no CFP specific band (Fig. 3B). Positive 
control (CFP) showed the predicted band at 27 kDa. Native NphB was 
used as positive control to verify full size protein (NphB:CFP). The re
combinant strains (EE and RICE) produced the predicted size protein of 
nphB:CFP (67 kDa). Uncropped blot and red ponceau stain are shown in 
Fig. A.2. 

3.2. Characterization of nphB P. tricornutum transformant cell lines 

The growth and percentage of CFP+ cells (EE and RICE) were 
monitored for 14 days (Fig. 3A). CFP and nphB EE and RICE strains 

Table 1 
Transformant strains screening by cyan-fluorescent protein (CFP) fluorescence. 
Percentage of CFP+ clones obtained from Extrachromosomal expression (EE), n 
= 36, or randomly integrated chromosomal expression (RICE), n = 52, detected 
with Synergy H1 BioTek microplate reader (excitation at 430 nm and emission at 
491 nm). Empty vector (EV) strain was used as negative control to settle the 
basal autofluorescence. All the positive clones were analyzed by Flow Cytometry 
(FC), only three of them presented a percentage of CFP+ cells higher than 2 %. 
The third column shows the percentage of CFP+, after two rounds of sorting of 
the selected EE and RICE strains.  

Strain CFP positive clones (ex 
430 nm/em 491 nm) 

No. of clones CFP 
positive cells (FC) 

% of CFP+ cells of 
selected strains 

nphB 
EE 

61 % (n = 36) 3 (n = 22) 59 ± 4 

nphB 
RICE 

15 % (n = 52) 3 (n = 8) 90 ± 1  
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showed a similar cell growth pattern with no significant differences (*p 
> 0.05, one way ANOVA) among them, but higher growth compared to 
the EV strain at days 7 and 11 (Fig. 3 A lower panel), which indicates 
that the expression of nphB did not compromise cell growth. From the 
population of the chlorophyll positive cells (Fig. 3A, upper panel), which 
was stable for 2 weeks, we tracked the percentage of CFP+ cells (Fig. 3A, 
middle panel). The percentages significantly varied between strains (*p 

> 0.05, one way ANOVA), with the RICE line presenting higher values, 
starting with 76 (± 1) % at day 1 and showing the highest at day 13, 90.3 
(± 0.2) %; while nphB EE started with 27.7 (± 0.4) %, reaching to 48 (±
1) % at day 13 and the CFP line began at 6.7 (± 0.3) % finishing with 
23.4 (± 0.6) % (Fig. 3A, middle panel). According to Kadono et al. [51], 
high levels of expression were reported in cells in the stationary phase 
compared to the exponential phase of growth using this promoter. When 

Fig. 2. CFP emission by nphB EE and RICE cell populations and nphB:CFP protein detection. A. Representative dot plots of two-round sorted selected strains. 
Pseudocolor dot plots of empty vector (EV) and transformants strains; nphB EE and nphB RICE, CFP fluorescence was detected in the KO525 channel (525 /40 nm), 
shown in the x axis, and chlorophyll autofluorescence was detected in the PerCP (690/50 nm) in the y axis, from CFP positive cells enriched cultures after two rounds 
of sorting by Fluorescence-Activated Cell Sorting (FACS). Gates and fre-quencies of total CFP populations were designed according to the autofluorescence of the 
negative control EV shown as reference. B. Western blot with an anti-CFP antibody of total cell extracts from NphB EE, nphB EE, nphB RICE (67 kDa) EV and CFP (27 
kDa). Lower panel, stained blot with red ponceau solution. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 3. nphB strains growth curves and in vitro production of CBGA. A. Upper panel, percentage of P. tricornutum chlorophyll positive cells followed for 14 days. 
Middle panel, the percentage of CFP positive cells were monitored for each strain, and all CFP positive cultures were normalized to EV autofluorescence. Lower panel, 
growth curves for each strain, the optical density (OD) at 730 nm was followed for14 days. B. HPLC spectra of in vitro CBGA production. Extracts were analyzed by 
HPLC-DAD and signals were compared to authentic CBGA standard (Fig. A.3). C. CBGA quantification determined using CBGA standard curve (Fig. A.4). Enzymatic 
assays were performed by adding olivetolic acid and GPP 2 mM to total protein extracts, at 30 ◦C during 16 h. Mean ± SD; n = 3 biologically independent samples for 
each strain were plotted, t-test (*p < 0.05) was performed. 
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P. tricornutum was engineered, with the fungal Aspergillus niger PhyA or 
the bacterial E. coli AppA phytases, to accumulate eicosapentaenoic and 
docosahexaenoic acids together, highest levels of phytase activity were 
achieved at late exponential phase [58]. Our results show that Clp1 
promoter activity levels increase and stabilize after the 2nd day of cul
ture, with low fluctuations during the two weeks of 20 mL culture. We 
did not observe expression peaks like it has been seen in inducible or 
strong promoters during the exponential phase [37,39,46,52]. Even 
though the percentage of CFP+ cells is lower in the CFP line, this value, 
23.4 (± 0.6) %, allowed us to continue using this strain as negative 
control for further assays. These results show that nphB and CFP lines 
were stably expressed under Clp1 promoter in P. tricornutum using both 
transformation methods in the framework of this study, in accordance 
with what was shown before [51,58,59]. 

3.3. In vitro synthesis of CBGA 

To assess if the marine diatom could produce active nphB, total 
soluble protein was extracted from nphB EE, nphB RICE, EV and CFP 
strains, grown to late exponential phase. Enzymatic assays were per
formed using OA and GPP as substrates at 30 ◦C for 16 h. The products of 
the reaction were analyzed by HPLC-DAD (Fig. 3B) and confirmed by 
HPLC-MS/MS (Fig. A.3 & A4). A peak at 10.146 min retention time 
corresponding to the CBGA standard was detected when nphB EE and 
RICE transformants protein extracts were incubated with substrates. 

This peak was not present when substrates were incubated with CFP 
strain or native NphB enzyme protein extracts or in the absence of 
substrate for all extracts. The reaction of nphB EE strain produced 17.8 
(± 0.3) mg/L, while crude extract from nphB RICE transformant yielded 
19.6 (± 0.3) mg/L under our assay conditions (Fig. 3C). Thus, despite a 
higher frequency of CFP+ cells in RICE transformant, both yielded 
comparable levels of CBGA. The same nphB mutant showed higher 
CBGA production when it was expressed and purified from E. coli 
[32,33,60]. In this study, the native enzyme did not display detectable 
activity; similar to what was previously shown in yeast [19,30]. 

3.4. nphB is active at P. tricornutum growth temperature 

To confirm that nphB is active at P. tricornutum growth temperature 
range (from 18◦ to 24 ◦C) or at higher temperature, enzyme activity was 
performed at 18 ◦C, 24 ◦C, 30 ◦C and 40 ◦C for 16 h (Fig. 4A). All HPLC 
chromatograms (Fig. A.5 to A.8) were compared to CBGA standard and 
CFP strain chromatograms. Both nphB EE and RICE crude extracts 
produced similar amount of CBGA (*p > 0.05, one way ANOVA) at 
18 ◦C, 24 ◦C or 30 ◦C; yielding 7 (± 3), 11 (± 2), and 11 (± 5) mg/mL for 
nphB EE; and 11 (± 1), 13 (± 3), and 12 (± 3) for nphB RICE, respec
tively. At 40 ◦C, nphB showed significantly less activity in comparison 
with the assays realized at lower temperatures, the production of CBGA 
decreased to 1.8 (± 0.4) and 3.6 (± 0.3) mg/mL for nphB EE and RICE 
respectively, being higher in the RICE line (Fig. 4A) (*p > 0.05, one way 

Fig. 4. Optimization of CBGA production A. Crude extracts of CFP, nphB EE and RICE strains were tested at different temperatures; 18 ◦C, 24 ◦C, 30 ◦C and 40 ◦C. 
Enzymatic assays were performed by incubating at different temperatures the total crude extracts with olivetolic acid (OA) and GPP 2 mM during 16 h. Mean ± SD; n 
= 3 biologically independent samples for each strain were plotted, one way ANOVA and Tukey’s multiple comparisons test (*p < 0.05) were performed. B. OA and 
olivetol (OL) detection in P. tricornutum nphB RICE biomass extracts. Cell cultures underwent permeabilization treatments before supplementation with 2 mM OA and 
incubated during 16 h. Standard conditions (STD) −/+ Olivetolic Acid (OA), nitrate and phosphate starvation (NP). Mean ± SD; n = 3 biologically independent 
samples for each strain were plotted, t-test (*p < 0.05) was performed. C. CBGA production was determined in nphB EE and nphB RICE strains and in negative control 
CFP strain treated with DMSO 2 % as coadjuvant or hypo-osmotic shock, and by adding 2 mM of OA and GPP substrates. The cultures were kept 16 h under standard 
conditions, then metabolites were extracted and detected by HPLC-DAD and confirmed by HPLC-MS/MS. Mean ± SD; n = 3 biologically independent samples for 
each strain were plotted, two ways ANOVA and Tukey’s multiple comparisons test (*p < 0.05) were performed. D. OA and OL present in P. tricornutum CFP, nphB EE 
and nphB RICE biomass after OA and GPP 2 mM supplementation and CBGA production (C) under DMSO 2 % and hypo-osmotic shock treatments. Mean ± SD; n = 3 
biologically independent samples for each strain were plotted. The different letter (a, b) or (a*, b*) indicate significant differences between strains among the same 
treatment, with *p < 0.05 as determined by two ways ANOVA and Tukey’s multiple comparisons test. 
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ANOVA). These results indicate that P. tricornutum was successfully 
transformed to produce nphB enzyme, which is active in vitro at two 
growth temperatures (18 and 24 ◦C). Since P. tricornutum grows between 
18 and 24 ◦C, these results open the possibility of in vivo CBGA pro
duction. They differ from enzymatic assays performed with native NphB 
produced in yeast, which were successful at 37 ◦C, pH = 7.5 [30], but are 
in agreement with Luo et al. and Lim et al. that performed the reaction at 
room temperature [19,33]. Other enzymes of the pathway, like THCAS 
produced in K. phaffii, present higher activity at 20 ◦C compared to 30 ◦C 
[61]. Zirpel et al. [16] reported a 5-fold increased activity of THCAS by 
reducing the cultivation temperature from 25 to 15 ◦C, possibly due to a 
more efficient folding of the THCAS enzyme at lower temperatures [30]. 
Taken together, this shows that P. tricornutum growth temperature range 
is compatible with CBs-producing enzyme activity. 

3.5. OA and GPP supplementation in microalgal culture 

Enzymatic assays suggested that CBGA could be produced in vivo, 
without activity restrictions related to thermal growth conditions. Prior 
to testing in vivo production of CBGA in P. tricornutum, we established 
the proper conditions for OA supplementation assay. Cell cultures of 
nphB RICE strain underwent permeabilization treatments during OA 
feeding, in order to increase the uptake of OA by the cells. To limit 
substrate and consumable resource uses, tests were performed on nphB 
RICE considering that all the strains were behaving similarly (Fig. 3A). 
As P. tricornutum produces and accumulates endogenous GPP [39], we 
began with OA supplementation only. Several permeabilization treat
ments were performed to analyze OA uptake, such as nitrate and 
phosphate starvation (NP) [56]. Under N starvation, dual affinity 
transporters with a wide substrate range and probable roles in sensing 
external NO3 modulate membrane permeability [62]. While the full 
mechanism explaining membrane behavior under P starvation is yet to 
be elucidated, in general, this condition triggers diatoms to synthesize 
less phosphoglycerolipids, members of the phospholipid bilayer, which 
provokes remodeling of the membrane [56]. Moreover, mechanical 
disruption of the membrane by sonication allows its permeabilization 
[54]. On the other hand, dark treatment was shown to increase carbon 
uptake in microalgae, including fatty acids such as OA, as the cell starts 
heterotrophic growth [63]. Hypo-osmotic shock [55], 1 h of cold 
treatment at 4 ◦C [64,65], and DMSO (2 %) treatment, as a coadjuvant 
were assayed to enhance OA internalization [66]. 

Before metabolite extraction, cells were washed to remove OA that 
was not internalized or that could be associated with the cell wall or 
plasma membrane. OA was detected at low levels in metabolite extracts 
of cells that received OA in standard conditions (STD), 1.19 (± 0.03) 
mg/kg fresh biomass (FB) (Fig. 4B). OA significantly increased (*p <

0.05, t-test) when cell cultures were subjected to sonication 9 (± 1) mg/ 
kg FB, hypo-osmotic shock 54 (± 8) mg/kg FB and DMSO 9.0 (± 0.9) 
mg/kg FB treatments (Fig. 4B). Moreover, Olivetol (OL), a by-product 
from OA, was only detected in FB from cell cultures which underwent 
NP starvation and dark conditions. From these results, we concluded 
that DMSO and hypo-osmotic shock treatments present the optimal OA- 
internalizing conditions, and they were retained for further assays. 

When the cultures were supplemented with 2 mM of OA and 2 mM of 
GPP under the up listed permeabilization treatments, CBGA was detec
ted in both strains (EE and RICE) (Fig. 4C). The nphB EE line produced 
4.1 (± 0.2) mg/kg FB and 3.7 (± 0.2) mg/kg FB upon DMSO and hypo- 
osmotic shock treatments, respectively. Meanwhile, nphB RICE strain 
produced 1.0 (± 0.1) mg/kg FB in presence of DMSO and 1.7 (± 0.2) 
mg/kg FB under hypo-osmotic shock treatment. CBGA was detected by 
HPLC-DAD (Fig. A.9 and A.10) and confirmed by HPLC-MS/MS, as was 
done for the enzymatic assay (Fig. A.4). Overall, P. tricornutum trans
formed lines produced similar yields than the yeast species Candida 
viswanathii, bioengineered with the β-oxidation and CBs pathways, 
which produced 1.51 mg/L of CBGA [67]. These results suggest that 
P. tricornutum EE and RICE transformants are able to yield CBGA 

following supplementation with precursors. 
The amount of OA and OL present in all the samples was analyzed 

(Fig. 4D). CFP strain, which does not produce CBGA, shows a signifi
cantly higher amount of OL compared to nphB EE and RICE strains (*p <
0.05 two ways ANOVA and Tukey’s multiple comparisons test). CFP 
presented 499 (± 13) and 476 (± 16) mg/kg FB of OL when DMSO and 
hypo-osmotic shock treatments are performed, comparing with nphB 
strains that show 197 (± 15) mg/kg FB or 137 (± 4) mg/kg FB for nphB 
EE and 159 (± 19) or 163 (± 45) mg/kg FB for nphB RICE (Fig. 4D. CFP 
line under both treatments present between 3.7- and 2.4-times higher 
concentration of OL, while OA concentrations do not present significant 
differences among treatments. These results showed that the presence of 
nphB in P. tricornutum is leading to a consumption of OA/OL compared 
to CFP strain. 

3.6. Cytotoxicity of treatments 

As the permeabilization methods could be cytotoxic, viability was 
measured in cells treated with DMSO and hypo-osmotic. The percentage 
of necrotic cells was measured by propidium iodide (PI) stain (Fig. A.11, 
lower panel, in gray), and the percentage of cell viability was obtained 
by monitoring the amount of ATP present in the sample (Fig. A.11, lower 
panel, in black). PI is impermeable to live cells with intact cell mem
branes, but it can enter dead or dying cells with compromised cell 
membranes [68]. Once inside the cell, PI binds to DNA, and its fluo
rescence increases upon binding which could be registered by a flow 
cytometer, allowing the quantification of dead or damaged cells in a 
population. On the other hand, ATP is an indicator of metabolically 
active cells. The assay provides a luminescent readout that is propor
tional to the amount of ATP present in the sample [69]. Both method
ologies are complementary and give an estimation of the percentage of 
viable and necrotic cells in the population. >65 % of cells (66.5–81.1 %) 
were alive following the 2 % DMSO treatment, and >95 % of cells were 
alive following hypo-osmotic treatment. In addition, the percentage of 
positive CFP fluorescence cells in each treatment remained steady 
(Fig. A.12A, upper panel). This meant that permeabilization treatments 
were not cytotoxic (Fig. A.12A). 

Then, we tested the toxicity of increasing OA, GPP and CBGA con
centrations, as well as DMSO and methanol concentrations since they 
are the solvents used to dissolve OA and CBGA respectively. The aims 
were to establish the highest OA and GPP concentrations that could be 
tolerated by cells without generating cell death, as well as uncover the 
toxicity threshold of CBGA on P. tricornutum transformed cells. Results 
showed that after 16 h of incubation, increasing the concentrations of 
GPP, DMSO up to 2 % (v/v), or methanol up to 7 % (v/v) does not 
compromise cell viability (Fig. A.11 B, D and E), nor the percentage of 
CFP+ cells (Fig. A.11B, D and E, upper panel). Similar results were 
obtained when cultures underwent OA-internalization conditions, 
DMSO 2 % and hypo-osmotic shock treatments (Fig. A.12A). However, 
the substrate OA and the product CBGA generated cell death at con
centrations higher than 250 μM and 13 μM, respectively (Fig. A.11A, C 
and Fig. A.12A). Simultaneously, the percentage of CFP positive cells 
decreased abruptly under higher OA and CBGA concentration, which 
indicates a possible protein loss or degradation (Fig. A.11A, C and 
Fig. A.12A, upper panels). Bright-field light microscopy images of nphB 
RICE cells treated with OA 0.25 and 2 mM, and CBGA 200 μM 
(Fig. A.12B), show that the shape of the cells was not altered by the 
treatments. However, cells treated with OA 2 mM and CBGA 200 μM 
present vesicles and chloroplasts granularity, which represent a classic 
behavior of cell death [70] compared to the incubation cells with OA at 
0.25 mM or control. As the addition of 2 mM OA to nphB EE and RICE 
cultures, from 6 days old, caused a decrease in the pH from 8.7 to 6, we 
hypothesized that the acidification of the media could induce the cell 
death. However, supplying OA and GPP at 2 mM concentration to the 
media while adjusting the pH to 8 did not lead to a decrease in the 
percentage of necrotic cells in both strains (Fig. A.13). In addition, no 
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CBGA or other CBs were detected after pH adjustment. The decrease of 
pH in presence of OA has been observed as well in the oleaginous yeast 
Yarrowia lipolytica genetically engineered with the OA biosynthesis 
pathway [71]. Authors have seen that during fermentation, the culture 
pH dramatically dropped from 6.8 to below 3.5. As this strong acidity 
may negatively affect membrane permeability and strain performance, 
they controlled the medium pH by using either Phosphate Buffer Saline 
(PBS) buffer or CaCO3. The supplementation of CaCO3 maintained stable 
pH and increased OA titer by 3 times fold, whereas PBS failed to improve 
OA production [71]. 

Independently of pH, our results suggest that CBs cause cytotoxicity 
in P. tricornutum when applied in large amounts. This observation is 
consistent with several previous studies using other biosynthesis plat
forms. When CBGA cytotoxicity was tested in 10-day-old suspension- 
cultured cells of C. sativa with 50 μM, it caused 100 % cell death after 
24 h treatment, whereas OA did not affect the cells [9]. The same result 
was observed in 7-day-old tobacco BY-2 cells treated with CBGA and OA. 
Meanwhile, CBGA induced apoptosis not only in plant cells but also in 
insect (Spodoptera frugiperda, Sf9) cells [9], suggesting that CBs could act 
as plant defense compounds, like many specialized metabolites bio
synthesized in the glandular trichome [72,73]. To avoid CBs cytotoxicity 
in diatoms, CBs glycosylation [25] could offer a solution by making CBs 
water-soluble and allow higher accumulation [74] as demonstrated for 
other plant compounds [75,76]. 

When CBs pathway is engineered in new heterologous biosynthetic 
platforms, like the filamentous fungi Penicillium chrysogenum, only small 
detectable levels of THCA were found in vitro, using 1 mM OA and 0.1 
mM GPP as substrates [77]. This shows that CBs yields remain consid
erably low, and inconsistent [78]. Yet, despite the cytotoxicity concern, 
our production yields exceeded those reported by Dusséaux et al. [44]. 
Cytotoxicity could be addressed using a cell-free system. In a prior study 
by Valliere et al. [60], researchers expressed and purified 12 enzymes, a 
new stabilized version of the nphB among them, subsequently they were 
supplemented with hexanoate, malonate, acetyl phosphate and iso
prenol yielding to 570 (± 60) mg/L of CBGA [60]. Alternatively, to 
produce higher CBs titers in a cell chassis, subcellular compartmentali
zation approach could be performed to allow the accumulation of the 
cytotoxic compounds in specific cell organelles and avoid cell death. For 
instance, Dusséaux et al. [44] targeted CsPT4 and the S. cerevisiae GPPS, 
Erg20p (N127W), to the yeast peroxisome, resulting in an active CsPT4, 
leading to OA geranylation conversion into CBGA (0.82 mg/L, Dusséaux 
et al. [44]). In future studies, such compartmentalization approach 
could lead to higher titers of CBGA in P. tricornutum upon reduction of 
cytotoxicity. In addition, improvement of the metabolic flux into the CBs 
biosynthesis through remodeling of the terpenoids and other competi
tive pathways could be performed. Simultaneously designing enhanced 
synthetic enzymes and optimizing fermentation processes to boost lipid 
metabolism towards OA and other precursors are other strategies that 
could help increase the CBs yield in diatoms. 

4. Conclusion 

As the first publication on cannabinoid engineering in diatoms, this 
paper offers an assessment of P. tricornutum’s proof-of-concept for the 
heterologous production of CBs. We provide evidence that 
P. tricornutum’s endogenous metabolism is permissive to cannabinoids 
synthesis. Our results showed that CBGA, the first and essential pre
cursor CB, is produced in P. tricornutum following supplementation. 
Overall, the diatom cell physiology was similar in presence or absence of 
nphB transgene, both in EE and RICE strains, and the current results 
show CBGA production in competitive levels compared to classic het
erologous systems. However, the system would need further improve
ment to overcome the cytotoxicity of CBs. This shows that diatoms and 
P. tricornutum present potential as a platform for the production of 
phytocannabinoids. 
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Conceptualization, Funding acquisition, Project administration, Re
sources, Supervision, Writing – review & editing. 

Declaration of competing interest 

All authors declare that there are no conflicts of interest, informed 
consent was not required, and there were no human or animal rights 
considerations applicable. All authors agreed on the authorship and 
submission of the manuscript for peer review. 

Data availability 

Data will be made available on request. 

Acknowledgments 

We acknowledge that financial support for this research was funded 
by the Natural Sciences and Engineering Research Council of Canada 
through the Alliance program Award No ALLRP 570476-2021 to IDP. 
Additional support in the form of scholarships to EF, FA, AMDG and 
GCGR from Mitacs-Acceleration/Globalink program grants no IT12310, 
IT16463 and IT19432 to IDP is also acknowledged. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2023.103379. 

References 

[1] T. Gülck, et al., Phytocannabinoids: Origins and Biosynthesis, 2020, pp. 985–1004. 
[2] R. Russo, et al., Gut-brain Axis: role of lipids in the regulation of inflammation, 

pain and CNS diseases, Curr. Med. Chem. 25 (32) (2018) 3930–3952. 
[3] W.A. Devane, et al., Determination and characterization of a cannabinoid receptor 

in rat brain, Mol. Pharmacol. 34 (5) (1988) 605–613. 
[4] N.J. van den Hoogen, et al., Cannabinoids in chronic pain: therapeutic potential 

through microglia modulation, Frontiers in Neural Circuits (2022) 15. 
[5] Z.Z. Al-Ghezi, et al., Combination of cannabinoids, Δ9- tetrahydrocannabinol and 

Cannabidiol, ameliorates experimental multiple sclerosis by suppressing 
Neuroinflammation through regulation of miRNA-mediated signaling pathways, 
Front. Immunol. 10 (2019). 

[6] B. Abd-Nikfarjam, et al., Cannabinoids in neuroinflammatory disorders: focusing 
on multiple sclerosis, Parkinsons, and Alzheimers diseases, Biofactors 49 (3) (2023) 
560–583. 

[7] F. Taura, et al., Purification and characterization of cannabidiolic-acid synthase 
from Cannabis sativa L. Biochemical analysis of a novel enzyme that catalyzes the 
oxidocyclization of cannabigerolic acid to cannabidiolic acid. 1996, Â©, ASBMB, 
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