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RESUME

Les microalgues, tel que Chlamydomonas reinhardtii, peuvent produire plusieurs produits
d'intérét commercial et thérapeutique ; en profitant de leur facilité de culture, de leur
croissance rapide, de leur entretien relativement abordable et de leur mécanisme
métabolique rapide a conduit a une grande connaissance et utilisation de cette algue pour
la production de produits de grande valeur. L'utilisation de C. reinhardtii en tant que
systeme biosynthétique pour la production hétérologue de cannabinoides est relativement
nouvelle et il reste encore beaucoup de travail a faire. Par conséquent, la présente mémoire
prétend étudier C. reinhardtii pour analyser ses effets lorsqu'elle est transformée avec des
génes de la voie de biosynthése des cannabinoides. Depuis I'élucidation de la voie,
plusieurs entreprises travaillent avec cette algue et plusieurs procédés et souches ont été

brevetés [1]-[7].

L'objectif de cette étude est de caractériser et d'analyser des clones de la microalgue C.
reinhardtii lorsqu'ils sont génétiquement modifiés avec le gene Cannabis sativa enzyme
activateur d'acyl-1 (CsAAEI) et de vérifier s'il y a production de précurseurs de
cannabinoides. Des centaines de clones transformés ont été criblés aprés €lectroporation.
Un total de 15 clones transformés sur 886 ont montré des amplifications du gene d'intérét
et plusieurs mois apres la transformation, tous ont montré une intégration stable du gene
apres plusieurs sélections sur des milieux antibiotiques. Le Western blot et le dosage
enzymatique n'ont pas révélé de détection de protéines ni d'activité protéique dans nos
conditions expérimentales. L'analyse HPLC a révélé une production détectable d'acide
olivétolique. Nos résultats suggérent que quelques clones peuvent étre capables de produire
ce métabolite, mais a un faible niveau. Par conséquent, une optimisation significative des
conditions de croissance, des parametres d'incubation et de la supplémentation de
précurseurs peut €tre nécessaire pour améliorer la production du métabolite désiré. Nos
résultats suggerent que C. reinhardtii est un systéme biologique fiable, susceptible d'étre
transformé, et présente une stabilité d'intégration des genes méme plusieurs mois apres la
transformation génétique, et que ces clones d'algues produisent différents métabolites qui

pourraient avoir une relation avec les cannabinoides ou leurs précurseurs.

Mots-clés: C. reinhardtii, cannabinoides, CsAAE, electroporation, géne



SUMMARY

Microalgae, e.g., Chlamydomonas reinhardtii can produce innumerable products of
commercial and therapeutic interest; taking advantage of their ease of cultivation, rapid
growth, relatively cheap maintenance, and rapid metabolic machinery has led to great
knowledge and use of this alga for the production of high-value products. The use of C.
reinhardtii as a biosynthetic system for the heterologous production of cannabinoids is
relatively new and there is still a lot of work to be done. Consequently, the present memoire
pretends to study C. reinhardtii to analyze its effects when transformed with genes from
the cannabinoid biosynthetic pathway. Since the elucidation of the pathway, there are
several companies that are working with this alga and several processes and strains have

been patented [1]-[7].

The objective of this study is to characterize and analyze C. reinhardtii clones when being
bioengineered with Cannabis sativa Acyl-activating enzyme 1 (CsAAE1) gene and verify
if there was a production of cannabinoid precursors. Hundreds of transformed clones were
screened after electroporation. A total of 15 transformed clones out of 886 showed
amplifications of the gene of interest and several months after the transformation all of
them showed stable integration of the gene after several rounds of selection on antibiotic
media. Western blot and enzymatic assay did not exhibit protein detection nor protein
activity under our experimental conditions. HPLC analysis revealed a detectable
production of olivetolic acid. Our findings suggest that few clones may be capable of
producing this metabolite, but at a low level. Therefore, significant optimization of growth
conditions, incubation parameters, and precursor supplementation may be required to
enhance the production of the desired metabolite. Our results propose that C. reinhardtii is
a reliable biologic system amenable to transformation and exhibits gene integration
stability even months after genetic transformation and that these alga clones produce

different metabolites that could have some relation to cannabinoids or their precursors.

Keywords: C. reinhardtii, cannabinoids, CsAAE1, electroporation, gene
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CHAPTER 1

INTRODUCTION

1.1 Algae

Algae are autotrophic organisms that grow in a variety of aquatic habitats such as lakes,
rivers, oceans, and streams [8]. They are found in all niches on the planet; therefore, they
provide insight into environmental adaptation [9]. All of them have chlorophyll a and carry
out a photosynthetic process where carbon dioxide is reduced to sugars using sunlight
energy [ 10]. Taxonomically they are classified into three groups: Phaeophyta, Rhodophyta,
and Chlorophyta corresponding to brown algae, red and green respectively (Table 1.0) due

to their predominant pigments masking up the other ones [11].

Table 1.0 Main pigments present in the different phyla of algae.

o Common | Major accessory _
Classification ‘ Pigments Reference
name pigments

Chlorophylls a | Carotenes, xantophylls

Chlorophyta | Green algae [12]
and b (lutein, zeaxanthin)
Phycobilins,
Rhodophyta Red algae Phycoerythrin [13]
chlorophyll a
Phaeophyta | Brown algae Fucoxanthin Chlorophyll ¢ [14], [15]

Algae are a source of food for some aquatic organisms and play an important role in the
aquatic food web, providing a rich source of polyunsaturated fatty acids for zooplankton,

fish, and many other multicellular organisms [16].
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For humans, algae extracts and components from algae are used to strengthen the immune
system, reduce cholesterol, and sugar levels in the blood, and there’s evidence they present

analgesic, bronchodilator, and hypotensive activities [17], [18].

1.2 Microalgae and biotechnology

Microalgae are a large and diverse group of unicellular aquatic microorganisms different
in sizes going from 0.2 and 200 pum. It’s been proposed the existence of 50,000 up to
200,000 species [19], [20]. However, less than thirty thousand species have been studied,
along with microalgae being less studied than seaweed (microalgae) showing the great
prospects of still unknown compounds microalgae [21], [22] and most of the research has
been focused on some species due to their promising commercial exploitation. In the
bioeconomy field, the new and pioneering processes are important to manufacture new
biomaterials and bioenergy while reducing the consumption of non-renewable raw material
[23]. They grow under various environmental conditions and can produce an extensive
quantity of products with different applications in the food, nutritional, cosmetic, and
pharmaceutical industries. These microorganisms have a simple cellular structure with a
large surface-to-volume ratio which provides them the capacity to take up a large amount

of nutrients [24].

Microalgae have been used in different biotechnological approaches; nowadays one of the
most important concerns is global warming and they have been proposed as an alternative
to mitigate the effects of greenhouse gasses [25], [26]; since half of Earth’s photosynthesis
is run by algae in aquatic environments [27]. They have been proposed to alleviate this
problem thanks to their carbon concentration mechanism, where the enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco), the enzyme responsible of carbon
assimilation has a greater affinity for the CO; fixation, thus enhancing its transformation
efficiency [28]. This mechanism offers approximately 10-50 times higher CO> fixation
capacity than vascular plants [29], [30].

Microalgae are a promising sustainable source of lipids and carotenoids. Several

microalgae do not produce large amounts of lipids. However, when they come across
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environmental stress, such as a lack of nitrogen, they slow down their rate of production

and start producing energy-storage products, such as lipids [20].

Genetic engineering in microalgae has been done mostly to produce biofuels and bio-based
chemical products. However, despite the advantages present in the production of biofuels
and bio-products from microalgae, there are some major challenges such as mass balance
to shift composition to obtain the product, higher cost of cultivation and optimization of
culture conditions and competitive sale price, with algae-based fuel costing USD $300
whereas fossil fuel is between USD $70 and 80 per barrel. Despite this cost-effective issue,
microalgae are a promising alternative to displace or even replace the $2.1 trillion fossil
fuel industry [31], the global microalgae market for 2027 is projected to be 4.6 billion USD
[32].

1.3 Genus Chlamydomonas

Chlamydomonas [Greek: chlamys, mantle; monas one or unity]. This genus was named by
German naturalist C.G. Ehrenberg in the 1830s. The features of the genus are two anterior
flagella; a cell wall; and a single chloroplast containing one big pyrenoid [33]. This genus
is worldwide distributed, and its species have been isolated from freshwater lakes, marine
waters, soil, and tundra [33]. In the late 1800s there were proposed 15 species of
Chlamydomonas and by 1976 there were 459 species [34]. Etll (1976) proposed some
classificational traits for the taxonomical division, not considering the habitat nor mode of
reproduction for the classification of the Chlamydomonas genus, separating the species
between one or several traits including presence or absence of apical papilla, body shape,
the position of vacuoles, cell wall, etcetera. Although the structure, disposition, form, and
shape may vary within Chlamydomonas species, the paired apical flagella and one or

several pyrenoids inside a chloroplast, is constant [33].

Since the beginning, there have been some difficulties in the classification because many
original descriptions and classifications were based on light microscope observations of

only some samples without considering the variation of morphological characteristics.

Genus Chlamydomonas was considered to be inside the genus Chloromonas, whose cell

and structure shape are almost identical, but they lack pyrenoids, and their only difference
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could remain in the expression level of the gene CCMI responsible for the carbon

concentrating mechanism [33].

1.4 Chlamydomonas reinhardtii

Chlamydomonas reinhardtii is a haploid single-cell green alga, with multiple
mitochondria, two anterior flagella, and one big chloroplast (Figure 1.0). It was first
described by Dangeard in 1888 [35]. With its haploid genome, mutations on C. reinhardtii
are straight away expressed, and phenotype changes are easily observed [9]. Cells have
two mating types: mating type plus (mt+) and mating type minus (mt-)[36]. The vegetative
haploid cells reproduce by mitotic divisions, but when there is nitrogen deprivation these
cells can differentiate into gametes and the two matin types can fuse to produce a zygote
that eventually will go through meiosis producing haploids cells that can continue the

vegetative growth stage [37].

C. reinhardtii mitochondrial, chloroplast, and nuclear genomes have been fully sequenced
[38], mitochondrial genome has a size of 15.8 kilobases (kb) [39] with a G+C content of
45% approximately, encoding 13 genes without introns. The chloroplast genome is 203.8
kb with G+C content of 35% approximately, encoding 99 genes of which only five have
introns [39], [40]. The nuclear genome contains 121 megabases (Mb) with G+C content of
64% approximately [38], [41].

C. reinhardtii is one of the most important alga species that has been used as a model
organism to study different cellular processes including plant physiology, photosynthesis,
chloroplast biology, cell cycle, flagellar motion, and structure [9]. C. reinhardtii can grow
mixotrophically; that is, in an autotrophic way (it can produce complex organic compounds
using CO» as carbon source and energy from light) or heterotrophic (which can use external
carbon sources (e.g., glucose) under dark conditions), depending on the availability of the
organic source and light intensity. Its genetic transformation (the introduction of exogenous
DNA) is relatively easy, at nuclear and chloroplast levels, and the time between the

transformation of the microalga and the production of a recombinant protein is variable
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between 2-3 days to 7 days, with the potential to reach a scale of up to thousands of liters

in a matter of 1-3 weeks [42]-[45].

Figure 1.0 Diagram of C. reinhardtii in vegetative state. Unicellular oval shape, size about
3 wm width and 10 pm in length. The cell has a pair of cilia of the same length at one pole
(1) [9]. (2) Contractile vacuoles located at the anterior end of the cell, this function
regulating the water content inside cell, accumulating water and eventually expelling water
[46]-[49]. (3) Eyespot, a light-sensitive organelle, composed of red to orange carotenoid
pigments [50]. Located in the chloroplast, this organelle uses light shading to get the
directionality, and lenses to focus the light [51]-[53]. (4) single cup-shaped chloroplast,
the site of photosynthesis and carbon fixation, occupies half of the volume cell. [54], [55].
(5) Golgi apparatus. (6) Starch granules, (7) pyrenoid; when cells divide C. reinhardtii
accumulates starch around the pyrenoid, a specialized structure composed of the enzyme
ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCO), responsible for CO; fixation
[56]. (8) Vacuole. (9) Nucleus, (10) Endoplasmic reticulum, (11) cell membrane, (12) cell
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wall, multilayered, an extracellular matrix composed of carbohydrates and 20-25
polypeptides [57]. Based on diagram from Nefronus.

1.4 History and C. reinhardtii in biotechnology

Microalgae show broad variation in both cellular structure and biosynthetic capacity,
therefore they present a wide range of unique features and characteristics for commercial
exploitation. Its unicellular physiology combined with rapid photosynthetic growth in
different culture media means they can be more productive per unit land area than plants.
Moreover, using microalgae as a substrate for low-cost, high-volume bio-products such as

biofuels, helps to avoid several environmental issues that currently affecting the world [58].

Due to their ease of cultivation, manageability, cost-effectiveness, and natural biosynthesis
of high-valued products, microalgae, are a promising source of sustainable compounds.
The recent advances in molecular biology, genetic engineering, metabolomics, proteomics,
and biotechnology, have led to many major breakthroughs for C. reinhardtii going from its

genome fully sequenced to genome editing as highlighted in Figure 1.1 [59].

Since a long time ago, green algae, especially C. reinhardtii, have been the focus of basic
and applied research. Therefore, the majority of the techniques and tools developed for
transgene expression are specific to this alga species. Current research is targeting
microalgae that are of prominent interest on industrial, biotechnological, and

environmental applications [20].

Figure 1.1 highlights one of the significant advancements achieved while conducting
research on C. reinhardtii: since its first transformation at the end of the 80’s until the use
of the CRISPR/Cas9 technology for gene editing. C. reinhardtii is the first photosynthetic
organism wherein the nuclear and chloroplast compartments have undergone genetic

transformation [60].
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1988 1993 2007 2014

Number of publications regarding C. reinhardtii (thousands)

Year

Figure 1.1 Major breakthroughs of Chlamydomonas reinhardtii along the years. First
nuclear transformation [61]. First mitochondrial transformation [62]. C. reinhardtii
genome is fully sequenced [38]. CRISPR/Cas9 first successful transformation [63].
Modified from Scaife et al., (2015) [59].

1.5 Heterologous biosynthesis of high-valued compounds in C. reinhardtii

The molecular toolkit for C. reinhardtii has greatly evolved, including optimized methods
and protocols for genetic transformation and recombinant gene expression. The isolation
and characterization of genes have led to great advances in biotechnology and the
modification of organisms to the production of important metabolites that in normal
conditions would be produced but in basal quantities. Molecular tools for this microalga
have improved since its first transformations in the mid and late ‘80s [60], [64] and this
has allowed efficient transgene expression by the nuclear genomes of microalgae [65]. This
includes the generation of mutant strains with great transgene expression, such as UVM4
and UVMI1 [66] synthetic genes [67] hybrid and synthetic promoters and use of
endogenous introns [68], [69]. Proteins in C. reinhardtii can be expressed from either
chloroplast [70] or nucleus [65]. It has been shown that the production of recombinant

proteins in C. reinhardtii is quite advantageous compared to other eukaryotic organisms
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(Table 1.1). Proteins encoded inside the nuclear genome can go through post-translational
modifications (PTMs) [68], [69]. It has been proven that C. reinhardtii has great potential

for the production of recombinant human therapeutic proteins in the chloroplast [71].

Table 1.1 Comparison between different recombinant protein systems with microalgae.
The table compares various aspects of each system, such as the type of host organism used,
yield and quality of the recombinant protein produced, scalability, and any potential
challenges associated with the system. Modified from Rivera et al., 2011 [42].

] Production Production Scale up Glycosylation | Final product
Organism . ) . )
cost time capacity capacity quality
Bacteria Low Short time High No Low
Yeast Medium Medium time High Yes Medium
Animal cells High Medium time Low Yes Very high
Animals High Long time Low Yes Very high
Plant cells Low Short time High Yes High

. . Nucleus: Yes )
Plants Very low Long time Very high High
Chloroplast: No

Nucleus: Yes
Microalgae Very low Short time Very high High
Chloroplast: No

1.5.1 High-valued compounds

1.5.2 Lipids

Under normal conditions, algae produce fatty acids mainly for esterification into membrane
lipids and these comprise around 20 percent of C. reinhardtii dry cell weight [72] and
possess a great capacity to produce lipids [73]. The first studies with lipid machinery from
C. reinhardtii were in 1972 when Levine and Sirevdg found that extracts from the alga
catalyzed the incorporation of acetyl-CoA and malonyl-CoA to produce long-chain fatty
acids [74]. Enzymes from fatty acid metabolism, glycerolipid biosynthesis, and fatty acid
desaturation have been identified and its lipid biosynthesis pathways have been

reconstructed [75].
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Given that lipids are synthesized in response to various stress factors, including light and
nutrient deprivation, lipid metabolism can be altered to increase lipid production [72], [76].
Numerous studies have attempted to enhance microalgal strains' lipid production, with co-
culture with Azotobacter chroococcum resulting in a 2.3 to 19.4-fold increase compared to
control cultures [77]. In a study conducted by Therien et al. in 2014, it was discovered that
the growth of a starch mutant strain of C. reinhardtii could be optimized by cultivating it
in an acetate-free medium, which is crucial for lipid production, in conjunction with a
Synechococcus sp. mutant [78].
Various genetically modified strains of C. reinhardtii have been developed, including
several microalgae starch mutants that have been isolated [78], [79]. These strains have
shown an increased production of triacylglycerols (TAGs) following genetic modification

[80], [81].

1.5.3 Carotenoids

Carotenoids, a subfamily of isoprenoids, are essential compounds to all photosynthetic
organisms due to their photoprotective and antioxidant properties, they are produced by
plants, fungi, some bacterial species, and algae [82], [83]. Isoprenoids are synthesized by
microalgae through the utilization of isopentenyl diphosphate (IPP) and its isomer
dimethylallyl diphosphate (DMAPP) [84]. The most plentiful carotenoid is B-carotene,
precursor of the vitamin A[85], [86]. Some carotenoids could be required for the survival
of microalgae under some stress conditions [87]. For instance, lutein and zeaxanthin
showed to be essential for the survival of C. reinhardtii under high light stress; as shown

in the npgl lorl mutant C. reinhardtii lacking these two carotenoids perished [88], [89].

In recent years, the carotenoid biosynthetic pathway in the microalgae C. reinhardtii has
been thoroughly studied, and the different genes involved in the production of carotenoids
have been characterized [90]. With its great carotenoid-producing potential, different ways
to obtain large amounts of carotenoids have been studied, especially the most abundant
one: PB-carotene [90]. It has been found that by subjecting the microalga to constant
photoperiod conditions in a bioreactor, greater production of these can be obtained,

reaching a concentration of 2.5 g L' [91]. Napaumpaiporn and Sirikhachornkit (2016)
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investigated the role of temperature and light on carotenoid biosynthesis and concluded

that higher temperature induces carotenoid accumulation in the presence of light [92].

1.5.4 Cannabinoids

Cannabinoids are prenylated polyketides produced from fatty acids and isoprenoid
precursors as part of the specialized metabolism of Cannabis [93], [94]. It has been found
in other plants produce cannabinoid-like compounds such as bibenzyl (—)-cis-
perrottetinene (cis-PET) produced by plants from the genus Radula sp. [95], [96]. To date
they have identified more than 100 different types of cannabinoids [97].

In Cannabis sativa, hexanoic acid is transformed to its hexanoyl-CoA form by the enzyme
C. sativa Acyl-activating enzyme 1 (CsAAE1) [98] (Figure 1.2.). A type III polyketide
synthase, tetraketyde synthase catalyzes the condensation of hexanoyl-CoA with three
molecules of malonyl-CoA to produce 3,5,7-trioxododecaneoyl-CoA [99], then the
enzyme olivetolic acid cyclase performs the cyclization trough aldol condensation of the
tetraketide intermediate to yield olivetolic acid (OA) precursor [100]. OA is geranylated to
form cannabigerolic acid (CBGA) by adding geranyl pyrophosphate (GPP) catalyzed by
the enzyme aromatic prenyltransferase (APT) [101]. The oxidocyclase
tetrahydrocannabinolic acid (THCAS) and cannabidiolic acid synthase (CBDAS) catalyze
the formation of CBGA to THCA and to CBDA respectively. Finally, the main
cannabinoids A9-tetrahydrocannabinol (THC) and cannabidiol (CBD) are subsequently
derived from their acid forms by non-enzymatic decarboxylation when exposed to heat or
light [102]. In relation to microalgae, the heterologous production of cannabinoids is
relatively new, but there have been some major advances recently, as several companies
have  patented their genetically modified microalgae (US11180781B2,
WO02021081647A1, W0O2019202510A1), as some companies are already using C.

reinhardtii as a platform for the production of cannabinoids in the chloroplast [103].
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Figure 1.2 Biosynthetic pathway leading to the two main cannabinoids A9-
tetrahydrocannabinol (THC) and cannabidiol (CBD).
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1.6 Previous work on Chlamydomonas reinhardtii for the production of cannabinoid
precursors

In 2016, Prof. Desgagné-Penix’s lab started to work with C. reinhardtii, and other species
of microalgae, focusing on the development of cannabinoid and cannabinoid-precursor-
producing clones and their characterization for better understanding of the genetic
transformation of C. reinhardtii [104]. Numerous patents have been filed for the production
of cannabinoids using microalgae, demonstrating the potential usefulness of this
system[1]-[7] . Since then, thousands of clones have been obtained using different
transformation methods: glass beads, Agrobacterium-mediated transformation, and
electroporation, to maximize the chance to obtain stable cannabinoid-producing clones,
taking into consideration the great challenges of unpredictable transgene expression [105]
and gene silencing [106], just to name a few. Added to that, the lack of precursors that can
restrain a constant flux production of cannabinoids in C. reinhardtii. In an effort to address
this issue, our laboratory has conducted several transformations and implemented various
constructs. As a result of these efforts, a clone identified as C30 (clone 30) was generated
in 2019. This clone demonstrated the production of olivetolic acid in an enzymatic assay
conducted in vitro. Notably, the production of olivetolic acid has remained consistent since

then and these findings are set to be published.

1.8 Research objectives

The goal of this study is to demonstrate if adding Cannabis sativa acyl-activating enzyme
1 (Hexanoyl-CoA synthetase) to C. reinhardtii boosts the production of cannabinoid
precursors, with that, trying to overcome the bottleneck of limited pool of precursors in the

production of cannabinoids in C. reinhardtii.
1.7.1 Specific objectives

1. To bioengineer C. reinhardtii strain CC-125 (control wild-type) and clone C30
(CB-producing strain) with codon-optimized Cannabis sativa acyl-activating enzyme 1

(CsAAET) with and without introns to evaluate transformation efficiency.
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2. To select positive clones by screens of C. reinhardtii transformants using colony
PCR to detect amplification of the transgene, RT-qPCR to evaluate transgene expression
and protein extraction, electrophoresis followed by blot analyses to observe production of

the heterologous CsAAEI protein of interest.

3. To identify if there is the production of hexanoyl-CoA and/or olivetolic acid in

the selected transformants through metabolite detection and enzymatic assay.

In order to address the research objectives, a methodology was employed, which will be
elaborated in the methods section. To briefly summarize, electroporation was used to
achieve transformation of C. reinhardtii CC-125 and clone C30. Following transformation,
all clones were cultivated on media supplemented with appropriate antibiotics (zeocin
and/or hygromycin, based on the inserted cassette) and subsequently evaluated for gene

detection and expression using PCR and RT-qPCR (as shown in Figure 1.3).

To detect the production of a specific protein of interest, Western blot analysis was
conducted on a subset of selected clones. Additionally, metabolites were extracted from
PCR-positive transformants, which were then grown and subjected to analysis using high-
performance liquid chromatography (HPLC) to determine the levels of olivetolic acid

and/or hexanoyl-CoA production.
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Figure 1.3 Summary of the methodology of this thesis project. A) The cultivation of
Chlamydomonas reinhardtii in TAP media has resulted in the achievement of exponential
growth phase, which is indicated by the appearance of a dark green color in the culture
media. B) The electroporation process involves the transformation of microalgal cells
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through the integration of genetic material, such as CsAAE 1, facilitated by reversible pores
on the cell membrane. Through non-homologous recombination, the genetic material is
able to integrate with the genome of the microalgae. C) Clones are subjected to antibiotic
selection media to discern between those that carry the cassette conferring resistance to a
particular antibiotic and those that do not. The effectiveness of the selection process may
be influenced by several factors, including false positives resulting from overgrowth on the
media, variations in tolerance to the antibiotic concentration, and instability of cassette
integration into the genome, among other reasons. D) The PCR technique is employed for
molecular analysis of the integration of the insert into the genome. Under appropriate
conditions, the amplification of the insert should occur, facilitating the eventual detection
of the amplicon on an agarose gel. The success of this technique relies on the use of specific
primers, specific PCR cycle parameters (including temperature and time), and proper
concentration and volumes of reagents. E) After confirmation of PCR-positive clones,
protein of interest is detected from the mixture of total cellular proteins using Western
blotting technique; proteins are separated by their charge and size, they are transferred to a
membrane and protein of interest is found by specific antibodies, eventually the protein is
detected by a signal. F) The samples are subjected to high-performance liquid
chromatography (HPLC) to enable the selective detection and quantification of the target
metabolite within the sample mixture. Conditions and parameters for the experiments are
explained ahead. Created with biorender.com
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CHAPTER II

ENGINEERING OF MICROALGAE FOR THE PRODUCTION OF HIGH-
VALUE METABOLIC PRECURSORS

2.1 Abstract

The green alga Chlamydomonas reinhardtii is a reliable model system to study different
organelles and study genetic transformation tools. This microalga has been used as a
system to produce high-value metabolites such as cannabinoids precursors [107], [108].
The genetic manipulation of this algae has had major drawbacks resulting in gene silencing,
random insertion of the gene of interest, production of unknown metabolites, etc. [109]
Therefore, improvements are essential for the success of the transformation and thus the
production of high-valued products. Here, we describe a protocol to transform by
electroporation the green cell alga C. reinhardtii strains for the insertion of CsAAEI gene
to increase the pool of precursors of cannabinoids, i.e., olivetolic acid. C. reinhardtii
transformants showing amplification of CsA4E gene after several rounds of selection with
antibiotics were analyzed for their protein expression and production. As well as the
analysis of metabolite production by HPLC-MS; a low concentration of olivetolic acid was
obtained through the experimental process in some clones, and the precise measurement of
this concentration was not recorded. Furthermore, the confirmation of olivetolic acid
production have yet to be confirmed through subsequent testing and analysis. Also, the
gene expression analysis with RT-qPCR could not demonstrate Cs44E1 expression under
our experimental conditions. Further analysis and optimization need to be done in order to

obtain and standardize a protocol that results in stable, metabolite-producing clones.

Keywords: C. reinhardtii; electroporation; gene; cannabinoids; acyl-activating enzyme

antibiotic resistant
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2.2 Introduction

Cannabinoids are a group of more than 100 compounds [110] first described in Cannabis
sativa L. (commonly known as marijuana) [111]. Several cannabinoids have been proposed
to have promising clinical applications in managing a range of health conditions and
ailments, such as pain, nausea, anxiety, and seizures [103]. As a result, these compounds
have been utilized for therapeutic purposes in humans [97], [112]-[115]. These interesting
molecules interact with the endocannabinoid system in the body, which plays a crucial role
in maintaining homeostasis and regulating various physiological functions [116], [117]. As
more research is being done onto the medicinal properties of cannabinoids, more potential
therapeutic applications are likely to be unveiled, offering a therapeutical alternative for

those suffering from various health conditions.

As the consumption of cannabinoid-containing products increases, there is a corresponding
increase in the demand for cannabis products such as marijuana, edibles, and concentrates.
This increase in demand leads to a greater need for cannabis cultivation, harvesting,
processing, and distribution [118]. The indoor and outdoor cultural production practices of
Cannabis uses highly energetic processes causing soil erosion, water pollution, and
greenhouse emissions [118], [119]. Also, Cannabis cultivation encounters major
challenges such as variable content of cannabinoids, high cost of production, and elevated

carbon footprint [119], [120].

Cannabis cultivation faces different problematics that can affect its growth, yield, and
environmental impact [121]. Among these challenges are plant diseases, which can greatly
compromise the quality and quantity of the harvested product [122]. Cannabis plants are
susceptible to various diseases, including powdery mildew, gray mold, and root rot, among
others [122]-[124]. These plant diseases can lead to reduced crop yield and increase the
need for the use of fungicides and pesticides to control and prevent their spread. Its
cultivation leads to variability of cannabinoids content [125], which are the active
compounds responsible for the therapeutic and psychoactive effects of the plant. The
content of cannabinoids in cannabis plants can vary widely due to factors such as genetics,
environmental conditions, tissue type, and cultivation practices [125]-[127]. Moreover,

cannabis cultivation can be expensive, requiring significant investment in equipment,
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labor, and other resources [118]. Finally, cannabis cultivation can also have a significant
environmental impact, particularly in terms of its carbon footprint [118]. Cannabis
cultivation requires large amounts of energy for lighting, heating, and cooling, which can
contribute to greenhouse gas emissions and climate change [128]. Overall, these challenges
highlight the need for sustainable and responsible cannabis cultivation practices that

prioritize the health of both the plant and the environment.

Hence, the use of different organisms for heterologous biosynthesis of cannabinoids is a
promising alternative to overcome those environmental problems. The identification and
discovery of the cannabinoid biosynthetic pathway has been useful because it has led to its
reconstruction in heterologous systems [120], [129]. Microalgae has been used as a
heterologous host over organisms such as bacteria and yeast due some species are
considered GRAS (generally recognized as safe), minimal culture requirements compared
to other organisms [130], among many other different advantages that will be further
mentioned. Microalgae have huge potential as a high-valued product system and nowadays
they represent an excellent system for the heterologous expression of compounds such as
recombinant proteins, pigments, oils, lipids, efc. [131]-[135]. They present more
advantages over conventional production systems like plants since algae don’t require a
large number of energetic resources in order to grow and depending on the specie, they can
double their biomass in a couple of hours [119], [136]-[138]. They also provide low-cost
and large-scale production of different important compounds since algae are not high-
demanding nutriment organisms[139]. Among the several thousands of algal species, there
are some that have been used for their great potential in biotechnology, environmental and
industrial applications such as Schizochytrium sp., Thalassiosara pseudonana, and the
freshwater microalga C. reinhardtii [140]. This last one has been used as a model organism
for various physiological processes, including organelle biogenesis, and photosynthesis
genetic studies[141], [142]. C. reinhardtii genomes (mitochondria, chloroplast, nuclear)
are susceptible for transformation [38], [41], [143], [144] and have been completely

sequenced, making genetic screening easier [145].

Metabolic engineering is based on the modification, addition or manipulation of cellular

metabolism. One of the key aspects of metabolic engineering is the modification and
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optimization of biosynthetic pathways. This involves the manipulation of enzymatic,
transport, and regulatory functions within the cell to improve the efficiency of these
pathways [146]. Metabolic engineering requires enzymes and precursors to be active,
specific, and available to get a desired product. To achieve the desired product, active and
specific enzymes and precursors must be available. However, even if these components are
present in the organism, metabolic engineering is necessary to increase metabolic flux and
exhibit the required yields for industrial production. [147]. The efficiency of biosynthetic
pathways could be increased with different strategies for their optimization such as
enlarging the pool of precursors, or heterologous enzymes with better characteristics [148],
[149]. Cannabinoids biosynthetic pathway in C. sativa has been proposed that Hexanoyl-
CoA synthetase (CsAAET) supplies the cannabinoids pathway, transforming hexanoate in
hexanoyl-CoA[150]. C. reinhardtii can produce cannabinoids when genetically modified
(patent WO2019202510A1) [1]-[7]. C. reinhardtii has a peroxisomal AAE homolog that
most likely will be involved in B-oxidation [151]. The aim of this work is to transform C.
reinhardtii with the Hexanoyl CoA-synthetase gene from Cannabis sativa with the purpose
of obtaining clones that will be used as a heterologous system for the biosynthesis of

cannabinoid precursors.

Despite the advances in algae biotechnology, there are still major challenges to the
development of algae as an industrial platform due to low expression of foreign genes in
the nuclear genome [152]. One big obstacle is the optimization of culture conditions and
parameters to achieve high biomass and greater culture production, which involves the
improvement of light, temperature, pH, and nutrients [153]. Another challenge is the cost-
effectiveness of large-scale cultivation, harvesting, and downstream processing of algae

biomass, which requires the development of efficient and low-cost technologies [154].

Various techniques have been utilized to introduce foreign DNA into algae cells, and each
method has its own set of advantages and disadvantages. For instance, electroporation
utilizes an electric field to create transient pores in the cell membrane [155], permitting the
entry of DNA. Alternatively, foreign DNA can be introduced through mechanical
disruption of the cell wall using glass beads [156]. Another method, Agrobacterium-

mediated transformation [157], employs a plant pathogen to transfer foreign DNA into the
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algae cell. Meanwhile, the biolistic particle delivery method utilizes high-pressure helium
to shoot DNA-coated microcarriers into the target cells [158]. The selection of the most
appropriate method for a particular algae species and intended application should take into
account the unique optimization requirements and limitations of each approach [159]-

[161].

2.3 Materials and methods

2.3.1. Materials

All reagents used in this thesis were purchased from Thermo Fisher (Waltham,
Massachusetts, United States), Sigma Aldrich (Saint Louis, Missouri, United states),
Biobasic (Markham, Ontario, Canada), Phytotech Labs (Lenexa, Kansas, United States),
Geneaid (Taipei, Taiwan), Bio-Rad (Hercules, California, United States), GenScript
(Piscataway, New Jersey, United States). Restriction enzymes were purchased from NEB
(Ipswich, Massachusetts, United States). Primers used in this study were synthesized by
Integrated DNA technologies (Coralville, Iowa, United States).

2.3.2 Strains and clones

C. reinhardtii strain CC-125 wild type (wt) was obtained from Chlamydomonas Resource
Center (Minneapolis, MN, USA). C. reinhardtii clone C30, an Olivetolic acid positive
clone (in vitro enzymatic assay) harboring Tetraketide synthase (7KS) and Olivetolic acid
cyclase (OAC) genes, and an empty vector clone (transformed with pChlamy 3 empty

vector) were provided by Bharat Busan Majhi a postdoc fellow.

The expression vector pChlamy 4 was purchased from Thermo Fisher (Waltham,
Massachusetts, United States). Cloning of the CsA4E1 gene from pUCS57 into pChlamy 4
was performed. The plasmid pChlamy 4 (conferring resistance to zeocin, Shble gene)
carrying CsAAE1 gene, expanded in E. coli DH5a, was selected on LB-agar plates with
100pg/mL ampicillin. DNA plasmid was purified using EZ-10 Spin Column Plasmid DNA
Miniprep Kit (Biobasic, Canada).
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2.3.3 Construction of C. reinhardtii expression vectors

Unless otherwise stated Cs4AA4AE 1 (GenBank: JN717233) corresponds to a gene with introns

and without introns and all experiments were performed with Cs4A4E1 in its both versions

(Figure 2.0).

CsAAE] with introns

RbcS2-i1
ATG 3°-UTR
Hsp70A-Rbc 52 prom Shble] Shble] Rbes2-i1 RbcS2-i2 RbcS2-i3 [2HA)
|
[:> ARELEXL | | AAE1Ex2 | [ ABE1Ex3 | [AREL Ex4
RbcS2-i1 [FMDV 2A

CsAAE1 without i

B ut introns

ATG  [Shblg Shble
Hsp70A-Rbc S2 prom RbeS2-i1 FMDV24 [2HA) 37-UTR

o+ e -

Figure 2.0. CsAAE] cassettes. CsAAE1 with 3 copies of RbcS2 intron (above) added each
300 nucleotides. Endogenous and hybrid constitutive promoter Hsp70A-RbcS2, gene of
interest is expressed more abundantly due to the combination of the activator Hsp70A4 and
two instances of the RbcS2 intron sequence in Hsp70A-RbcS2. Foot-and-mouth disease
virus (FMDV) 2A peptide, a self-cleavage sequence between resistance markers and the
protein of interest. Cs4AE1 without introns does not bear any copy of RbcS2 intron.
Cloning vector pUCS57 bearing the CsAAEI gene optimized for C. reinhardtii was
synthesized by Biobasic (Markham, Ontario, Canada) with two restrictions sites (EcoRI
and BamH]I) for directional cloning into the expression vector. The two lyophilized pUC57
containing CsAAE] with and without intron, received from Biobasic (Markham, Ontario,
Canada), were transformed in E. col/i DH5a strain in order to amplify them the plasmid
DNA. A volume of 50 pL chemically competent cells were used for transformation, 5 uLL
of DNA plasmid (10 ng/uL) were added followed by a gentle mixing and incubation for
30 minutes on ice and then placed in a 42°C water bath for 45 seconds. After 2 minutes on
ice, the cells were transferred to 950 pL of liquid LB broth (Phytotech Labs, Lenexa,
Kansas, United States) and left to incubate for 1 hour at 37°C. 250 pL of cells were then

evenly plated on 4 different LB-agar plates with ampicillin 100 pg/mL. Left on incubator
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at 37°C for 16 hours. After the 16h incubation, growing colonies were labeled and cells

were evenly spread on LB-agar plates and left in the incubator at 37°C overnight to allow

them grow.

To verify cloning of the plasmid into E. coli DH5a cells, plasmid constructs were grown
on LB broth with 100 pg/mL, and then a plasmid purification was performed using EZ-10
Spin Column Plasmid DNA Miniprep Kit by Biobasic (Markham, Ontario, Canada)
followed plasmid quantification. Plasmid DNA samples were double digested with EcoRI
and BamHI (Table 2.0). Digestion profile was confirmed by electrophoresis (Figure 2.1).

S
@)

pChlamy 4 ( vector) (_n

Without intron
With intron

3500 bp

pChlamy 4 (vector): 3640 bp
CsAAE] (Intron): 2930 bp
pUC57: 2710 bp

CsAAE] (Without intron):
2220bp

Figure 2.1. Agarose gel showing double digestion BamHI and EcoRI of plasmid DNA
samples. Well 3, 4 and 5 represent pUC57-Cs4AAE1 without intron, pUC57-Cs4AAE1 with
intron and Chlamy 4 empty vector respectively. Well 1: 1 kb DNA Ladder (NEB, USA).
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Table 2.0. Double-digestion reaction for each plasmid. Numbers are represented in pL.
Total volume per reaction is 30 uL. Enzymes EcoRI and BamHI are from NEB (USA).

CsAAE1 CsAAE] without intron pChlamy 4

Intron (empty
vector)
Double digestion Amount (uL) per reaction
reaction
Water 24 22 23
DNA 1 (500 ng) 3 (500 ng) 2 (1000 ng)
10X cutsmart buffer 3 3 3
EcoR1 1 1 1
(20000 unit/ml)
BamHI 1 1 1
(20000 unit/ml)
30 30 30

For expression vector constructs, the double digested fragments Cs44E1 DNA with and
without intron were extracted from agarose gel and purified using GenepHlow™ Gel/PCR
Kit Quick Protocol (Geneaid, Taiwan). Once again, to analyze the correct size of the

plasmid and dismiss any star activity, electrophoresis was done.

For ligation, a reaction was performed, as illustrated on Table 2.1, between the purified
double digested expression vector pChlamy 4 (Figure 2.2) and the purified insert CsAAE 1
and was incubated for 1 hour at room temperature, followed by 10 minutes at 65 °C, then

kept on ice for 5 minutes to stop the ligation reaction.
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Table 2.1. Ligation reaction mix for Cs44E1 and pChlamy 4 empty vector.

CsAAEI Intron CsAAE1 without intron
Ligation Amount (uL) per reaction
reaction
Water 7.5 10
Vector DNA 1 (95 ng) 1 (95 ng)
Insert DNA 8.5 (230 ng) 6 (174 ng)
10X ligase buffer 2 2
Ligase (enzyme) 1 1
20 20

Int'th:S! Zeocin [Int-1RBES2 Zeocin [2A [RES 6% His V5 TEV R VS 6« His B

Figure 2.2 Expression vector pChlamy 4 developed to improve transgene expression in

C. reinhardtii (Thermo Fisher, Waltham, Massachusetts, United States).

The ligated product was transformed into E. coli DH5a cells with the same protocol
explained on section 2.3.2 with some modifications; after the incubation step for 1h at 37°C
the 1 mL culture was centrifuged for 1 minute at 3000 rpm, the supernatant was discarded,

then 150 uL of LB broth was added and resuspended by pipetting and all the volume was
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plated on LB-agar plate with ampicillin 100pg/mL, left incubated for 16h at 37°C. Ligation

was efficient and many clones grew overnight (Figure 2.3).

Figure 2.3 Transformation results of pChlamy4 vector bearing CsA4AE1 with or
without intron, into E. coli DH5a cells.

A number of 25 colonies was selected from each transformation and colonies were streaked
on LB-agar plate with ampicillin 100 pg/mL. Colonies from 1 to 5 were inoculated on LB-
broth with ampicillin 100 pg/mL and a plasmid extraction protocol (Large Plasmid DNA
Extraction Kit, Geneaid, Taiwan) was then performed, and double digestion was conducted
as previously explained in this section in order to verify the presence and the size of the
insert (Figure 2.4). When sizes were evaluated and confirmed the right sizes we then

proceeded for the transformation. We observed that clones 2 to 5 CsAAE [ without introns
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showed a proper size of the insert and vector backbone and all five clones Cs44E1 with

introns showed the right digestion profile.

Without introns With Introns

L Contral 3 4 5 GConbrdl 1 2 : S

pChlamy 4 (vector): ~3600 bp
CsAAEIl (Intron): 2930 bp
CsAAEI1 (Without intron): 2220bp

Figure 2.4 Screening of 5 different colonies to verify presence of the insert (CsAAET).
Colonies 4 and 5 without introns only present vector backbone. 2 and 3 without introns and
3 and 4 with introns were considered for transformation. L: ladder Quick-Load® Purple 1
kb DNA Ladder (NEB, USA). Control is undigested Cs4A4E1 plasmid.

2.3.4 Electroporation of C. reinhardtii wild-type strain C-125 and clones already harboring
TKS-OAC genes.

The electroporation process was performed as described by Nouemssi et al. 2020 [104]
with some modifications. C. reinhardtii C-125 wild-type strain (WT) and already
transformed C. reinhardtii clones harboring construct 7KS-OAC genes (C30) were
transformed with the empty vector or the vector harboring the Cs4EE construction (Table
2.2.) Transformed cells were cultured in 50 mL liquid Tris-acetate-phosphate (TAP) media
and were grown in 125 mL Erlenmeyer flasks with an initial Optical Density (OD750nm)
of 0.1 to a final OD750nm of 0.7 (~7 x 10° cells/mL) for one week incubation. Cultures
were incubated under controlled shaking (100 rpm) conditions at temperature of 22 +
0.5°C, a 16h ligth:8h dark photoperiod at a light intensity of 50+10 pumol photons m—2 s—1
and relative humidity of 50%, these conditions were used along the electroporation process

and after transformation.

Cells were harvested by centrifugation at 3000 rpm for 5 minutes at 4°C, the supernatant

was discharged, and the remaining pellet was washed 3 times with 5 mL of MAX
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Efficiency™ Transformation Reagent for Algae (Invitrogen, Canada). After the final
centrifugation, 250 pL (~1 x 10° cells/mL) of each C. reinhardtii cell strains were
incubated on ice for 5 minutes with 1000 ng of linearized plasmid DNA with Scal (all
linearized plasmids used here were purified). Then, 250 uL of the cell-DNA mix were
transferred into an ice-cold 4 mm cuvette for transformation. Electroporation parameters,
on the Bio-Rad Genepulser XcellTM electroporation system, were used as follow 0.5 kV,
capacitance 5 pF, and resistance 800 . Plasmid DNA pChlamy 4 (without gene) was
transformed into C. reinhardtii strains and was used as a negative control in future
experiments, further discussed. Transformed cells were put in 5 mL TAP liquid media
supplemented with sucrose (50 mM) and incubated for 18h at room temperature conditions.
After 18 hours, centrifugation at 3500 rpm for 5 minutes was performed. The pellet was
washed with 250 ul of MAX Efficiency™ and distributed into a TAP agar media with 5
pg/mL zeocin (Sigma, United States). The incubation period was for two weeks and at the

end of the second week, the total number of transformants were counted.

Table 2.2. C. reinhardtii strains and the related cassettes used for transformation.
1 Selection antibiotic after transformation and targeted metabolite expected to detect.

Algae strain DNA plasmid Selection antibioticl | Target on metabolite
pClamy_4-cassette detection
WT C-125 CsAAE] Introns Zeocin Hexanoyl-CoA
WT C-125 CsAAE1 without Zeocin Hexanoyl-CoA
introns
C30 CsAAE]I Introns Zeocin and Olivetolic acid
hygromycin
C30 CsAAE1 without Zeocin and Olivetolic acid
introns hygromycin
WT C-125 pChlamy_ 4 empty Zeocin Negative control
vector
Empty vector pChlamy 4 empty Zeocin and Negative control
(pChlamy_3) vector hygromycin
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2.3.5 Selection of positive transformants

Zeocin resistant C. reinhardtii transformants were selected randomly and colonies were
sub-cultured on TAP agar plate media supplemented with 5 pg/mL zeocin and/or
hygromycin 10 pg/mL (Sigma, United States), in Petri dishes (150 mm x 15 mm) (Thermo
Fisher Scientific, USA), transformants were cultured under conditions as described in
section 2.3.4 for one week to verify and ensure their growth stability and avoid that are
false positive strains. Wild type C-125 was used as a negative control on each plate to
verify the antibiotic activity. New transformants were streaked on TAP media with the
appropriate antibiotics as explained in Table 2.2. In the third round of selection, all clones

were screened by colony PCR.

2.3.6 DNA extraction and Colony PCR

Colony polymerase chain reaction (cPCR) is utilized to isolate transformants that possess
integrated expression cassettes and exhibit antibiotic resistance [104].

Different set of primers were synthesized by Integrated DNA Technologies (Coralville,
Iowa, United States) to amplify TKS-OAC (2600 bp), CsAAE1 (2100 bp), and Shble genes
(523 bp) (Table 2.3).

To select positive transformants, a high-throughput method was implemented as described
by Nouemssi et al. 2020; loading dye 10X was added after PCR. After 3 rounds of selection
as detailed in section 2.3.5, transformants on TAP agar plates were selected under sterile
conditions.

To perform Colony PCR, a master mix with different components (25 pL per reaction) was
prepared as shown in table 2.6. Using a 12 multichannel pipette, 23 pL of the master mix
solution was dispensed into each of the 96 PCR plate wells, and 2 pL of extracted genomic
DNA (~100 ng/uL) was added into each tube. Conditions of the PCR are shown in table
2.4 and 2.5. Following the PCR cycle, 2.5 pL. of bromophenol blue and glycerol as
explained by Le Gouill and Déry (1991) [162] were added to each of the 25 pL reactions.
Finally, the PCR products were loaded onto a 1% agarose gel (w/v) and then analyzed.
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Table 2.3 Primers designed for Colony PCR.

Primer L.D. Gene Sequence 5= 3’

Blockl _TKSOAC F TKS-OAC AACGGGTACCAGCGAGTCAGTGAGGGAAG

Blockl TKSOAC R TKS-OAC ACGCGAATTCGTGTCATAGCGCAAGAAAGACATTC

CsAAEI R CsAAElI  CTCTAGACCAGATCTTCCGGATCCG
CsAAEI F CsAAElI  AATTCGAGCTCGGTACCTCG

Zeocin_F Shble ATGGCCATGCATATGGCCAAGCTGACCA
Zeocin_R Shble GTCCTGCTCCTCGGCCACGAAGTGCA

Table 2.4 PCR conditions for CsAAE1 gene amplification. 40 cycles.

Cycle CsAAE1 Temperature Time (minutes)
Initial denaturation 95 °C 5
Denaturation 95 °C 0.5
Annealing 60 °C 2
Extension 68 °C 1
Final extension 68 °C

Table 2.5 PCR conditions for Shble gene (zeocin) amplification. 40 cycles.

Cycle Shble Temperature Time (minutes)
Initial denaturation 95 °C 5
Denaturation 95 °C 0.5
Annealing 55°C 1
Extension 68 °C 1
Final extension 68 °C
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Table 2.6 Master mix reaction for Colony PCR. *Same concentration and volume for
primers TKS-OAC and Shble (zeocin). Modified from NEB Builder [163].

Reagent puL per reaction Final concentration
Thermopol buffer (10X) 2.5 1X
dNTP’s (10 mM) 0.5 200 uM
*CsAAEI Forward primer
(20 M) 0.625 0.5 uM
*CsAAEI Reverse primer
20 uM) 0.625 0.5 uM
Taq polymerase 0.5
DNA 2 <1000 ng
Nuclease-free water Fill up to 25 pL

2.3.7 Sample collection, RNA isolation, cDNA synthesis, and RT-qPCR

Real-time qPCR was performed to determine and quantify the expression level of our gene
of interest. Approximately 0.2 g of wet biomass of microalgae cells was collected and
eventually immersed into liquid nitrogen, then stored at -80°C. Monarch® Total RNA
Miniprep Kit (New England Biolabs, USA) was used for RNA extraction according to the
manufacturer’s protocol with some modifications. The cDNA was synthesized from 200
ng of RNA using the M-MLV Reverse Transcriptase kit (Thermo Fisher, Waltham,
Massachusetts, United States). Reactions were performed with the iTaq Universal SYBR
Green Supermix (Bio-Rad, USA). Primers for RT-qPCR reaction are listed in table 2.7.
Phosphoglycerate kinase (PGK) was used as a reference gene. RT-qPCR analysis was

performed using three replicates.

Table 2.7 Primers designed for RT-qPCR.

Primer 1.D. Gene Sequence §° =——> 3’

qTKS F TKS CAGGACGAGTTCCCCGACTA
qTKS R TKS GTTGCGCTTGCGGATCATAG
qOAC F 0oAC CAAGGACGAGATCACGGAGG
qOAC R 0oAC GCGGGGTGTAGTCGAAGATC
qAAE1l_F CsAAEI TCAACATCGCCAACCACA
qAAEl1 R CsAAEI CCTTATAGCAGCCGTAGAACAG
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2.3.8 Western Blot

Western blot (WB) method was used for the detection of protein production.

Frozen pellets containing PCR positive CsAAE] , wild type, and empty vector constructs
were thawed, resuspended, and lysed in 300 pL. 1X Laemmli buffer (10% vol/vol B-
mercaptoethanol) — 4M urea, then vortexed vigorously, placed 5 minutes at 95 °C, and then
centrifuged 1 minute at 14000 rpm, soluble fraction (proteins) was carefully transferred
into a new Eppendorf tube. A volume of 30 puL of each sample were loaded and separated
on an SDS-PAGE 10% at 120V for 1h, followed by a transfer onto PDVF membrane at
25V for 1 h. After blocking the membrane with 1X TBST + 5% milk. The production of
the protein of interest was detected by using two different antibodies. For the detection of
OAC-TKS enzymes, a mouse anti-His primary antibody at 1:1000 dilution BSA 3% was
used, and to detect Hexanoyl-CoA synthetase enzyme production, an anti-HA in mouse
1:500 in TBST was used. Multiple TAG (GenScript, USA) was used as positive control
and C. reinhardtii CC125 untransformed was used as a negative control. For rapid protein
identification total crude extract was used for western blot, protein purification was not

performed in this experiment.

2.3.9 Metabolite detection.

Analytical method such as HPLC was used to detect the targeted metabolites. PCR positive
clones harboring Cs4AEI, and TKS-OAC, wild type CCI125, empty vector clone
(pChlamy 4) and a two-empty vector clone (pChlamy 3 and pChlamy_4) were placed in
TAP media for 7 days with the same conditions as explained before electroporation, to
eventually perform metabolite analysis aiming to detect olivetolic acid, precursor of two
major cannabinoids. One week after, the last subcultures were prepared for HPLC-DAD
analysis as outlined herein. The weight of 50 mL conical tubes (Thermo Fisher, Waltham,
Massachusetts, United States) were measured before harvesting to know the weight of the
final biomass of each clone. 25 mL of cell culture was added and centrifugated at 3500 g
for 10 minutes at 4°C, the supernatant was discarded, and conical tubes were inverted to
dry. Once dry, the weight of the conical tube was measured again, and the difference

between the final and initial weight were obtained to calculate the weight of cells biomass.

42



A volume of 1 mL of 95% ethanol was added to 100 mg of biomass (ratio 1 mL/100 mg),
the sample was vortexed for 10 sec, and incubated overnight at -20°C. The extract
(supernatant) was separated from the pellet by centrifugation at 3500 g for 10 minutes at
4°C, eventually samples were filtered using syringe filters (0.22 pm Nylon, Thermo
Scientific, cat. no. CH2225-NN) with a volume of Sample: 600uL). HPLC analysis was
performed with Shimadzu Prominence-I LC-2030C 3D, column used Poroshell 120 EC-
C18 (2.7 pm, 4.6 x 75 mm). Samples were compared with thirteen cannabinoids’ standards
(Figure 2.5) available in the laboratory. Samples aiming to detect Hexanoyl-CoA were
grown for 7 days as stated previously in this section and in the extraction protocol, RNAse-
free water was used due the polarity of the Hexanoyl-CoA (ratio 1 mL/100 mg). The sample
was vortexed for 10 sec, and incubated overnight at 4°C, then sonication was performed to
disrupt the microalgal cell walls with the following parameters 30 s pulses, 30 s pause for

0:03:00 (3 minutes) (6 pulses) with 35% amplitude.
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Figure 2.5 HPLC chromatogram of a mix of 13 cannabinoid standards at 10 ppm. Retention
time (x-axis) represents the time taken for each standard to travel through the column until
its detection. Y-axis represents the absorbance unit at 220 nm, also used to determine the
concentration of the standard. This chromatogram was used as a template to compare
similarity on retention time between samples and standards.
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2.3.10 Enzymatic assay

Algae was cultured in 50 mL liquid Tris-acetate-phosphate (TAP) media and were grown
in 125 mL Erlenmeyer flasks with an initial Optical Density (OD750nm) of 0.1 to a final
OD750nm of 0.7 (~7 x 106 cells/ml), approximately one week. Temperature condition of
22 £ 0.5°C under a 16 light:8 dark photoperiod at a light intensity of 50+10 pmol photons
m—2 s—1 and relative humidity of 50%. Cells were harvested by centrifugation at 3500 g
for 5 minutes at 4°C, the supernatant was discharged. Pellet was washed with 500 uL
solubilisation buffer (Table 2.8). A volume of 5 uL of protease inhibitor (NEB, cat no#
5871S) was added and 50 pL of PMSF (Sigma, cat no# P7626), prior sonication with same
parameters mentioned in section 2.3.9. Sample was then centrifuged at 14000 rpm at 4°C
for 30 minutes. After centrifugation, supernatant was transferred to a new Eppendorf tube.
Protein quantification was done by using DC Protein Assay (Bio-Rad, USA) according to

the manufacturer’s protocol.

For the detection of olivetolic acid product, enzymatic assay mix was performed as follows:
200 uM Hexanoyl-CoA, 2 mM Malonyl-CoA, 5 mM DTT, 200 pg total protein extract, 50
mM HEPES buffer (pH 7.5), reaction was left 16h at 25°C, reaction was then stopped by
adding 2% TCA. Samples were then analyzed by HPLC.

Table 2.8. Solubilisation buffer preparation.

Reagent Concentration (mM)

Lithium Dodecyl sulfate

0,75
Glycerol (10%) 2.5
Tris-HCI pHS8 514 m
EDTA 0,02 mM
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3. Results

For this master research project, the aim was to insert Hexanoyl-CoA synthetase (AAEI)
from Cannabis sativa aiming to mimic the conversion of hexanoic acid to hexanoyl-CoA
in Chlamydomonas reinhardtii, thus increasing the pool of precursors of cannabinoids. To
find out if C. reinhardtii had already any acyl-activating enzyme gene we performed a
bioinformatic analysis using CsAAE]1 as a reference and found two candidates that could
be acyl-activating enzymes (Figure 3.0). As shown in the phylogenetic tree analysis the C.
reinhardtii genes are close in the evolutionary linage (Figure 3.0) but is not still clear if
they are AAEI or if they perform the same reactions as in C. sativa, so inserting AAE]
gene from C. sativa into C. reinhardtii could boost the conversion of hexanoic acid into

hexanoyl-CoA.
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Figure 3.0 Phylogenetic tree analysis of acyl-activating enzyme 1 protein sequence from
different species. Saccharomyces cerevisiae acetyl-CoA synthase (Q01574) is included as
an outgroup. Tree was obtained by maximum likelihood/rapid bootstrapping run on
XSEDE (Alexandro Stamatakis, 2008) [164] as implemented in with RAXML-HPC2
version 8.2.12. The numbers on branches designate the percentage support from 100
bootstrap replicates. Phylogenetic tree was made with FigTree v1.4.4. CsAAE1 (Cannabis
sativa H9A1V3.1), CrAAEl (C. reinhardtii XP_001702039.1 (XP_042914816.1)
CrAAE1v2 (C. reinhardtii  XP_001702039.1), CrAAEl1v3 (C. reinhardtii
XP_001700230.1), CrAAE1v4 (C. reinhardtii XP_001700210.2), OzAAEI (Oryza sativa
A27ZSTO0). AtAAE1 (Arabidopsis thaliana Q8H151).
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3.1 Transformation efficiency and Colony PCR

After electroporation and one-week incubation on TAP solid media (Figure 3.1 A) with
their respective selection antibiotic, more than 705 transformants (CsAAEI with and
without introns and empty vector clones) were obtained (Table 3.0); transformants were
screened by cPCR and 15 clones showed an amplification of Cs4A4AE] gene (Figure 3.1 B,
C and D). The first round of selection was made with the 705 transformants. For ease of
rapid subculturing of colonies, these were cultured in a 96-well plate and eventually
streaked on TAP agar plates following the method of Nouemssi et al., 2020. Genomic DNA
from transformed clones of 3rd selection and wild type C-125 (negative control) was
extracted to use in Colony PCR (cPCR) using the method reported in section 2.3.6.
Approximately 1.7% of transformants (15 out of 886) were PCR positive for CsAAE1 gene
(Figure 3.1).

Table 3.0. Summary of clones analyzed after transformation. In total 6 different
transformations were made based on strains mentioned in table 2.2. From the total
number of clones obtained, 15 clones amplified for the gene of interest, and none of
them exhibited production of cannabinoid precursors. Primers used in this study to
amplify CsAAEI, TKS, and OAC genes by cPCR are summarized in table 2.3.

Number of
clones o
Number | Number tested for Cannabinoid . .
. precursor Protein mRNA Enzymatic
Cassettes of clones | of PCR+ | metabolite . . . ..
detection detection | detection activity
screened clones and
. status
enzymatic
assay
CsAAEIL

235 2 2 ND ND ND ND

CsAAEIwlo
65 2 2 ND ND ND ND

CsAAEL +
275 11 11 ND ND ND ND

TKS-0AC

CsAAEIw/o+

0 0 0 ND ND ND ND

TKS-04C
pC4 e.v. 75 2 2 Neg Neg Neg Neg

pC3e.v. +
55 2 2 Neg Neg Neg Neg

pC4 e.v.

ND: not detected. i: introns. w/o: without introns. pC: pChlamy. e.v.: empty vector. Neg: negative control.
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Figure 3.13 Transformation of C. reinhardtii and colony PCR of transformants. TAP Agar plates after 14
days of C. reinhardtii electroporation (A) CsAAE] transformants growing one week after electroporation on
TAP agar media 5 pg/mL zeocin. (B) 15 clones showing CsA4AEI amplification at 2100 bp. C) Gene
integration verification of TKS-OAC, expected size 2600 bp D) Clones from images B and D amplified Shble
gene, which confers resistance to zeocin. Empty vectors also showed amplification at 523 bp. Numbers above
the gels explain the number of clones and the cassette. M, Quick-Load® Purple 1 kb DNA Ladder (NEB,
USA). Positive control (+), purified plasmid pChlamy_4 harboring CsAAE1 gene. Negative control (-), wild-
type strain C-125. Gels A, B, and C are 1% agarose gels.
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3.2 Rounds of selection of positive transformants

To obtain stable clones and avoid false positives, several rounds of selection had to be
made over five months, as shown in Figure 3.2. After first round of selection 1, hygromycin
10 pg/mL and zeocin 5 pg/mL were used in TAP agar for CsAAE[-TKS-OAC clones and
double-empty vector clones, instead of only zeocin. 886 colonies out of 1181 were cultured
in the first round of selection, 69% CsAAE [ with introns and 19% CsAAE1 without introns
(Table 3.1) showing that high yield transformation efficiency is better when the cassette of
expression has introns in it. Clones CsAAEIw/o+ TKS-OAC without introns showed the
least number of transformants (40) but zero clones grew on the second round of selection.
At selection 4, a survival rate of 51% of clones was obtained. On selection 2 of
CsAAEIw/o+ TKS-OAC all clones died. At the end of selection 4 almost half of the clones

were growing.

Table 3.1. Summary of total number of colonies obtained after each round of selection
in TAP agar media with antibiotics. All rounds of selection had hygromycin 10 pg/mL
and zeocin 5 pg/mL, except round one, zeocin only. i: introns. w/o: without introns.
pC: pChlamy. e.v.: empty vector.

Cassette Selection #1 Selection #2 Selection #3 Selection #4
CsAAE 288 270 235 148
CsAAEIw/o 129 103 65 60
CsAAEL +
327 301 275 167
TKS-0A4AC
CsAAEIw/o+
40 0 0 0
TKS-04AC
pC4de.v. 80 78 75 65
C3ev. +pC4
P P 62 58 55 14
e.v.
Total of
886 810 705 454
transformants
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Figure 3.2 Example of streaking on TAP agar plates. 96 different C. reinhardtii clones are
placed on 150 mm x 15 mm petri dish. Clones are left for growing 7 to 14 days after being
transferred to another new fresh media with their respective antibiotic. Temperature
condition of 22 + 0.5°C under a 16L:8D photoperiod at light intensity of 50+10 pmol
photons m—2 s—1. C. reinhardtii wild type C-125 (untransformed) was used as a negative
control.

3.3 Western blot analyses

After four rounds of selection on TAP agar media supplemented with the antibiotics, the
PCR positives transformants were tested for the production of our targeted proteins using
western blot method. A number of five protein extracts from five transformants (#7, #9,
#55, #89 and #4) harboring TKS-OAC, with His-Tag at the N-terminus were tested (Figure
3.3). Only five out of the eleven PCR-positive clones were subjected to western blot
analysis because they displayed stable growth on liquid media containing antibiotics. The
criteria for good growth was stablished when the liquid media turned dark green after being

incubated for a week in TAP media. A size of ~ 60 kDa was expected if TKS-OAC protein
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was not cleaved or ~ 47 kDa if it was cleaved. His-tag protein was not detected in the 5

samples.

Same transformants were tested for the presence of Hexanoyl-CoA synthetase with HA-

Tag at the C-terminal of the cassette (Figure 3.4). An expected size of ~ 80 kDa was

expected for Hexanoyl-CoA Synthetase. HA-tag protein was not detected in five samples

under our experimental conditions.

Ladder kDa

Expected ~60 kDa
Expected ~47 kDa

Crude extract proteins were
loaded in 10% SDS-PAGE.
Transfer settings: 1 mA
constant. 25 V 30 min

AB: Anti HIS (in mouse).
1:1000 in BSA 3%

References:

(C+) Positive control Multiple
TAG =40kDa

C- : wild type

CE: Crude extract

L: Ladder

e.v.: emtpy vector

150 — #

L C+ #7 #9 #55 #89 #4 C- ewv.
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Figure 3.3 Western blot of 5 clones harboring TKS-OAC. Total crude extract protein was
used in each case. C+, positive control is Multiple Tag (GenScript, USA) has an apparent
molecular weight of ~40 kDa. Two negative controls were used: C-, negative control is C.
reinhardtii wild type C-125 (untransformed). e.v., one clone bearing pChlamy 4 (empty
vector). Membrane stained with red ponceau shows total protein from C. reinhardtii cells.
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Figure 3.4 Western blot of five clones (same as Figure 3.3) harboring Cs4A4AE1. Crude
extract protein was used in each case and no protein purification was done. C+, positive
control is Multiple Tag (GenScript, USA) has an apparent molecular weight of ~40 kDa.
Two negative controls were used: C-, negative control is C. reinhardtii wild-type C-125
(untransformed). e.v., one clone bearing pChlamy 4 (empty vector). Membrane stained
with red ponceau shows total protein from C. reinhardtii cells.
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3.4 Detection of olivetolic acid and hexanoyl-CoA by High Performance Liquid
Chromatography (HPLC)

A number of eleven PCR-positive clones harboring CsAAE 1-TKS-OAC were analyzed for
the production of olivetolic acid as outlined previously. Unidentified peaks were detected
compared to wt and empty vector metabolite extracts (Figure 3.6). HPLC spectra showed
that one small peak corresponds to olivetolic acid standard (Figure 3.5 and 2.11). Two
clones harboring CsAAE1+TKS+OAC supposedly showed production of Hexanoyl-CoA,
but wild-type also showed same retention time as standard, under the conditions used in

our experiments (Figure 3.7).
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Figure 3.5 Overlay of HPLC chromatograms of three C. reinhardtii CsAAE1-TKS-OAC
clones (PCR positive clone #7, #9, and #55). Although their concentration was very low,
they exhibited a retention time similar to that of olivetolic acid at a concentration of 10
ppm. However, the empty vector and wild type did not demonstrate the same retention
time.
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Figure 3.6 HPLC full-view chromatogram of three CsAAEI clones (PCR positive). Three
clones exhibited a peak at the identical retention time as olivetolic acid, although at a
concentration considerably lower than the standard. This is a representative HPLC
chromatogram of 11 Cs4AE1 clones (PCR positive). Other chromatograms are not shown.
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Figure 3.7 HPLC chromatogram of 2 Cs4AAE1-TKS-OAC clones. The two samples obtained
from clones, which included two negative controls, wild type and water, exhibited a
retention time that closely approximated that of the Hexanoyl-CoA standard. As a result,
the outcome was inconclusive.
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4. Discussion

We inserted Hexanoyl-CoA synthetase (AAE1) gene from Cannabis sativa, for the purpose
of increase the pool of precursors of cannabinoids by mimicking the conversion of
hexanoic acid to hexanoyl-CoA [98] since it’s been observed that C. reinhardtii can
synthesize cannabinoids through genetic modification [108]. Augmenting the reservoir of
precursors is a crucial aspect since hexanoyl-CoA has been identified as a constraining
factor in other organisms such as Escherichia coli and Saccaromyces cerevisiae [165],
[166]. Prior to adding one acyl-activating enzyme in C. reinhardtii, a bioinformatic
analysis was conducted using CsAAE] as a reference to identify if C. reinhardtii already
had any acyl-activating enzyme gene. The analysis revealed two candidate genes that could
potentially be acyl-activating enzymes, as shown in the phylogenetic tree analysis (Figure
3.0). It has been reported that C. reinhardtii has 14 types of acyl-activating enzymes, but
it is not specified the presence of an acyl-activating enzyme 1 in its genome [167]. These
C. reinhardtii genes (Figure 3.0) were found to be closely related to each other in the
evolutionary lineage, but it is yet unclear for us whether they are A4E1 or if they perform
the same reactions as in C. sativa, and to date there have not been thorough studies about
this gene in C. reinhardtii. In addition, hexanoyl-CoA metabolite was not detected in large
amount in C. reinhardtii wild-type strains (Figure 3.7). Thus, we had hypothesized that
inserting the A4AE1 gene from C. sativa into C. reinhardtii could potentially increase the
conversion of hexanoic acid into hexanoyl-CoA, ultimately leading to an increase in the
production of OA. To test the previous hypothesis, multiple clones containing 7KS-OAC-
CsAAE]I were examined, and it was observed that there was minimal production of the
anticipated compound OA [6] (Figure 3.5 and 2.11). As these clones originated from the
same strain that previously produced OA, it was anticipated that a higher production of this
compound would be evident. As explained by Carvalho et al., (2017) hexanoyl-CoA
synthetase transforms the short-chain fatty acid hexanoic acid in its CoA form, then
olivetolic acid is synthesized by a type III polyketide synthase, and polyketide cyclase.
Since genes TKS-OAC and CsAAE1 have been inserted into the transformants we expected
they were able to produce olivetolic acid, precursor of the main cannabinoids. OA was

allegedly produced in small concentration (<1 ppm) by three clones (Figure 3.5 and 2.11).
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We had several hypotheses as to why of the production of OA was low; it might have
happened because OA could be toxic for C. reinhardtii, however, this assertion has not
been substantiated in this particular organism, for instance, in E. coli, a concentration of
100 mg/L of OA did not exhibit any signs of toxicity. Other hypothesis was because the
enzyme TKS produces two lactone compounds hexanoyl triacetic acid lactone (HTAL),
and pentyl-diacetic acid lactone (PDAL) [168] (not analyzed in this study), these
compounds can be produced by hydrolysis of intermediate polyketide CoAs or spontaneous
cyclization [169]. The previous asseveration has been reported in C. sativa and currently,
there is no information about it in C. reinhardtii [168], [170]. Also, OA production might
happen but not be detected due to low production, lower than the detection threshold, and

might not be to detect trace or lower quantities than the standard cannabinoid (10 ppm).

According to our findings, production of hexanoyl-CoA was allegedly observed in a wild
type clone during HPLC analysis of clones that were transformed with Cs4A4E1 (Figure
3.7). Considering that this metabolite is known to be present in all organisms [171], it
would have been relevant to perform further experiments, such as analyzing the production
of hexanoyl-CoA in several replicates using HPLC and confirming the presence of this
metabolite through mass spectrometry. This would have allowed us to determine the
concentration of hexanoyl-CoA and use it as a precise reference when comparing it to
transformed clones. However, due to time constraints, we were unable to perform these
experiments, which limits our ability to conclusively determine whether there is a stable
production of hexanoyl-CoA in both wild type and transformed clones.
One of the primary limitations that can be identified is the absence of verification regarding
the synthesis of hexanoyl-CoA in the clones that exclusively contained Cs4AA4E 1, as well as
in the C30 clone. This would have facilitated a better comprehension of the variations and
distinctions between the clones that possessed CsA4E and the ones that carried Cs4AA4AE1-
TKS-OAC cassette. Moreover, it would have aided in addressing the search regarding
whether CsAAE [ alone was capable of carry out the reaction for boosting the reservoir of

precursors.

All the 15 clones analyzed were shown to harbor Cs4A4E1 (Figure 3.1B) which means the

gene is integrated into the genome of Chlamydomonas. However, in this organism, gene
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integration into the nuclear genome is random by non-homologous-end-joining, leading to
random insertion and susceptibility to gene silencing, that plays a role hindering
heterologous expression in microalgae at transcriptional and post-transcriptional levels
[172], [173]. Homologous recombination can happen in Chlamydomonas reinhardtii with
the integration of the DNA into the chloroplast, using gene gun transformation method
with the inconvenience that the chloroplast cannot performs post-translational

modifications, important for recombinant proteins [174].

There exist more enzymes that have acyl-CoA synthetase activity rather than CsAAEI,
such as §. cerevisiae (yeast) fatty acid acyl-CoA (ScFAA?2), Yarrowia lipolytica fatty acid
acyl-CoA (ylFAA1), Pseudomonas putida acyl-CoA synthetase (PpLvaE) [175] and
according to Jingbo et al., (2022) [175] results, over expression of PpLvaFE in Y. lipolytica
had the biggest production of OA, concluding that that enzyme is the best candidate for the
transformation of hexanoic acid to hexanoyl-CoA [175] . They have also found that in Y.
lipolytica, CsAAE 1-OAC-Olivetol synthase, when supplemented with hexanoic acid, OA
production was low. In S. cerevisiae, CsAAE1 showed better enzymatic capacity rather
than Y. lipolytica [165]. This shows the enzymatic versatility on each the organism; we
chose CsAAE] due transcripts and high expression is high in C. sativa [98], the plant where
the cannabinoids are predominantly produced [127]. Different AAEs may exhibit superior
acyl-CoA synthetase activity in C. reinhardtii, depending on the strain, co-expression, and

supplementation factors, like demonstrated by Jingbo et al. (2022) [175].

One of the main challenges transforming C. reindhartii is gene silencing, which is a
molecular mechanism that modifies gene expression (knock-down) and occurs at
transcriptional and post-transcriptional levels [176]—-[178]. It has been proposed that doing
codon optimization and adding endogenous introns in the expression cassette could
overcome gene silencing [179], [180]. These last two improvements were used in our
experiments. Whilst CsAAE1 comes from Cannabis sativa, codon optimization was done,
since it has been proven that adjusting the gene of interest’s codons to the natural host
codon is beneficial for recombinant protein expression [181]. This is highly advisable to
make because even if the redundant nature of nucleotide triplets ensures that one amino

acid can be encoded by different triplet codons [182], each organism has their own distinct
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usage of the code [183]. C. reinhardtii presents a narrow codon bias, the genome has a high
percentage of guanine-cytosine content and an average exon length of 240 nucleotides [38].
Baier et al., (2020) showed that by using endogenous introns and codon-optimized
cassettes in C. reinhardtii to mimic the short exon length, the relative transformation was
higher thus gene expression, giving an insight into the importance and relevance of the
intron-mediated enhancement and codon optimization [184]. Transformants with introns
had a greater number of transformants rather the ones without introns (Table 3.1) this could
have occurred because introns regulate gene expression by having transcriptional

enhancers or transcription binding sites and enhancing mRNA stability[185].

One of the major challenges while transforming microorganisms is the screening time due
to the high number of transformants [104], [186]. Currently, expressions cassettes harbor
reporter proteins that assist in the analysis and screening of clones such as mClover,
mCherry, mVenus and GFP are suitable for quantitative analysis of recombinant protein
expression in biological systems [187]. Our expression cassette does not have a fluorescent
reporter protein but in future experiments would be advisable to because reporter proteins
expression and accumulation can be observed by microscopy and or flow cytometry, where
the signal fluorescence level is proportional to the level of protein [188]. Flow cytometry
1s a more sensitive technique because of the capacity to measure gene expression in

individual cells, rather than a population in a faster and more precise way [189].

Electroporation of C. reinhardtii can lead to a high number of transformants and its success
depends on several parameters such as concentration, size, and quality of DNA, wavelength
pulse in the electroporation, Chlamydomonas strains, etcetera [104], [190], [191]. The
experiments described here showed electroporation efficiency of 1000 clones per 1png of
DNA, whereas it has been previously shown that the transformation efficiency with
standard electroporation varies from 100 to 2000 transformants per pg of DNA [192], but
when this method is optimized, it could lead to a yield of 6 x 10° transformants per pg of
DNA [192]. Since clones growing on antibiotics could lead to false positives, performing
PCR is important to discriminate among the clones harboring the gene and clones that may
grow in selection media but do not harbor the gene of interest. This could be due to high

cell concentration on the plate that might cause dead cell to overlap the growth of clones
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over those cells [193] and a few rounds of selection on antibiotic selection media are
advisable to differentiate among false positive clones [194]. Electroporation is until today
one of the best methods to insert foreign DNA into the genome of C. reinhardtii, we
obtained hundreds of transformants harboring CsA4E1 with and without introns cassettes.
Nevertheless, high efficiency does not mean the recombinant protein will be expressed, out
of all clones a few showed minor production of OA at a low concentration that was nearly
detectable, this shows the main drawback of metabolite engineering; a high number of
transformants need to be obtained and these need to be screened to obtain only a few or
none clones that could produce the recombinant protein. Also, from all the clones analyzed
in western blot (Figure 3.3 and 2.9) no protein was detected in either case. This has been a
drawback in different experiments (data not published) where protein is not detected in C.

reinhardtii clones transformed with genes from the cannabinoid biosynthetic pathway.

Western blotting is a highly sensitive technique capable of detecting protein quantities as
low as picograms. However, in cases where protein concentration is not the limiting factor,
the detection of the protein of interest may be hindered by its conformational state due to
a post-translational modifications [195], [196] such as, phosphorylation where specific
binding sites for other proteins are created, thus changing the conformation of the protein
and eventual formation of a protein complex [197]. Ghosh et al., (2014) explains that in
phosphorylation requires specific antibodies that can selectively recognize and bind to the
phosphorylated residues [198]. In the present study, we detected OA at a low concentration
level as shown in Figure 3.5, however, no corresponding protein was identified. It is
plausible that the protein concentration was below the limit of detection, or the post-
translational modification(s) may have resulted in a conformational change that prevented

its proper detection.

Mahmood T. and Yang T. (2012) explain that the antibody concentration should be
appropriate and, in the case, its too low, the signal may not be visible [199], in our case the
dilution was 1/1000; which is a typical dilution and they may vary between 1/250 to 1/4000
but low dilutions may require meticulous quantitative analysis [200]. Another cause for no

visible bands is a really low concentration or absence of the antigen, concentrations of at
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least 20-30 pg of protein is recommended [199], in our case, since we denatured the protein

with urea and laemmli buffer, we could not know the proper concentration of the protein.

5.0 Conclusion

The results of our study provide insights into working with C. reinhardtii for the
heterologous biosynthesis of cannabinoids. Although our main objective was obtaining
cannabinoid-precursor-producing clones, our findings demonstrate that C. reinhardtii is a
viable candidate for genetic transformation, albeit with crucial considerations that need to
be taken into account. Notably, amplification of the transfected gene does not guarantee
transgene expression and the production of the desired metabolite. However, the results
obtained in this study support the notion that C. reinhardtii holds great promise as a non-
conventional heterologous host. The stability of gene integration was confirmed after
multiple rounds of selection, indicating its potential for use as a platform to produce high-
value compounds. Further investigations are warranted to explore gene stability, copy
number, random integration, and develop better strategies to enhance the production of
metabolite-producing clones. Additionally, complementary culture techniques such as co-
culture with other organisms and cell culture methods can be utilized to optimize the use
of microalgae. Overall, our study provides a perspective on the use of C. reinhardtii in
synthetic biology research and as a potential system for producing various high-value

compounds, other than cannabinoids.
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CHAPITER III

GENERAL CONCLUSION

Our study found that is possible to transform Chlamydomonas reinhardtii with Hexanoyl-
CoA synthetase from Cannabis sativa (CsAAEI) using 2 different constructs: with introns
and without introns. We didn’t find a significant difference between clones harboring the
two constructs, but we observed that transforming this alga with a codon optimized
CsAAE] cassette with rbcS2 introns, the transformation efficiency is higher than using a
cassette without introns; higher number of transformants was obtained. Transforming C.
reinhardtii with electroporation showed to be a reliable method to obtain hundreds of
clones, and even the double antibiotic selection was a useful method to discriminate among
PCR positive clones, and we used a high throughput PCR screening method to identify
them, we still need to perform several molecular techniques in order to better characterize

them, for example, southern blot to determine transgene copy number.

Some of the clones after months still harboured the gene of interest and showed stable
growth on both antibiotics zeocin (5 pg/mL) and hygromycin (10 pg/mL). Even though
clones were able to growth on culture media with antibiotics, we found that double
antibiotic selection might be too harsh on C. reinhardtii transformants, specially with

higher concentrations of zeocin overtime (higher than (5 pg/mL).

It was interesting to see that clones produced different metabolites that had a retention time
close to the main cannabinoids and even though this doesn’t mean they can produce these
compounds; this gives insight into the further analysis of those interesting metabolites.
Some transformants harboring The CsAAEI-TKS-OAC construct exhibited a limited
quantity of putative Olivetolic acid production, as evidenced by its retention time that
closely resembled OA standard. This study provides valuable insights into the genetic
transformation of C. reinhardtii and its potential for use as a platform to produce

cannabinoid precursors. The successful integration of the CsAAE1-TKS-OAC construct and

60



its small yet detectable production of putative Olivetolic acid suggest that C. reinhardtii is

amenable to genetic engineering to produce high-value compounds.

6.0 Limitations and future perspectives

The study of cannabinoid production in C. reinhardtii is a nascent technology that is still
in the early stages of development. In our laboratory, we have been investigating the
feasibility of using genetic engineering techniques to introduce genes from the cannabinoid
biosynthetic pathway into C. reinhardtii, with the goal of producing cannabinoids in this
organism. However, as with any project related to emerging technologies, we have
encountered several challenges and limitations. One of the main challenges is the limited
knowledge about the regulation of the cannabinoid biosynthetic pathway in C. reinhardtii,
which makes it difficult to predict the effects of genetic modifications on cannabinoid
production. Additionally, the optimization of growth conditions, transformation protocols,
and selection methods for C. reinhardtii can also be a time-consuming and labor-intensive
process. Nonetheless, despite these challenges, the potential benefits of producing
cannabinoids in C. reinhardtii make this an exciting and promising area of research. With
all the objectives that we had, we can mention what we encountered concerning each one.
Regarding the first objective, we tried to demonstrate if transforming CsAAE] into C.
reinhardtii could boost the pool of precursors for the main cannabinoids, but several
limitations led to the obtention of different compounds that were not cannabinoids or at
least that is what we can hypothesize due to the lack of time to analyze all peaks obtained,
also the unpredictable results of clones where we could not obtain consistent results while
they were analyzed by HPLC (the aim of objective 3); different unknown peaks were
obtained when performing experiments in triplicates. Adding to that, the culture time from
the starter media until the HPLC analysis was at least two weeks, because C. reinhardtii
takes at least one week to grow on TAP media, so whenever we repeated an experiment to
analyze one ‘interesting peak’ we had to wait at least one month, from the starter culture
until the results. And even if in the end we would have obtained a peak that matched our
standards we should have had to confirm that peak with mass spectrometry and for further

confirmation, nuclear magnetic resonance.
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For the second objective, the screening, the time required to screen hundreds and
sometimes thousands of clones, even with the high-throughput method [104]. Handling
hundreds of samples at a time was quite difficult and several times some experiments had
to be repeated due to crossed-contamination and error in the pipetting. Also, we found it
quite difficult to find the right set of primers for Cs4AA4AE 1, because we used genomic DNA
which makes it difficult to design precise primers due to the specificity of the primers not
binding to any region of Chlamydomonas’ genomic DNA. For the RT-qPCR, I designed
primers that were not specific, thus I could not have conclusive results concerning the gene

expression.

The clone C30 that was transformed with TKS-OAC genes, and our clones obtained along
this study need further analysis in order to find the proper culture (and extract) conditions
so that the clones could have a stable production of the metabolites of interest.

Further analysis needs to be done for the purpose of verifying if the production of olivetolic
acid or another precursor of the main cannabinoids is toxic for C. reinhardtii; many times,
we hypothesized that maybe its metabolism would not produce those compounds because
could be fatal for the alga, or maybe the quantities produced are so low that it can not be

detected.

Finally, one of the biggest limitations in the project, was using zeocin as an antibiotic
selection marker, because even though in the bibliography they have already used this
antibiotic as a reliable marker [201], [202], we found that a concentration (5 pg/mL) was
quite high and toxic to the clones, whilst authors propose the use of zeocin concentrations

between 20 or 100 pg/mL [201], [202].
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