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Abstract

The edible microalga Chlamydomonas reinhardtii has emerged as a promising
platform for producing high-value compounds and has been applied broadly, such as
recombinant therapeutics and biomaterials. Growth rates and disease control are two
major limiting factors in aquaculture, but both could be addressed through oral delivery
of affordable therapeutics. Fish growth hormones (fGHs) have been shown to promote
the growth of fish and shellfish, and specific double-stranded RNA (dsRNA) molecules
designed to key viral genes can serve as RNA-based vaccines. When taken up by
animals, the dsRNA can trigger the RNA interference (RNAi) mechanism and produce
small interfering RNA (siRNA) that silence viral genes. The study sets out to produce
fGHs and dsRNAs in the chloroplast of C. reinhardtii to develop a system for whole-
cell bio-encapsulation and oral delivery. Initial studies used shrimp as a model and
focused on the optimisation of f{GHs and dsRNA administration doses, shrimp growth
and viral challenge performance, as well as optimisation of a low-cost ‘hanging bag’
photobioreactor system used for scale-up production of the algae to produce sufficient
dried biomass for further shrimp feeding trials. Furthermore, a novel recipient strain
psaA** was developed and tested to optimise the chloroplast transformation method

for the simple generation of marker-free transformants.

Spider silk protein is a biomaterial in wide applications as its outstanding mechanical
features are biodegradable and biocompatible. However, spider silk production has
many limitations, especially the challenging, time-consuming, and expensive

collecting process. Recombinant production was attempted in various systems, with



microalga C. reinhardtii as one of the promising organisms. Several types of
recombinant spider silk proteins attract extra attention, particularly major ampullate
spidroin (MaSp), such as MaSp1 and MaSp2. Transgenic lines of C. reinhardtii that
appear to accumulate the different sizes of repetitive MaSp1 protein were created and

cultivated under photoheterotrophic and photoautotrophic growth conditions.



Impact Statement

My thesis, titled "Chloroplast Engineering in the Green Alga Chlamydomonas for
Production of Novel Recombinant Products,"” addresses key challenges in sustainable
biotechnology through innovations in chloroplast engineering. By advancing genetic
modification methods in Chlamydomonas, my research provides a foundation for
scalable, eco-friendly protein production, offering alternatives to conventional,

resource-intensive practices.

Academic Impact

This research makes significant contributions to molecular biology, focusing on
chloroplast engineering and synthetic biology. It introduces a novel approach to codon
reassignment and optimization, preventing reversion mutations and expanding the
toolkit for chloroplast transformation. By developing a versatile recipient cell line,
psaA** (double-stop), and a codon-optimized spider silk gene, this work enhances the
stability and efficiency of chloroplast genetic modifications. The methods and insights
offer valuable resources for future studies and provide a blueprint for producing

diverse recombinant proteins relevant to therapeutic and agricultural applications.

Economic and Societal Impact

This research focuses on edible chloroplast-encapsulated fish growth hormone and
an anti-viral shrimp vaccine, with transformative potential for aquaculture. Viral

outbreaks cause significant losses worldwide in this sector, and this project offers a



cost-effective, easy-to-administer solution with the shrimp vaccine, enhancing
aquaculture resilience to disease. These applications contribute to food security by

offering scalable, practical solutions to meet industry needs.

Environmental Impact

Using Chlamydomonas as a bio-factory for recombinant proteins presents a
sustainable alternative to traditional production practices that require substantial
chemical and energy inputs. Chloroplast engineering in algae reduces greenhouse
gas emissions and minimizes waste, aligning with green biotechnology principles.
These sustainable methods reduce environmental impact and encourage responsible

biotech advancements.

In summary, my thesis advances scientific understanding of chloroplast engineering
while establishing a sustainable platform with broad applications. It supports economic
growth, environmental sustainability, and improved food security, positioning this

research as a promising step toward more responsible biotechnology.
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1 Introduction

1.1 The chloroplast of microalgae

1.1.1 What are microalgae?

Microalgae are photosynthetic eukaryote microorganisms that exist mainly in aquatic
environments (Figure 1.1). Microalgae are found in oceans, rivers, lakes, and even
extreme environments such as hot springs and salt flats, where their unique
physiological adaptations allow them to thrive in conditions inhospitable to many other
organisms. Though generally microscopic and unicellular, they display considerable
diversity in morphology, size, and metabolic capabilities, which allows them to occupy
diverse ecological niches (Liang et al., 2023). The microalgae include phylogenic
groups such as the Chlorophyta (green algae), which are closely related to higher
plants an possess chlorophyll a and b as primary light-absorbing pigments, the
Rhodophyta (red algae), and the Bacillariophyta (diatoms). In a broader definition,
microalgae also include the prokaryotic group, cyanobacteria (previously termed ‘blue
green’ algae) due to their shared photosynthetic processes and ecological roles

(Falkowski & Raven, 2013; Smith, 2003).

Microalgae are primary producers in aquatic ecosystems contributing to the base of
the food web by converting sunlight into biomass. Unlike land plants and chlorophyte
algae, the many other microalgal groups found within these ecosystems display a wide
range of diverse features which contribute to their photosynthetic versatility and

adaptability. For example, the chloroplasts retain additional membrane layers and use
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unique pigments such as phycobilins and novel chlorophylls and carotenoids for light
harvesting (Maréchal, 2018). Microalgae directly support zooplankton, small fish and
crustacea, and, indirectly, higher trophic levels, including larger fish and marine
mammals. They also play a critical role in carbon cycling, as microalgae capture CO,
from the atmosphere and sequester it within oceanic sediments, mitigating
greenhouse gas levels and aiding in climate change management (Chisti, 2007; Wehr
& Sheath, 2002). Furthermore, microalgae are also essential to nutrient cycling; they
assimilate nitrogen and phosphorus during growth and release these nutrients back
into the environment upon decomposition, thereby supporting ecosystem health

(Liang et al., 2023).

The biochemical diversity of microalgae and their ease of cultivation have positioned
them as promising candidates for numerous biotechnological applications (Einhaus et
al., 2024). Their potential spans the pharmaceutical, energy, agriculture, and
environmental sectors, where they could be utilized for high-value compounds,
commodity bioproducts and biofuels, and could be employed in different
bioremediation efforts such as carbon capture, wastewater clean-up and removal of

heavy metals (Liang et al., 2023).
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Figure 1.1 Phenotypic diversity of microalgae.

Microalgae can vary widely in shape and size, ranging from a few to several hundred micrometres. By a broader definition, microalgae include
both prokaryotic (cyanobacteria) and eukaryotic organisms. Here, only a selection is shown (from left to right): Cyanobacteria cyanobacterium
(spirulina) Arthrospira maxima (scale bar = 50 ym); the green alga Chlamydomonas reinhardtii (scale bar = 20 um) and Chlorella reisiglii (scale
bar = 10 um), the red alga Porphyridium purpueum (scale bar = 10 um) and the diatom Phaeodactylum tricornutum (scale bar = 10 ym). Image
credit: CCAP.
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1.1.2 The chloroplast and photosynthesis of microalgae

Chloroplasts are vital organelles in plant and algal cells and are the site of
photosynthesis, converting light energy into chemical energy that supports life on
Earth (Blankenship, 2008; Chaffey, 2003). Structurally, chloroplasts are optimized for
this process, containing (in green algae and plants) a double membrane that protects
internal components and allows selective transport of materials. Inside, the stroma
houses the thylakoid membranes that are organized into stacks, or grana, which
increase surface area for light absorption and facilitate the light-dependent reactions

of photosynthesis (Nelson & Yocum, 2006; Raven, 1999).

The endosymbiotic theory (Figure 1.2) explains the origin of chloroplasts, proposing
that they evolved over 1.5 billion years’ ago from ancient cyanobacteria that were
engulfed by an ancestral eukaryotic cell. Over time, this symbiotic relationship led to
the cyanobacterium evolving into a chloroplast, transferring much of its genetic
material to the host’s nucleus. Evidence for this includes genetic and structural
similarities, such as circular DNA and ribosomal composition, shared by chloroplasts

and cyanobacteria (Gray, 2012; Howe & Barbrook, 2007; Sugiura, 2003).

Beyond photosynthesis, chloroplasts contribute to synthesizing fatty acids, amino
acids, and secondary metabolites such as chlorophyll and carotenoids, which protect
against photooxidative damage and support cellular functions (Daniell et al., 2016;
DellaPenna & Pogson, 2006). Advances in chloroplast genetic engineering using the
model alga Chlamydomonas reinhardtii and land plants such as Nicotiana tabacum

(tobacco) have allowed for targeted modifications to the chloroplast genome, enabling
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the production of valuable biotechnological products, including novel metabolites and

therapeutic proteins (Dyo & Purton, 2018; Bock, 2022).

Figure 1.2 Evolution of Primary Endosymbiosis in Photosynthetic Eukaryotes.

lllustration of primary endosymbiosis, where an ancestral heterotrophic eukaryote engulfed an
ancient cyanobacterium, leading to the formation of primary chloroplasts. This process gave
rise to major algal lineages, including the Glaucophyta, the red algae (Rhodophyta), and the
green algae (Chlorophyta). The involvement of an ancestral Chlamydia-like organism may

have contributed to the integration process. (Adapted from Maréchal, 2018).
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1.1.3 Chlamydomonas reinhardtii as a model organism

Chlamydomonas reinhardtii is a unicellular green alga in the Chlorophyta phylum and
a widely recognized model organism in photosynthesis and cellular biology research
(Salomé & Merchant, 2019). Known for its biflagellate structure, which enables maotility,
C. reinhardtii is both simple and versatile to work with in the laboratory, making it ideal
for experimental studies. Its ease of cultivation and genetic manipulation, with growth
possible in both liquid and solid media under photoautotrophic or heterotrophic
conditions, supports a broad range of research setups (Goodenough, 2023). Notably,
C. reinhardtii has been extensively used in chloroplast engineering, providing a model
system for chloroplast gene expression and the production of recombinant proteins,
owing to its well-characterized chloroplast genome (Merchant et al., 2007; Rochaix,

1997).

Figure 1.3 illustrates the structure of a typical C. reinhardtii cell, showcasing various
specialized organelles essential for its survival and adaptability. At its centre lies the
nucleus, housing a ~111 Mb haploid genome composed of 17 chromosomes that
encode some 17,700 genes (Craig et al., 2023) including the ~3000 that encode
components of the chloroplast (Dobrogojski et al., 2020). The chloroplast itself
surrounds the nucleus and occupies ~50% of the cell volume. It contains its own
genetic system with ~100 genes (section 1.2.1) and is primarily responsible for driving
photosynthesis, converting sunlight into chemical energy. Within the chloroplast, the
pyrenoid facilitates carbon fixation, a crucial step in photosynthesis, by concentrating

CO2 around ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) (S. He et
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al., 2023). Mitochondria are distributed throughout the cell, providing energy via
cellular respiration. The contractile vacuole maintains osmotic balance by expelling
excess water, and the Golgi body is involved in processing and transporting proteins
and lipids (Salomé & Merchant, 2019). Starch granules serve as energy storage, and
the cell wall offers structural support. The two cilia enable movement and taxis,
allowing the cell to navigate and respond to its environment, while the eyespot (stigma)
aids in orienting the cell toward optimal light for photosynthesis. The plasma
membrane encloses the cell, regulating substance exchange, with the glycoprotein-

rich cell wall providing structural integrity to the cell (Niklas et al., 2017).

Figure 1.3 Cellular structure of the microalga Chlamydomonas reinhardtii.

The internal structure of a microalgal cell, showcasing key organelles involved in various
cellular processes. Notable features include the chloroplast, which is responsible for
photosynthesis; the nucleus; the pyrenoid, involved in carbon fixation; and the contractile

vacuole, which helps regulate water balance. Additional structures include basal bodies, Golgi
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body, mitochondria, starch granules, eyespot for light sensing, and cilium for movement. This
complex cellular organization enables microalgae to thrive in diverse aquatic environments.
Image credit: Debbie Maizels. https://doi.org/10.7554/eLife.39233.002.

Additionally, C. reinhardtii has been granted ‘Generally Recognized As Safe’ (GRAS)
status by the US Food and Drug Administration (Masi et al., 2023a) with similar
approval in China and Singapore, making it suitable for various applications, including
the production of pharmaceuticals and nutraceuticals (Rasala & Mayfield, 2011). The
combination of its rapid growth rate, short generation time, and genetic flexibility
makes it a valuable resource for studies in cell biology, genetics, and biochemistry

(Goodenough, 2023).

This adaptability of C. reinhardtii also allows it to grow under varying conditions, such
as light or dark environments and in the presence or absence of specific nutrients,
enabling it to serve as a robust model for investigating physiological processes
(Goodenough, 2023). Historically, it has played a pivotal role in photosynthesis
research, elucidating mechanisms of light capture, electron transport, and ATP
synthesis, and has provided insights into chloroplast biogenesis and the coordination
of nuclear and chloroplast gene expression (Rochaix, 1997). Its biflagellate structure
also makes it valuable for studying flagellar motility, contributing to the discovery of

proteins involved in flagellar and cilia assembly and regulation (Goodenough, 2023).

Techniques for the genetic engineering of the nuclear genome are well advanced in
C. reinhardtii (Perozeni & Baier, 2023) and recent advances in genetic tools, including
RNA interference (RNAi) and CRISPR-Cas9 genome editing, have further enhanced

C. reinhardtii's research potential, allowing precise genome manipulation for gene
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function studies and the production of recombinant proteins (Jinkerson & Jonikas,
2015). These developments underscore C. reinhardtii’'s significance as a model

organism and its ongoing contributions to biotechnology and basic research (Figure

1.4).
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Figure 1.4 Timeline of significant research breakthroughs using C. reinhardtii.

34

Sequencing of the entire
C. reinhardtii nuclear
genome, providing a

comprehensive genetic
map (Merchant et al.,

2007).

2020s

2010s
A

Development of high-
throughput screening
techniques for identifying
novel genes involved in
photosynthesis and
metabolism (Jinkerson et al.,
2017).



1.2 The chloroplast engineering of C. reinhardtii

Chloroplast engineering in Chlamydomonas reinhardtii offers a valuable new
approach in sustainable biotechnology, utilizing the unique chloroplast environment to
express recombinant proteins and produce valuable compounds. This process
leverages specific features within the chloroplast's genome and regulatory sequences,
which enhance gene expression efficiency and stability, providing a robust platform
for genetic manipulation (Dyo & Purton, 2018; Jackson et al., 2021; Rasala et al.,

2011).

1.2.1 The chloroplast genome of C. reinhardftii

The chloroplast genome of C. reinhardtii is relatively small and circular, around 200
kilobases in size (Figure 1.5). It encodes 100 genes with the 70 protein-coding genes
mainly encoding proteins involved in the light reactions of photosynthesis and ATP
synthesis, or components of the organelle’s transcription-translation apparatus. RNA
genes encode the complement of 26 tRNAs and four rRNAs required for translation
(Gallaher et al., 2018). Unlike the nuclear genome, the chloroplast genome has a
compact organization with minimal non-coding regions and is inherited maternally.
Furthermore, many of the genes are co-transcribed with the primary transcripts rapidly
processed to yield monocistronic mature mRNAs (Cavaiuolo et al., 2017). Introducing
transgenes into the chloroplast genome therefore requires the identification of suitable
insertion sites. Such sites would be specific regions of the genome that do not disrupt
the expression of essential genes, either directly through disruption of an endogenous

gene or indirectly through interference with transcription of co-expressed genes
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located downstream of an insertion site. In the chloroplast genome of C. reinhardltii,
several neutral sites have been identified and validated. These include sites between
psbH and trnE2 (Wannathong et al., 2016), psbA and rrn5 (Jackson et al., 2022), and
Wendyll (orf202) and psaA-3 (Taunt et al., 2023) making it a model organism for
chloroplast engineering. Inserting foreign genes at these neutral sites ensures the
stable and predictable expression of the transgene and that the introduced DNA does

not perturb photosynthesis or other vital chloroplast functions.

Figure 1.5 The genome map of C. reinhardtii chloroplast genome.
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The chloroplast genome of Chlamydomonas reinhardtii. Generated from Genbank
entry BK000554 using OGDRAW (ogdraw.mpimp-golm.mpg.de). The arrows
indicated the neutral sites of C. reinhardtii genome. Genes are coloured according to
function (e.g. photosystem |l genes in dark green), with genes transcribed
anticlockwise on the outer side of the circle; those transcribed clockwise on the inner
side (Jackson et al., 2021; Taunt et al., 2018).

Homologous recombination occurs readily in the chloroplast of chlorophytes, allowing
the precise and targeted insertion of foreign DNA into these neutral sites via two

recombination events, as shown in figure 1.6.

promoter/5'UTR Terminator
Left Homology arm GOl T Right Homology arm
T Left Homology arm Right Homology arm

Recipient chloroplast genome

promoter/5'UTR Terminator

T Left Homology arm GOI T Right Homology arm |~ ~_

Transformants

Figure 1.6 The intergrtion of foreign DNA into neutral sites of chloroplast of C. reinhardtii.

The minimum size of each homology region required for efficient recombination has
been shown to be ~0.25 kb (Jackson et al., 2022). Typically, the homology regions are
designed to be ~1.0 kb in size (Cullen et al., 2007), although a systematic study of

size versus recombination efficiency has yet to be reported.
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The design of transgenes for expression in the Chlamydomonas reinhardtii chloroplast
follows a structured workflow that balances biological efficiency with practical
implementation (Figure 1.7). Codon optimisation is a key initial step, aligning the
coding sequence with the codon usage bias of the chloroplast genome to enhance

translational efficiency (Fages-Lartaud et al., 2022; Young & Purton, 2016).

O ® ® ®

Select gene & Choose regulatory Design Fusion

Design goal Optimise codons elements tags

® © @

Determine Assemble Transform

Select insertion site !
selection strategy construct and screen

Figure 1.7 Systematic workflow for transgene construction, insertion, and expression
in the C. reinhardtii chloroplast

Equally critical is the strategic selection of cis-acting elements, which regulate the
expression of the transgene. Promoter choice significantly impacts transcriptional
activity; commonly used promoters include psaA, rbclL, and atpA, each offering
different expression strengths and regulatory dynamics (Einhaus et al., 2021; Rasala
et al., 2011). The 5' untranslated region (5’'UTR) affects mRNA stability and ribosome
recruitment, with elements such as the atpA or rbcL 5’UTRs frequently employed for
their proven efficiency (Jackson et al., 2022; Taunt et al., 2023; Vilatte et al., 2023).
The 3'UTR stabilises transcripts and influences termination; psaB and rbcL 3'UTRs

are popular choices (Jackson et al., 2021; Jackson et al., 2022). Additionally, the
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intergenic expression element (IEE), where applicable, can enhance expression when

inserted between regulatory sequences.

Further design considerations include the fusion of epitope tags (e.g., FLAG, HA) or
affinity tags (e.g., His-tag, Strep-tag) to facilitate detection and purification. Optional
inclusion of protease cleavage sites enables post-expression removal of tags, while
translational fusions with fluorescent proteins (e.g., GFP, mCherry) can support

localisation studies or real-time expression monitoring.

The versatility of transplastomics in C. reinhardtii is further enhanced by the
development of combinatorial DNA assembly pipelines (as discussed in the next
section) and simple methods for marker-free delivery of transgene clusters into the
chloroplast genome (Jackson et al., 2021). The high ploidy and gene expression levels
in the algal chloroplast, combined with the ability to precisely target transgenes via
homologous recombination, make it an attractive system for recombinant protein

expression (Charoonnart et al., 2018, 2023).

1.2.2 DNA delivery into the chloroplast of C. reinhardtii

Several methods are employed for delivery of foreign DNA into the chloroplast of C.
reinhardtii, with biolistic particle delivery (gene gun) and glass bead-mediated
transformation being the most common. The gene gun method (Figure 1.8) involves
the bombardment of a lawn of algal cells with DNA-coated particles, which penetrate

the cell wall, cell membrane and two chloroplast membranes. Glass bead-mediated
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transformation, on the other hand, involves agitating a suspension of algal cells with
DNA and glass beads, using a lab vortex (Changko, 2021; Mayfield, 1990). It is
assumed that the abrasive action of the beads creates transient holes in the cells
allowing DNA to cross the multiple membranes an enter the chloroplast (Larrea-

Alvarez et al., 2021).

Figure 1.8 Biolistic® PDS-1000/He particle delivery system and bombardment

process (Bio-Rad Laboratories, Hercules, CA.)

Selection markers are essential for identifying and isolating successfully transformed
chloroplast genomes in Chlamydomonas reinhardtii (See Table 1.1). One of the most
widely used markers is aadA, which confers resistance to spectinomycin and

streptomycin (Goldschmidt-Clermont, 1991). This gene, originally derived from E. coli,
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enables robust selection of transformants and is typically flanked by recombination
sites, allowing for its removal post-selection to generate marker-free transgenic lines
(Larrea-Alvarez, 2018). Similarly, the aphA-6 gene provides resistance to kanamycin
and amikacin (Bateman & Purton, 2000) , offering an alternative to aadA-based

selection systems.

In addition to heterologous antibiotic resistance genes, endogenous ribosomal RNA
gene variants such as rrnS and rrnL have been utilized to confer resistance to
spectinomycin, streptomycin, kanamycin, or erythromycin (Newman et al., 1990).
Herbicide resistance has also been engineered through mutations in psbA, enabling
selection on compounds like metribuzin, 3-(3,4-dichlorophenyl)-1,1-dimethylurea

(DCMU), and phenmedipham (Newman et al., 1992; Przibilla et al., 1991).

Restoration of photosynthesis through complementation of essential photosynthetic
genes—including atpB, petB, psaB, psbA, psbH, rbcL, and tscA—represents another
effective marker-free strategy, particularly in recipient strains carrying deletions or
mutations in these genes (Bertalan et al., 2015; Bingham et al., 1991; Boynton et al.,

1988; H. C. Chen & Melis, 2013; Robertson et al., 1990; Wannathong et al., 2016).

A more recent innovation is the use of suppressor tRNA-based systems. The modified
tRNA trnWUCA enables translational readthrough of an opal (UGA) stop codon
mutation introduced into the chloroplast psaA-3 gene, thus restoring photosynthesis

and allowing for selection without antibiotics (Young & Purton, 2016).
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Additional markers include ARG9, which rescues arginine prototrophy in ARG9 mutant
strains (Remade et al., 2009), and ptxD, which confers the ability to utilize phosphite
as a sole phosphorus source, offering an environmentally friendly selection strategy
(Changko, 2020). Negative selection can also be employed using codA, where
expression of this gene renders cells sensitive to 5-fluorocytosine (Young & Purton,

2014).

Together, these systems provide a diverse toolkit for chloroplast engineering in C.
reinhardtii, enabling researchers to tailor selection strategies to specific experimental

goals and regulatory considerations.

Table 1.1 Selectable markers and strategies used for chloroplast transformation in
Chlamydomonas reinhardtii, adapted from Esland et al, 2018.

Marker Phenotype References

aadA Streptomycin and spectinomycin (Goldschmidt-
resistance Clermont, 1991)

aphA-6 Kanamycin and amikacin (Bateman & Purton,
resistance 2000)

rrnS and rrnl variants | Resistance to spectinomycin, (Newman et al.,
streptomycin, kanamycin, or 1990)
erythromycin

pSbA variants Resistance to various herbicides (Newman et al.,
e.g., 1992; Przibilla et al.,
metribuzin, 1991)

3-(3,4-dichlorophenyl)-1,1-
dimethylurea
(DCMU), phenmedipham

Essential Restored photosynthesis in (Bertalan et al.,

photosynthesis recipient 2015; Bingham et

genes e.g., atpB, petB, | strain al., 1991; Boynton

psaB, psbA, psbH, etal., 1988; H. C.

rbelL, Chen & Melis, 2013;

tscA Robertson et al.,
1990; Wannathong
et al., 2016)
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trmWUCA Restored photosynthesis by (Young & Purton,
translational read-through of opal 2016)
mutation in psaA-3

ARG9 Rescued arginine prototrophy in an | (Remade et al.,
ARG9 mutant strain 2009)

ptxD Ability to use phosphite as a (Changko et al.,
source of 2020)
phosphorus

codA Sensitivity to 5-fluorocytosine (Young & Purton,

2014)

Advancements in marker-free transformation techniques have further enhanced the
utility of chloroplast transformation. These methods enable the introduction of multiple
transgenes without the need for selectable markers, facilitating more complex genetic
modifications and metabolic engineering (Bateman & Purton, 2000; Goldschmidt-

Clermont, 1991; Larrea-Alvarez, 2018).

1.2.3 STEP Toolkit in C. reinhardtii chloroplast

The Toolkit developed in the Purton group for the C. reinhardtii chloroplast is termed
STEP (SynBio Toolkit for Engineering Plastomes) and is based on the ‘start-stop’
assembly method developed for bacterial engineering Click or tap here to enter text..
Based on Golden Gate cloning technology, STEP uses a standardized, modular
system to facilitate the assembly of DNA parts, such as promoters, coding sequences,
terminators, and regulatory elements. Using specific restriction type IS enzymes and
standardized overhangs, multiple DNA fragments can be precisely assembled in a
one-pot reaction, making it fast and efficient to construct complex genetic circuits and
expression cassettes. This toolkit is particularly valuable for the C. reinhardtii
chloroplast because it allows for high throughput testing of various constructs,

enabling researchers to quickly explore and optimize gene expression.
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Figure 1.9 The levels of STEP toolkit.

The STEP Toolkit aligns well with the "design-test-build" cycle (Figure 1.10), a key
concept in synthetic biology that emphasizes iterative improvement (Baig et al., 2020).
In the design phase, scientists create specific genetic constructs tailored for desired
functions or traits, such as improved protein expression or metabolic pathway
engineering. During the build phase, the constructs are assembled using a MoClo
Toolkit, leveraging the toolkit's modular parts and streamlined cloning process.
The test phase involves introducing these constructs into the organism and analyzing
the outcome to assess gene expression, protein yield, or other performance indicators.
Based on these results, researchers can then redesign or modify constructs as

needed, beginning a new cycle of iteration to further refine and optimize the system.
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Figure 1.10 Schematic workflow of the ‘design-build-test’ strategy in C. reinhardtii
chloroplast.

This iterative "design-test-build" cycle facilitated by the STEP toolkit enables efficient
optimization of chloroplast genetic constructs, supporting a wide range of applications,
from therapeutic proteins, RNAs and metabolites, to industrial enzymes and
commodity products (Wannathong et al., 2016; Charoonnart et al., 2018, 2023;
Sandoval-Vargas et al., 2019; Fajardo et al., 2024). By allowing for rapid testing and
reassembly of genetic parts, the toolkit accelerates research progress and enhances
the potential of C. reinhardtii and its chloroplast as a chassis for synthetic biology and
biotechnology applications as illustrated in Figure 1.11 and discussed in the next

section.
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Figure 1.11 Schematic workflow of C. reinhardtii chloroplast as a platform for novel recombinant products.
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1.3 The microalga C. reinhardtii as a platform for novel products

C. reinhardtii has garnered significant attention as a versatile platform to produce a
wide range of recombinant products. Its ease of cultivation, genetic manipulability, and
capacity for high-level expression of foreign genes make it an attractive host for

biotechnological applications (Arias et al., 2023; Barolo et al., 2024; Ma et al., 2022).

1.3.1 Advantages of using C. reinhardtii for recombinant production

C. reinhardtii offers several unique advantages to produce recombinant proteins and
nucleic acids, in particular within the chloroplast compartment. This section details
these benefits, emphasizing the organism's suitability for large-scale and cost-
effective biotechnological applications. The distinct features of C. reinhardtii make it a

powerful tool for various industries, ranging from pharmaceuticals to agriculture.

1. Photosynthetic Growth: C. reinhardtii can grow autotrophically, using sunlight as
an energy source and CO, as a carbon source. This offers the potential for cost-
effective and environmentally sustainable large-scale production, as it requires
simple inorganic inputs of CO2, H20 and basic nutrients together with sunlight.
Alternatively, C. reinhardtii is capable of heterotrophic growth using conventional
fermentation technologies when supplied with acetate as a course of fixed carbon.
This offers the potential for much higher yields and productivities (Barolo et al.,
2024) and the use of well-established industrial fermentation infrastructures rather

than photobioreactors.
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2. Chloroplast Genetic Engineering: The chloroplast genome of C. reinhardtii is easily
accessible for genetic modifications and the tools and technologies for efficient
engineering have been developed over the last 35 years (Taunt et al., 2023). This
allows the precise, targeted integration of transgenes into neutral sites in the
genome via homologous recombination, and stable and predictable levels of
transgene expression. This stability is particularly beneficial for recombinant
production, as it avoids the need for any selective agents to maintain transgene
expression and ensures consistent batch-to-batch levels of the recombinant
protein.

3. High-Level Protein Expression: The chloroplast of C. reinhardtii is capable of high
protein synthesis rates, which allows to produce large quantities of recombinant
proteins. Chloroplasts also provide a compartmentalized environment, which can
help in accumulating high levels of the target protein without affecting other cellular
processes.

4. Simple Cultivation Requirements: C. reinhardtii grows well in simple media and
does not require complex or expensive growth factors, reducing production costs.
Its cultivation can also be scaled up in photobioreactors, providing a feasible
pathway from lab-scale research to industrial-scale production.

5. Eukaryotic Protein Processing: The chloroplast is of prokaryotic origin, but can
perform some post-translational modifications including correct folding, disulphide
bond formation and multi-subunit assembly: processes that are problematic in
established prokaryotic platforms such as E. coli (Rosano & Ceccarelli, 2014),
making the chloroplast more suitable than bacterial systems for producing complex

proteins.
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6.

9.

Reduced Risk of Contamination: Unlike E. coli or mammalian cell systems, C.
reinhardtii does not possess endotoxins - reducing the risk of contamination with
these toxic compounds - and is not prone to infectious agents (e.g. viral pathogens
and prions), respectively. Indeed, C. reinhardtii has been shown to be completely
non-toxic and has been given GRAS status for various food and feed applications
(Fields et al., 2020; Lee et al., 2022; Murbach et al., 2018). The use of a harmless,
non-toxic host reduces the risk of contamination in the final product and simplifies
the purification process, particularly in medical or pharmaceutical applications.
Versatility in Producing Various Compounds: C. reinhardtii can be engineered to
produce a wide range of valuable products, including therapeutic proteins, biofuels,
vaccines, and bioactive compounds. This versatility expands its utility across
diverse biotechnology fields (Masi et al., 2023).

Rapid Growth Cycle and Short Generation Time: The relatively short lifecycle of C.
reinhardtii allows for faster experimental cycles, enabling rapid testing and iteration
in research, which is ideal for synthetic biology and metabolic engineering projects.
Accumulation of recombinant products in the chloroplast: The algal chloroplast
naturally serves as a compartment for accumulation of storage compounds such
as starch and triacylglycerides. It is therefore a good site for accumulation of
recombinant proteins, RNAs and metabolites without perturbing the biology of the
rest of the cell. Examples of this application include the synthesis and accumulation
of immunotoxins in the chloroplast that would otherwise be toxic if present in the
cytosol (Taunt et al. 2018), and the stable accumulation of long double-stranded
RNAs in the chloroplast where nucleo-cytosolic production would be expected to

be compromised by rapid processing to small RNAs by Dicer (Zhang et al., 2015),
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as discussed in section 1.3.2.2 below. Finally, accumulation in the chloroplast
offers the opportunity for natural bioencapsulation of the product by drying the algal
cells to produce a stable, but non-viable particle in which the recombinant product
is encapsulated by multiple membranes and a cell wall. This offers opportunities
for oral delivery of the active compound (Charoonnart et al., 2018, 2019, 2023;
Fajardo et al., 2024), and for avoidance of a costly cold chain as the drying

stabilises the compound (Vilatte et al., 2023).

1.3.2 Synthesis of recombinant products in C. reinhardtii chloroplast

The chloroplast of Chlamydomonas reinhardtii has emerged as a promising platform
for synthesizing a wide range of recombinant proteins, including monoclonal
antibodies (mAbs), therapeutic antibodies, enzymes, and vaccines. As discussed
above, this photosynthetic microalga offers a controlled environment for producing
complex proteins, with several advantages over other systems such as bacteria or
yeast. For example, the algal chloroplast has shown potential as a bioreactor for
vaccine production. By expressing antigens in the chloroplast, C. reinhardtii can
produce vaccines that are stable and cost-effective, ideal for large-scale production.
Chloroplast-produced vaccines are particularly advantageous because they do not
contain contaminating endotoxins or animal-derived components, making them safer
for human use. Additionally, chloroplast-produced vaccines can be formulated as oral
vaccines, providing a needle-free alternative that could improve accessibility in low-
resource settings (Arias et al., 2023; Barolo et al., 2024; Ma et al., 2022; Shamriz &

Ofoghi, 2017).
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1.3.2.1 Optimising recombinant protein production in the chloroplast

Recombinant protein expression levels in cell platforms are influenced by multiple
factors, such as transgene instability (Larrea-Alvarez & Purton, 2020), issues with
transcription or translation, protein toxicity and stability issues, improper or absent
post-translational modifications, formation of inclusion bodies, and protein inactivity
(Mendez Leyva, 2019). To overcome these challenges, a range of innovative
strategies have been applied within microalgal expression systems to boost
recombinant protein production, both in the chloroplast and in the nucleus. These
strategies include host or strain engineering, utilizing strong promoters, selectable
markers, reporter genes, advanced cloning vectors, codon optimization, protein

tagging, and optimizing culture media, as summarized in Table 1.2.
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Approach Function Examples References
(J. E. Blankenship & Kindle, 1992;
Selectable Imorove transformation efficien NIT1; ARG7; ble; ptxD; Jackson et al., 2022; Lumbreras et al.,
markers prove franstormation efliciency aadA; aadA-codA 1998; Purton & Rochaix, 1995;
Sandoval-Vargas et al., 2019b)
Enable high accumulation of proteins of Nagﬁjgfelggéfﬁtraigtgienne; (Franklin et al., 2002; Humby et al.,
Reporters interest P 2009; Kim et al., 2020; Klein et al.,

Monitor gene activity

(mCherry, mVenus and
GFP); Gus;Ars

1992; Niemeyer et al., 2023)

Protein tags

Increase protein solubility and enable
affinity purification

FLAG, His, MBP, MAT,
Myc, Strep tag Il

(H. Chen et al., 2023; Derrien et al.,
2012; Jia et al., 2022; Rasala et al.,
2012; Song et al., 2005)

Promoters

Drive high-level expression of transgenes
Reduce toxic gene products by regulating
expression levels

S, psaA, atpA, atpB

(Jackson et al., 2022; Wannathong et
al., 2016)

Untranslated
regions (5’
UTR/3’ UTR)

Enhance the expression of recombinant
genes

psaA, psbA, chiL

(Jackson et al., 2022; Wannathong et
al., 2016)

Terminators

Improve transgene expression by
stabilizing transcript homeostasis

rbcL, atpA, psaA, petA,
petD

(Jackson et al., 2022; Wannathong et
al., 2016)

Codon
optimization

Facilitate more efficient and robust
expression of genes by matching codon
usage with Chlamydomonas chloroplast
codon preferences

(Fages-Lartaud et al., 2022; Weiner et
al., 2018, 2020)




Approach Function Examples References
Vector Ernakijle ?nom?tlioaoﬂstrrerfomama?nin i?]r (Charoonnart et al., 2023; Jackson et
construction precise Insertion of fransgenes into the al., 2022; Taunt et al., 2023)
chloroplast genome
Engineering Ur?eirﬁ)hortodsyr::hientlctmuta}[ir:;t]sizor HT72/TN72 (Taunt et al., 2023; Wannathong et al.,
host/strains engineered strains fo oplimize HNT6 2016)

transformation and expression efficiency

Media
optimization

Support high-cell density cultures,
improving aeration and increasing protein
yield

Improve protein folding and activity
through controlled nutrient supply (fed-
batch)

Optimize nutrient composition to prevent
stress-induced protein inactivity and
enhance overall expression

(Cui et al., 2022; Torres-Tiji et al.,
2022)

Table 1.2 Approaches to achieve robust expression of recombinant proteins in C. reinhardtii.
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1.3.2.2 Double-stranded RNA (dsRNA)-based recombinant products

Figure 1.12 Schematic RNA interference pathway (Fajardo et al., 2024).

In addition to proteins, C. reinhardtii has been utilized to produce recombinant nucleic

acids, including RNA molecules used for gene silencing and therapeutic purposes.

C. reinhardtii can be engineered to produce double-stranded RNA (dsRNA) molecules
for RNA interference applications. These dsRNA molecules can silence specific genes
in target organisms, offering a method for pest control and disease treatment (Molnar

et al., 2010).

The production of therapeutic RNA molecules, such as small interfering RNA (siRNA)
and microRNA (miRNA) in C. reinhardtii is a promising area of research. These

molecules can regulate gene expression and have potential applications in treating
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various diseases (Cerutti et al., 2011). The ability to produce these therapeutic RNAs
in a cost-effective and scalable manner makes C. reinhardtii an attractive alternative
to traditional production systems. For example, siRNAs produced in C. reinhardtii
could be used to target and silence disease-causing genes in human cells, providing

a novel approach to gene therapy.

One of the major advantages of producing recombinant nucleic acids in C. reinhardtii
is the organism's ability to perform post-transcriptional modifications, which are
essential for the stability and functionality of RNA molecules. This feature, combined
with the ease of genetic manipulation in C. reinhardltii, allows to produce highly specific

and functional RNA molecules tailored to target particular genes or pathways.

1.3.3 Challenges of C. reinhardtii chloroplast for recombinant production

While the chloroplast of C. reinhardtii offers a unique and promising platform for
recombinant protein production, several challenges limit its broader application in
biotechnology, underscoring the need for the development of simpler and more cost-
effective recipient cell lines that can address current limitations and be customized for

specific applications.

First, creating simple and inexpensive recipient cells would allow for more scalable,
low-cost production, which is especially important for applications where economic
feasibility is a priority. Such cells would be designed to maintain genetic stability,
achieve high-yield expression, and thrive under minimal, non-sterile conditions,

ultimately making them accessible for larger-scale industrial use.
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Second, addressing the need for complex protein-based therapeutics, including the
expression of challenging compounds like repetitive proteins or oral-delivery
therapeutics, remains a priority. Repetitive proteins, often desirable for their structural
properties, are notoriously difficult to express due to issues with genetic instability,
transcript slippage, and protein folding. Similarly, protein-based oral-delivery
therapeutics require specific design considerations to ensure they remain stable
through the digestive system and can be efficiently absorbed. Engineering specialized
recipient cells that can stably produce these proteins while ensuring correct folding
and high yields could facilitate their use in a range of therapeutic and industrial

applications.

Lastly, novel RNA therapeutics represent an emerging frontier in biotechnology. RNA-
based products, such as double-stranded RNAs for gene silencing or mRNA vaccines,
hold significant therapeutic potential but require a stable and high-yield production
platform. Developing recipient cells capable of efficiently synthesizing RNA molecules
would enable the production of these therapeutics in a cost-effective manner,
potentially allowing for breakthroughs in gene therapy, pest control, and disease
prevention. By addressing these diverse needs, advancements in recipient cell lines
can help overcome current challenges associated with C. reinhardtii chloroplast

engineering, unlocking its full potential in biotechnology.

1.4 Aims and objectives

The overall aim of this thesis is to advance the understanding and application of

chloroplast engineering in the green alga C. reinhardtii to produce novel recombinant
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products. By leveraging the unique advantages of C. reinhardtii, this research seeks
to develop efficient and scalable methods for producing high-value novel recombinant
products, specifically proteins and nucleic acids with applications in various industries.
The specific, measurable objectives of this research are aligned with the key findings

and methodologies detailed in each result chapter of the thesis.

Overall Aim: To develop and optimize chloroplast engineering techniques in C.
reinhardtii for the efficient production of recombinant proteins and nucleic acids,
thereby demonstrating the organism's potential as a versatile platform for

biotechnological applications.

e Objective 1: To create an improved recipient strain psaA** of C. reinhardtii for
simple generation of marker-free transformants.
o Related Chapter: Chapter 3: An improved recipient strain for simple
generation of marker-free transformants: psaA**
e Objective 2: To achieve high-yield production of recombinant fish growth hormone
(fGH) in the chloroplast of C. reinhardtii.
o Related Chapter: Chapter 4: Production of recombinant fish growth hormone
(fGH) in the chloroplast of microalga C. reinhardtii
e Objective 3: To optimize the production of recombinant spider silk protein in the
chloroplast of C. reinhardtii.
o Related Chapter: Chapter 5: Production of recombinant spider silk protein in

the chloroplast of microalga C. reinhardtii
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e Objective 4: To explore the use of C. reinhardtii chloroplasts as a platform for
producing double-stranded RNA (dsRNA) for gene silencing applications.
o Related Chapter: Chapter 6: C. reinhardtii chloroplast as a platform to

produce double-stranded RNA (dsRNA)

Each of these objectives is designed to address specific challenges and opportunities
in chloroplast engineering and recombinant production using C. reinhardtii. By
systematically pursuing these goals, this research aims to demonstrate the versatility
and efficiency of C. reinhardtii as a biotechnological platform, providing valuable

insights and methodologies that can be applied across various industries.

58



Chapter 2

Materials and Methods
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2 Materials and Methods

2.1 Chlamydomonas reinhardtii strains, cultivation, and storage

The C. reinhardtii strains used in this work are detailed in Table 2.1. Stocks were

maintained on 1.5% agar plates containing Tris-acetate Phosphate (TAP) medium

(Goodenough, 2023) under dim light (5-10 pE/m2/s) at 20 °C. The strains can be found

in the Chlamydomonas Resource Centre (www.Chlamycollection.org/) listed under

their culture collection codes.

Table 2.1 A summary of C. reinhardltii strains used in this study

Strain
name

Wild-type

(WT)

Y.IL.T.D

cw15

Culture

code

CC-1690

CC-4033

CC-1833

Comments

Used to build recipient strain CC1690::psaA**
(Chapter 3); Used for CpNeg-Pos strategy for
fGH (Chapter 4) and MaSp1 (Chapter 5)
transformants

Phenotype: Yellow in the dark; Used to building
recipient strain CC-4033::psaA** (Chapter 3);

Phenotype: wall deficient; used to building
recipient strain cw15::psaA**, can grow on nitrate

Genotype: From CC-1690 21 gr mt+ x CC-1615
cw15 nit2 mt-; the cw15 mutation ultimately
derives from CC-400.
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Reference

(Sager, 1955)

https://www.chlamycol
lection.org/product/cc-
1690-wild-type-mt-
sager-21-gr/

https://www.chlamycol
lection.org/product/cc-
4033-y5-nit-mt/

https://www.chlamycol
lection.org/product/cc-
1883-cw15-nit-mt/



TN72

HT72

HNT6

CC-5168

CC-6055

CC-5937

Phenotype: acetate-requiring, light sensitive
(APSII mutant); cell-wall deficient strain carrying
the cw15

Genotype: psbH::aadA knockout; suitable for
transformation using the glass beads method

Used to build dsRNA transformants (Chapter 6)

Phenotype: acetate-requiring, light sensitive
(APSII mutant); cell-walled wild-type strain CC-
1690

Genotype: psbH::aadA knockout; suitable for
transformation using the microparticle
bombardment method;

recipient strain psaA** (Chapter 3);

Phenotype: acetate-requiring, light sensitive
(APSI mutant); Background strain is CC-1690;

Genotype: psaA-3::aadA knockout in which part
of the psaA-3 coding region and 3’ UTR is
replaced with the aadA cassette through
chloroplast transformation.

(Wannathong et al,
2016)

https://www.chlamycol
lection.org/product/cc-
5168-
cw15-%E2%88%86ps
bh-strain-tn72/

https://www.chlamycol
lection.org/product/cc-
6055-psbhaada-
knockout-ht72/

(Taunt et al., 2023)

https://www.chlamycol
lection.org/product/cc-
5937-psaa-3aada-
knockout-hnt6/

C. reinhardtii strains were cultured in either TAP or High Salt Minimal (HSM) (Appendix

1 and 2) growth medium depending on application. Liquid cultures were grown under

constant light conditions at 25 °C with 120 rpm rotary agitation and an average light

intensity of 25-50 yE/m2/s in an illuminated incubator shaker (Innova 4340, New

Brunswick Scientific). To obtain a continuous growth status, liquid cultures were

incubated by Algem HT24 or Algem pro photobioreactors (Algenuity) under optimal
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conditions. Growth on nutrient agar plates (TAP or HSM) containing 1.5% bacto agar
(w/v) at 25 °C with various light conditions depending on the phenotype of the strains.
Starter C. reinhardtii cultures were made by inoculating 20 ml TAP medium with a
sterile laboratory inoculating loop from nutrient agar plates and growing until mid-log

phase before sub-cultured into fresh medium.

Light sensitive C. reinhardltii strains were conducted on nutrient agar plates with 1.5%
bacto agar (w/v) at 25°C with dim light (5 pE/m2/s) with re-streaking to fresh TAP
plates every 6-8 weeks. Additionally, the GeneArt® Cryopreservation Kit for Algae
(Thermo Fisher) was used for long-term storage: its specialized cryoprotective
reagents minimize intracellular ice crystal formation to protect cell integrity, while
controlled cooling (via Mr. Frosty® container) allows strains to be stored at -70°C or

liquid nitrogen without compromising post-thaw viability.

Cell density was determined using a haemocytometer (Hawksley, Improved Neubauer,
BS.738, Depth 0.1 mm, 1/400 mm2), counted by microscope (ZEISS, Axio Lab.A1) at
400x magnification. The cells were fixed by treated with iodine (19.7 mM iodine in 95%
(v/v) ethanol). Optical density measurements were made at 750 nm by
spectrophotometer (ATi Unicam UV2 UV/VIS Spectrometer, Thermo Electron

Corporation) to avoid the interference of the absorbance of chlorophyll a and b.

2.2 Escherichia coli strains, culture and storage

The E. coli strains used in this work are detailed in Table 2.2. E. coli DH5a was

routinely used for cloning, E. coli HT115 (DE3) and BL21 strains were also used for
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dsRNA and protein expression respectively. E. coli was growth in Lysogeny Broth (LB)
Broth medium supplemented with antibiotics when necessary. Liquid cultures were
grown overnight at 37 °C with 200 rpm rotary agitation in a shaking incubator (Cole-
Parmer™ Stuart™ SI60D Forced Air Incubator, 60 L and IKA Vibrax VXR Orbital
Shaker). Single colony on 1.5% (w/v) LB agar plate was inoculated using sterile pipette
tips. E. coli strains were stored as 20% (v/v) glycerol stocks at -70 °C. Cell density was
measured by optimal density at 600 nm using spectrophotometer (ATi Unicam UV2

UV/VIS Spectrometer, Thermo Electron Corporation).

Table 2.2 A summary of E. coli strains used in this study

Strain name Genotype Comments Reference

F— @80/acZAM15 A(lacZYA-

argF)U169 recA1 endA1 hsdR17(rK—, Plasmid
mK+) phoA supE44 A—thi- purification
1 gyrA96 relA1

DH5a (Hanahan, 1983)

F-, mcrA, mcrB, IN(rrnD-rrE)1,

HT115(DE3)  mcl14:Tn10(DES lysogen: lacUVvs  SSRMA g'mr?ggg &
promoter -T7 polymerase P Ire, )
Protein (Studier & Moffatt,
BL21 F—ompT hsdSB (rB—, mB-) gal dcm expression 1986)
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2.3 Molecular techniques

2.3.1 DNA assembly

DNA assembly involves the joining of multiple DNA fragments to construct a desired
DNA sequence. This section outlines the different methods used for DNA assembly in
this study, including in silico codon optimization, Golden Gate assembly, site-directed

mutagenesis (SDM), phosphorylation and dephosphorylation, and T4 ligation.

2.3.1.1 In silico codon optimisation

In silico codon optimization involves modifying the DNA sequence of a gene to
maximise the expression of the target gene in the chloroplast of microalga C.
reinhardtii. This process takes into account the codon usage bias of the chloroplast
genome, avoiding rare codons, and optimizing the GC content for stable mRNA
structure. The optimization process was carried out using the Codon Usage Optimizer
(CUO) tool developed by the Purton Lab. The CUO tool analyses the codon usage
preferences of C. reinhardtii chloroplast and adjusts the DNA sequence accordingly.
It ensures that the optimized gene retains the same amino acid sequence as the
original gene but is composed of codons that are more frequently used in the

chloroplast genome, resulting in more efficient translation and higher protein yield.

The optimized DNA sequences were synthesized by Integrated DNA Technologies
(IDT, Coralville, IA, USA) and subsequently verified through sequencing to confirm the
accuracy of the synthesis. The synthetic genes were then cloned into the appropriate

expression vectors for further experimentation.
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2.3.1.2 Golden Gate

Golden Gate assembly is a molecular cloning method that allows the joining of multiple
DNA fragments in a single reaction using Type lls restriction enzymes and T4 DNA
ligase. This method leverages the ability of Type lIs restriction enzymes to cut DNA
outside of their recognition sequences, creating unique overhangs that facilitate the
precise and directional assembly of DNA fragments. The technique is highly efficient

and suitable for the construction of complex plasmids or DNA constructs.

For the Golden Gate assembly performed in this study, DNA fragments with
appropriate flanking sequences were digested with the Type lls restriction enzymes
Bsal, Sapl, or Esp3l, all obtained from New England Biolabs (NEB, Ipswich, MA, USA).
These enzymes recognize specific DNA sequences and cleave outside their
recognition sites, generating sticky ends that can be ligated seamlessly. The resulting

fragments were ligated using T4 DNA ligase, also sourced from NEB.

For the Golden Gate assembly, the DNA fragments with appropriate flanking
sequences were digested with the Type lIs restriction enzyme Bsal, Sapl or Esp3l
(NEB, Ipswich, MA, USA), and the resulting fragments were ligated using T4 DNA
ligase. The reaction was carried out in a single tube with cycling between optimal
temperatures for digestion and ligation. The assembled constructs were then

transformed into competent cells for further analysis.

The reaction was carried out in a single tube with thermal cycling between optimal

temperatures for digestion and ligation. Typically, the reaction conditions involved
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alternating between 37°C for restriction enzyme activity and 16°C for ligase activity,
repeated for 30 cycles, followed by a final ligation step at 60°C to ensure complete
ligation of the DNA fragments. This cycling protocol ensures that the digestion and
ligation steps are highly efficient, allowing for the assembly of multiple fragments in a

precise manner (Engler et al., 2008).

Following the assembly reaction, the assembled constructs were transformed into
chemically competent E. coli cells (DH5a or similar strains) using the heat shock
method (Section 2.6.1) for further propagation and analysis. E. coli strains were grown

in LB medium supplemented with 100 pg/mL ampicillin or 50 pg/mL tetracycline when

necessary. Successful clones were screened by colony PCR (Appendix 11) and

confirmed by sequencing to ensure the accuracy of the assembled constructs.

2.3.1.3 Site-directed mutagenesis (SDM)

Site-directed mutagenesis is a technique used to introduce specific nucleotide
changes, deletions, or insertions into a DNA sequence. In this study, site-directed
mutagenesis was performed using the Q5® Site-Directed Mutagenesis Kit from New
England Biolabs (NEB, Ipswich, MA, USA) (New England Biolabs, 2024). Primers
containing the desired mutations were designed according to the manufacturer's
guidelines and used to amplify the plasmid DNA. The Q5® High-Fidelity DNA
Polymerase was used for amplification to ensure high accuracy and fidelity during

DNA synthesis.

66



Following PCR amplification, the reaction mixture was treated with Dpnl enzyme, also
provided in the Q5® Site-Directed Mutagenesis Kit, to digest the parental (methylated)
DNA template. This step ensures that only the newly synthesized DNA containing the
desired mutations remains. The mutated plasmid DNA was then transformed into
chemically competent E. coli cells (DH5a strain) using the heat shock method (Section
2.6.1). Transformants were plated on selective media and incubated overnight at 37°C.
Colonies were picked and screened for the presence of the desired mutation using
colony PCR and subsequent DNA sequencing to confirm the successful introduction

of the specific nucleotide changes.

2.3.1.4 Phosphorylation and dephosphorylation

Phosphorylation of DNA ends is often required to facilitate ligation, especially when
working with DNA fragments generated by restriction digestion. Conversely,
dephosphorylation is used to prevent self-ligation of vector DNA, which is crucial for

cloning efficiency.

For phosphorylation, DNA fragments were treated with T4 Polynucleotide Kinase
(PNK) from New England Biolabs (NEB, Ipswich, MA, USA) in the presence of ATP to
add a phosphate group to the 5 ends. This enzymatic reaction is essential for
preparing DNA fragments for ligation, ensuring that the 5’ ends are phosphorylated,

which is a prerequisite for the formation of phosphodiester bonds during ligation.

The phosphorylation reaction was set up by mixing the DNA fragments with T4 PNK

and ATP in the appropriate reaction buffer, followed by incubation at 37°C for 30
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minutes. This treatment efficiently added phosphate groups to the 5 ends of the DNA

fragments, making them suitable for subsequent ligation steps.

Dephosphorylation, on the other hand, was performed using Shrimp Alkaline
Phosphatase (rSAP) (NEB, Ipswich, MA, USA) from NEB to remove the 5’ phosphate
groups from vector DNA, thereby preventing self-ligation. This step is particularly
important when preparing vector backbones for cloning, as it reduces the background

of empty vectors.

The dephosphorylation reaction involved incubating the vector DNA with rSAP at 37°C
for 30 minutes in the recommended reaction buffer. Following the reaction, the enzyme

was heat-inactivated at 65°C for 5 minutes to stop the dephosphorylation process.

These enzymatic treatments were crucial for the efficient preparation of DNA

fragments and vectors, ensuring successful ligation and cloning experiments.

2.3.1.5 T4 Ligation

T4 DNA ligase is an enzyme that catalyses the formation of phosphodiester bonds
between adjacent 3’-hydroxyl and 5’-phosphate termini in DNA. This enzyme is

commonly used for the ligation of DNA fragments during cloning.

In this study, T4 ligation was utilized to join DNA fragments with compatible ends. The
reaction mixture typically contained the DNA fragments, T4 DNA ligase from New

England Biolabs (NEB, Ipswich, MA, USA), and a buffer containing ATP. The ligation
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reaction was incubated at room temperature for 10-15 minutes to allow for efficient

joining of the DNA fragments.

The reaction was set up by combining the DNA fragments in equimolar ratios, T4 DNA
ligase, and the provided 10x T4 DNA ligase reaction buffer. The mixture was then
adjusted to a final volume with nuclease-free water and incubated to facilitate ligation.
After incubation, the ligated DNA was transformed into chemically competent E. coli

cells (DH5a strain) using the heat shock method (Section 2.6.1).

The transformed cells were plated on selective media and incubated overnight at 37°C.
Successful transformants were identified by colony PCR and confirmed by sequencing

to ensure the correct assembly of the DNA fragments.

2.3.2 Nucleic acids extraction

2.3.2.1 Double-stranded RNA extraction, detection and quantification

Plasmids of dsRNA targets were transformed into the RNase Ill deficient E. coli strain
HT115 (DE3) (Gentaur Europe, Kampenhout, Belgium), and colonies were selected
on LB agar plates supplemented with 100 pg/ml ampicillin. A single colony was
inoculated into liquid broth supplemented with 100 pg/ml ampicillin and continuously
shaken for 8 hours, followed by cell collection by centrifugation. Total RNA was
extracted using the phenol-chloroform (1:1) extraction method, and dsRNA was
purified by treating with DNase | (Thermo Fisher Scientific, Waltham, MA, USA,
Product code: EN0521) to remove contaminating DNA and RNase A (10 mg, Thermo

Fisher Scientific) to remove single-stranded RNA. Purified dsRNA was visualized by
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agarose gel electrophoresis and kept at -20°C for further use as a standard for the

detection of dsRNA from microalgal transformants.

C. reinhardtii strains were inoculated into 100 mL TAP medium and cultured by
shaking at 120 rpm under continuous light (50 nE/m2/s) at 25°C. The cultures were
harvested by centrifugation at 4,500 x g for 15 minutes at the late log/stationary phase.
Pellets were resuspended using TRIzol™ Reagent (100 mL, Thermo Fisher Scientific)
for RNA extraction to obtain total RNA. DNAs and single-stranded RNAs were
removed by treatment with TURBO™ DNase (1,000 units, Thermo Fisher Scientific)

and RNase A (10 mg, Thermo Fisher Scientific), respectively.

Specific dsSRNA was detected by RT-PCR (Appendix 11) using the OneTaq One-Step
RT-PCR Kit from New England Biolabs (NEB, Ipswich, MA, USA) (NEB, 2024). dsRNA
was diagnostically digested by RNase Il (250 units, Thermo Fisher Scientific).
Quantitative RT-PCR (qRT-PCR) was performed using the same primers as for RT-
PCR. Isolated dsRNA was incubated at 95°C for 5 minutes and immediately chilled on
ice for 2 minutes prior to addition into the qRT-PCR reaction to ensure denaturation of
dsRNA. A series of ten-fold dilutions of purified dsRNA from the bacterial expression
was used to generate a standard curve. The amount of dsRNA was calculated

according to a formula obtained from the standard curve.

2.3.2.2 PCR puirification

After performing the PCR (Polymerase Chain Reaction), the amplified DNA fragments

need to be purified to remove excess primers, nucleotides, enzymes, and other
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reaction components that could interfere with subsequent experiments. The
purification process can be carried out using a silica column-based purification Kkit,
such as the GeneJET PCR Purification Kit (Thermo Scientific, KO701), according to

the manufacturer’s instructions.

Briefly, the PCR products were mixed with a binding buffer and loaded onto a silica
membrane column. The DNA binds to the silica membrane, while impurities are
washed away using a series of wash buffers. The purified DNA is then eluted in a low-
salt buffer or water. The concentration and purity of the eluted DNA were determined
using a Thermo Scientific NanoDrop Lite, and the quality was assessed by agarose

gel electrophoresis.

These steps ensure that the DNA is free from contaminants and suitable for
subsequent applications, such as cloning, sequencing, or other molecular biology

techniques.

2.4 DNA analysis

2.4.1 Diagnostic restriction enzymes digestion

Restriction enzyme digestion is a fundamental technique in molecular biology used to
cut DNA at specific sequences. This technique involves using restriction
endonucleases, which recognize and cleave specific palindromic DNA sequences,
resulting in DNA fragments with defined ends. The resulting fragments can be
analyzed or used in further molecular cloning procedures. Diagnostic restriction

enzyme digestion is a method used to verify the identity and integrity of cloned DNA
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fragments. This involves cutting the DNA with specific restriction enzymes and
analysing the resulting fragment sizes to confirm that the cloning or modification has

been successful.

In this study, restriction enzyme digestion was carried out according to the
manufacturer’s protocols. The reaction mixture typically included the DNA sample, the
appropriate restriction enzyme, a compatible buffer, and water to the final volume. The
reaction was incubated at the optimal temperature for the enzyme, usually 37°C, for
one hour. The digested DNA was then analyzed using agarose gel electrophoresis to

confirm the successful cleavage of the DNA.

2.4.2 Agarose gel electrophoresis and gel purification

Agarose gel electrophoresis is a widely used method for the separation and analysis
of DNA fragments based on their size. DNA samples are loaded into wells in an
agarose gel, and an electric current is applied. The negatively charged DNA fragments
migrate towards the positive electrode, with smaller fragments moving faster through

the gel matrix than larger ones.

In this study, DNA samples were mixed with a loading dye and loaded into a 1-2%
agarose gel prepared with TAE buffer (Appendix 10). The electrophoresis was carried
out at 110 V for 45 minutes until the DNA fragments were adequately separated. The

gel was stained with ethidium bromide to visualize the DNA under UV light.

For gel purification, the desired DNA fragments were excised from the gel using a

clean, sharp blade. The gel slices were then processed using the GeneJET Gel
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Extraction Kit (Thermo Scientific) according to the manufacturer’s instructions. The
purified DNA was eluted in a small volume of elution buffer or water and quantified

using a Thermo Scientific NanoDrop Lite.

These steps ensured that the DNA fragments were accurately separated, visualized,

and purified for subsequent molecular biology applications.

2.4.3 DNA sequencing

DNA sequencing is the process of determining the precise order of nucleotides within
a DNA molecule. This technique is essential for verifying the sequence of cloned DNA
fragments and identifying any mutations or errors that may have been introduced

during cloning or amplification.

In this study, DNA sequencing was performed using Sanger sequencing and next-
generation sequencing (Nanopore) to determine the sequence of the cloned or
amplified DNA fragments. Sequencing reactions were set up according to the protocol
provided by Source BioScience (Source BioScience, Nottingham, UK; available at
sourcebioscience.com). The resulting sequences were analyzed using SnapGene
(from GSL Biotech; available at snapgene.com) and Benchling (San Francisco, CA,;
available at benchling.com) to ensure accuracy and to confirm that the correct

sequences had been obtained.

These DNA analysis techniques provided a comprehensive approach to verifying the
identity and integrity of the DNA constructs used in this research, ensuring high

reliability and precision in the experimental outcomes.
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2.5 RNA analysis

2.5.1 Analytical polyacrylamide gel electrophoresis

Analytical polyacrylamide gel electrophoresis (PAGE) is a technique used to separate
RNA molecules based on their size and conformation. This method provides higher
resolution than agarose gel electrophoresis, making it suitable for analyzing smaller

RNA fragments and distinguishing between similar-sized molecules.

In this study, RNA samples were denatured and mixed with a loading dye before being
loaded onto a polyacrylamide gel. The electrophoresis was conducted at 110 V for 1
hour, using a 6% polyacrylamide gel prepared with TBE-urea. Following
electrophoresis, the RNA was visualized using ethidium bromide, and the gel was

analyzed under UV light or with a gel documentation system.

2.5.2 Agarose gel electrophoresis

Agarose gel electrophoresis is also utilized for the analysis of RNA. This technique

allows the assessment of RNA integrity and the presence of specific RNA species.

For this analysis, RNA samples were mixed with a loading dye and loaded into a 2%
agarose gel prepared with TAE buffer. The electrophoresis was carried out at 110 V
for an hour. The gel was stained with ethidium bromide and visualized under UV light

to assess the quality and quantity of the RNA samples.
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2.5.3 Fluorescent RNA analysis

Fluorescent RNA analysis involves the use of fluorescent labels or dyes to detect and
quantify RNA molecules. This method enhances sensitivity and allows for the

visualization and quantification of specific RNA species.

2.5.3.1 Fluorescent detection by microplate reader

Fluorescent detection by microplate reader provides a quantitative measure of RNA
concentration and allows for high-throughput analysis of multiple samples
simultaneously. This method involves using a microplate reader to measure the

fluorescence intensity of RNA samples labelled with a fluorescent dye.

For this analysis, RNA samples were labelled with DFHBI (R&D Systems, Catalog
#5609). DFHBI was prepared according to the manufacturer's instructions. Briefly,
DFHBI was dissolved in DMSO to make a 10 mM stock solution and stored at -20°C.
For RNA labelling, the stock solution was diluted to a final concentration of 100 uM in

RNA samples.

The fluorescence intensity of the labelled RNA samples was measured using a
FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). The
microplate reader was set to the appropriate excitation and emission wavelengths for
DFHBI (excitation: 488 nm, emission: 507 nm). The fluorescence readings were then
analyzed to determine the concentration and integrity of the RNA samples, using a

standard curve for quantification.
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These RNA analysis techniques provided comprehensive methods for assessing RNA
integrity, concentration, and specific RNA species, ensuring the reliability and

accuracy of the experimental outcomes.

2.6 Gene delivery

2.6.1 E. coli competent cells and heat shock transformation

The transformation of E. coli involves the introduction of plasmid DNA into competent
bacterial cells through a heat shock method. Competent E. coli cells were prepared
using the calcium chloride method, which increases the permeability of the cell
membrane to DNA. The plasmid DNA was mixed with the competent cells and kept
on ice for 30 minutes. Following this incubation, the cell-DNA mixture was subjected
to a brief heat shock at 42°C for 1 minute to facilitate DNA uptake. Immediately after
heat shock, the cells were returned to ice for 10 minutes before being incubated in
SOC medium at 37°C with 300 rpm shaking for 1 hour to allow for the recovery and
expression of antibiotic resistance genes. The transformed cells were then plated on
selective LB agar plates containing the appropriate antibiotic and incubated overnight

at 37°C. Successful transformants were identified by their growth on selective media.

2.6.2 Chloroplast transformation

Chloroplast transformation involves the delivery of DNA directly into the chloroplast
genome. This technique is particularly useful for plants and certain algae, providing an

effective way to express foreign genes in these organisms.
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In this study, chloroplast transformation was conducted using both biolistic and glass
bead DNA delivery methods. Each method was chosen based on the specific

requirements of the target cells and the type of DNA construct used.

2.6.2.1 Biolistic DNA delivery

Biolistic DNA delivery, also known as particle bombardment, is a method where DNA-
coated particles are physically delivered into cells using high-velocity microprojectiles.

This method was utilized for the transformation of Chlamydomonas reinhardftii.

C. reinhardtii was transformed by particle bombardment using a Biolistic PDS-1000/He
Particle Delivery System (Bio-Rad, Hercules, CA, USA). Transformation cultures were
grown to early log phase (1-2 x 106 cells/mL) and harvested by centrifugation at 4,500
x g. Cells were resuspended in sterile TAP or HSM media as appropriate (see table
2.) to a density of 5 x 108 cells/mL, and 200 pyL was plated directly onto selective
plates. DNA was coated onto 0.5 ym gold DNAdel carrier particles (Seashell
Technology LLC, La Jolla, CA, USA) at 5 yg DNA/mg gold, with 0.5 mg pf particles
used per bombardment, with each transformation carried out in triplicate. Plates were
sealed with parafilm and incubated under dim light overnight at 25 °C. For
transformations based on light restoration, plates were moved from dim light to high
light (100 pEs-1m-2 fluorescent light) following and overnight recovery period.
Transformation lines were re-streaked to single colonies three to four times on

selective media to obtain homoplasmic lines.
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2.6.2.2 Glass beads DNA delivery

For cell-wall deficient recipient cells, chloroplast transformation was performed using
a glass beads method (Kindle et al., 1991). This method involves mechanically

disrupting the cells with glass beads to facilitate DNA uptake.

Transformation cultures (400 mL) were grown to early log phase (1-2 x 106 cells/mL)
and harvested by centrifugation at 3,000 x g. The pelleted cells were resuspended in
an appropriate transformation buffer along with glass beads and the plasmid DNA.
The mixture was vigorously vortexed for a defined period to enhance the physical
contact between the DNA and the chloroplasts. Following vortexing, the mixture was
incubated under optimal conditions to promote DNA integration into the chloroplast
genome. Transformants were then selected on appropriate selective media and

subjected to multiple rounds of streaking to obtain stable, homoplasmic lines.

These gene delivery methods, tailored for specific organisms and experimental
conditions, ensured efficient DNA transfer and stable integration, which were crucial

for the subsequent genetic analyses and experimental applications.

2.7 Protein analysis

2.7.1 Protein purification

Protein purification is a series of processes intended to isolate a specific protein from
a complex mixture, often involving multiple chromatographic techniques. The objective

is to obtain a highly pure protein sample for subsequent analysis.
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In this study, the target protein was expressed in the host organism (E. coli or C.
reinhardtii) and harvested by centrifugation. The cell pellet was resuspended in a lysis
buffer containing Tris-HCI, NaCl, and protease inhibitors, and subjected to sonication
to lyse the cells. The lysate was then clarified by centrifugation at 4,000 x g for 15

minutes at 4°C.

For His-tagged proteins, the clarified lysate was applied to a His-tag purification
column (HisTrap™ HP, Cytiva, Marlborough, MA, USA), and the bound proteins were
eluted with an imidazole gradient. For Strep-Il tagged proteins, the lysate was passed

through a Strep-Tactin® Superflow® column (IBA Lifesciences, Gottingen, Germany).

2.7.2 Western blotting

Western blotting is a widely used technique for detecting specific proteins in a sample
through the use of antibodies. This method involves the separation of proteins by SDS-
PAGE, their transfer to a membrane, and subsequent detection using specific

antibodies.

2.7.2.1 E. coli protein samples preparation

Protein samples from E. coli were prepared by harvesting the cells by centrifugation
at 4,000 x g for 15 minutes. The cell pellet was resuspended in lysis buffer containing
50 mM Tris-HCI (pH 8.0), 10 mM EDTA, and 1% SDS, and subjected to sonication to
disrupt the cells. The lysate was then clarified by centrifugation at 4,000 x g for 15

minutes at 4°C. The supernatant containing the soluble proteins was collected.
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2.7.2.2 C. reinhardtii protein samples preparation

Protein samples from Chlamydomonas reinhardtii were prepared by harvesting the
cells by centrifugation at 4,500 x g for 15 minutes. The cell pellet was resuspended in
lysis buffer containing 50 mM Tris-HCI (pH 8.0), 10 mM EDTA, and 1% SDS, and
disrupted using sonication. The lysate was clarified by centrifugation at 4,500 x g for

15 minutes at 4°C. The supernatant containing the soluble proteins was collected.

2.7.2.3 SDS-PAGE gel electrophoresis

SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis) is a
technique used to separate proteins based on their molecular weight. Protein samples
were mixed with SDS sample buffer and heated at 95°C for 5 minutes to denature the
proteins. The samples were then loaded onto a 4-20% Mini-PROTEAN® TGX™
Precast Gel (Bio-Rad, Hercules, CA, USA) and electrophoresed at 150 V for
approximately 1.5 hours wusing Tris-Glycine-SDS running buffer. Following
electrophoresis, the gel was either stained with Coomassie Brilliant Blue to visualize

the proteins or transferred to a membrane for Western blotting.

2.7.2.4 Signal development

After the transfer of proteins to a nitrocellulose membrane (Amersham Protran, GE
Healthcare, Chicago, IL, USA), the membrane was blocked with 5% BSA in PBS-T
(PBS with 0.1% Tween 20) to prevent non-specific binding. The membrane was then
incubated with a primary antibody specific to the target protein, diluted in blocking

buffer, for 1 hour at room temperature. Following incubation, the membrane was

80



washed with PBS-T and incubated with an HRP-conjugated secondary antibody
(Strep-Tactin® HRP for Strep-Il tagged proteins, Anti-His HRP for His-tagged proteins,
and Anti-HA HRP for HA-tagged proteins) diluted in blocking buffer for 1 hour at room

temperature.

Signal development was carried out using an Immun-Star™ HRP Chemiluminescent
Kit (Bio-Rad, Hercules, CA, USA). The membrane was incubated with the ECL
substrate for 5 minutes, and the chemiluminescent signal was detected using a digital
imaging system. The intensity of the bands corresponding to the target protein was

quantified using Image Lab™ software (Bio-Rad).

These protein analysis techniques ensured the accurate identification, quantification,

and characterization of proteins, providing essential data for the research study.

2.8 Downstream processing

2.8.1 Hanging bag’ photobioreactor

The downstream processing of microalgae cultivated in a hanging bag photobioreactor
involves several steps to harvest and process the biomass efficiently. This section
describes the growth parameters, flocculation, and centrifugation steps required for

effective downstream processing (Cui et al., 2022).
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2.8.1.1 Growth parameters

Growth parameters in a hanging bag photobioreactor are critical for optimizing
biomass yield and quality. According to the methodology described by the study on
the characterization of a simple ‘hanging bag’ photobioreactor for low-cost cultivation
of microalgae, cultures were maintained under controlled conditions with a constant
light intensity of 150 pnE/m?s and a temperature of 25°C. Aeration was provided
through bubbling with compressed air, ensuring adequate mixing and gas exchange.
Regular sampling was conducted to monitor growth rates, cell density, and chlorophyll

content using spectrophotometric methods.

2.8.1.2 Flocculation

Flocculation is a critical step for the concentration and recovery of microalgal biomass.
The process involves aggregating microalgal cells to form larger flocs that can be
easily separated from the culture medium. The culture was mixed with the flocculant
at a concentration of 10 mg/L and stirred gently for 15 minutes. Floc formation was
monitored visually, and the efficiency of flocculation was determined by measuring the
reduction in turbidity or cell count in the supernatant after settling (Delrue et al., 2015;

Y. Xu et al., 2013).

2.8.1.3 Centrifugation

Following flocculation, the microalgal biomass was further concentrated by
centrifugation. This step ensures the removal of remaining culture medium and

concentrates the biomass for subsequent processing. Centrifugation was performed
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using a Sorvall™ RC 6 Plus Centrifuge (Thermo Fisher Scientific, Waltham, MA, USA)
at 4,500 x g for 10 minutes. The pelleted biomass was collected, and the supernatant
was discarded. The efficiency of centrifugation was evaluated by measuring the

biomass recovery rate and the residual cell concentration in the supernatant.

2.8.2 Freeze drying

Freeze drying, or lyophilization, is employed to preserve and stabilize the harvested
microalgal biomass by removing water content under low temperature and vacuum
conditions. According to the methodology, the centrifuged biomass was first frozen at
-80°C for 12 hours. The frozen biomass was then transferred to a VirTis BenchTop
Pro Freeze Dryer (SP Scientific, Warminster, PA, USA), where sublimation of ice
occurred under a high vacuum at 0.1 mbar and a condenser temperature of -20°C.
The drying process continued until the residual moisture content was reduced to 5%.
The freeze-dried biomass was then weighed and stored in airtight containers at room

temperature until further use.

2.9 Shrimp feeding trial

The shrimp feeding trial was designed to evaluate the nutritional efficacy of the
processed microalgal biomass as a dietary supplement for shrimp. This section
outlines the experimental setup, feeding regimen, and the assessment parameters

used to determine the impact of the microalgal biomass on shrimp growth and health.

83



2.9.1 Experimental Setup

The shrimp feeding trial was conducted using juvenile Litopenaeus vannamei (Pacific
white shrimp). The experiment was set up in a controlled aquaculture facility with
multiple replicate tanks for each treatment group. Each tank, with a capacity of 10 L,
was stocked with 20 juvenile shrimp, ensuring a stocking density of 0.5 shrimp/L. The
tanks were equipped with continuous aeration to maintain dissolved oxygen levels
above 5 mg/L, and water temperature was maintained at 28 + 1°C. Salinity was kept

at 30 + 1 ppt throughout the trial (Charoonnart et al., 2023).

2.9.2 Feeding Regimen

The feeding trial comprised different dietary treatments, including a control diet and
diets supplemented with varying levels of microalgal biomass. The diets were
formulated based on the nutritional requirements of juvenile shrimp, ensuring they
were isonitrogenous and isoenergetic. The control diet consisted of a commercial

shrimp feed, while the experimental diets included 10% microalgal biomass.

The shrimp were fed twice daily at 09:00 and 18:00 hours. The feeding rate was
adjusted based on the biomass in each tank to ensure approximately 5% of the shrimp
biomass was provided as feed per day. Uneaten feed and waste were siphoned out
daily, and water quality parameters were monitored regularly to maintain optimal

conditions (Charoonnart et al., 2023).
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2.9.3 Growth Performance and Health Assessment

The growth performance of shrimp was assessed by measuring initial and final weights,
survival rates, and specific growth rates (SGR). Shrimp were individually weighed at

the beginning and end of the trial, and the SGR was calculated using the formula:

(ln(final weight)—In (initial weight)

SGR (% day™1) =

) X 100

number of days

Survival rates were determined by counting the number of surviving shrimps at the

end of the trial.

Health assessment included the evaluation of feed conversion ratio (FCR), which was

calculated as:

_ total feed intake (g)
~ total weight gain (g)

Additionally, shrimp samples were collected for biochemical analysis.

2.9.4 Statistical Analysis

Data obtained from the feeding trial were statistically analyzed using GraphPad Prism.
Differences between treatment groups were determined using one-way analysis of
variance (ANOVA) followed by post-hoc comparisons with Tukey’s test. Statistical

significance was considered at p<0.05.
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The shrimp feeding trial provided comprehensive data on the efficacy of microalgal
biomass as a dietary supplement, demonstrating its potential benefits for enhancing

growth performance, feed efficiency, and health status of Lifopenaeus vannamei.

2.10 Bioinformatic analysis

2.10.1 Protein alignment

Protein alignment is a crucial step in bioinformatics that involves comparing protein
sequences to identify regions of similarity that may indicate functional, structural, or
evolutionary relationships. In this study, protein sequences were aligned using Clustal

Omega to ensure accurate comparison and analysis.

The protein sequences of interest were retrieved from the UniProt database and
subjected to multiple sequence alignment. The alignment was performed with default
parameters, ensuring that gaps and conserved regions were properly accounted for.
The results were visualized using Jalview to interpret the alignment and identify

conserved motifs, domains, and residues critical for the protein’s function.

The alignment data were further used to construct phylogenetic trees to infer
evolutionary relationships among the proteins. This comprehensive analysis provided
insights into the functional roles and evolutionary history of the proteins studied,

contributing to a deeper understanding of their biological significance.
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2.10.2 Algal growth data analysis

The algal growth data analysis in this study was conducted using the Algal Data
Analyser (ADA) software platform, which is an open-source tool specifically designed
for plotting and analysis of data from laboratory photobioreactors, as described by

Mapstone et al. (2022).

The process began with the collection and preprocessing of raw abundance data,
including normalization to account for sequencing depth differences and log-
transformation to stabilize variance. The ADA framework then fitted a generalized
linear model to the normalized data, enabling the identification of differential

abundance patterns (Mapstone et al., 2022).
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Chapter 3

An improved recipient strain for
simple generation of marker-free
transformants: psaA**
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3 psaA**: an improved recipient strain for simple generation of

marker-free transformants
3.1 Introduction

Marker-free genetic transformation represents a pivotal advancement in biotechnology,
enabling the creation of genetically modified organisms (GMOs) without the use of
antibiotic resistance markers. This approach mitigates ecological and health risks
while promoting sustainable genetic engineering practices (Day & Goldschmidt-
Clermont, 2011). Marker-free transformation involves integrating genes of interest
(GOl) into the host genome using selection methods that result in transgenic lines
lacking any antibiotic resistance genes, thereby eliminating the potential for horizontal
gene transfer of such genes to other microorganisms such as pathogenic bacteria.
This approach supports the commercialisation of GMOs by addressing regulatory

restrictions and public concerns regarding GMO safety (E. Specht et al., 2010).

Chlamydomonas reinhardtii serves as an important model organism for chloroplast
genetic studies owing to its simple genetics, well-characterized chloroplast genome,
and ease of genetic manipulation. Despite these advantages, chloroplast
transformation in C. reinhardtii faces specific challenges, including achieving high
transformation efficiency and ensuring reliable selection of transgenic lines (Harris,
2009; Purton et al., 2013a). Existing transformation methods often require multiple

rounds of selection using antibiotic resistance markers and involve complex
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procedures such as screening to avoid false-positive lines (i.e. those derived from
colonies that have acquired natural resistance to the antibiotic) that can limit the
applicability and efficiency of the method (Jackson et al., 2022; Taunt et al., 2023;
Wannathong et al., 2016). Furthermore, the maintenance and expression of multiple
copies of the resistance marker within the polyploid chloroplast of the engineered line
represents an unnecessary metabolic burden on the strain. The marker is required
simply for the initial selection and to drive the transgenic plastome complement to
homoplasmy. Once this is achieved the marker serves no further purpose. It is
therefore desirable to create lines that lack (or lose) such transgenic markers and

achieve a ‘marker-free’ state.

As illustrated in Table 3.1 and Figure 3.1, there are currently several strategies for
generating marker-free chloroplast transformants of C. reinhardtii. The earliest
strategies employed non-photosynthetic mutants carrying mutations in key chloroplast
genes such as atpB, tscA or rbcL (Esland et al., 2018). These mutants could be
rescued to phototrophy by using the cloned wild-type copy of the gene as the marker.
Later, knockout lines engineered to disrupt key photosynthetic genes such as psbH or
petB were used as the recipients, with the wild-type gene used as the phototrophic
marker whereby it replaces the knockout copy (Cheng et al., 2005; Wannathong et al.,
2016). In each case, the mutant allele on the plastome is replaced by the incoming
wild-type allele and the linked transgene is incorporated nearby on the plastome
(Figure 3.1a and b). An alternative strategy that was not dependent on phototrophic
mutants is the CpPos-Neg selection system (Jackson et al., 2022) that can be used

with any strain and can be used repeatedly in serial transformations. Here, a dual
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marker encoding both resistance to an antibiotic (spectinomycin) and sensitivity to a
metabolic analogue (5-fluorocytosine) allows a two-step selection strategy for gain and
then loss of the marker during generation of the transgenic line (Figure 3.1c).
Improvements have been made for both strategies but still suffer from some limitations
(Table 3.1) such as slow colony appearance, restricted targeting loci, potential false
positives, and the involvement of antibiotic resistance markers in the initial recipient
strains or the selection process. For instance, the CpPosNeg method provides
flexibility in targeting GOls to any locus but necessitates multiple selection rounds and
the use of expensive reagents, whereas psbH knockout lines TN72 and HT72 allow
single-round selection but suffer from slow growth of phototrophic colonies and a
single insertion locus located between psbH and trnE2 (Wannathong et al., 2016). The
HNTG6 strain offers faster colony recovery using selection for light-tolerance on acetate-
containing media rather than photorophic selection on minimal medium, but transgene
insertion is again confined to a specific locus upstream of psaA-3 and the method is
susceptible to false positives due to the frequency of light-tolerant mutations (Taunt et

al., 2023).
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CpPos-Neg
system
(e.g., codA-
aadA)

psbH gene

psaA-3 gene

trnWUCA

Gene of interest (GOI) can be targeted to any locus
including within the psbA inverted repeat (IR)
Serial transformation is possible

Requires only single round of selection
Simple phototrophic selection using minimal
medium, such as High Salt Medium (HSM)
No false positives

Requires only single round of selection

Simple light tolerant selection using Tris-Acetate-
Phosphate (TAP) medium

Colonies appear fast within 1 week

Higher transformation rates than selection on
minimal medium

Requires only single round of selection

Simple light tolerant selection using TAP medium
Colonies appear fast within 1 week

Higher transformation rates than selection on
minimal medium

GOl can be targeted to any locus including within
the psbA IR

Smallest known selectable marker (trnWUCA, 275
bp)

An antibiotic resistance gene is not used at any
stage

Requires two rounds of selection
Involves expensive reagents, e.g.,
spectinomycin and 5-dluorocytosine.
Possibility of Spectinomycin resistant
(SpecR) false-positive

Colonies appear slowly due to
phototrophic growth

GOl can be only targeted to psbH-trnE2
intergenic locus

Serial transformation is impossible

GOl can be only targeted to psaA-3-
Wendyll intergenic locus

Serial transformation is impossible
False-positive due to light-tolerant
mutations or incomplete selection
(through easily scored upon restreaking
on HSM or TAP)

(Jackson et al.,
2022)

(Wannathong et
al., 2016)

(Taunt et al.,
2023)

Serial transformation is impossible
False-positive due to light-tolerant
mutations or incomplete selection
(through easily scored upon restreaking
on HSM or TAP)

N.A.

Table 3.1 Comparison of advantages and disadvantages of psaA** and other transformation recipient cells developed in the Purton lab.
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Figure 3.1 Comparison of recipient C. reinhardtii strains.

(a) Schematic photosynthetic restoration transformation strategies. The non-photosynthetic mutant (e.g., TN72/HT72 and HNTG6 strains) were
built by deletion of PSI/PSII genes and insertion of selection marker aadA (spectinomycin resistance). GOl expression cassette were integrated
to specific neutral site locus (e.g., psbH or psaA-3) and the transformant cell lines were selected phototrophically (or by high light). (b)
Photosynthetic restoration transformation methods and timelines representative strains. (c) CpPos-Neg selection strategy, its transformation

methods, and timelines (Jackson et al., 2022).
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We hypothesized that the development of a new strategy based on a photosystem |
mutant (termed psaA**) carrying two nonsense mutations within the psaA-3 gene
could address these critical limitations by providing a more efficient, rapid, and flexible
marker-free transformation system for C. reinhardftii. Figure 3.2 illustrates the strategy
for photosynthetic restoration by inserting genes of interest (GOIs) using codon
reassignment with the tRNA marker irnWUCA. The diagram shows the integration of
the GOlI, facilitated by the trnWUCA marker, into the plastome. This integration
restores photosynthetic functionality by allowing read-through of the two stop codons
in psaA, enabling the selection of transformants based on their restored photosynthetic

ability.

Specifically, the psaA** strain is designed to overcome existing challenges through

several useful features:

trnWUCA GOl
psaA-3
* *
X % \ i
\\ plastome

Figure 3.2 Photosynthetic restoration for insertion of GOIs by codon reassignment
using tRNA marker trnWUCA.

1. A Single Stage of Selection: Unlike the CpPos-Neg strategy, the generation of
psaA** transformants requires just one stage of selection whereby light
tolerance is selected on TAP medium. The psaA** strain thereby streamlines

the transformation process.
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2. Rapid Recovery: Unlike selection approaches based on rescue of phototrophic
growth on minimal medium, the psaA** strategy employs selection for light
tolerance under mixotrophic conditions. This is designed to enable the rapid
recovery of transformant colonies within one week due to the faster growth of
C. reinhardtii under mixotrophy, significantly reducing the time to visible

colonies compared to the earlier methods.

3. Higher Transformation Rates: Taunt et al. (2023) found that selection for light
tolerance rather than phototrophy yielded higher transformation rates in.
addition to faster colony growth. We therefore anticipated that the psaA** strain
would similarly yield higher transformation rates compared to selection on

minimal medium, enhancing overall efficiency.

4. Minimal Size Marker: Unlike earlier strategies that use endogenous protein-
coding genes as the marker, the psaA** approach uses a small tRNA gene
engineered to function as an opal suppressor (R. E. B. Young & Purton, 2016).
At 275 bp, the trnWUCA marker is significantly smaller than all previous

markers(Esland et al., 2018).

5. Targeting to any plastome locus: The tRNA encoded by the trnWUCA marker
is designed to work in trans to suppress the two UGA stop codons within the
psaA-3 mRNA during translation. Consequently, the marker (together with the
linked transgene) can be targeted to any neutral locus including within the

inverted repeat (IR) regions, thereby increasing its versatility.
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6. Elimination of Antibiotic Resistance Genes: Unlike TN72, HNT®, efc. the psaA**
recipient line is designed to not initially contain any antibiotic resistance marker
such as aadA that needs to be lost during the drive to homoplasmy. This
eliminates the involvement of such antibiotic resistance genes at any stage of
the transformation process, offering a more environmentally considerate

solution for chloroplast engineering in C. reinhardtii.

Another critical aspect of the psaA** strain is that it also allows incorporation of a
biocontainment strategy into any transgene through codon reassignment - a powerful
tool in synthetic biology. Biocontainment refers to the strategic use of genetic elements
to prevent the unintended spread or expression of transgenes in non-target organisms.
In the context of C. reinhardtii, codon reassignment involves modifying the genetic
code to utilize an unused codon, such as UGA, within the chloroplast genome. This
codon, when reassigned to encode tryptophan (W) specifically within the chloroplast,
prevents the functional expression of transgenes in non-target organisms such as E.
coli (R. E. B. Young & Purton, 2016). This strategy not only addresses the problem of
gene toxicity during the cloning process but also significantly enhances the level of
biocontainment, ensuring that even if transgenes are horizontally transferred to other
organisms, they will not be expressed due to the lack of the specific tRNA required for
the reassigned codon. This approach offers a robust solution to potential ecological
risks associated with the release of genetically modified microalgae into the

environment (R. E. B. Young & Purton, 2016).

The development of the psaA** strain and tRNA-based selection method would not
only be a significant advance in chloroplast genetic engineering but would also hold

considerable potential for the production of high value recombinant proteins.
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Chloroplast-based expression systems, particularly in C. reinhardtii, have shown
promise for the production of therapeutic proteins, vaccines, and bioactive metabolites
(Dyo & Purton, 2018; Rasala & Mayfield, 2015). The ability to produce pharmaceutical
compounds in a marker-free, biocontained system enhances the safety and
acceptability of these products, particularly in medical and therapeutic applications
where the use of antibiotic resistance markers is highly discouraged. Additionally, the
rapid recovery and high transformation efficiency offered by the psaA** strain could
streamline the production pipeline, reducing costs and timeframes for the development

of new pharmaceutical products.

Objectives and Structure

The primary objectives of this study were to:

1. Develop and validate the psaA** strain as an improved recipient for chloroplast

transformation.

2. Compare its transformation efficiency and usability against existing recipient

strains.

3. Demonstrate the effectiveness of psaA** in generating marker-free transformants.

By achieving these objectives, we aimed to establish a robust, efficient, and
environmentally considerate system for chloroplast genetic engineering in C.
reinhardtii, thereby advancing the field of microalgal synthetic biology and expanding

its potential applications in biotechnology.
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This chapter is structured to provide a comprehensive understanding of the
development and advantages of the psaA** strain for marker-free transformation of
the chloroplast in C. reinhardtii. It begins with the creation and validation of the psaA**
strain, followed by growth analysis under different conditions. The subsequent
sections present transformation experiments and their results, concluding with a
discussion of the findings and their implications for future research and

biotechnological applications.

3.2 Experimental procedures

3.2.1 C. reinhardtii strains and growth conditions

To build the psaA** strains, a wild type strain of C. reinhardtii (CC-1690) and a cell
wall-deficient strain (CC-1833) carrying the cw15 nuclear mutation were used as the
starting strains. Both strains was acquired from the Chlamydomonas Resource Centre,
University of Minnesota. The CC-1690::psaA** and CC-1883::psaA** cell lines were
maintained in the dark on Tris-acetate phosphate (TAP) plates containing 1.5% agar.
The cell lines were cultured for growth tests and western analysis in flasks containing
20 mL TAP, shaking in the dark at 120 rpm and 25 °C. When appropriate,
spectinomycin (Spc: sigma-Aldrich; S4014) and 5-fluorocytosine (5-FC: Sigma-Aldrich;
F7129) were added to agar plates at a concentration of 300 yg mL—1 and 5 mg mL—

1, respectively (Jackson et al., 2022).

3.2.2 Plasmid construction

To construct the unmarked strain psaA**, the CpPosNeg strategy was used as

described by Jackson et al. (2022). The Start-Stop assembly method was used for
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constructing all plasmids, which involves the precise and seamless assembly of
genetic constructs (Taylor et al., 2019). Specifically, Bsal was used for generating
Level 0 and Level 2 constructs, while Sapl was used for Level 1 constructs. In the
psaA*™ (pLY410) constructs, two stop codon mutations (TGG to TGA) were introduced
to amino acid positions W603 and W611 in the psaA exon 3 (psaA-3) open reading
frame. These constructs were then integrated into the plastome, flanked by 261 bp
direct repeats, allowing for the ‘loop-out’ of the selection marker via homologous
recombination and resulting in the unmarked strain. The DNA sequence of psaA**

(pLY410) is given in Appendix 3; primer sequences are given in Appendix 4.

3.2.3 C. reinhardtii transformation

C. reinhardtii strains CC-1690 and CC-1883 were used as the parental cell line for all
transformation experiments. With two stop codons introduced to the psaA exon 3
making the strains highly light-sensitive, all procedures post-transformation were
conducted in a dark environment to prevent light-induced stress. The transformation
was carried out using the biolistic method with a PDS-1000/He Particle Delivery
System. Plasmid DNA was coated onto gold particles and delivered into the cell under
vacuum pressure. Following bombardment, cells were plated on TAP agar medium
supplemented with spectinomycin (Spc) for selection of transformants. After initial
selection, stable transformants were further analysed for homoplasmy through serial
re-streaking on selective media in darkness. Homoplasmic lines were then subjected
to negative-selection using 5-Fluorocytosine (5-FC) to facilitate the removal of the
marker gene via intramolecular recombination, resulting in marker-free transplastomic

lines (Jackson et al., 2022).
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3.2.4 Luminescence assays

Luminescence assays were conducted on the CC1690-psaA**::Nluc strains. The
presence of trnWUCA restores the function of psaA-3**, enabling transformant strains
to grow under light conditions similar to wild-type strains. Cultures were grown in TAP
medium under a light intensity of approximately 50 ymol m-2 s—1. Mid-log phase
cultures were harvested and normalized to the same optical density at 750 nm
(OD750). Luminescence was measured using a Steady-Glo Luciferase Assay System
(Promega) in a 96-well microplate format. For the assay, 100 pL of normalized culture
was mixed with 100 uL of the Steady-Glo reagent, followed by a 5-minute incubation.
Luminescence was recorded using a microplate reader, and results were expressed

as relative luminescence units (RLU) normalized to OD750 (Jackson et al., 2022).

3.2.5 Western blot analysis

Western blot analysis was performed to detect the expression of the NanoLuciferase
(Nluc) protein in the CC1690-psaA**::Nluc strains. Cultures were grown under normal
light conditions (~50 pmol m-2 s-1) and harvested at mid-log phase. Protein
extraction was conducted by lysing the cells in an appropriate lysis buffer, followed by
SDS-PAGE for protein separation. The separated proteins were transferred onto a
nitrocellulose membrane. The presence of Nluc fused with the HA tag was detected
using an anti-HA antibody, followed by incubation with a secondary antibody
conjugated to a detection enzyme. The resulting signals were visualized using a
chemiluminescent substrate, and protein expression levels were quantified by

comparing band intensities to those of a standard protein marker.
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3.3 Results

3.3.1 Generation of psaA**— a marker-free C. reinhardtii PS| mutant carrying two

TGA stop codons in psaA-3

Previous studies of PSI mutants of C. reinhardtii have shown that they are highly light-
sensitive due to the free-radical photo-damage caused by the activity of a PSII
complex that is functioning in the absence of a complete electron transfer chain
(Erickson et al., 2015). Several groups including ours have exploited this light-
sensitivity as a method of selection during chloroplast transformation using mutant
lines affected in psa genes within the plastome: introduction of the wild-type psa gene
allowing selection for restored light-tolerance (Taunt et al., 2023). However, rather
than using the whole psa gene as a marker, a better strategy is to introduce a small
mutation in the gene that is complemented by a small DNA element such as the gene
for a suppressor tRNA. Young and Purton (2016) demonstrated this by changing a
codon for a key tryptophan to an opal stop codon (TGG —> TGA) in psaA-3 and then
rescuing the mutant using a frnW gene in which the anticodon had been changed to
recognise the stop codon. However, the strain that was created in this earlier study
also contained the spectinomycin-resistance marker, aadA and had just a single base
change in psaA-3 that could revert easily. This strain was therefore not ideal as a
recipient for chloroplast engineering studies. We therefore decided to design and
construction of a new APSI recipient strain that lacks any markers or unwanted
exogenous DNA and contains two Trp—>Opal changes in psaA-3 to greatly reduce the
chances of unwanted spontaneous reversion to a wildtype phenotype. This strain is

termed psaA** (“psaA double-stop”).
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The generation of psaA** leverages the CpPos-Neg strategy (Jackson et al., 2022) to
replace the native psaA with a psaA** cassette in the WT recipient line (CC-1690)
such that two stop codons (TGG to TGA) are introduced at amino acid positions W603
and W611 within the open reading frame of exon 3 of the psaA gene (psaA-3). The
same procedure is applied to the cell wall-deficient strain CC-1833 as the parental
strain as this allows the use of the same selection method for the ‘glass bead’ method
of chloroplast transformation that involves agitating a suspension of a cell-wall

deficient strain in the presence of DNA and glass beads (Larrea-Alvarez et al., 2021).

Figure 3.3 illustrates the plasmid construct made and Figure 3.4 plastome integration
strategies used for generating the psaA** mutant. PCR of total genomic DNA was used
to amplify left and right homology arms from the psaA-3 region of the chloroplast
genome with the appropriate Sapl sites (X, A, Z and Y) at each end to allow assembly
with the A-Z DNA part carrying the codA-aadA dual marker and a X-Y vector part using
the STEP GoldenGate assembly method. Furthermore, the PCR products shared a
261 bp overlap, thereby generating a direct repeat (Figure 3.3, labelled in grey) around
the codA-aadA that would allow its efficient loop-out following chloroplast
transformation when placed under 5-fluorocytosine selection (Jackson et al., 2022).
Finally, site-directed mutagenesis of the assembled plasmid using the Kinase-Ligase-
Dpnl (KLD) method (see: section 2.3) was used to change the two tryptophan codons

from TGG to TGA.
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Figure 3.3 The schematic structure of plasmid ppsaA** pLY410.

The final plasmid ppsaA** (pLY410) was introduced into C. reinhardtii cells through
biolistic transformation. Transformants were selected on TAP medium supplemented
with spectinomycin (Spc), which allows only those cells that had successfully
integrated the plasmid to survive. Following initial selection, transformants were re-
streaked on Spc plates multiple times to guarantee that all chloroplast genome copies
within the cells (approximately 83/cell on average) contained the introduced DNA,
resulting in a homoplasmic state. This process generated the intermediate
transformant line termed R1 (Jackson et al. 2022), where both the dual marker and

the site-drected changes are stably integrated into the plastome.
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Figure 3.4 Plasmid constructs and plastome integration strategies for the generation of psaA**, and demonstration of photosynthetic
restoration by codon reassignment.

(a) Schematic of psaA** cassette insertion into the intergenic region upstream of psaA-3 via the CpPos-Neg strategy (Jackson et al., 2022). The
cassette contains two TGA stop codons (replacing tryptophan residues at positions W and W' in the psaA-3 open reading frame) flanked by
261 bp direct repeats (DRs). These DRs facilitate subsequent excision of the codA-aadA dual selection marker via intramolecular homologous
recombination during 5-fluorocytosine (5-FC) counter-selection. Homologous recombination between the cassette’s left/right flanks and the
plastome ensures targeted integration upstream of psaA-3. (b) Validation of psaA*™ mutation/homoplasmy via ‘3-primer’ PCR, Sacl digestion,
and Sanger sequencing. PCR primers: F1 (LY314: 5-GGTTTCCACAGCTTTGG-3’), F2 (LY317: 5-GAAAGGCGAGATCACTAAG-3’), R1 (LY315:
5-GCTTGAAACCCGTCAG-3). Upper gel (R1 transformants): F1+R1 amplify 2044 bp (WT CC-1690) vs. 1560 bp (R1 lines, confirming cassette
insertion); F1+F2 verify targeted integration (no WT product). Lower gel (R2 lines, post-5-FC selection): F1+R1 products digested with Sacl: 2044
bp (WT, no Sacl site) vs. 1279/765 bp (R2 lines, confirming W®"' -TGA introduces a Sacl site). Lane labels: Lane 1 = WT CC-1690; Lanes 2—8
= independent transformants (2—4 = R1; 2-8 = R2).
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To confirm homoplasmy in the transgenic cell lines, a 'three-primer PCR' strategy was
employed. Panel (b) of Figure 3.4 displays the PCR results for the wild-type (WT) and
transformant lines. Specific primers were utilized to amplify regions spanning the
psaA-3 locus and the inserted cassette. The upper portion of Panel (b) shows PCR
amplification of the psaA-3 region using primers F1 and R1. The WT line (CC1690)
yielded a single band at 2044 bp, whereas the R1 transformant lines (CC1690::psaA**
R1) produced a band at 1560 bp, indicating the presence of the psaA** insertion.
Additional PCR reactions using primers F1, F2, and F3 confirmed the integration of

the psaA** cassette and the absence of the wild-type psaA-3 region.

To remove the marker and create a marker-free R2 strain, three independents R1
strains were subjected to a second selection step using 5-fluorocytosine (5-FC). The
presence of 5-FC selected for cells that have lost the dual marker via intramolecular
recombination between the direct repeat sequences. This recombination event
resulted in the excision of the marker cassette, leaving behind only the GOl integrated

into the plastome, thereby generating the final R2 strain.

The R2 strains were then confirmed by PCR and phenotypic tests of spectinomycin
sensitivity and 5-FC tolerance to ensure that the marker has been completely removed.
Unlike a typical design using the CpPosNeg system (which usually including a
transgene cassette), the psaA** strain was expected to give a PCR product that was
the same size as that of the original WT strain following loop-out of the codA-aadA
cassette, necessitating further analysis to differentiate between psaA* and WT strains.
Fortunately, the creation of the second TGA codon resulted in the creation of a new

Sacl site at this position allowing this to be used as a diagnostic marker for the R2

106



transformants. The lower portion of Panel (b) presents this diagnostic enzyme analysis.
The PCR products from transformant lines were digested with Sacl resulting in the
predicted band patterns of 2044 bp for the WT, but 1279 bp and 765 bp for the R2
psaA** transformants, thereby confirming the successful introduction and
homoplasmy of the psaA*™ mutations. Sequencing of the PCR products further
validated that the psaA-3 locus in the R2 transformants was identical to the WT except

for the two introduced TGA changes (Appendix 5).

3.3.2 psaA** serves as a transformation recipient strain using hight light selection

Figure 3.5 illustrates the differential growth capabilities of the parental strain CC-1690
and the psaA** transformant line under various chemical conditions. This experiment
assessed the psaA*™ strain's potential as a transformation recipient under high light
conditions. The psaA** mutant showed an inability to grow in the presence of 50
WME/m?/s white light in the absence or presence of acetate, indicating its impaired
photosynthetic capacity, unlike the parental strain CC-1690, which grew under the
same conditions. These results suggest that the psaA* mutant is a suitable candidate
for transformation experiments, where successful transformants could be selected
based on their ability to grow under high light conditions with acetate, effectively

restoring photosynthetic function.

Notably, attempts to apply spectinomycin selection (with the codA-aadA marker) in the
dark using the cell wall-deficient cw15 strain as the parental line were unsuccessful.
Specifically, under dark conditions, the green background of the algal lawn (from non-
transformed cw15 cells) remained unchanged (no visible clearing or growth of

resistant colonies), and no discrete transformant colonies were observed
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Figure 3.5 Comparative spot test analysis of C. reinhardtii psaA** mutant and parental
strain CC-1690 under different conditions.

(light presence (+): ligh intensity 50 uE/m2/s; light absence (-): light intensity below 1 uE/m?s,
covered testing plate with foil; spectinomycin 300 pg/mL, 5-FC: 10 pg/mL) .

The figure 3.6 describes the evaluation of the psaA** strain as a transformation
recipient strain using high light selection. The transformation efficiency was assessed
by transforming psaA** with an Nluc photosynthetic restoration vector (Appendix 12)
under various conditions. In the phototrophic test case, where the transformation was
performed on HSM medium with DNA under light conditions, the plate exhibited
approximately 10 distinct colonies. This demonstrates that the psaA** strain can
support transformation under phototrophic conditions, where the cells rely solely on
photosynthesis for growth. The presence of distinct colonies indicates successful

transformation and photosynthetic restoration. In the negative control, where the

108



transformation was performed on TAP medium without DNA under light conditions, no
colonies were observed. This confirms the specificity and stringency of the selection
process, as only transformants with the integrated NLUC gene could grow under the
selective conditions. The results of these experiments demonstrate that the psaA**
strain serves effectively as a transformation recipient strain using high light selection.
The high transformation efficiency observed in the mixotrophic test case, combined
with the successful colony formation in the phototrophic test case, validates the utility
of psaA** for genetic transformation. The absence of colonies in the negative control
further confirms the specificity of the transformation and selection process. These
findings support the use of psaA** as a reliable recipient strain for photosynthetic

restoration and genetic engineering applications in C. reinhardtii.

Figure 3.6 Transformation of psaA** mutant with NLUC in a photosynthetic restoration
vector.

(a) HSM + DNA + Light (phototrophic test case): 10 colonies. (b) HSM — DNA + Light (negative
control, with selection): no colony.
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3.3.3 psaA** as a marker-free recipient cell with rapid transformation feature

To assess whether the trnWYCA gene can serve both as a selectable marker and a
biocontainment tool for a gene of interest (GOI), two constructs were designed: one in
which the NLUC gene contains UGA stop codons replacing native tryptophan codons,
and a control construct in which the NLUC sequence remains unmodified. Figure 3.7
provides a schematic representation of the parental and transformed genotypes,
highlighting the location of primers used to discriminate between the two genotypes.
The confirmation of homoplasmy in transformant lines was achieved through three-

primer PCR, which distinguished between the parental and transformed bands.

In the PCR analysis, the parental psaA** line exhibited a band at 2455 bp. In contrast,
the transformed lines (psaA**::NLUC) showed a distinct band at 1802 bp, indicating
successful insertion of the NLUC gene. The absence of the parental band in all five
transformed lines confirmed homoplasmy, signifying that all chloroplast genomes in

the cells contained the inserted gene.

Left Panel: This panel shows the PCR results for the psaA**::pLY434 HA nLuc
transformants. The diagram at the top illustrates the integration of the NLUC gene into
the psaA** locus. The PCR gel below confirms the presence of the 1341 bp band in
transformants (lanes 4-8), with the parental band (2455 bp) absent, indicating

complete homoplasmy.

Right Panel: This panel presents the PCR results for the psaA**::pLY435_ HA_nLuc**
transformants. Similar to the left panel, the integration of the NLUC gene into the

psaA** locus is depicted, and the PCR gel confirms successful transformation and
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homoplasmy, with the 1341 bp band present and the parental band absent in the

transformant lines.

The results demonstrate that psaA*™ serves as an effective marker-free recipient cell
for rapid transformation. The use of the tRNA marker trnWUCA for codon
reassignment facilitated the accurate insertion of GOls, enabling efficient
photosynthetic restoration. The PCR analysis confirmed the homoplasmy of the
transformed lines, validating the reliability and efficiency of the psaA** strain for
genetic engineering applications in C. reinhardtii. This approach offers a robust and
marker-free method for transforming chloroplast genomes, advancing the field of

synthetic biology and biotechnological research.
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Figure 3.7 PCR and phenotype analysis of the photosynthetically restored line psaA**::NLUC.

Left/Right Panels: (Top) Schematic of parental (psaA**) and transformed (psaA**::nLuc) genotypes, highlighting the location of three primers (F1,
F2, R1) used to discriminate between genotypes—primers target regions flanking the nLuc transgene insertion site (within the chloroplast genome)
to distinguish parental and transformed loci. (Bottom) Agarose gel of three-primer PCR results confirming homoplasmy in transformant lines. Key
bands: Parental psaA** strain: A single 2455 bp band (amplified from the unmodified psaA*™ locus). psaA**::nLuc transformant lines (5
independent lines shown): A single 1341 bp band (amplified from the locus with integrated nLuc transgene) with no detectable 2455 bp parental
band—confirming all chloroplast genome copies carry the nLuc transgene (homoplasmy). nLuc (NanoLuciferase) serves as the reporter gene to
validate photosynthetic restoration via trnWUCA-mediated readthrough of psaA** stop codons, with transgene integration enabling light-tolerant
growth of the psaA** recipient strain.
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3.3.3.1 Analysis of psaA**::NLUC transformants

To demonstrate the protein expression using psaA** strategy, the luciferase assay
was conducted. The luminescence assay in Figure 3.8 shows the activity of luciferase
in the psaA**::NLUC strains. The luminescence, measured in Relative Luminescence
Units (RLU), indicates the functional expression of the NLuc enzyme in these strains.
The bar graph presents the mean luminescence values with standard deviations for
triplicate readings, offering a reliable measure of the luciferase activity across different
samples. The TAP medium and CC1690 wild-type strain exhibit negligible

luminescence, as expected, since they do not carry the NLuc gene.

To test whether the presence of stop codons affects the efficiency of protein
expression, HA_NLUC and HA_LUC** strains were compared by their luminescence
density. Both modified strains show significant luciferase activity, with the CC1690
psaA** pLY434 HA NLUC strain demonstrating higher luminescence than the
CC1690 psaA*™ _pLY435 HA_NLUC** strain. This suggests that while both strains
effectively express the NLuc enzyme, there may be differences in the efficiency of

gene expression or the stability of the protein between the two constructs.

The Western blot in Figure 3.8 displays bands corresponding to the rbcL protein (52.5
kDa) as a loading control and the NLuc protein (22.8 kDa) in the psaA**::NLUC strains.
The rbcL bands appear consistent across all lanes, indicating equal protein loading
and allowing for accurate comparison of NLuc expression. The intensity of the NLuc
bands reflects the protein expression level in each strain. The corresponding bar graph

on the right quantifies this expression, showing that the NLuc variant

113



(_pLY434 HA NLUC) exhibits stronger band intensity compared to the
_pLY435 HA NLUC** variant. This aligns with the luminescence data, where the
_pLY434 HA NLUC strain also demonstrated higher activity, suggesting a higher

expression or better functionality of the luciferase enzyme in this construct.
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Figure 3.8 Luminescence assay and western blotting analysis of psaA**::Nluc strains
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(a) Luminescence assay demonstrating luciferase activity in the representative psaA**::NLUC strain. The bar shows mean and standard deviation

of triplicate readings for this strain. (b) Western blotting analysis demonstrating luciferase expression in the representative psaA**::NLUC strain.
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3.4 Discussion

3.4.1 Summary of Key Findings

This study successfully created and validated the CC1690::psaA** strain using the
CpPos-Neg strategy (Jackson et al., 2022). The validation of the psaA** strain involved
several key steps, including PCR, diagnostic enzyme analysis, and sequencing, all of
which confirmed the mutation and homoplasmy of CC1690::psaA**. The successful
insertion and confirmation of a test reporter gene (Nluc) indicate that psaA** can serve
as a robust recipient for chloroplast genetic studies, providing a reliable basis for

further transformations.

The CC1690::psaA** strain exhibited distinct growth characteristics, particularly its
inability to grow phototrophically or mixotrophically under high light. Growth analysis
spot tests on solid media revealed that psaA** is entirely inhibited by high light (200
MEm-2s-1. These findings highlight the unique growth responses of psaA** under

various light conditions, which is crucial for optimizing transformation protocols.

The CC1690::psaA** strain demonstrated its effectiveness as a recipient strain for
transformation. When transformed with Nluc in a photosynthetic restoration vector, the
CC1690::psaA** strain showed rapid recovery of colonies under high light selection in
phototrophic conditions, as well as the absence of colonies in the negative controls,
underscored the high transformation efficiency of CC1690::psaA**. This efficiency is
further evidenced by the successful integration and expression of the Nluc gene,

making psaA** a valuable tool for genetic engineering.
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A significant achievement of this study was the successful generation of marker-free
transformants using psaA**. PCR and phenotype analysis of the photosynthetically
restored psaA**::Nluc lines confirmed homoplasmy, with the expected band patterns
observed in transformant lines. Luminescence assays demonstrated luciferase activity
in the representative psaA**::Nluc strains, further validating the functionality of the

inserted genes.

The failure of spectinomycin selection in the dark when specifically using the more
fragile cw15 as the parental strain suggests a possible dependence on light for full
antibiotic efficacy. Whether this reflects a lower level of expression of the codA-aadA
gene in the dark or lower spectinomycin activity on the chloroplast ribosome in the
absence of light, is not clear. A potential approach to overcome this issue could be the
use of dim light during selection to maintain some level of chloroplast activity without
fully exposing the cells to light, thereby enabling effective selection. Previous studies
have shown that the activity of chloroplast-targeting antibiotics like spectinomycin is
closely tied to the metabolic state of the chloroplasts, which is regulated by light
(Danon & Mayfield, 1991; Harris et al., 2009). Further research could explore this
strategy or alternative selection markers that are not reliant on chloroplast activity,

ensuring effective selection under varying light conditions.

3.4.2 Comparison with Existing Methods

The psaA** strain offers several advantages over the CpPos-Neg method (Jackson et
al. 2022) when trying to generate marker-free transformant lines. The latter method
requires multiple rounds of selection and involve costly reagents such as

spectinomycin and 5-fluorocytosine, which can also lead to false positives (Jackson et
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al., 2022). In contrast, psaA** requires only a single round of selection and utilizes
either acetate-containing (TAP) or minimal salt medium (HSM), significantly reducing
the time and cost associated with the transformation process. Additionally, psaA**
avoids any use of antibiotic resistance markers, thereby addressing public concerns

about GMOs and contributing to more sustainable genetic engineering practices.

Notably, the psaA** strain builds on and improves the earlier psaA* system (Young &
Purton, 2016)—a single-stop (TGG—TGA) PSI mutant that relied on the trnWUYCA
suppressor tRNA for selection. While psaA* demonstrated the feasibility of tRNA-
mediated translational readthrough for chloroplast transformation, it suffered from two
critical limitations: high risk of spontaneous reversion (single TGA codon easily
mutates back to TGG) and retention of the aadA antibiotic resistance marker in the
recipient strain (Young & Purton, 2016). In contrast, psaA** introduces two TGA stop
codons in psaA-3, virtually eliminating reversion events, and uses the CpPos-Neg
strategy to remove all exogenous markers (codA-aadA) post-selection, resulting in a
truly unmarked recipient line. Furthermore, unlike psaA*, which lacked controllable
expression capabilities, psaA** can be paired with temperature-sensitive translational
readthrough systems such as CITRIC (Cold-Inducible Translational Readthrough In
Chloroplasts; Young & Purton, 2018). The CITRIC system employs a temperature-
sensitive variant of trnWVYCA that only functions at permissive temperatures (~20°C),
enabling orthogonal control of transgene expression—an advantage not offered by

psaA* or other existing methods like TN72/HT72.

The rescue of the PSIlI mutant TN72 (or HT72) using the endogenous psbH gene as
a marker (Wannathong et al., 2016), while requiring only a single round of selection

and using simple phototrophic selection on minimal medium, exhibits slow colony
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appearance and targeting of GOls is limited to the psbH—trnE2 intergenic locus
(Wannathong et al., 2016). The PSI mutant strain psaA**, on the other hand, offers
faster colony recovery within one week and allows targeting to any locus, including
within the inverted repeat (IR). This flexibility in targeting and rapid recovery makes
psaA** a superior choice for researchers seeking efficient and versatile transformation

methods.

Like psaA**, the PSI mutant HNT6 that uses the whole of psaA-3 as a marker (Taunt
et al., 2023) offers single-round selection and fast colony recovery using light-tolerant
selection with TAP medium. However, a larger transformation construct is required
because of the size of the psaA-3 marker, and GOI targeting is again limited just to
one locus: the psaA-3—wendyll intergenic locus (Taunt et al., 2023). In comparison,
psaA** not only offers higher transformation rates but also enables targeting to any

locus and uses the smallest known selectable marker (275 bp).

3.4.3 Limitations of psaA** strain

Maintaining the psaA** strain presents several challenges that have been observed

during experimental work:

e Maintenance Issues: The psaA** strain requires careful handling to keep the
cultures fresh and healthy, particularly when transferring from plate to liquid
culture. The strain tends to lose viability if not maintained under optimal

conditions.

o Selection Inefficiency: Heterotrophic selection methods, such as using TAP

medium, have not been as effective as anticipated for selecting psaA**
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transformants. This may be due to the specific metabolic requirements of the

strain, which are not fully met under heterotrophic conditions.

False Positives in Phototrophic Selection: During phototrophic selection, ‘false
positives’ have been observed, although these are slow-growing and fail to
survive after several restreaks and exposure to light. It is possible that a low
level of readthrough of the two UGA codons by the native tryptophan tRNA is
responsible for this. Such ‘leaky’ reading of UGA by the tRNA is known to occur
in E. coli (Grome et al., 2025), and there is some evidence of this occurring also
in the C. reinhardtii chloroplast (Young & Purton, 2018). This indicates that
initial selection may not be stringent enough, allowing non-transformant cells to

survive temporarily.

Dependency on Light Intensity: The number of transformants observed on
selection plates appears to be highly dependent on the light intensity during the
selection process. This suggests that precise control of light conditions is critical

for successful transformation and selection.

Need for Further Testing: Given these challenges, further testing is required,
particularly focusing on protein expression levels in the psaA*™ strain.
Optimizing the conditions for maintenance and selection could lead to more

reliable outcomes and better performance in downstream applications.
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3.4.4 Future Directions

3.4.4.1 The development of a cell-wall deficient version of the psaA**

The development of a cell-wall deficient version of the psaA** strain, such as using the
cw15 strain as the parental line, could offer significant advantages in both research
and pharmaceutical applications. The cw15 strain is commonly used in C. reinhardtii
research due to its ease of transformation and higher rates of DNA uptake, facilitated
by the absence of a rigid cell wall (Harris, 2009; Kindle, 1990). Incorporating the psaA**
cassette into a cw15 background would likely enhance transformation efficiency and
simplify the process of genetic manipulation, making it a more versatile tool for various

applications.

One of the most promising potential applications of a cell-wall deficient psaA** strain
lies in the field of oral delivery systems for animal trials. The absence of a cell wall
would allow the Chlamydomonas cells to be more easily digested and broken down in
the gastrointestinal tract, enhancing the bioavailability of the expressed therapeutic
proteins or antigens. This approach has been explored in previous studies, where
genetically modified Chlamydomonas strains were used to deliver oral vaccines (E. A.
Specht & Mayfield, 2014). The cw15-psaA** strain could thus serve as an effective
vehicle for the delivery of oral vaccines or other therapeutic compounds directly in the
gut, offering a non-invasive and cost-effective alternative to traditional injection-based

methods.

In the pharmaceutical field, the cw15-psaA** strain could be used to produce high-
value therapeutic proteins or peptides. The lack of a cell wall facilitates the secretion

of these products into the surrounding medium, simplifying purification processes and
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reducing production costs (Rasala & Mayfield, 2015). Moreover, the ability to produce
complex proteins with proper post-translational modifications in a plant-like system
offers an attractive alternative to traditional expression systems like bacteria or yeast,
particularly for proteins that require disulphide bonds or other modifications that are

challenging in other systems (Taunt et al., 2018).

3.4.4.2 Investigation of the integration of improved version of trnWUCA

Future work should focus on investigating the integration and functionality of an
improved version of the irnWUCA construct. The original design of trnWUCA by Young
et al. (2015) lacked a portion of its 3' untranslated region (3'UTR) (see figure 3.9,
TCTAAAAGGGCATTTATGAGCCTAGGTCCTTATGTGCTTTTAGATGTTAGCAAGT
TTGCTTACCCACAAAGTGTATTTTGTAACTTAAGAACAA). These omissions may
have impacted the construct's efficiency in facilitating codon reassignment, particularly
in the context of highly expressed genes that rely on the UGA codon for tryptophan
incorporation. Enhancing the trnWUCA design by restoring the full 3'UTR and
optimizing the trnW gene could potentially improve the stability and functionality of the
tRNA, leading to more efficient codon reassignment. This, in turn, may result in higher
expression levels of target genes in C. reinhardtii and other expression systems.

Future studies should evaluate the performance of this improved construct in various
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experimental contexts, focusing on its impact on gene expression efficiency.

ttaacccatgattaacaactatatcaataaaatcaatttgtagtgaaatactctgattgacattaaaataataccatgataaaaattatAataacaaattttACGTC
aattgggtactaattgttgatatagttattttagttaaacatcactttatgagactaactgtaattttattatggtactatttttaataTtattgtttaaaaTGCAG
D

trnW-UCA
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CTTAGTTCAGTCGGTAGAACGCAGGTTTTCAAAACCTGATGTCGTGGGTTCAATTCCTACAGGGCGTGtttttcctaatgtactttgttgtaaaagtggetggttta
GAATCAAGTCAGCCATCTTGCGTCCAAAAGTTTTGGACTACAGCACCCAAGTTAAGGATGTCCCGCACaaaaaggattacatgaaacaacattttcaccgaccaaat
[ -
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acctttttaggtttcggattgaacaataatggcagttaagagtcactaaagetgetgtatagactctaaaagggeatttatgagectaggtecttatgtgettttag
tggaaaaatccaaagcctaacttgttattaccgtcaattctcagtgatttcgacgacatatctgagattttcccgtaaatactcggatccaggaatacacgaaaatce

—
left
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Figure 3.9 The comparison between original design of trnWUCA Young et al. (2015) and full
restoring 3’ UTR.

3.4.4.3 Temperature-Inducible Systems for Industrial Application: Cold- and Heat-

Inducible Strategies

Inducible gene expression systems are essential tools in synthetic biology, offering
precise control over protein production, which is particularly beneficial in industrial

settings. Commonly used systems include chemical inducers such as IPTG and
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tetracycline, as well as temperature-based systems, which provide a cost-effective and

scalable alternative in industrial bioreactors.

Temperature-inducible systems activate or repress gene expression in response to
temperature changes. A notable example is the CITRIC system (Cold-Inducible
Translational Readthrough In Chloroplasts), developed for C. reinhardtii, which utilizes
a temperature-sensitive version of the modified tryptophan tRNA allowing translation
to proceed only at the lower permissive temperature (Young & Purton, 2018).
Incorporating such a system in industrial processes enables precise timing of protein
production, reducing metabolic burden during growth phases and optimizing yields

during production phases.

In addition to cold-inducible systems, heat-inducible systems, which use heat-shock
promoters activated at elevated temperatures, offer another layer of control (Morimoto,
1998). These systems are particularly useful for triggering stress-response proteins or
other valuable compounds in response to temperature changes. The flexibility offered
by both cold- and heat-inducible systems makes them valuable tools for industrial
biotechnology, enhancing the efficiency and scalability of protein production

processes.

The integration of these inducible systems into psaA** strains could further improve
their industrial applications. By combining the robust photosynthetic capabilities of the
psaA*™ strain with the precise control provided by inducible systems, it would be
possible to finely tune gene expression in response to environmental conditions. This
integration could optimize the production of valuable biomolecules, reduce metabolic

stress during non-production phases, and allow for the scalable production of complex
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proteins in C. reinhardtii. Such a strategy represents a promising direction for future

research and development in the field of synthetic biology and industrial biotechnology.

3.4.4.4 Enhancing expression yield through circular mMRNA technology

Recent advances in RNA technology have highlighted the potential of circular mMRNA
for boosting recombinant protein expression. Circular mRNA is generated through a
process known as back-splicing, where the ends of a linear mRNA are joined together,
resulting in a molecule that is more stable and resistant to degradation by
exonucleases. This increased stability allows for prolonged translation and higher
protein yields, as demonstrated in various eukaryotic systems (Litke & Jaffrey, 2019;

Zhang et al., 2018).

Studies have also identified native circular RNAs in plant chloroplasts, which are likely
the result of mis-splicing events due to the high prevalence of introns in these genomes
(Oldenkamp et al., 2019). Leveraging this natural phenomenon, we propose the use
of the rrnS intron from Chlamydomonas moewusii, which is not present in the C.
reinhardtii plastome. This intron, the smallest of the group | introns and free of Bsal or
Sapl restriction sites, has been well-characterized in the context of splicing (Durocher

et al., 1989).

One of the proteins of interest that could benefit from this enhanced expression
strategy is the Pal endolysin, a bacteriophage-derived enzyme with strong
antibacterial properties. Endolysins like Pal degrade bacterial cell walls by cleaving
specific bonds in peptidoglycans, leading to cell lysis. Pal endolysin, derived from

bacteriophage @KMV, specifically targets Gram-negative bacteria, making it a
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promising candidate for developing novel antibacterial therapies. Given its potential
therapeutic applications, achieving high yields of Pal endolysin through circular mMRNA
technology could significantly enhance its feasibility as a biopharmaceutical product

(Young & Purton, 2016).

To test the efficacy of circular mRNA in enhancing expression, we will construct test
and control plasmids for the transformation of the psaA** strain. Circular mRNA
formation will be confirmed by RT-PCR using primers flanking the expected splice
junction. Expression levels of the Nluc reporter gene will then be compared between
strains with functional splice sites and those without. If successful, this approach could
be extended to the expression of other proteins, such as the Pal endolysin,
demonstrating the broad applicability of circular mMRNA technology in boosting protein

production in C. reinhardtii.
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Chapter 4

Production of recombinant fish
growth hormone (fGH) in the
chloroplast of microalga C.
reinhardtii
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4 Production of recombinant fish growth hormone (fGH) in the

chloroplast of microalga C. reinhardltii
4.1 Introduction

The global population is projected to reach 10 billion by 2050, significantly increasing
the demand for food production (Graham, 2019). Aquaculture, the farming of aquatic
organisms, is a critical sector in meeting this demand due to its efficiency and
sustainability compared to traditional livestock farming (FAO, 2024). Enhancing
growth rates of aquatic animals, particularly fish and mollusks, through
biotechnological interventions, such as genetic engineering strategies to increase the
level of growth hormones (GHs) has become a focal point in aquaculture research
(Acosta et al., 2009; Arenal et al., 2008; Santiesteban et al., 2010; Sarker et al., 2020).
Strategies for increasing GH levels can involve the production of transgenic animals
engineered to over-express the GH at an early growth stage, or by injection or oral

delivery of recombinant GH to juvenile animals (Antoro et al., 2016).

Growth hormones play a crucial role in regulating growth, metabolism, and overall
development in animals. The use of GH and insulin-like growth factors | and Il (IGF-I
and Il) is considered to accelerate the growth of fish (Farmanfarmaian & Sun, 1999). In
aquaculture, the application of GHs has been shown to increase growth rates, improve
feed conversion ratios, and enhance the overall productivity of fish farming operations.
Researchers have made significant efforts in producing recombinant GHs over the
past decades. Previous studies have successfully produced recombinant fish Growth

Hormone (fGH) in Escherichia coli and shown that injection significantly increasing the
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growth of juvenile Nile tilapia (O. niloticus) and Rohu (Labeo rohita) (Alimuddin et al.,

2010; Sekar et al., 2015).

Previous studies have shown that fish growth hormone (fGH) can stimulate somatic
growth not only in fish but also in crustaceans. For example, the transfer of the tilapia
growth hormone gene into Litopenaeus schmitti resulted in significant growth
enhancement, demonstrating the cross-species activity of fish GH in shrimp (Arenal
et al., 2008). In addition, successful molecular cloning and expression of growth
hormone cDNA from yellowfin porgy (Acanthopagrus latus) have laid the groundwork
for functional studies and potential biotechnological applications in aquaculture (Tsai
et al., 1993) These findings support the rationale for evaluating heterologous
expression of f{GH as a tool for enhancing growth in both vertebrate and invertebrate

aquaculture species.

Homo Human hGH P01241 191 https://www.ncbi.nlm.nih.gov/protein/P
sapiens 01241

Sus scrofa Pig pGH  P01243 190 https://www.ncbi.nlm.nih.gov/protein/P
01243

Gallus gallus = Chicken chG  P01244 190 https://www.ncbi.nlm.nih.gov/protein/P
H 01244
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Rattus Rat rGH P01242 191 https://www.ncbi.nlm.nih.gov/protein/P
norvegicus 01242

Capra hircus Goat gGH P01246 191 https://www.ncbi.nlm.nih.gov/protein/P
01246

Oncorhynch | Trout/Salm | t/sG P01245 188 https://www.ncbi.nlm.nih.gov/protein/P

us mykiss on H 01245
Cyprinus Carp cGH P01247 204 https://www.ncbi.nlm.nih.gov/protein/P
carpio 01247
Anguilla Eel eGH P01248 211 https://www.ncbi.nlm.nih.gov/protein/P
anguilla 01248
Acanthopagr Yellow ypG  Unavailab 191 (Palanivelu & Dharmalingam, 1993)
us latus Porgy H le

Oreochromis Tilapia tiGH P01249 191 https://www.ncbi.nlm.nih.gov/protein/P
niloticus 01249

Table 4.1 GHs of different species

Yeast and other Generally Recognized As Safe (GRAS) organisms have been
explored as whole-cell oral delivery systems for GHs. For instance, yeast Pichia
pastoris has been used to produce tilapia growth hormone (GH), which was shown to
boost the growth of other species, including goldfish, carp, and angelfish (Acosta et
al., 2009). More recently, microalgae have emerged as promising alternative platforms,
serving as whole-cell bioencapsulation and oral delivery systems (Rosales-Mendoza
et al., 2020). As discussed in chapter 1, microalgae are considered attractive systems

for recombinant protein production due to several advantages: cost-effective
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cultivation (Spolaore et al., 2006), scalability (Mata et al., 2010), sustainability (Wijffels
& Barbosa, 2010), and safety (Rasala & Mayfield, 2015). Importantly, the use of GRAS
platforms such as edible microalgae allows the use of the whole cell biomass as a
feed additive, eliminating the need for complex and costly purification processes that
are necessary for traditional platforms such as E. coli or CHO cells (Rosales-Mendoza
et al., 2020). Such traditional methods for manufacturing therapeutic proteins involve
not only their purification but also cold chain storage, and manual injection. This makes
their use technically challenging and prohibitively expensive for aquaculture, and

hinders widespread use.

More specifically, the microalgal chloroplast represents an attractive site of synthesis
that is not present in other eukayotic platforms such as yeasts. The chloroplast
genome offers several advantages for genetic engineering, including targeted
insertion of transgenes through homologous recombination ensuring stable and
predictable expression, high-level expression of transgenes, absence of gene
silencing mechanisms often encountered in nuclear transformation, and containment
of transgenes within the organelle, reducing the risk of horizontal gene transfer (Bock,

2015; Taunt et al., 2018).

Liu et al. (2007) demonstrated the potential of using photosynthetic microorganisms
for recombinant fGH production by supplementing fish feed with 1% transgenic
Synechocystis sp. PCC6803 engineered to produce fGH from oliver flounder, resulting
in a significant growth improvement in turbot (S. Liu et al., 2007). Similarly, Chen et al.
(2008) produced yellowfin porgy fGH in the marine microalga Nannochloropsis oculata,
leading to substantial weight gain and body length increases in brine shrimp (H. L.

Chen et al., 2008). Additonally, the potential of the C. reinhardtii chloroplast as a
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platform for producing active growth factors has demonstrated with the production of
functional Vascular endothelial growth factor (VEGF) and human growth hormone
(hGH), showcasing the potential of this system for whole-cell bioencapsulation and

oral delivery (Rasala et al., 2010, Wannathong et al., 2016).

Click or tap here to enter text.Despite these promising early studies using the C.
reinhardtii chloroplast platform, no research has been carried out on recombinant f{GHs,
and few studies on therapeutic proteins have been conducted at pilot scale (Dyo &
Purton, 2018; Gimpel et al., 2015a; Zedler et al., 2016). The project described in this
chapter aimed to develop fGH-expressing C. reinhardtii cell lines, quantify fGH
production, optimize downstream processing methods, and conduct preliminary

feeding trials with shrimp as depicted in figure 4.2.

Yellow porgy

e % % J P\ (A ~ =
(Acanthopagrus latus) PLYYpGH (1Y il 5) o 1N 1S A 3 w .

. o Fish growth Freeze-dried N
pLYTIGH Chloroplast- hormones algal powders Shrimp (White leg

(o,;-o";?rlsm/s en?:gizlriglfiHs production in the shrimp, Penaeus
niloticus) Chlam domgnas "Hanging bag" vannamei ) growth
4 " Photobioreactor performance
reinhardti (15-20 L) experiment

Figure 4.1 The overview of the production of fish growth hormone (fGHs) in the chloroplast of

C. reinhardtii.

Specifically, the primary objectives of this study were:

1. To achieve high-yield production of recombinant fish growth hormone (fGH) in the

chloroplast of C. reinhardtii:

132



e Design and assemble plasmid constructs for the expression of selected f{GH
in the chloroplast.

e Generate stable, scar-less, and marker-free C. reinhardltii strains expressing
fGH: This involved comparing two different selective strategies: a '‘Chloroplast
Positive-negative strategy' (CpPos-Neg) and a 'light restoration strategy' to
determine the most efficient method for stable and high-level expression of
the fGHs.

¢ Quantify the expression levels of fGH and assess the growth performance of
shrimp larvae fed with the transplastomic algae. This would include scaling up
the cultivation using a 'hanging bag' photobioreactor system, optimizing
conditions for maximum yield and effective harvesting, and ensuring the
process can be implemented under practical, non-sterile conditions for
industrial applications.

¢ Validate the scalability and economic feasibility of producing fGH in C.

reinhardtii.

2. Conduct preliminary trials in shrimp:

e Evaluate the growth performance and health of shrimp larvae fed with the
transplastomic algae expressing fGH.
e Assess the practical application and potential benefits of using fGH-

expressing C. reinhardtii in shrimp aquaculture.

The development of transgenic C. reinhardtii strains expressing fGHs represents a
novel approach to enhancing aquaculture productivity. By leveraging the advantages

of chloroplast genetic engineering and the natural bioencapsulation properties of
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microalgae, this study aims to provide a cost-effective, sustainable, and efficient
method for administering growth hormones to fish. The results of this research could
have significant implications for the aquaculture industry, contributing to increased

food production to meet the demands of a growing global population.
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4.2 Results

4.2.1 Choice of fGH sequences

In this study, yellow porgy growth hormone (ypGH) and tilapia growth hormone (TiGH)
were selected for transgenic expression due to their relevance in aquaculture and their
representation of distinct lineages within teleost fish (Acosta et al., 2009; Arenal et al.,
2008). Tilapia is one of the most widely farmed freshwater species globally, known for
its rapid growth and adaptability, making TiGH a practical candidate for enhancing
growth performance in other species. Yellow porgy, on the other hand, is a marine
species with economic value in East and Southeast Asian aquaculture, and its GH
(ypGH) provides a useful comparative model from a phylogenetically distant teleost
lineage. Including both TiGH and ypGH allows for the evaluation of growth hormone
function across diverse genetic backgrounds. Growth hormones across vertebrates,
including fish, typically possess a conserved N-terminal secretory signal peptide,

which directs the hormone into the secretory pathway for proper biological activity.

4.2.2 Plasmid assembly of f{GHs-expressing cassette

The construction of the fish growth hormone (fGH)-expressing cassette was a crucial
step in this study, aimed at producing growth hormones from yellow porgy
(Acanthopagrus latus) and tilapia (Oreochromis niloticus) in the chloroplast of
Chlamydomonas reinhardtii. To achieve this, various plasmid constructs were
designed, incorporating both signal peptide-tagged and untagged versions of the
growth hormones. Each construct was fused with a hemagglutinin (HA) tag to facilitate

detection and quantification of the expressed proteins.
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The specific plasmids constructed for this purpose were:

pLY136: sp-YpGH-HA — This construct contains the signal peptide (SP) sequence
fused to the yellow porgy growth hormone (YpGH) and an HA tag. The signal peptide
(derived from the native yellow porgy fGH sequence) was included in this construct
based on its native role in fish cells—where it mediates secretion of fGH to the
extracellular space to exert systemic growth-promoting effects—though its function in
the C. reinhardtii chloroplast was not pre-validated. At the time of construct design, the
signal peptide was tentatively included to test whether it might enhance fGH solubility
or stability within the chloroplast stroma (the primary site of chloroplast protein
accumulation for non-targeted recombinant proteins), not to direct targeting to a
specific sub-chloroplast compartment (e.g., thylakoid lumen). Notably, chloroplast
expression of recombinant proteins like fGH often does not require exogenous signal
peptides for basic accumulation, as the chloroplast stroma itself provides a compatible
environment for folding and retention of many soluble proteins—raising the possibility
that this signal peptide may not be strictly necessary for fGH expression in this system.
pLY180: YpGH-HA — This construct includes the YpGH gene directly fused to an HA
tag, without the signal peptide. This version is designed to express the growth hormone
in its native form, with the HA tag facilitating its detection.

pLY151: YpGH — This construct contains only the YpGH gene without any additional
tags or signal peptides, providing a baseline for comparison with the tagged versions.
pLY181: TiGH-HA — This plasmid includes the tilapia growth hormone (TiGH) gene
fused to an HA tag, allowing for the detection and quantification of the expressed
hormone.

pLY166: TiGH — This construct contains the TiGH gene without any additional tags,
serving as a control to evaluate the effects of the HA tag on expression and

functionality.
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Each of these constructs was cloned into the C. reinhardtii chloroplast genome using
plasmids specifically designed for chloroplast transformation. These plasmids contain
the coding sequences of the growth hormones, flanked by essential regulatory
elements to ensure proper transcription and translation. The regulatory elements used

include:

o S promoter/psaA 5' UTR: This promoter and untranslated region (UTR) are derived
from the chloroplast ribosomal RNA gene and psaA gene, providing strong and
consistent expression of the downstream coding sequence.

o rbcL terminator/3’'UTR: This terminator and UTR sequence from the chl