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Abstract

Nitrogen availability in the oceans is a key factor influencing the productivity and
diversity of microalgae. To overcome nitrogen limitation and competition, marine
microalgae have evolved diverse nitrogen metabolic strategies. The green alga
Micromonas commoda and the diatom Thalassiosira pseudonana are globally
distributed marine microalgae that exhibit distinct nitrogen utilization strategies.
Cyanate serves as an alternative nitrogen source in marine environments, and the
key enzyme involved in cyanate metabolism is cyanase (CynS), which is present in
both M. commoda and T. pseudonana. However, they display different capacities

for cyanate utilization, and the role of CynS in nitrogen metabolism is not clear.

In M. commoda, functional genomic studies have been constrained by the lack of
efficient and stable genome editing tools. To investigate the function of the CynS
gene in M. commoda, the development of efficient and cost-effective transformation
methods is essential. In this study, a robust and highly efficient polyethylene glycol
(PEG)-mediated transformation method was established for DNA delivery into M.
commoda. Transformed cell lines were able to grow on 0.3% seawater agarose
plates containing zeocin and expressed enhanced yellow fluorescent protein
(eYFP). Furthermore, a CRISPR/Cas9 construct was assembled using Golden
Gate cloning, resulting in a 76-nt deletion within the coding region of the CynS

gene and generating a frameshift mutation in M. commoda.

The PEG-mediated transformation of 7. pseudonana was optimized. Prior to the
transformation, Alcalase was employed as the sole enzyme for efficient cell wall
removal. Single-cell colonies were isolated on selective plates and the expression of

enhanced green fluorescent protein (eGFP) was confirmed.

In addition, the abilities of M. commoda and T. pseudonana to utilize different
nitrogen sources were further investigated. M. commoda was able to utilize nitrate,
ammonium, and cyanate as sole nitrogen sources, but exhibited growth retardation
when grown on urea. In contrast, T. pseudonana was capable of utilizing nitrate,
nitrite, ammonium, and urea as sole nitrogen sources, but showed no growth on
cyanate. Stable isotope probing (SIP) results revealed low nitrogen uptake rates

under cyanate treatment, indicating negligible direct assimilation of cyanate.

This thesis presents an efficient transformation and genome editing system for M.
commoda, together with an optimized gene delivery method for T. pseudonana. This

provides a foundation for functional gene characterization in marine microalgae.
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Introduction

1.1 Introduction to marine microalgae

1.1.1 Marine microalgae and their ecological roles

Marine microalgae are unicellular eukaryotes ranging in size from ca. 0.95um to
~1000 pm. They are commonly classified into several major taxonomic phyla,
including  Bacillariophyceae  (diatoms), Chlorophyta  (green  algae),
Chlorarachniophyceae, Chrysophyta (golden algae), Cryptophyceae
(cryptomonads),  Dinophyta  (dinoflagellates),  Euglenophyta (euglenids),

Haptophyta (haptophytes) and Rhodophyta (red algae).

Microalgal evolution has been shaped by endosymbiotic gene transfer (EGT) and
horizontal gene transfer (HGT), particularly in lineages with complex plastids
(Otte et al., 2025). Together with mutation, natural selection, genetic drift and
gene flow, these processes have driven the reorganization of mosaic genomes from
different microalgal species. Cyanobacteria are the prokaryotic group of oxygenic
photoautotrophs, which began to oxygenate the atmosphere around 2.1 — 2.4
billion years ago (Schirrmeister et al., 2015). The earliest oxygenic photosynthetic
eukaryotes have arisen from the wholesale engulfment of a cyanobacterium by a
eukaryotic host cell (Figure 1.1). The engulfed cyanobacterium become a
membrane-bounded organelle called the “plastid” (Falkowski et al., 2004). This is

the primary endosymbiosis, which is thought to occur about 1.5 billion years ago
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Figure 1.1: Primary, secondary and tertiary endosymbiotic events in the microalgae
evolution (Otte et al., 2025).

(Yoon et al., 2004) and was split to chlorophyta, glaucophyta (freshwater) and
rhodophyta. In the secondary endosymbiosis, chlorophyta were engulfed by
another heterotrophic eukaryote, giving rise to euglenoids, chlorarachniophytes, as
well as rhodophyta gave rise to the plastid in the cryptophyte, haptophyte, and
heteroktophytes (ochrophytes) that occurred about 1.3 billion years ago (Yoon
et al., 2004). It should be noted that dinoflagellates have undergone secondary or

tertiary endosymbiosis.

The majority of microalgae are photosynthetic and are widely distributed
throughout the oceanic photic zone (upper ca. 200m), where they contribute
nearly half of global primary production and play essential roles in regulating
global biogeochemical cycles (Field et al., 1998; Falkowski et al., 2008;
Naselli-Flores and Padisdk, 2023). In surface oceans, microalgae assimilate
atmospheric COy and synthesize organic carbon through photosynthesis, thereby
contributing to the reduction of atmospheric COy concentrations (Geider et al.,
2001). Subsequently, fixed carbon is transferred through marine trophic networks
or exported to deeper ocean layers via the sinking of organic matter, a key

component of biological carbon pump (Tréguer et al., 2018). Some microalgae
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exhibit mixotrophic capabilities, combining both phototrophic and heterotrophic
modes (Cohen, 2022). This dual nutritional strategy improves their resilience in
marine food webs and promotes a ~ 35% increase in carbon flux to higher trophic
levels (Ward and Follows, 2016). Together with their rapid turnover on timescales
of days, microalgae-fixed carbon is efficiently routed into marine food webs,

supporting efficient energy fluxes and nutrient recycling.

Microalgae play a key role in marine biogeochemical cycles by coupling primary
production with microbial processes, particularly through their interactions with
heterotrophic bacteria (Ward and Follows, 2016; Hamilton et al., 2024). They form
intricate associations with both symbiotic and free-living bacteria that involve
resource exchange, chemical signaling, and community regulation (Amin et al.,
2015). Bacteria provide microalgae with nutrients such as nitrogen and vitamins,
and microalgae supply bacteria with organic matter and other essential
metabolites (Segev et al., 2016; Paerl et al., 2017; Cirri and Pohnert, 2019; Kumar
et al., 2024; Li et al., 2026). For instance, in the co-culture of coccolithophore
Emiliania huzleyi and bacterium Phaeobacter inhibens, the maximum cell
abundance of E. huzleyi reach approximately 25% higher than that in the absence
of bacteria (Segev et al., 2016). In addition, a substantial fraction of carbon fixed
by microalgal photosynthesis is released as dissolved organic carbon (DOC) and
rapidly assimilated by heterotrophic marine bacteria (Azam et al., 1983; Amin
et al.,, 2012). Organic compounds such as indole-3-acetic acid and tryptophan
further function as signaling molecules in microalgal-bacterial interactions,

mediating nutrient exchange and contributing to algal bloom (Amin et al., 2015).
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1.1.2 Chlorophyta and the model green alga Micromonas

Green algae (Chlorophyta) is a diverse and ecologically important group of
microalgae in both marine and freshwater ecosystems. Among them, Mamiellales
represent a dominant lineage globally distributed from tropical to polar waters
(Monier et al., 2016; Yung et al., 2022; Rey Redondo et al., 2024), and they
comprise the genera Bathycoccus, Ostreococcus, Micromonas, Mamiella, and
Mantoniella (Figure 1.2). Each genus exhibits a distinct biogeographic distribution
pattern, reflecting specific adaptations to different ecological niches (Yung et al.,
2022). Mamiellales genomes are compact (13-21 Mb), and eight high-quality
whole-genome resources with curated gene annotations are currently available
(https://phycocosm.jgi.doe.gov/mycocosm/species-

tree/tree;XOhQH37organism=mamiellophyceae). All described species to date are
haploid. In addition, large-scale metagenomic sequencing efforts have generated a
substantial number of Mamiellales genome sequences, further expanding available
genomic resources (Sunagawa et al., 2015; Delmont et al., 2022; Boulton et al.,

2025).

Micromonas are tiny (<2 pm), motile unicellular green algae possessing a single
chloroplast and a mitochondrion. Two isolated Micromonas species have been
sequenced and annotated, providing valuable model systems for experimental
validation of gene function and genomic variation. The genome of Micromonas
commoda RCC299 is fully assembled, whereas the Micromonas pusilla CCMP1545
genome was published as a high-quality draft comprising 21 scaffolds
corresponding to 19 chromosomes (van Baren et al., 2016). The nuclear genome of
Micromonas is highly reduced, with sizes of 20.9 Mb in M. commoda RCC299 and
21.9 Mb in M. pusilla CCMP1545. Originating from primary endosymbiosis,
Micromonas is considered less derived than Ostreococcus, providing valuable
insights into early green algal evolution and the genomic features of the
proto-prasinophyte, the common ancestor of land plants and prasinophytes.

Notably, Micromonas also exhibits exceptionally high genetic diversity, comprising


https://phycocosm.jgi.doe.gov/mycocosm/species-tree/tree;XOhQH3?organism=mamiellophyceae
https://phycocosm.jgi.doe.gov/mycocosm/species-tree/tree;XOhQH3?organism=mamiellophyceae
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Figure 1.2: Micromonas phylogeny and distribution. (A) A consensus neighbor-
joining (NJ) distance 185 rRNA gene tree illustrating the distinct Micromonas
clades. (Inset) Micromonas thin section showing the nucleus (n), chloroplast (c),
flagellum (f), and mucronate extension. (B) Sea surface temperature (SST) and
locations where Micromonas (solid lines and circles around the isolates used in this
work) and Ostreococcus (dashed lines) 185 rDNA sequences have been recovered
(Worden et al., 2009).

numerous deeply divergent clades, with temperature acting as a key driver shaping

both its diversification and global distribution. (Demory et al., 2019).

Since the publication of the first genome assembly, Micromonas has been widely
used to study nutrients usage including nitrogen, phosphate, iron and vitamin B1
(McDonald et al., 2010; McRose et al., 2014; Guo et al., 2018; Hehenberger et al.,

2023; Meyer et al., 2025), photosynthesis (Cuvelier et al., 2017; Dalessandri et al.,
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2025) and symbiotic relationship between algae and bacteria (Ferrer-Gonzélez
et al., 2023; Hamilton et al., 2024). M. commoda RCC299 exhibits the most
divergent repertoire of nitrogen transporters among available Mamiellales genomes
(McDonald et al., 2010). The presence of distinct nitrogen-related gene clusters,
together with the likely duplication of NRT2, suggests an enhanced capacity for
nitrogen uptake and potentially higher expression levels. M. commoda RCC299
was isolated from the South Pacific Ocean, an oligotrophic environment
characterized by low nutrient availability. These genomic features are consistent
with adaptive evolution to nutrient-limited conditions. Micromonas is also a
potential sentinel for ocean change (Demory et al., 2019). Taken together,
Micromonas is a valuable model organism for the study of ecological and

evolutionary processes in eukaryotic phytoplankton.

1.1.3 Diatom and the model species Thalassiosira pseudonana

Diatoms represent a key group of marine microalgae that dominate global ocean
microbiomes (Pierella Karlusich et al., 2025). They are unicellular eukaryotes with
plastids acquired through secondary endosymbiosis, derived from a red algal
ancestor (Figurel.l). Diatoms contribute approximately 20% of global
photosynthesis and account for nearly 40% of marine primary productivity, playing
a critical role in regulating marine carbon cycle (Nelson et al., 1995).
Characterized by silicified cell walls with intricate morphologies, diatoms are the
largest contributors to biosilicification in the world and have been widely applied
in bionanotechnology, including drug delivery, biosensing, and gene delivery
(Dolatabadi and de la Guardia, 2011; Delalat et al., 2015; Tréguer et al., 2021;

Wang et al., 2023a).

Cosmopolitan Thalassiosira is among the most abundant genera of diatoms,
exhibiting higher abundance at high latitudes (Figure 1.3A). Thalassiosira
pseudonana is one of the most prevalent species within this genus and is widely

distributed in coastal waters worldwide, tolerating a broad range of salinities
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Figure 1.3: Global distribution of centric genus Thalassiosira and the structure of
Thalassiosira pseudonana. (A) Distribution of the genus Thalassiosira in both V4
and V9 datasets of Tara Oceans (Pierella Karlusich et al., 2025). Bubble areas are
scaled to the % reads for the genus among eukaryotic reads at each station location,
whereas crosses indicate absence of detection. The size fraction where the genus was
most prevalent in samples is shown alongside the map. (B) Differential interference
contrast (DIC) images of T. pseudonana. Fr, frustule; Ch, chloroplast. (C) Scanning
electron microscope (SEM) images of T. pseudonana frustules. Fp, fultoportula; G,
girdle; GBs, girdle bands. Scale bars = 1 um. (B,C) are based on Fattorini and
Maier (2021).

(0.5-37%0) and temperatures (4-25°C; (Poulsen and Kroger, 2023)). With a high
growth rate (> 2 doublings per day), T. pseudonana is now widely used as a model
organism for investigating the molecular mechanisms underlying diatom biology,
particularly the bio-morphogenesis of the silica cell wall (Figures 1.3B and C). It
was the first eukaryotic marine alga with a sequenced genome in 2004 (Armbrust
et al., 2004), revealing a relatively small nuclear genome of 34 Mb encoding 11,242
protein-coding genes. Subsequent studies have further improved genome and
proteome annotations, enhancing its utility as a genetic and functional model
system (Chen et al., 2023b). The first genetic transformation for T. pseudonana
was successfully performed in 2006 (Poulsen et al., 2006) and the genetic
modification based on CRISPR/Cas was reported later (Hopes et al., 2016;
Belshaw et al., 2023; Messemer et al., 2026). The increasing availability of
advanced molecular tools has promoted T. pseudonana as a model organism for
investigating the ecology, evolution and gene function of diatoms (Mock et al.,

2008; Martin et al., 2011; Ashworth et al., 2013; Kamalanathan et al., 2019).
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1.2 Nitrogen cycle in oceans and strategies of

microalgae to utilize different nitrogen sources

1.2.1 Nitrogen cycle in oceans

Nitrogen is an essential element for all living organisms and a fundamental
component of cellular macromolecules, including amino acids, nucleic acids, and
chlorophyll. Nitrogen in the marine environment exists in two major forms:
inorganic nitrogen and organic nitrogen. Inorganic nitrogen mainly includes
compounds such as nitrate (NO3 ), nitrite (NO; ), ammonium (NHJ ), nitric oxide
(NO), and dinitrogen (N2) (Figure 1.4). These forms are generally considered the
main nitrogen sources for most marine microorganisms due to their relative
abundance and bioavailability. Organic nitrogen comprises a diverse range of
compounds, including amino acids, urea, cyanate, and other dissolved organic
nitrogen (DON) molecules. Many marine microorganisms are capable of utilizing
organic nitrogen, but this ability varies between species, reflecting differences in

metabolic capacity and environmental adaptation.

In marine ecosystems, nitrogen availability limits primary productivity in
approximately half of the global ocean, thus exerting a further influence on marine
food webs and the biogeochemical cycle (Moore et al., 2013). Anthropogenic
environmental change in marine ecosystems is intensifying. Reactive nitrogen
produced through the Haber-Bosch process and released via agricultural runoff,
together with nitrogen oxides emitted from fossil-fuel combustion, is increasingly
entering marine environments and has substantially increased nitrogen input to the
ocean and is estimated to have roughly doubled the turnover rate of the global
nitrogen cycle (Gruber and Galloway, 2008). Ocean warming, acidification,
enhanced seawater stratification, and ocean deoxygenation exert multiple effects on
marine nitrogen biogeochemistry, especially influencing microbial nitrogen

transformation pathways (Hutchins and Capone, 2022).



Chapter 1: Introduction 37

<> Exchange/diffusion | UCYN-A, Crocosphaera spp., NCDs, Trichodesmium spp., DDAs |
s> Microbial reaction I
N, fixation
N, NH,
N,O production -~ NH, assimilation
from AOA Phytoplankton,

Surface ocean

N,O 4—/ Nitrification BEIEE

B Assimilatory nitrate reduction
NO; » Organic N

N, fixation— NCD fixation

Subsurface N, «<—— N,0 \ N, " \
/-’ \ Denitrification NO N,O production from AOA

NCD fixation  Anammox T fos A0 \

N, fixation ODZs \ o NO,Ox NH, Ox Deamination
2

NO,” = NO,” | NH, < Organic N

| \ Nitrification |

-

Deep ocean

N, fixation \ NO, Ox NH, Ox Deamination
NH, | N, = N,O <= NO <= NO,” <= NO, = NO,” <& NH, <& Organic N
Sediments

NCD fixation | Denitrification I Nitrification/comammox |

Figure 1.4: The marine nitrogen cycle (Hutchins and Capone, 2022). Red arrows
indicate transfers or exchanges and blue arrows indicate microbial transformations.
AOA, ammonia-oxidizing archaea; DDA, diatom—diazotroph association; DNRA,
dissimilatory nitrate reduction to ammonia; NCD, non-cyanobacterial diazotroph;
NOB, nitrite-oxidizing bacteria; Ox, oxidation; UCYN-A, unicellular cyanobacteria
group A.

Traditionally, the nitrogen cycle comprises several major processes that transform
nitrogen between different chemical forms, including nitrogen fixation, nitrification,
denitrification, anammox, assimilation, and ammonification (Figure 1.4).
Assimilation, nitrogen fixation, nitrification, and ammonification represent
nitrogenous nutrient uptake and recycling pathways that generate and retain
bioavailable nitrogen within the marine system. In contrast, nitrogen loss
pathways include denitrification and anammox, both of which convert fixed
nitrogen into gaseous forms and remove it from the system. The nitrogen cycle
does not function in a strictly sequential manner but instead consists of distinct
yet interconnected processes mediated by diverse microorganisms, forming a

complex microbial network (Kuypers et al., 2018).

The largest freely accessible global nitrogen inventory in the ocean is in the form of
Ns, but it is only accessible to microorganisms that carry the enzyme nitrogenase.

Marine nitrogen fixers (diazotrophs) are the group that can convert No to



Chapter 1: Introduction 38

bioavailable nitrogen predominantly in the form of NHj3. They are phylogenetically
and physiologically diverse, including free-living and symbiotic cyanobacteria,
non-cyanobacterial diazotrophs (NCDs) and diatom-diazotroph associations
(DDAs) (Zehr et al., 2001; Schvarcz et al., 2022; Tschitschko et al., 2024). Marine
diazotrophs are widely distributed throughout the global ocean, from oligotrophic
tropical waters to polar regions. They contribute up to 50% of the new
(exogenous) nitrogen input in oligotrophic environments, helping to offset losses
from processes such as denitrification and anammox on global scales (Karl et al.,
1997; Zehr and Capone, 2020). In addition to their role in nitrogen cycling,
diazotrophs also contribute significantly to carbon and nitrogen export to the deep
ocean, influencing long-term ocean carbon sequestration (Bonnet et al., 2023).
However, there are several challenges facing marine diazotrophs. Diazotrophy is
energetically expensive and highly sensitive to O , and also being constrained by
the availability of key nutrients such as nitrogen, iron and phosphorus. In the
presence of sufficient bioavailable nitrogen, fast-growing mnon-diazotrophic
phytoplankton can outcompete diazotrophs for other limiting nutrients (Ward
et al., 2013). Additionally, the availability of fixed nitrogen suppresses No fixation,
as many diazotrophs preferentially assimilate dissolved inorganic nitrogen rather
than incur the energetic cost of nitrogen fixation (Knapp, 2012; Turk-Kubo et al.,
2023). These physiological and environmental constraints regulate diazotroph
activity, ecological niche differentiation, and global biogeographic distribution
(Hutchins and Boyd, 2016; Zehr and Capone, 2020; Hutchins and
Sanudo-Wilhelmy, 2022).

Nitrification is a microbial process that oxidizes fully reduced nitrogen (NHjs or
NH4 ™) first to NOy™ and then to NOg3~, with nitrate being the predominant form of
bioavailable nitrogen in the marine environment. This process is carried out
primarily by ammonia-oxidizing archaea (AOA), which are diverse and widely
distributed throughout the open ocean (Francis et al., 2005). Nitrite-oxidizing
bacteria (NOB) subsequently oxidize nitrite to nitrate in oxygenated waters, but

they constitute only a minor fraction of the bacterial community (0.1%) with the
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main members belonging to the phylum Nitrospinae (Ward, 2011; Damashek
et al., 2019). Ammonia oxidizers are the most abundant microbial functional group
in subsurface waters, but their contribution to global oceanic COs fixation and

carbon sequestration remains poorly understood.

Bacteria and some eukaryotes can convert oxidized nitrogen (NO3", NOo™ , NO and
N20) to Ny under Os-depleted conditions via denitrification, resulting in the loss
of fixed nitrogen from marine systems (Devol, 2015). Anammox is another key
nitrogen loss process in which NHj is oxidized with NOo™ to produce Na, making it
a substantial contributor to nitrogen removal in oxygen-depleted zones (ODZs)
(Zhang et al., 2020). Recent studies also show that sinking and suspended particles
in the water column can create localized low-oxygen microenvironments that
support the activity of denitrifying and anammox microorganisms (Fuchsman
et al., 2017; Karthauser et al., 2021). In addition, these particles likely supply
ammonium through the remineralization of organic matter, providing a substrate

for the anammox process.

1.2.2 Cyanate utilization in marine microorganisms

Cyanate (CNO") is a low-molecular-weight organic nitrogen compound widely
distributed in marine environments, typically at nanomolar concentrations
(Widner et al., 2013, 2016; Widner and Mulholland, 2017; Widner et al., 2018).
There are several potential sources of cyanate in oceans, including terrestrial
inputs, phytoplankton release, photochemical or spontaneous degradation of
dissolved organic matter (Widner et al., 2016; Wang et al., 2024c). Increased
cyanate concentrations in regions with high chlorophyll a suggest that cyanate
production is closely related to phytoplankton metabolic activity in marine
systems (Widner and Mulholland, 2017). Intracellular cyanate originates from the
abiotic decomposition of nitrogen-containing compounds such as urea and
carbamoyl phosphate. The observed linear increase in cyanate concentrations

during the late stationary phase of diatom cultures, together with the absence of
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Figure 1.5: Scheme of cyanase-catalyzed bicarbonate-dependent decomposition of
cyanate to ammonia and bicarbonate (Johnson and Anderson, 1987).

cyanate production in the dark, suggests that cyanate formation is closely related
to light-dependent photochemical processes involving diatom-derived organic
matter (Widner et al., 2016; Zhu et al., 2023). Cyanate metabolism was first
investigated in FEscherichia coli and then was identified across a broad range of
organisms, including cyanobacteria, bacteria, fungi, and microalgae (Espie et al.,
2007; Elleuche and Poggeler, 2008; Yu et al., 2019; Diez et al., 2023). Central to
this process is the enzyme cyanase (CynS), which catalyses the conversion of
cyanate to carbon dioxide and ammonia through a bicarbonate-dependent reaction
(Figure 1.5). Phylogenetic analysis shows that horizontal gene transfer of cynS is
widespread across diverse lineages (Figure 1.6B). Marine metagenomic analyses
show that cynS is as prevalent as wreC, indicating that cyanate is an important

nitrogen source in marine microbial communities (Figure 1.6A).
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Figure 1.6: Distribution and phylogenetic analysis of cynS (Mao et al., 2022). (A) Biogeographic distribution and taxonomic composition of
cynS and ureC' transcripts across the global ocean, including the surface layer (SRF), deep chlorophyll maximum (DCM), and mesopelagic
zone (MES). The red rectangle in subpanel (c) highlights the high expression of cynS in Micromonas in polar area. (B) Unrooted maximum-
likelihood phylogenetic tree of CynS sequences. CynS from prasinophytes, diatoms, and dinoflagellates are highlighted.
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CynS functions in three main roles: extracellular cyanate assimilation, intracellular
cyanate detoxification, and metabolic regulation. Growth using cyanate as sole
nitrogen source has been well documented in bacteria (Johnson and Anderson,
1987; Kunz and Nagappan, 1989), cyanobacteria (Espie et al., 2007; Kamennaya
and Post, 2011; Sato et al., 2023), Thaumarchaeota (Palatinszky et al., 2015;
Kitzinger et al., 2019) and fungi (Elleuche and Poggeler, 2008; Linder, 2019), but
microalgae appear largely unable to utilize extracellular cyanate (Guérin et al.,
2025). Dinoflagellate Prorocentrum donghaiense is capable of growth on cyanate as
the sole nitrogen source based on preliminary growth and nitrogen uptake results,
but it occurs at lower rates relative to nitrate and ammonium (Hu et al., 2012,
2014). Environmental transcriptomic analyses reveal that the CynS gene in
Pelagomonas calceolata is upregulated in nitrate-poor oceanic regions, supporting
its persistence in oligotrophic environments (Guérin et al., 2025). However,
laboratory experiments show that CynS expression in P. calceolata is
downregulated in the presence of cyanate, indicating that this gene is unlikely to
be involved in the catabolism of extracellular cyanate to ammonia. In an
enrichment experiment, cyanate addition had negligible effects on both cellular
chlorophyll fluorescence and the abundance of natural phytoplankton communities
collected at the north Pacific subtropical gyre (Sato et al., 2023). The function of
CynS in microalgae remains poorly understood. Nevertheless, CynS genes are
widespread and diverse among marine microalgae across global oceans (Mao et al.,
2022). Elucidating the role of CynS in microalgae is essential for improving our
understanding of microalgal nitrogen metabolism and its contribution to the

marine nitrogen cycle.

1.2.3 Adaptive strategies of marine microalgae to utilize different

nitrogen sources

Nitrogen (N) is an essential element for life, but the proportion of biologically
available inorganic nitrogen such as nitrate, nitrite, and ammonium constitutes

only a small fraction of the total nitrogen pool on Earth (Schlesinger, 1997). As a
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result, nitrogen availability frequently limits primary production in many
ecosystems. Microalgae contribute the primary production in marine ecosystems
and also play a critical role in the marine nitrogen cycle. The types and
concentrations of available nitrogen sources strongly influence the distribution and
abundance of microalgae. However, the dissolved nitrogen sources on which
phytoplankton mainly rely are often limited across vast areas of the low-latitude
surface ocean (Moore et al., 2013). Nitrogen limitation can induce multiple
physiological responses in microalgae, including growth retardation and reduced
capacity to adapt to environmental changes (Aranguren-Gassis et al., 2019; Smith
et al., 2019). Furthermore, microalgae experience intense competition for available
nitrogen sources and have therefore evolved diverse assimilation strategies to
utilize different forms of nitrogen, enabling them to maintain their growth and
ecological competitiveness. However, abnormal increases in nitrogen concentrations
in the marine environment can promote the proliferation of harmful algal bloom
which may be formed by organisms including diatoms, chrysophytes, and
dinoflagellates. (Borkman et al., 2012; Gobler and Sunda, 2012; Sun et al., 2020).
In recent years, anthropogenic activities have accelerated the eutrophication of
coastal waters, resulting in more frequent red tide events and significant impacts

on coastal ecosystems (Anderson et al., 2008; Sun et al., 2020).

1.2.3.1 Strategies on using inorganic nitrogen

Microalgae possess highly efficient carbon and nitrogen metabolic networks that
enable rapid assimilation and transformation of nutrients (Yew et al., 2019). Most
microalgae utilize dissolved inorganic nitrogen such as nitrate, nitrite, and
ammonium as their primary nitrogen sources (Zehr and Kudela, 2011). There are
significant differences in the expression of inorganic nitrogen metabolism-related
pathways among microalgae species (Zhang et al., 2025). For example, diatoms
possess highly efficient nitrogen assimilation systems, whereas dinoflagellates have
relatively less complete pathways, which may contribute to their reduced capacity

for inorganic nitrogen utilization compared to diatoms (Gao et al., 2018;
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Pechkovskaya et al., 2020; Abassi and Ki, 2022). Nitrate and nitrite are
transported into cells via specific transporters and are subsequently reduced to
ammonium by nitrate reductase (NR) and nitrite reductase (NiR), separately.
Nitrogen metabolism is closely coordinated with photosynthesis and carbon flux in
microalgae (Falkowski and Stone, 1975). In the diatom Phaeodactylum
tricornutum, NR knockout mutants exhibit more rapid and abrupt carbon
repartitioning compared to wild type (McCarthy et al., 2017). Furthermore, genes
associated with ribosome biogenesis, photosystems, chlorophyll biosynthesis, and
carbon fixation and metabolism are downregulated following nitrate resupply,
highlighting the key role of nitrate assimilation in coordinating carbon and
nitrogen metabolism. Under nitrate-limited conditions, diatoms and some green
algae redirect carbon flux from storage carbohydrates, such as chrysolaminarin and
starch, toward the accumulation of neutral lipids, particularly triacylglycerols
(TAGs) (Yu et al., 2009; Rismani-Yazdi et al., 2012). Therefore, nitrate depletion
is an effective strategy to enhance TAG accumulation in diatoms such as T.
pseudonana and P. tricornutum (Yu et al., 2009). Ammonium is the nitrogen form
incorporated directly into organic nitrogen compounds, primarily through its
assimilation into glutamate via the glutamine synthetase/glutamine oxoglutarate
amino transferase or glutamate synthase (GS/GOGAT) cycle (Miflin and Lea,
1975). Ammonium is the preferred inorganic nitrogen source because its
assimilation requires less energy than nitrate or nitrite. In many microalgal
species, the presence of ammonium can suppress the uptake and assimilation of

other nitrogen sources (Dortch, 1990; Huang et al., 2020; Fichtbauer et al., 2023).

Nitric oxide (NO) is a key signaling molecule produced by the enzyme nitric oxide
synthase (NOS), playing an important regulatory role in diverse physiological
processes in microalgae. NO functions as a redox-active messenger that modulates
cellular responses to environmental and metabolic stress. For example, elevated
intracellular NO levels induce the expression of death-specific proteins when
photosynthetic electron transport is disrupted in the marine diatom Skeletonema

costatum (Chung et al., 2008). In addition, NO-mediated stress signaling
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influences the perception of substratum properties and results in reduced growth
and impaired photosynthetic performance in the marine diatom P. tricornutum
(Vardi et al., 2008). Furthermore, NO signaling is related to nitrogen assimilation
processes, as it can be generated as a by-product of nitrate reduction and may
serve as an indicator of intracellular nitrogen status. This comes out that NO is
not only a stress signal but also an important regulatory molecule controlling

fundamental cellular processes in marine microalgae (Astier et al., 2021).

1.2.3.2 Strategies on using organic nitrogen

Dissolved organic nitrogen (DON) can be broadly divided into labile, semilabile,
and refractory fractions according to its bioavailability. The labile fraction
(LDON), including amino acids, nucleic acids, urea, and proteinaceous compounds,
is absorbed and assimilated by many microalgal species due to its low molecular
complexity and high bioavailability (Wheeler et al., 1974; Sutton and Sposito,
2005; Huang et al., 2020; Li et al., 2026). ABC transporters are involved in the
uptake of these organic nitrogen compounds into cells (Smith et al., 2019; Ji et al.,
2020). Some microalgae even exhibit higher uptake and utilization rates for
organic nitrogen than for inorganic nitrogen sources (Hu et al., 2014; Huang et al.,
2020). For example, dinoflagellates generally do not show a significant advantage
over diatoms in utilizing inorganic nitrogen, but they are often more competitive in
exploiting organic nitrogen sources (Smayda, 1997). Urea is a major component of
dissolved organic nitrogen in marine environments. Many dinoflagellate blooms in
coastal waters have been associated with elevated urea concentrations, suggesting
that urea may promote the competitive dominance of dinoflagellates over other
phytoplankton under urea-enriched conditions (Li et al., 2009; Ou et al., 2014;
Glibert and Burford, 2017). Furthermore, microalgal species exhibit selective
utilization of DON components. During DON aging in marine environments, labile
compounds are progressively depleted, leaving more refractory and hydrophobic
components (Zheng et al., 2022; Li et al., 2025b). Diatoms preferentially utilize

labile and hydrophilic DON, whereas dinoflagellates exhibit greater capacity to
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exploit refractory and hydrophobic DON (Chen et al., 2023a; Li et al., 2025a).
These differences in DON utilization strategies may contribute to the ecological

succession from diatoms to dinoflagellates.

In addition to utilizing extracellular urea, marine photosynthetic stramenopiles
have been reported to possess the ornithine-urea cycle (OUC, Figure 1.7), an
anabolic pathway that enables nitrogen recycling and contributes to enhanced the
efficiency of nitrogen utilization (Allen et al., 2011; Price et al., 2016; Smith et al.,
2019). Carbamoyl phosphate synthase (CPS) acts as a key enzyme, channeling
both carbon and nitrogen into the OUC in the form of carbamoyl phosphate,
thereby linking primary metabolism to nitrogen assimilation (Allen et al., 2011;
Hordk et al., 2020). The distinct evolutionary origins of CPS suggest that different
copies may perform different metabolic functions across lineages. In stramenopiles,
the original CPS participates in OUC, and a duplicated copy is used for pyrimidine
biosynthesis. In other photosynthetic eukaryotes, such as green algae and plants,
the cyanobacterium-derived CPS primarily functions in pyrimidine synthesis,
whereas rhodophytes and glaucophytes retain eukaryotic pyrimidine-associated
CPS without involvement in OUC (Hordk et al., 2020). Through the coordinated
activity of downstream OUC enzymes, this cycle supports the recycling of
nitrogenous compounds, helps maintaining intracellular carbon—nitrogen balance,
and plays a critical role in sustaining cellular productivity under fluctuating
nitrogen conditions in marine environments. Furthermore, the OUC may interact
with other nitrogen metabolism pathways, such as amino acid biosynthesis and
polyamine synthesis, enhancing overall nitrogen balance within the cell (Allen

et al., 2011).
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Figure 1.7: Schematic of the canonical urea pathway across different cellular
compartments (Hordk et al., 2020). Red arrows indicate key enzymes, blue arrows
show downstream enzymes, and yellow ellipses denote key metabolites.

1.3 Molecular toolkits for marine microalgae

1.3.1 Overview of microalage transformation

Reverse genetics aims to alter gene expression in order to investigate gene function
and to generate lines with predefined phenotypes. Given their importance in
ecology, evolution, and bioengineering, molecular toolkits for microalgae have
undergone substantial development. Together with advances in metabolomics,
these tools pave the way for deciphering metabolic pathways and enable targeted
metabolic engineering linked to metabolite production (Allen et al., 2011; Blaby
et al., 2013; Dolatabadi and de la Guardia, 2011; Abbriano et al., 2018). This

helps us improve our understanding of the biology and evolution of microalgae.
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Microalgae have emerged as powerful photosynthetic cell factories in biotechnology.
They have complex metabolic pathways that generate diverse value-added
compounds with applications in commercial production (Sreenikethanam et al.,
2022). Traditionally, different microalgal species have been selected for specific
purposes to produce distinct bioproducts (Pulz and Gross, 2004). However,
wild-type strains have inherent limitations: their yields can only be increased by
optimizing culture conditions such as light, nutrients, and temperature, and even
then, the maximum productivity remains relatively low. Genetic engineering is
able to overcome this constraint in metabolic capacity and then enhance
productivity.  This is typically achieved through overexpression or targeted
knockdown of relevant genes, enabling the production of commercially valuable
compounds such as biofuels, antibodies, and carotenoids (Trentacoste et al., 2013;
Hempel et al., 2017; Bule et al., 2018). For example, overexpression of a
Ab-elongase and phytase gene from other species in P. tricornutum enables the
accumulation of high-value docosahexaenoic acid (DHA) and eicosapentaenoic acid

(EPA) (Hamilton et al., 2014; Pudney et al., 2019).

In summary, the development of genetic modification tools in microalgae is critical
not only for uncovering fundamental genetic and regulatory mechanisms, but also
for expanding their potential as platforms for biotechnological applications.
However, targeted genome editing remains feasible for only a limited number of
species, largely due to technological constraints such as low transformation
efficiency, lack of efficient selectable markers, and limited availability of
species-specific molecular toolkits. Nowadays, many important microalgae species
remain challenging on stable transformation and targeted genome editing
(Faktorova et al., 2020). This limitation significantly hinders the functional
characterization of genes and the exploration of their metabolic and regulatory
networks. Developing robust genetic tools is essential to unlock the potential of

these species for both basic research and biotechnological applications.
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1.3.2 Genetic engineering in diatoms

Before any genetic loci can be modified using targeted approaches, there need to
be methods for delivering and establishing genetic material in diatom cells.
Usually, these transformation protocols are developed using the expression of
marker genes such as green fluorescent protein (GFP) and yellow fluorescent
protein (YFP), which, based on their fluorescence, help to assess the stability of
the genetic modification. The latter is an important criterion for many
applications in reverse genetics with diatoms (Falciatore et al., 1999; Faktorova
et al., 2020; Sabatino et al., 2015; Yin and Hu, 2021). Once a transformation
protocol has been developed, many endogenous genetic loci can be manipulated.
The most used genetic modifications in diatoms include gene overexpression,
knockdown, and knockout. Furthermore, some diatoms such as T. pseudonana can
be used for efficient gene replacement facilitated by homology-directed repair
(Belshaw et al., 2023). Until now, the genetic transformation systems have been

established in 20 diatom species (Figure 1.8).

Gene overexpression was first successfully employed in diatoms in 1995 (Dunahay
et al., 1995). This approach typically involves the knock-in of an additional copy of
the target gene driven by a strong constitutive promoter, such as the fucoxanthin
chlorophyll-a/c-binding protein (FCP) promoter. Overexpression can confer new

phenotypic traits, allowing researchers to infer potential functions of the target gene.

Gene knockdown is the process that targets mRNA instead of DNA, thereby
resulting in the decrease of the encoded protein. The first report of gene
knockdown was based on inhibiting the expression of the GUS reporter and the
endogenous cryptochrome gene in P. tricornutum using antisense RNA technology
(De Riso et al., 2009). Since then, gene silencing has been widely applied in
diatoms (Trentacoste et al., 2013; Shrestha and Hildebrand, 2017; Sabatino et al.,
2022; Wang et al., 2023a). However, the molecular mechanism underlying gene
silencing remains to be completely resolved because it does not appear to be

following the canonical mechanism of RNA interference (RNAi) mediated by small
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Figure 1.8: Maximum-likelihood phylogenetic tree and transformation status of
sequenced diatom genomes based on the 18S sequences. The phylogenetic tree
depicts the evolutionary relationships among diatom species with complete genome
sequences. Species with established genetic transformation protocols are highlighted
with dots at the leaves. Representative morphologies of key species are illustrated
alongside their respective phylogenetic positions. The tree is divided into three
major groups based on the phylogeny: multi-polar centrics (green), araphid pennates
(blue), and raphid pennates (brown).

non-coding RNAs (sRNAs) and the activity of the endoribonuclease Dicer (DCR)
because the mRNA of the silenced genes is still present, as observed in T.
pseudonana, for instance, Kirkham et al. (2017). However, new data based on
comparative genome and transcriptome analyses and reverse genetics with P.
tricornutum have in fact revealed that key RNAi effectors have diversified in
diatoms. Nevertheless, this new study suggests the presence of distinct RNAi
pathways in diatoms. For instance, the P. tricornutum DCR was found to process
26-31-nt-long double-stranded sRNAs originating mostly from transposons covered

by repression-associated epigenetic marks (Grypioti et al., 2024).

In addition to gene overexpression and silencing in diatoms, the last decade has
revolutionized our ability to modify the diatom genome by enabling targeted
modifications using sequence-specific nucleases. Modifications are achieved through
the application of meganucleases (MNs), transcriptional activator-like effector
nucleases (TALENSs), and especially CRISPR/Cas-assisted genome editing. These

genetic tools introduce double-strand DNA breaks (DSB) at specific loci, with
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subsequent repair either via homology-directed repair (HDR) or non-homologous
end joining (NHEJ). The latter is the most frequent repair mechanism in diatoms,
acting on single-nucleotide mutations and small insertion-deletions (INDELs).
MNs, TALENs, and CRISPR/Cas have been used successfully to induce targeted
mutations in diatom genomes (Daboussi et al., 2014; Fortunato et al., 2016).
TALENs have the advantage of high specificity in genome editing and have been
applied in both P. tricornutum and T. pseudonana (Daboussi et al., 2014;
Fortunato et al., 2016; Weyman et al., 2015). However, a typical TALEN system
requires pairing two TALENSs to target DNA sequences of 30-36 base pairs, with
each side consisting of 18 repeats (Malzahn et al., 2017). Thus, the design is
complex and not as versatile as the CRISPR/Cas technology. Therefore, MNs and
TALENs were gradually replaced in diatom research by the effective CRISPR/Cas
technology such as Hopes et al. (2016).  The first reports for successful
CRISPR/Cas-based genome editing leading to stable gene knockouts were based
on work with P. tricornutum (Nymark et al., 2016) and T. pseudonana (Hopes
et al, 2016). Following these landmark papers, CRISPR/Cas-mediated
homologous recombination (HR) was developed in P. tricornutum, T. pseudonana,
and Chaetoceros muelleri, providing targeted genome editing at endogenous loci
(Moosburner et al., 2020; Belshaw et al., 2023; Yin and Hu, 2023). The first
application of DNA-free gene knockout by direct delivery of CRISPR/Cas9
ribonucleoproteins (RNPs) in diatom was published in 2018 (Serif et al., 2018).
Furthermore, the Cas9 nickase (nCas9) and dead (d)Cas9 have also been developed

for diatom research (Nawaly et al., 2020; Matsui et al., 2024; Guo et al., 2024).

1.3.3 Genetic engineering in prasinophytes

Prasinophytes form a basal algal group in the green lineage and are widespread
marine green algae from polar to tropical regions. Although many species have

sequenced genomes, few are available to genetic transformation (Table 1.1).

Ostreococcus was the first prasinophytes species in which genetic transformation
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methods were established, including electroporation and PEG-basd transformation
(van Ooijen et al., 2012; Sanchez et al., 2019). The Km gene (conferring eukaryotic
(G418 resistance) was used as a selectable marker, and luciferase served as a reporter
in transformations. Moreover, efficient gene targeting via homologous recombination
(HR) enables precise knockouts and reporter insertions in Ostreococcus (Lozano
et al., 2014). Random insertion (RI) and targeted insertion via HR rely on distinct
DNA repair mechanisms. RI is mediated by NHEJ of double-strand breaks, whereas
HR is recombinase-dependent and involves strand exchange with homologous DNA
sequences (Shinohara et al., 1992; Heyer et al., 2010). O. tauri RCC745 AThiM
deletion mutants were generated using HR to investigate the function of thiazole
kinase (ThiM) in thiamine (vitamin B;) metabolism (Paerl et al., 2017). Specifically,
this approach enabled the assessment of the ability of O. tauri to grow on thiamine
precursors in the absence of ThiM, thereby confirming its role in the salvage pathway

of vitamin B biosynthesis.

The protocols adapted from O. tauri using electroporation were transferable to O.
lucimarinus (RCC802) and B. prasinos (RCC4222) (Faktorova et al., 2020). O.
lucimarinus (RCC802) was successfully transformed by electroporation using an
0. tauri-derived construct, resulting in numerous G418-resistant colonies with
luciferase expression. In contrast, transformation of B. prasinos (RCC4222)
required species-specific regulatory sequences, and although fewer transformants
were obtained, successful genomic integration and luciferase expression were
achieved in a subset of clones, indicating the importance of genomic context for

transgene expression.

In general, electroporation is the most commonly used method for the stable
introduction of exogenous DNA into cells. However, transformation protocols
successful in Bathycoccus and Ostreococcus failed in Micromonas. Instead, Lonza
nucleofection enabled successful transformation of M. commoda (CCMP2709)
using codon-optimized constructs expressing either luciferase or eGFP under
exogenous or endogenous regulatory elements (Faktorova et al., 2020).

Nevertheless, due to the limited availability of effective selectable markers,
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transformants were overgrown by wild-type cells during prolonged incubation.

T. striata (KAS-836) was successfully transformed via microprojectile bombardment
using gold particle—coated plasmids carrying the bar gene, with stable transformants

obtained under zeocin or glufosinate selection.



Table 1.1: Summary of genome resources and genetic transformtion in Prasinophytes

Speices Delivery system Selective marker Reporter Approach Genetic Transformation
Ostreococcus tauri RCC1115 PEG kanMX LUC OE (Sanchez et al., 2019)
Ostreococcus tauri 0TTH0595 Electroporation kanMX - OE, HR (van Ooijen et al., 2012)
(Lozano et al., 2014)
Ostreococcus lucimarinus RCC802  Electroporation — kanMX LUC OE (Faktorova et al., 2020)
Bathycoccus prasinos RCC4222 Electroporation kanMX LUC OE (Faktorova et al., 2020)
Micromonas commoda RCC299  Lonza Nucleofector — eGFP, LUC OE (Faktorova et al., 2020)
Tetraselmis striata KAS-836 Biolistics Ble - OE (Faktorova et al., 2020)

Ble: Bleomycin resistance gene; eGFP: enhanced green fluorescent protein gene; HR:homologous recombination; LUC:
(G418 resistance gene; LUC: luciferase; OE: overexpression; PEG: PEG—mediated transformation.

luciferase; kanMX; Kanamycin/

uonposuy 1] 423dvYy)
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1.4 Motivation and aims of this thesis

The motivation of this thesis was to investigate the strategies of extracellular
nitrogen assimilation in marine microalgae within the marine environment, as well
as their intracellular nitrogen metabolism. Marine microalgae have evolved diverse
nitrogen assimilation strategies to adapt to fluctuating ocean conditions and play a
critical role in the marine nitrogen cycle. The green alga M. commoda and the
diatom 7. pseudonana are among the most abundant marine microalgal species.
The development of genetic transformation systems is essential for enabling deeper
investigation of their nitrogen metabolism. 7. pseudonana has been extensively
studied and is readily transformable, but transformation methods for M. commoda
remain limited. To date, functional genomics studies in M. commoda have been

constrained by the lack of efficient and stable genome editing tools.

Chapter 2 describes the development of stable and efficient polyethylene glycol
(PEG)-mediated transformation protocols for DNA delivery into M. commoda and
T. pseudonana. For M. commoda, the transformation vector contains the shble
gene and enhanced yellow fluorescent protein (e YFP), both flanked by endogenous
promoter and terminator sequences from the ribosomal protein S9 (RPS9) gene.
Following transformation, single-cell colonies were isolated from 0.3% agarose
plates supplemented with 25 pg/mL zeocin. The expression of eYFP was
confirmed by fluorescence detection using a widefield microscope.  For T.
pseudonana, transformation vector contains selective marker NAT gene and eGFP.
T. pseudonana cell wall were removed by alcalase and then the vector were
delivered via PEG. Single-cell colonies were isolated on 0.8% agarose
platecontaining 100ug/mL Nourseothricin. The expression of eGFP was

confirmed byfluorescence detection using a widefield microscope.

Chapter 3 presents the results of genome editing in M. commoda using
CRISPR/Cas9 to knockout the CynS gene. Eight sgRNAs were designed and

validated through in vitro test. Four CRISPR/Cas9 plasmids were then assembled
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using Golden Gate cloning and delivered into cells. Following screening of the
transformed cell lines, cyanase knockout strains were successfully identified. This is

the first report of CRISPR/Cas9-mediated gene knockout in M. commoda.

Chapter 4 investigates the ability of the marine microalgae M. commoda and T.
pseudonana to utilize cyanate as a nitrogen source. M. commoda is capable of
using cyanate as the sole nitrogen source, although its growth is limited. In
contrast, 7T. pseudonana cannot grow on cyanate as the sole nitrogen source
despite possessing the CynS gene. To elucidate the function of CynS in T.
pseudonana, CynS knockout strains were generated. When cultured with nitrite as
the nitrogen source, the knockout strains exhibited physiological differences
compared with the wild type. Specifically, CynS knockout strains displayed
increased cell size and a reduced maximum growth rate compared with that of wild
type. These findings suggest that CynS functions in cyanate detoxification and

may also influence metabolic regulation.

Lastly, chapter 5 concludes with a summary of this research of the main results,

followed by suggestions for future research.



PEG-based transformation methods
for Micromonas commoda and

Thalassiosira pseudonana

The results of PEG-based transformation on Thalassiosira pseudonana have been
published in Nature communications (https://doi.org/10.1038/s41467-026-68562-6).
The main text and supporting information from the published article are included

here, with figure and an associated short discussion added for this thesis.
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2.1 Introduction

PEG-mediated genetic transformation was first reported in tobacco protoplasts in
1982 and later applied to many other organisms such as bacteria, algae, fungi
(Krens et al., 1982; Kindle, 1990; Hanahan et al., 1991; Zhang et al., 2016). In this
method, cells or protoplasts are induced to take up foreign DNA in the presence of
PEG. To date, the underlying mechanism of PEG remains unclear and may vary
between organisms. Some studies suggest that PEG destabilizes cell membrane,
facilitating DNA entry into cells, whereas others propose that PEG increases the
effective concentration of solutes, promoting DNA adsorption to the cell membrane
followed by endocytosis (Lentz and Lee, 1999; Chen et al., 2008). Compared with
other transformation methods, such as biolistic bombardment and electroporation,
PEG-mediated transformation is generally inexpensive, technically simple, and
time-efficient. It can yield relatively high numbers of transformants under
optimized conditions, although its efficiency varies considerably among species and
experimental systems. A major limitation is that PEG-mediated DNA uptake is
most effective in cells lacking a rigid cell wall or in protoplasts, which restricts its
application to species in which efficient cell wall removal and subsequent protoplast
regeneration can be achieved (Davey et al., 2005). In addition, transformation
efficiency is strongly influenced by the physicochemical properties of the PEG
solution and treatment, including PEG molecular weight and concentration, pH,
temperature, and incubation time. These parameters therefore need to be

systematically optimized for each species.

PEG transformation has been used on many microalgae species (Table 2.1). The
cell wall is the primary physical barrier to the entry of foreign DNA into cells. Its
removal is critical for efficient PEG-mediated transformation. Protoplast release is
influenced by multiple factors, including cell wall thickness, enzyme incubation
conditions (temperature, duration, and pH), mechanical conditions such as gentle
agitation, and the composition of the osmoticum (Sinha et al., 2003). As cell wall

composition varies among species, it is necessary to optimize and evaluate cell wall
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removal strategies for each species. For example, alcalase has been reported to be
more effective for spheroplasting P. tricornutum cells than the cocktail of
zymolyase, hemicellulase and lysozyme, resulting in a significant improvement in
transformation efficiency (Karas et al., 2015; Walker et al., 2026). Once the cell
wall has been removed, protoplasts become highly susceptible to rupture,
shrinkage, and aggregation (Lai et al., 2020). Therefore, maintaining a stable
osmotic pressure during and after enzymatic digestion is essential. Common
osmoticum include sugar derivatives, such as sucrose, sorbitol, and mannitol,
inorganic salts, such as KCI, NaCl, and MgSQOy4, or combinations of these
compounds (Chen et al., 2015; Yang et al., 2015). The suitable molecular weight of
PEG for transformation varies between species (Table 2.1). It is necessary that
testing the PEG conditions including molecular weight, concentration, incubation

time prior transformation.

The nucleofection method was established in M.commoda (Faktorova et al., 2020).
Nucleofection is an optimized electroporation. Electroporation relies on transient
permeabilization of the cell membrane upon exposure to an electric field, allowing
charged molecules such as DNA, RNA and protein to enter the cell (Weaver and
Chizmadzhev, 1996; Kotnik et al., 2015). However, this method has some potential
disadvantages such as relatively high cell mortality and low transfection efficiency.
Nucleofection improves upon electroporation by employing optimized electrical
parameters, including cell type-specific buffers and precisely controlled pulse
programs, to facilitate the direct delivery of nucleic acids into the nucleus (Gresch
et al., 2004). This approach has been shown to improve transfection efficiency and
maintain higher cell viability across a wide range of cell types including microalgae
(Chicaybam et al., 2013; Booth and King, 2020; Faktorova et al., 2020). In the
transformation of M. commoda, two codon-optimized plasmids encoding luciferase
gene and enhanced green fluorescent protein (eGFP) gene, separately, were
delivered into cells by nucleofection (Faktorova et al., 2020). The expression of
luciferase and eGFP was detected in transformants. However, because selectable

marker was not introduced, transformants were subsequently overgrown by
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wide-type (WT) cells. In addition, the Lonza nucleofector system is not commonly
used for algal transformation, and the limited accessibility of required equipment

further constrains its broader application.

Methods for delivering DNA to 7. pseudonana include biolistic bombardment,
electroporation, and bacterial conjugation (Poulsen et al., 2006; Karas et al., 2015;
Messemer et al., 2026). These methods can achieve stable and efficient
transformation, but have limitations. Biolistic bombardment and electroporation
require specialized equipments. Bacterial contamination is the major concern in
bacterial conjugation. Moreover, recent studies have reported unstable and
unreliable reporter gene expression following conjugation, likely due to episomal
rearrangements (Diamond et al., 2023). Therefore, the development of a simple,
cost-effective, and robust transformation method remains an important objective

for advancing genetic studies in 7. pseudonana.

2A peptides are short self-cleaving peptides, typically 18-21 amino acids in length,
that mediate the separation of polypeptides during translation in eukaryotic cells
(Ahier and Jarriault, 2014). Commonly used 2A peptides include F2A from
foot-and-mouth disease virus, E2A from equine rhinitis A virus, P2A from porcine
teschovirus-1, and T2A from Thosea asigna virus (Ryan et al., 1991; Szymczak
and Vignali, 2005). These peptides act through a unique translational mechanism
known as “ribosomal skipping”, in which peptide bond formation fails between the
terminal glycine and proline residues of the 2A sequence, resulting in the
production of two discrete proteins (Donnelly et al., 2001). However, incomplete
ribosomal skipping can result in continued translation and the production of an
uncleaved fusion protein. High cleavage efficiencies have been reported in systems
such as silkworms, zebrafish, mice, and human cell lines, whereas substantially
lower and variable efficiencies have been observed in microalgae (Kim et al., 2011;
Wang et al., 2015; Plucinak et al., 2015; Koh et al., 2018; Wang et al., 2024b). By
enabling the co-expression of multiple proteins at comparable levels from a single
promoter, 2A peptides provide a potentially valuable strategy for reducing vector

complexity and coordinating transgene expression (Minskaia et al., 2013; Liu et al.,
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2017). Their performance in M. commoda has not been evaluated. Investigating
the functionality of 2A peptides in M. commoda could facilitate the development of
future multigene expression systems and genetic engineering applications in this

species.



Table 2.1: PEG transformation on microalgae

Species Enzyme for digesting cell wall PEG Reference
Diatom Thalassiosira pseudonana Alcalase 20% PEGS8000 (Walker et al., 2026)
Phaeodactylum tricornutum Alcalase 20% PEGS8000 (Walker et al., 2026)

Coccolithophore Pleurochrysis carterae
Green algae Chlamydomonas reinhardtii

Haematococcus pluvialis

Chlorella ellipsoidea

Chlorella sp. DT

Chlorella vulgaris

Nannochloropsis sp.

Dunaliella salina

Ostreococcus tauri

Proteinase K

Cocktail of cellulase and
macerozyme R-10

Cocktail of cellulase, macerase and
pectinase

Cocktail of macrease and cellulase

Cocktail of cellulase R-10 ,
Macerozyme R-10 and Pectinase

Cocktail of cellulase R-10 ,
Macerozyme R-10 and Pectinase

20% PEG6000
20% PEGS8000
20% PEG4000

20% PEG4000

20% PEG6000
20% PEG4000

20% PEG4000

LiAc/35% PEG
30% PEG4000

(Endo et al., 2016)
(Diaz-Santos et al., 2016)
(Guo et al., 2022)

(Kim et al., 2002)

(Huang et al., 2006)
(Yang et al., 2015)

(Zainal Abidin et al., 2020)

(Chai et al., 2013)
(Sanchez et al., 2019)
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2.2 Materials and Methods

2.2.1 Cell cultures for Micromonas commoda and Thalassiosira

pseudonana

The marine green algae Micromonas commoda (RCC827) was obtained from the
Roscoff Culture Collection (RCC). Cultures were maintained in modified K medium
(ImM NOj') prepared with artificial seawater at 35 PSU (practical salinity units)
using Tropic Marin@®) Classic Sea Salt (Germany). The K nutrients were prepared
according to the protocol of the National Center for Marine Algae and Microbiota
(NCMA). Cultures were incubated at 20 °C under a 14:10 h light:dark cycle at an

2

irradiance of 150 pgmol photons m~2s~!. For genetic transformation experiments, K

medium prepared with 22 PSU seawater was used.

Thalassiosira pseudonana (CCMP1335) was obtained from NCMA. Cells were
cultured in synthetic ocean water (SOW) supplemented with f/2 nutrients. SOW
was prepared according to the NCMA Aquil medium protocol, and f/2 nutrients
were prepared following the NCMA protocol. Cultures were maintained at 20 °C

under continuous light at an irradiance of 50 gmol photonsm~2s~ 1.

2.2.2 Growth Curves

M. commoda cell density was counted using a hemacytometer under a light
microscope at 20x magnification. Cell growth was also monitored by measuring
chlorophyll a (Chl a) fluorescence with 460 nm excitation and 680 nm emission
using a SpectraMax®) iD3 Multi-Mode Microplate Reader. A standard curve was
generated relating Chl a fluorescence to cell density (Figure 2.1). Each sample was
measured in triplicate to ensure accuracy and reproducibility. The resulting
standard curve provides an equation that describes the relationship between
fluorescence intensity and cell density, enabling direct calculation of cell density

from fluorescence measurements obtained using a plate reader. As shown in
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Figure 2.1: Standard curve of M. commoda.

Figure 2.1, the fitted equation is: y = 277882x 4 77520.
T. pseudonana cell density was monitored using a Beckman Coulter Counter M4.

Growth rates (i, d!) were calculated using the endpoints of the fluorescence data

or cell density, and the following equation:

ln(Nl) — ln(No)

— , 2.1
p PR— (2.1)

where N1 and Ny are the fluorescence values/cell density at timepoints t; and tg,

respectively. The difference in time (¢t; — #p) is expressed in days.

One millilitre (ml) sample of each biological replicate was used to measure the
maximum quantum yield of photosystem II (Fv/Fm) with a Walz Phyto-Pam
Phytoplankton Analyser fluorometer (Walz Gmbh, Effeltrich, Germany) using the
Phyto-ED component. Fv/Fm data provides a quantification of photosynthetic
efficiency of in wivo algae cultures by excitation of chlorophyll at different

wavelengths and using the resulting data in the following equation:
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F,, — F
Fy/Fy, =-—"~_-0 (2.2)
F,

Where F,, is the maximum fluorescence yield, and Fy is the minimum fluorescence

yield (Maxwell and Johnson, 2000).

2.2.2.1 Antibiotics test

To identify the suitable types and concentrations of antibiotics used in selective
medium for M. commoda, five antibiotics including nourseothricin (Jena
Bioscience, AB-102L), zeocin (Thermo Fisher, R25001), chloramphenicol
(Sigma-Aldrich, C0378-5G), blasticidin S (Sigma-Aldrich, 203350-25MG), and
cycloheximide (Sigma-Aldrich, 239763-1GM) were tested. M. commoda cultures in
the exponential growth phase were collected and resuspended in K medium (35
PSU) containing different antibiotics. Antibiotics were prepared as stock solutions
prior to use. The stock and working concentrations used in medium are shown in
Table 2.2. The initial cell density for zeocin, chloramphenicol, blasticidin S, and
cycloheximide treatments was set at ~1.3 x 10° cells/mL (Chl a fluorescence was
443,224). The initial cell density for nourseothricin treatment was set at ~3 x 108
cells/mL (Chl a fluorescence was 1,093,951). Cultures were incubated at 20 °C
under a 14:10 h light:dark cycle at an irradiance of 150 pmol photonsm=2s~! for

13 days.

2.2.3 Extraction of M. commoda genomic DNA

M. commoda was grown to exponential phase (~1x107 cells/ml) and its genomic
DNA (gDNA) extracted using the Qiagen MagAttract HMW DNA Kit (Qiagen,

Catalogue # 67563) according to the manufacturer’s protocol.
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Table 2.2: Antibiotics and their concentrations

Antibiotics Stock Concentration (mg/ml) Working concentration (ug/ml)
Zeocin 100 0, 25, 50, 100

Chloramphenicol 100 0. 100. 200, 300
Nourseothricin 100 0. 50, 100, 150

Blasticidin S 10 0, 5, 10, 20

Cycloheximide 100 0. 20. 50

2.2.4 Construct for eYFP and shble expression in M.commoda

2.2.4.1 Determining codon bias compared to eYFP and shble gene

M. commoda reference transcripts (ASM9098v2) were downloaded from National
Center for Biotechnology Information (NCBI) datasets. Subsequently, emboss cusp
(https://www.bioinformatics.nl/cgi-bin/emboss/cusp) was used to calculate codon
usage for M. commoda, enhanced yellow fluorescent protein (e YFP) and shBle genes.
Usage was expressed as a fraction (frequency of one codon/frequency of all codons

for a specific amino acid).

2.2.4.2 Plasmid construction using golden gate cloning

Golden Gate cloning was carried out according to Weber et al. (2011) and Hopes
et al. (2016). DNA fragments were flanked by specific type IIS restriction enzyme
recognition sites and defined overhangs, enabling their directional and seamless
assembly into a defined final construct. Golden gate cloning mainly have three
assemblies. In Level 0 (L0) assembly, specific DNA elements, including promoters,
coding sequences, and terminators, are amplified using primers containing Bsal
restriction sites and defined overhangs, and then cloned into a TOPO vector. Level
1 (L1) assembly is assembling LO modules into an L1 backbone with BbsI
restriction sites to form a promoter—gene—terminator cassette, enabling expression

of a single gene. Level 2 (L2) assembly is the final step that multiple L1 modules



Chapter 2: PEG-based transformation methods for Micromonas
commoda and Thalassiosira pseudonana 67

are combined into an L2 backbone, generating an integrated plasmid capable of
expressing all target genes according to the designed construct. The plasmid for
transforming M. commoda was constructed using Golden Gate Cloning (Figure

2.2).
L0 assembly

The endogenous RPS9 promoter and terminator were selected according to
Faktorova et al. (2020). Nested PCR was used to amplify the RPS9 promoter and
terminator. First, the full RPS9 gene, comprising the promoter, coding sequence,
and terminator, was amplified from gDNA using Phusion DNA polymerase (NEB)
with the following primers: 5-AGGTAGCTTGGTCAACATTG-3' and
5-AGGGATGTCAAGTCTTTGC-3'. This amplified fragment used as the
template for subsequent amplification of the RPS9 promoter and terminator. The
shble gene was amplified using PCR from plCH47732:FCP:ShBle, and the eYFP
gene was PCR-amplified from plasmid pICH47742:FCP:Cas9YFP. Primers for
amplification are listed in Table 2.3.  All sequences were cloned into the
pCR4-TOPO vector (Thermo Fisher). Five pl of the reaction was transformed into
50 nl of NEB 5-alpha chemically competent FEscherichia coli for further cloning
and extraction. Constructs were screened by digestion with EcoRI and then
sequenced using two M13 primers 5-GTAAAACGACGGCCAGT-3' and
5-CAGGAAACAGCTATGAC-3.



Level 1 assembly Level 2 assembly Transformation vector
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Figure 2.2: Overview of Golden Gate cloning assembly for transformation vector used in transforming M. commoda. L0 modules are created by
PCR and then cloned into pCR4-TOPO vectors. Key components include the promoter (RPS9-prom) and terminator (RPS9-term), ampicillin
resistance gene (AMP), kanamycin resistance gene (KAN), and target gene fragment eYFP and shBle. Specific 4nt overhangs are shown in
different colors. The enzyme cleavage sites were marked as pink arrows.
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Table 2.3: Primers used for amplification of fragments for L0 assembly. Uppercase
letters indicate the original sequence, lowercase letters indicate the Bsal recognition
site and defined overhangs, and the underlined sequences represent the defined
overhangs.

Primer Sequence Annealing
temperature (°C)

RPS9prom F  ggtctcaggagTCGTGGATTTTTGACAAAA 62
RPS9prom R getctcaCTTGGCTGTCCCTTCGCCT 67
RPS9term F getctcaACACCCGAGCTGAGGGC 66
RPS9term R ggtetcaagcgCTCGCGCGGGTTCGTTT 71
shBle F getctcacaagATGGCCAAGTTGACCAGT 65
shBle R geteteagtgt TCAGTCCTGCTCCTCGGC 68
eYFP F ggtctcaggtc ATGGTGAGCAAGGGCGA 68
eYFP R ggteteagtgt TCACTTGTACAGCTCGTCCAT 65

L1 assembly

The Level 1 pICH47732 backbone was used to assemble the eYFP cassettes with
the RPS9 promoter and RPS9 terminator, resulting in the plasmid RPS9:eYFP
pICH47732. The antibiotic resistance cassette was assembled with three LO
modules—RPS9 promoter, shBle, and RPS9 terminator—into a L1-pICHA47742
backbone, generating RPS9:shBle-pICH47742.

Golden Gate reactions for L1 and L2 assembly were adapted from the protocol by
Hopes et al. (2016). Forty fmol of each component was mixed with 100 units of
Bsal-HF v2 or BbsI-HF (NEB), 100 units of T4 DNA ligase (NEB) and 1x
ligation buffer in 20uL reaction. The reaction was incubated at 37 °C for 5h,
following by 50 °C for 5min and 80 °C for 10min. Five pl of the reaction was
transformed into 50 pl of 10-beta competent FE. coli for further cloning and
extraction. Constructs were screened by digestion with EcoRI and sequenced using
forward  primer 5-CCCACTCTGTGAAGACAA-3' and reverse primer
5-GCCAATATATCCTGTCAAACAC-3.
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L2 assembly

For L2 assembly, the L1 modules RPS9:eYFP (pICH47732) and RPS9:shBle
(pICH47742) were assembled with the L2E linker (pICH47744) and the L2
destination  vector pAGMA4723, resulting in  transformation  plasmid
pMCshBle:eYFP (Figure 2.3a). Constructs were screened by forward primer
5-ACTACCTGAGCTACCAGTCC-3' and reverse primer
5-GCCAATATATCCTGTCAAACAC-3', and then verified using whole-plasmid

sequencing by Furofins Genomics.

2.2.5 Construct for 2A self-cleaving peptides expression in

M.commoda

To verify the cleavage efficiency of 2A self-cleaving peptides in M. commoda, four
commonly used 2A peptides were selecte, including P2A, T2A, E2A and F2A. All
four 2A sequences were codon-optimized, and a glycine-serine- glycine (GSG)
spacer was fused to the N-terminus of each 2A peptide for better cleavage
efficiency (Table 2.4 and 2.5). The 2A oligonucleotides were synthesized by Merck
(United Kingdom).

L0 assembly

Touchdown PCR was used to generate double-stranded 2A DNA fragments using
the forward primer 5-ggtctcactgaGGCTCGGGC-3' and the reverse primer
5'-ggtctcaccat CGGGCCCG-3'. PCR products were purified using the Monarch®)
Spin PCR & DNA Cleanup Kit (NEB).

The shBle(2A) fragment was PCR-amplified from LO-shBle using forward primer
5-ggtctcacaagATGGCCAAGTTGACCAGT-3’ and reverse primer

5'-ggtctcaTCAGTCCTGCTCCTCGGC-3'. The eYFP(2A) fragment was
amplified by PCR from LO-eYFP using forward primer
5-gotctcaATGGTGAGCAAGGGCGA-3 and reverse primer
5-ggtctcaTCAGTCCTGCTCCTCGGC-3'. The PCR products were then cloned
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in the pCR4-TOPO vector and designated as LO-shBle2A and LO-e YFP2A.
L1 assembly

LO-RPS9-p, LO-RPS9-t, LO-shBle2A, LO-eYFP2A, and the 2A DNA fragments
were assembled into the L1 backbone pICH47742, generating four plasmids
containing different 2A linkers. The stop codon of shBle was subsequently removed
using the Q5 site-directed mutagenesis (SDM) kit (NEB) with the forward primer
5-GGCTCGGGCCAGTGCACGAACTA-3 and the reverse primer
5-GTCCTGCTCCTCGGCCACGAAGT-3'. The plasmid for verifying functions of

2A peptide is shown in Figure (2.3b).
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Figure 2.3: Plasmid maps of pMCshBle:eYFP (a) and L1-RPS9:2A:eYFP (b)



Table 2.4: Amino acid sequences of 2A peptides

2A Amino acid sequence

T2A SGEGRGSLLTCGDVEENPGP
E2A GSGQCTNYALLKLAGDVESNPGP
F2A  GSGVKQTLNFDLLKLAGDVESNPGP

P2A GSGATNFSLLKQAGDVEENPGP

Table 2.5: Sequences of codon optimized 2A peptides

2A Sequence
T2A 5-GGCTCGGGCGAGGGCCGCGGCTCGCTCCTCACGTGCGGCGACGTCGAGGAGAACCCGGGCCCG-¥
E2A 5-GGCTCGGGCCAGTGCACGAACTACGCGCTCCTCAAGCTCGCGGGCGACGTGGAGTCGAACCCGGGCCCG-3
F2A 5-GGCTCGGGCGTGAAGCAGACGCTCAACTTCGACCTCCTCAAGCTCGCGGGCGACGTGGAGTCGAACCCGGGCCCG-3
P2A 5-GGCTCGGGCGCGACGAACTTCTCGCTCCTCAAGCAGGCGGGCGACGTGGAGGAGAACCCGGGCCCG-3
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2.2.6 PEG-mediated transformation

2.2.6.1 Mzicromonas commoda

The plasmid was extracted using the Monarch® Plasmid Miniprep Kit. Plasmids
were linearized with Acll at 37 °C for 4 h and purified using the QIAquick PCR
Purification Kit (QIAGEN).

M. commoda cells at mid-exponential phase (approximately 1.5 x 107 cells/mL) were
collected by centrifugation (Sigma 4K15) at 3000 rpm for 8 min. The supernatant
was carefully removed, and the cell pellet was resuspended to a final volume of
500 pL. Next, 5 uL of single-stranded salmon sperm DNA (ssssDNA, Sigma-Aldrich
D7656) was added. The ssssDNA was denatured at 95 °C for 5 min and cooled on

ice to maintain single-strandedness previously.

Then, 5 ug of plasmid DNA (circular or linear) and 500 pL of 0.22 pm-filtered 40%
PEG-4000 solution (w/v; containing 50 mM CaCly and 0.8 mM NaCl, equilibrated
to 30 °C) were added. The cells:DNA:PEG mixture was gently mixed by inversion
and incubated at room temperature for 2-10 min. Following incubation, cells were
centrifuged at 4000 rpm for 3 min using Eppendorf Centrifuge 5425R. The
supernatant was removed, and cells were resuspended in 15 mL of K medium (22
PSU seawater) in a Corning® 25 ecm? cell culture flask. Cells were recovered under

low light intensity (5-10 pmol photons m~2 s™1) at 20 °C for 36-48 h.

After recovery, cell density was measured, and ~ 7 x 107 cells (1.5-2 mL) were
embedded into 20 mL of 0.3% low-gelling agarose plates (Merck, A4018)
supplemented with K medium and zeocin (25 pg/mL). The final agarose
concentration was 0.27-0.28%. Plates were incubated at 20 °C under a 14:10 h

2

light:dark cycle with an irradiance of 150 pmol photons m~2 s=! for at least two

weeks until colonies appeared.
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2.2.6.2 Thalassiosira pseudonana

Approximately 1 x 10° cells/mL of T. pseudonana were inoculated into f/2 medium.
After 4 days of growth (late exponential phase), cells were collected by centrifugation
at 4000 rpm for 10 min (Sigma 4K15) and resuspended at a final concentration of
3 x 10% cells/mL.

For protoplasting, 1 mL of cells was transferred to a 50 mL Falcon tube containing
9 mL of L1 medium and 1000 pL of alcalase (Sigma-Aldrich, 126741). The mixture
was placed on a slow rocking shaker (~15 rpm) and incubated at room temperature

for varying incubation times.

After incubation, 40 mL of f/2 medium was gently added and the cells were pelleted
by centrifugation at 3665 rpm for 5 min at 18 °C. The supernatant was carefully
decanted, and the cells were gently resuspended in 500 L of /2 medium followed by
the addition of 40 g salmon sperm DNA (Invitrogen, 15632011). For all subsequent
centrifugation steps, pellets were gently resuspended to avoid mechanical shearing of
the protoplasts. Next, 250 uL. of protoplasts was combined with 500 ng of the 8.2 kb
episome pBIG1 and 1 mL of 20% PEG-8000 (w/v; containing 10 mM Tris pH 8,
10 mM CaClg, and 2.5 mM MgCly) equilibrated to 30 °C. The pBIG1 plasmid is
provided by Dr Krisztina Sarkozi. The protoplast:DNA:PEG suspension was gently

mixed by inversion and incubated at room temperature for 30 min.

Following PEG-mediated transformation, cells were transferred to 10 mL of f/2
medium and allowed to recover for 2 days prior to plating. After recovery, cells
were centrifuged for 5 min at 4000 rpm (Sigma 4K15), resuspended in 500 pL of
f/2 medium, and 250 pL of suspension was plated onto full-salt f/2 agarose plates

supplemented with nourseothricin (100 pg/mL).
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2.2.7 Screening colonies and cultures

2.2.7.1 Mzicromonas commoda transformants

Two mL M. commoda culture was collected by centrifugation, and the supernatant
was removed. Cell pellets were resuspended in 20 pL of lysis buffer (10% Triton
X-100, 20 mM Tris-HCI, pH 8, 10 mM EDTA), stored at —80°C for 15 min, and

then incubated at 95 °C for 10 min.

The presence of eYFP was screened by PCR  using primers
5-CGAGGAGCTGTTCACCGGG-3" and 5-AACTCCAGCAGGACCATGTG-3,
and shBle was screened using Phusion High-Fidelity DNA Polymerase (NEB) with
forward primer 5-AAGTTGACCAGTGCCGTTC-3' and reverse primer
5-TCCCGGAAGTTCGTGGACA-3'.

2.2.7.2  Thalassiosira pseudonana transformants

Four mL 7. pseudonana culture was collected by centrifugation, and the
supernatant was removed. Cell pellets were resuspended in 20 pL of lysis buffer
(10% Triton X-100, 20 mM Tris-HCI, pH 8, 10 mM EDTA), stored at —80°C for
15 min, and then incubated at 95 °C for 10 min. The presence of eGFP was
screened by PCR using MyTaq Redmix (Meridian Bioscience) with forward primer
5-ATGGCCGACAAGCAGAAGAA-3 and reverse primer
5-AACTCCAGCAGGACCATGTG-3'.

2.2.8 Microscopy

Cell fluorescence images were acquired using an inverted Zeiss Observer 7
microscope equipped with a 63X oil immersion objective (Carl Zeiss AG, Jena).
The microscope was configured for multitrack, line-by-line acquisition to

simultaneously capture brightfield, chlorophyll, and eYFP fluorescence.
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Specifically, eYFP fluorescence was detected using a 488 nm bandpass filter, eGFP
fluorescence was detected using a 550 nm bandpass filter, and chlorophyll

autofluorescence was detected using a 610 nm bandpass filter.

2.2.9 Western blot for protein expression analysis

M. commoda wild-type and transformant cultures (50 mL, mid-exponential phase)
were harvested by centrifugation. Pellets were resuspended in 50ul lysis buffer
(50 mM Tris-HCI, pH 6.8, 2% SDS) containing 1x protease inhibitor (Roche),
briefly vortexed, and incubated at room temperature for 30 min. Samples were
then centrifuged at 13,000 rpm for 30 min at 4 °C to remove cell debris. The
supernatants were transferred to clean 1.5 mL Eppendorf tubes and kept on ice.
Protein concentrations were determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific). Absorbance was measured at 562 nm using a SpectraMax iD3

plate reader (Molecular Devices).

Denaturing protein gel electrophoresis was performed using NuPAGE Bis-Tris Mini
Gels (Thermo Scientific) following the manufacturer’s protocol for reduced samples
with NuPAGE MES running buffer. For each sample, 40ug of extracted protein
was mixed with reducing agent and incubated at 70 °C for 10 min. Protein samples
(40 pg per lane) were loaded onto the gel together with a dual-color protein standard
(10250 kDa, Bio-Rad) and separated using an XCell SureLock Mini-Cell system for
40 min at 200 V. Proteins were transferred onto a PVDF membrane (Amersham,
0.2 pm) at 41 V for 30 min using 1x transfer buffer (25 mM Tris, 192 mM glycine,
10% methanol) supplemented with 0.1% NuPAGE Antioxidant. Protein transfer
was visualized with Ponceau S staining to confirm protein loading. Membranes were
then blocked with 5% milk in TBST (1x TBS with 0.1% Tween-20) for 1 h at room

temperature.

After blocking, membranes were incubated with eGFP antiserum diluted 1:1000 in
5% milk TBST for 1 h at room temperature. Membranes were then washed three

times with 1x TBST for 10 min each with gentle agitation at room temperature.
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A horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody
(Promega) diluted 1:2500 in fresh 5% milk TBST was applied for 40-60 min. Blots
were subsequently incubated with TMB substrate solution (Thermo Scientific) for

3 min and imaged to visualize chemiluminescent signals.

2.3 Results

2.3.1 Micromonas commoda

2.3.1.1 Antibiotics test

The sensitivity of M. commoda to five antibiotics was tested, including
nourseothricin, cycloheximide, chloramphenicol, zeocin and blasticidin S (Figure
2.4). Under nourseothricin treatment, the initial cell density was set at 3 x 106
cells/mL. Compared with the positive control group, cells did not survive at
150 pg/mL nourseothricin after 10 days of incubation. No growth was observed at
100 pg/mL, although cells remained viable, and only limited inhibition was

observed at 50 pg/mL (Figure 2.4a).

The initial cell density was set at 1.4 x 10° cells/mL under treatments with
cycloheximide, chloramphenicol, zeocin, and blasticidin S (Figure 2.4 b—f). All
treatment groups showed significant differences compared with the control group
(p < 0.01, t-test). Under cycloheximide, chloramphenicol, and zeocin treatments,
cells did not survive at all tested concentrations after 4, 6, and 9 days of
incubation, respectively. Blasticidin S significantly inhibited cell growth prior to

9 days of incubation, but the growth began to recover by day 13.

2.3.1.2 Codon bias

To ensure efficient expression of exogenous shBle and eYFP genes, codon usage in

M. commoda was analysed and compared with that of the shBle and eYFP genes
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from pICH47732:FCP:shBle (for Fragilariopsis cylindrus) and
pICHA47742:FCP:Cas9YFP (for T. pseudonana), separately. Most codons used by
shBle and eYFP are well represented in the M. commoda transcriptome across
expressed genes (Figure 2.5). The expression levels under the RPS9 promoter are
considered sufficient to confer resistance to zeocin and to produce a strong eYFP

signal.

2.3.1.3 Golden Gate cloning

Golden Gate cloning was employed to construct plasmids to establish the M.
commoda transformation system and verify functions of 2A self-cleaving peptides
in M. commoda. By incorporating unique 4-base overhangs, multiple gene
fragments with complementary overhangs can be precisely assembled and

extraneous sequences can be eliminated, thereby enabling seamless ligation.
pPMCshBle:eYFP construct

The plasmid co-expressing the shBle resistance gene and the eYFP reporter gene
in M. commoda was successfully constructed and validated (Figure 2.6). The L1
assembly was designed to combine the promoter, gene of interest, and terminator
into a single expression cassette, which was subsequently inserted into the L1 vector
backbone. These vector backbones contain the LacZ gene to facilitate blue-white
screening; successful assemblies disrupt LacZ, resulting in white colonies. The use of
unique palindromic overhang sequences further minimized the likelihood of vector

self-ligation and incorrect fragment assembly.

Specifically, the RPS9 promoter, e YFP gene, and RPS9 terminator were assembled
into the vector backbone pICH47732 to generate L1-RPS9:eYFP. Similarly, the
RPS9 promoter, shBle resistance gene, and RPS9 terminator were assembled into
pICH47742 to produce L1-RPS9:shBle. Seven colonies containing L1-RPS9:shBle
were selected and initially screened by restriction digestion using EcoRI, all of

which showed the expected fragment size (5152 bp). Colonies 1-3 were
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Figure 2.5: Comparison of codon usage. Codon usage as a fraction of triplets used
per amino acid. Gene in M.commoda (red), shBle gene (dark gray), and enhanced
yellow fluorescent protein gene (e YFP, light gray).
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subsequently sequenced, and only L1-RPS9:shBle-1 was confirmed to have the
correct sequence. In parallel, fourteen colonies containing L1-RPS9:eYFP were
screened by PCR using primers targeting the vector backbone, designed to amplify
the full insert. All samples yielded the expected product size (1237 bp). Colonies

1-3 were then sequenced, and only L1-RPS9:e YFP-2 was verified to be correct.

Subsequently, the validated L1 cassettes, together with the modular end linker L2E
(pICH41744), were assembled into the L2 backbone pAGM4723, resulting in the
final construct pMCshBle:eYFP. The L2 backbone pAGMA4723 contains a red
chromogenic marker (Cred), allowing visual selection. Colonies derived from uncut
or unmodified templates retain the Cred gene and appear orange-red, whereas
correctly assembled colonies appear white. Nine white colonies were selected and
screened by PCR targeting part of the inserted cassette, yielding the expected
fragment size (1156 bp). Colonies 1 and 2 were sequenced, and both were

confirmed to contain the correct final construct.
RPS9:shBle:2A:eYFP constructs

To determine whether 2A self-cleaving peptides are functional in M. commoda and to
identify the most efficient variant, a series of RPS9:shBle:2A:eYFP constructs were
generated. In these constructs, the selective marker gene shBle and the fluorescent
reporter gene e YFP were linked via four different 2A peptides (P2A, T2A, E2A, and
F2A). Codon optimization of 2A peptide sequences and GSG spacer was performed
based on the codon usage bias of M. commoda (Figure 2.5). Although the precise
mechanism of the GSG spacer remains unclear, its inclusion at the N-terminus has
been reported to enhance cleavage efficiency across multiple host systems (Szymczak

et al., 2004; Kim et al., 2011; Wang et al., 2015).

The plasmids were constructed using L1 assembly, in which the RPS9 promoter,
shBle gene, individual 2A sequences, eYFP gene, and the RPS9 terminator were
sequentially assembled into the vector backbone pIlCH47732, generating
L1-RPS9:shBle:2A:eYFP constructs. For each 2A construct, six colonies were

selected and screened by PCR using primers targeting the vector backbone to
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(b) L1- RPS9: eYFP

(c) L2- pMCshBle:EYFP
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Figure 2.6: Restriction enzyme digestion and PCR analyses of L1 and L2 constructs
of pMCshBle:eYFP. (a) Restriction digestion of L1-RPS9:shBle using EcoRI; (b)
PCR screening of E. coli colonies carrying L1-RPS9:eYFP; (c) PCR screening
of E. coli colonies carrying the L2 construct pMCshBle:eYFP. Orange triangles
indicate the correct constructs as confirmed by Sanger sequencing.
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1.5kb

1.5kb

Figure 2.7: PCR analyses of four RPS9:shBle:2A:eYFP plasmids. Orange triangles
indicate the correct constructs as confirmed by Sanger sequencing.

amplify the full insert. The majority of samples produced the expected fragment
size (1656-1668 bp). Subsequently, two to three colonies per construct were
sequenced, of which one clone for each 2A construct was confirmed to have the

correct sequence (Figure 2.7).

2.3.1.4 PEG-mediated transformation and screening of transformants

Cell sensitivity to PEG concentration and incubation time was evaluated prior to
transformation (Table 2.6). Two PEG molecular weights, PEG4000 and PEG8000,
were selected for comparison. At a concentration of 20%, cells remained viable when
the incubation time was shorter than 10 min, whereas complete loss of viability was

observed after 15 min, with no recovery. Under identical conditions, 20% PEG 8000
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Table 2.6: Micromonas commoda sensitivity to PEG concentration at different
incubation times. ”+” means cells can survive. ”-” means cells can not survive.

2min 6min 10min 15min
20% PEG 4000 solution + + + .
30% PEG 4000 solution — (recover after two weeks) — - -
20% PEG 8000 solution + + + _

exhibited higher cytotoxicity than 20% PEG4000. Exposure to 30% PEG4000 for
2 min resulted in near-complete cell death. Following the PEG treatment, cells were
transferred to K medium, and cultures began to turn green after approximately two
weeks of incubation. These results demonstrate that 30% PEG4000 is not suitable

for transformation of M. commoda.

The feasibility of transformation with 20% PEG4000 and PEG8000 was tested
using the plasmid L1-RPS9:shBle, which confers resistance to zeocin (Figure 2.8a).
Following transformation, cells were transferred to K medium at an initial density
of 3 x 10%cells/ml. The cells initially turned white, and then PEG4000-treated cells
started to turn green after incubation for 20 days, and PEGS8000-treated cells
showed recovery after approximately 25 days. The transformed culture after 30
days of incubation are shown in Figure (2.8b). Cultures from each PEG treatment
(PEG4000 and PEG8000) was selected for validation of the shBle gene by PCR.
Primers were designed to amplify a 514 bp fragment spanning the RPS9 promoter
and part of the shBle sequence. This fragment was detected in both PEG4000-
and PEG8000-treated transformants but was absent in the wild-type control
(Figure 2.8c).

PEG4000 was selected for subsequent transformation experiments due to its lower
cytotoxicity. The plasmid pMCshBle:eYFP, conferring cells with zeocin resistance
and enabling eYFP expression, was used for transformation. Transformed colonies
appeared in 0.3% agarose selection plates after 14 days of incubation (Figure 2.10a).
Transformation with 5 pg of linearised plasmid DNA yielded approximately 95 +

45 colony-forming units (CFU) per plate, whereas transformation with 10 ug of
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Figure 2.8: Screening of transformants using plasmid L1-RPS9:shBle. (a) Map
of the transformation plasmid L1-RPS9:shBle; (b) Transformed cell cultures in K
medium after 30 days of incubation; (c) Agarose gel electrophoresis showing that

two transformants (PEG4000 and PEG8000 treatments) exhibit a 514 bp band

corresponding to the RPS9 promoter and partial shBle gene sequence, whereas the
wild type (WT) shows no corresponding band. The marker used is a 100 bp ladder.
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(a) eYFP 1 2 3 4 5 6 7 plasmid  WT

700b

(b) RPS9-shBle 1 2 3 4 5 6 7 plasmid  WT

500b

Figure 2.9: Validation of e YFP and shBle genes in transformants. (a) PCR screening
of the eYFP gene. Lanes 1-7 correspond to picked colonies, and the plasmid control
is the transformed plasmid pMCshBle:eYFP. A band of 720 bp was detected in
all colonies and the plasmid control, but no band was observed in the wild-type
(WT). (b) PCR screening of the RPS9 promoter and partial shBle gene. Lanes 1-7
correspond to picked colonies, and the plasmid control is pMCshBle:eYFP. A band
of 514 bp was detected in all colonies and the plasmid control, but no band was
observed in the WT. The DNA marker used was a 100 bp ladder.

circular plasmid DNA produced only a few colonies, which were not quantified. Both
eYFP and shBle genes were confirmed in seven independent transformant colonies
as well as in the plasmid pMCshBle:e YFP, but were absent in the wild-type strain
(Figure 2.9). Expression of eYFP was further verified by fluorescence microscopy,
showing strong signals in transformant cells, whereas the wild-type exhibited only

very weak background fluorescence (Figure 2.10b).

Growth experiments were performed using transgenic strains to evaluate the
impact of transformation on cellular phenotype (Figure 2.10c, d). The
transformant L1-RPS9:shBle, conferring zeocin resistance, has been stably
maintained in liquid culture for 10 months. The L2SY transformant, which
exhibits both zeocin resistance and eYFP expression, has been maintained for
3 months. Growth analysis revealed that L1-RPS9:shBle displayed no significant

difference compared to the wild-type (WT). In contrast, L2SY showed slower
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Figure 2.10: PEG-mediated transformation of M. commoda. (a) Transformants
resistant to zeocin were selected in 0.3% agarose plate. (b) Fluorescence microscopy
analysis of eYFP expression in M. commoda wild-type (WT) and transformatn
L2SY. Shown are chlorophyll autofluorescence, eYFP fluorescence, bright-field
images, and a merged image. Scale bars, 5 um. (c) The growth curve of M. commoda
WT and transformants in control medium with three replicates. (d) The maximum

growth rate of M. commoda WT and transformants in control medium with three
replicates.
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growth relative to the WT after 48 h (p < 0.01). Importantly, the maximum
growth rates of the wild-type and both transformants were not significantly
different. These results suggest that the reduced growth observed in L2SY is likely
attributable to an extended lag phase, potentially arising from transformation
related effects or the metabolic burden of eYFP expression, which having minimal

impact on exponential growth.

2.3.1.5 Multigene expression using 2A self-cleaving peptides

To investigate the function of four self-cleaving peptides in M. commoda, four
2A-expressing plasmids (Figure 2.3b) were introduced into M. commoda via
PEG-mediated transformation, separately. In each plasmid, the shBle gene was
linked to eYFP through a 2A self-cleaving peptide. Following PEG transformation,
colonies were selected on 0.3% agarose plates containing zeocin and then kept in K
medium containing zeocin, confirming the expression of shBle. The expression of
eYFP was then assessed by fluorescence microscopy. Strong eYFP fluorescence
signals were observed in L2SY cells and all four 2A transformants expressing e YFP
independently, whereas WT cells exhibited only weak fluorescence (Figure 2.12),

indicating that eYF'P is functional in the all four kind of 2A transformants.

Western blot was performed to evaluate the cleavage efficiency of the four
self-cleaving peptides (Figure 2.11). L2SY cells showed a single band at 27 kDa,
corresponding to eYFP alone. In contrast, all four 2A transformants displayed a
single band at 43.3 kDa, corresponding to the fused protein shBle-2A-eYFP. These
results suggest that 2A peptides have relatively low cleavage efficiency in M.

commoda, but the function of shBle and e YFP remain largely unaffected.
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Figure 2.11: Western blot analysis of wild-type and transformant strains was
performed using an anti-eGFP antibody. (a) Colony L2SY exhibited a single band
at 27 kDa, corresponding to e YFP. Four 2A transformants displayed a single band at
43.3 kDa, consistent with the fused protein shBle-2A-eYFP. No bands were detected
for the wild type. (b) Protein loading control based on Ponceau S.
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2.3.2 Thalassiosira pseudonana

To optimize the PEG transformation protocol for T. pseudonana, alcalase was
used as the sole enzyme for the removal of cell-wall. Given the differences in
cell-wall composition between species, cells were subjected to varying protoplasting
conditions (Figure 2.13a) before PEG treatment. The circular episome pBIG1 (8.2
kb) conferring nourseothricin resistance and carrying eGFP was used in these
experiments. All protoplasting conditions led to the emergence of colonies on the
nourseothricin selection plates, with the harsher protoplasting conditions (i.e., >

1.5 Anson alcalase) yielding more growth.

Transformants from the 500 pl alcalase treatment plate (i.e., 1.5 Anson, 40 min)
were pooled and subjected to fluorescence microscopy to assess if eGFP was being
expressed, as this would indicate successful episome transfer. Both eGFP signals
and chla fluorescence were visible in transformants (Figure 2.13e), demonstrating
that episome transfer had occurred. PCR results showed amplification of eGFP in
the transformants, whereas no amplification was detected in the wild-type

(Figure 2.13d).

To further characterize if protoplasting was truly occurring, T. pseudonana cells
were incubated with 10 or 1000 pl of alcalase (i.e., 30 mAnson and 3 Anson,
respectively) for 40 min (Figure 2.13b, ¢) and then imaged via microscopy. Based
on these microscopy images, cells from the 10 pl treatment (i.e., 30 mAnson)
showed a protoplasting rate of 4% (1/28 cells), whereas cells from the 1000 pul
treatment (i.e., 3 Anson) demonstrated a protoplasting rate of 50% (13/20 cells).
This finding underscores that alcalase can be used to degrade the cell wall of

diatoms harboring silica frustules.



Chapter 2: PEG-based transformation methods for Micromonas

commoda and Thalassiosira pseudonana 93
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Figure 2.13: PEG-mediated transformation of 7. pseudonana (Walker et al.,
2026). (a) Harvested cells were subjected to varying concentrations of alcalase
and incubation durations during the protoplasting step of the PEG transformation
protocol. Following recovery, half of each reaction was plated on full-salt F/2
agar supplemented with 100 pg/mL nourseothricin. (b) Alcalase treatment using
10 pg/mL (30mAnson) for 40min. (c) Alcalase treatment using 1000 pug/mL (3
Anson) for 40min. (d) Agarose gel electrophoresis showing that transformants
using different alcalase treatments (1.5 Anson,40min; 3 Anson, 20min; 3 Anson,
40min) exhibit a 212bp band corresponding to the eGFP gene sequence, whereas
the wild type (WT) and water (negative control) shows no corresponding band.
The marker used is a 100 bp ladder. (e) Fluorescence microscopy of wild-type (i.e.,
untransformed) and PEG-transformed 7. pseudonana cells. Cells were transformed
with pBIG1, which contains eGFP.
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2.4 Discussion

In this study, I demonstrated the feasibility of PEG-mediated transformation in both
the marine green alga M. commoda and the diatom T. pseudonana. To date, the only
reported transformation method for M. commoda is Lonza nucleofection (Faktorova
et al., 2020). PEG-mediated transformation is a straightforward approach that it
does not require specialized equipment or buffers, making it more accessible. My
results indicate that this method enables an efficient and stable transformation in
M. commoda. One of the limitations of PEG-mediated transformation in diatoms is
that it is effective only in cells lacking an intact cell wall. Here, we demonstrate that
partial or complete removal of the cell wall significantly enhances PEG-mediated

transformation efficiency in T. pseudonana.

The cell wall is the first physical barrier to entry when attempting to transform
diatoms. Permeabilizing cell wall should increase the ability for biomolecules, like
DNA and RNPs, to successfully enter the cell. My results show that protoplasting
the cells also enabled efficient transformation through the PEG method (Figure
2.13a). Spheroplasting P. tricornutum cells with alcalase prior to conducting
electroporation increased the transformation efficiency by 76- to 280-fold (Walker
et al., 2026). These results suggest that the spheroplasting and protoplasting
techniques can be applied to diatoms, though it will likely be necessary to optimize
the intensity and duration of the enzyme treatment on a species-by-species basis
along with other parameters in the respective protocols. This expectation aligns
with the trajectory of bacterial conjugation in diatoms, which was originally
established using plated P. tricornutum cells. Although initially assumed to have
limited applicability, conjugation has since been successfully adapted to multiple
species, including C. meneghiniana, Nitzschia captiva, and Fistulifera solaris

(Sprecher et al., 2023; Maeda et al., 2023; Yin et al., 2024).

PEG4000 has also been widely used for transformation in various microalgal

species (Ohnuma et al., 2014; Sanchez et al., 2019; Hirooka et al., 2022). The
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underlying mechanisms of action remain unclear, and consequently the optimal
PEG incubation time varies between species. For example, a short incubation of
2 min was sufficient for efficient transformation in O. tauri. However, incubation
times of up to 40 min are recommended for P. tricornutum and T. pseudonana
(Sanchez et al., 2019; Walker et al., 2026). In this study, we evaluated the
sensitivity of M. commoda to PEG but did not systematically investigate the
relationship between incubation time and transformation efficiency. Future work
should include optimizating the incubation duration to determine the balance
between sufficient membrane permeabilization and minimization of cytotoxic
effects, which is likely to be critical for maximizing transformation efficiency in M.

commoda and other microalgae.

The transformation efficiency is related to the physical state of DNA, which has
been reported in other microalgae (Sanchez et al., 2019; Guo et al., 2022; Walker
et al., 2026). Our results show that transformation using linearized plasmid has
significantly higher efficiency than that of using plasmid. When using plasmid
pMCshBle:eYFP, hundreds of colonies per plate were obtained with 5 ug of
linearized DNA (Figure 2.10), but only a few colonies were observed with 10 ug of
circular plasmid DNA. It should be noted that plasmid pMCshBle:e YFP contains
a prokaryotic origin of replication and cannot replicate in M. commoda. This
difference indicates that the physical state of the DNA plays a critical role in
determining transformation efficiency. Linearized DNA contains free double-strand
ends that can be recognized as DNA double-strand breaks (DSBs) by DNA
damage-response (DDR) pathway (Sancar et al., 2004; Thomy et al., 2021; Lim
et al., 2023). Homologous recombination (HR) and non-homologous end joining
(NHEJ) are two main mechanisms for DSB repair in eukaryotic cells (Shrivastav
et al., 2008). Random integration of exogenous DNA into the genome is primarily
through NHEJ. In contrast, circular plasmids lack free DNA ends and are less
efficiently processed by these repair mechanisms, resulting in a relatively low
integration efficiency (Puchta, 2005). Therefore, linearized plasmids are more likely

to yield more transformants in M. commoda.
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Carrier DNA is a key factor in improving transformation efficiency in both
PEG-mediated transformation and electroporation (Corellou et al., 2009; Ohnuma
et al., 2014; Sanchez et al., 2019). Commonly used carrier DNA in microalgal
transformation includes salmon sperm DNA and yeast tRNA, both of which
enhance the stability and uptake of plasmid DNA by protecting it from
nuclease-mediated degradation and reducing DNA loss during transformation. In
this study, no colonies were obtained in the absence of carrier DNA during the
transformation of M. commoda, indicating that carrier DNA is essential for the
successful transformation in this system. Similar observations were reported in
PEG-mediated transformation of O. tauri and electroporation in P. tricornutum,
where the inclusion of carrier DNA resulted in five- to fifteen- fold increase in
transformant yield compared to conditions without carrier DNA, separately
(Sanchez et al., 2019; Walker et al., 2026). Therefore, addition of carrier DNA
should be considered a critical factor when optimizing transformation protocols in

microalgae.

In this study, the endogenous RPS9 promoter was selected to drive transgene
expression in M. commoda, based on its role as a constitutively expressed
ribosomal protein gene and existed transformation application (Faktorova et al.,
2020). Ribosomal protein genes are typically highly expressed in cells, although
their transcription can be modulated under environmental stress conditions (Bachy
et al., 2018). Our results demonstrate that the RPS9 promoter efficiently drives
the expression of heterologous genes, conferring zeocin resistance and strong e YFP
fluorescence. The commonly used promoter varies across microalgal species. In
diatoms, FCP promoters are widely used as constitutive promoters in many species
such as P. tricornutum, T. pseudonana, F. cylindrus, and Nitzschia captiva (Hopes
et al., 2016; Hopes, 2017; Belshaw et al., 2023; Sprecher et al., 2023). On the other
hand, in non-photosynthetic species such as the diatom N. putrida, the promoter
and terminator of nicotinamide adenine dinucleotide hydride (NADH)-ubiquinone
reductase complex I were selected to drive transgene expression based on their high

transcript abundances (Deng et al., 2025). However, it should be noted that not all
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endogenous constitutive promoters are equally strong, and promoter selection
should be tailored to experimental conditions. High-level constitutive expression of
large proteins may impose a metabolic burden on picoeukaryotes. In this study,
the eYFP expression may contribute to the observed delay in the lag phase growth
(Figure 2.10c). Under this condition, inducible promoters provide an alternative
strategy by enabling conditional gene expression in response to specific
environmental conditions (Li et al., 2025c). Promoters responsive to nutrient
availability, including nitrogen, iron, silicon, and phosphate, have been widely
exploited as inducible systems. For example, the nitrate reductase (NR) promoter
is commonly used in diatoms, where it is activated in the presence of nitrate as the
sole nitrogen source and repressed when other nitrogen such as ammonium is
available (Schellenberger Costa et al., 2013; Ifuku et al., 2015). This also gives

ideas for optimizing foreign gene expression in M. commoda.

The efficiency of this cleavage process is influenced by factors such as ribosome
structure, the specific 2A sequence, and the upstream coding context. High
cleavage efficiency (approaching 100%) has been reported in systems such as
silkworms, zebrafish, mice, and human cell lines, whereas much lower and more
variable efficiencies have been observed in microalgae (Kim et al., 2011; Wang
et al., 2015; Plucinak et al., 2015; Koh et al., 2018; Wang et al., 2024b). For
example, four different 2A peptides enabled co-expression of sfCherry and shBle
within a single expression cassette in the marine microalga Nannochloropsis salina,
although cleavage efficiencies varied depending on the 2A sequence used (Koh
et al., 2018). However, the performance of 2A peptides is not universally consistent
across microalgal species. In the dinoflagellate Breviolum minutum, P2A-mediated
cleavage was reported to be inefficient and inconsistent during co-expression of
GFP and puromycin N-acetyltransferase (pac) (Gornik et al., 2022). Similarly, in
the diatom Phaeodactylum tricornutum, 2A peptide-mediated cleavage has been
reported to be variable and relatively inefficient (Diamond et al., 2023). Consistent
with these observations, my western blot results (Figure 2.11) indicate that the

cleavage efficiency of the four tested 2A peptides in M. commoda was low or
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undetectable. Only the fused shBle-eYFP protein was detected, whereas no band
corresponding to free eYFP was observed. However, the fusion configuration did
not affected the expression of eYFP (Figure 2.12). This may be because the 2A
peptides did not mediate efficient cleavage and instead functioned as a linker-like
sequence between shBle and eYFP, with minimal impact on protein folding and

expression.

Differences in ribosomal properties, particularly reduced sensitivity of ribosomal E
site in microalgae, may contribute to the reduced efficiency of 2A-mediated
ribosomal skipping (Koh et al., 2018). Cleavage efficiency may be improved by
optimizing the 2A sequence through codon optimization or by using extended 2A
peptide variants (Plucinak et al., 2015). In addition, the use of 2A peptides
reduces the number of promoters required but increases the length of the
polycistronic transcript. When expression is driven by the same promoter, the
expression efficiency may be influenced by the length and composition of the linked
coding sequences (Munoz et al., 2019; Wang et al., 2024b). Furthermore, variation
in transgene expression may arise from positional effects associated with random
genomic integration (Wang et al., 2024b). To fully assess the applicability of 2A
peptides as molecular tools in M. commoda, it will be important to systematically
evaluate the relationships between 2A peptide sequence, cleavage efficiency,
positional effects within the expression cassette, and the functional activity of the

expressed proteins.



Development of CRISPR/Cas9 in

Micromonas commoda

3.1 Introduction

The past decade has revolutionized our ability to modify microalgal genomes
through the development of sequence-specific nucleases that enable targeted
genetic modifications. Gene editing tools include meganucleases (MNs), zinc finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), and the
clustered regularly interspaced short palindromic repeats-associated system
(CRISPR/Cas) (Daboussi et al., 2014; Fortunato et al., 2016; Hopes et al., 2016;
Greiner et al., 2017). These technologies introduce double-strand breaks (DSBs) at
specific genomic loci, which are subsequently repaired via either homology-directed
repair (HDR) or non-homologous end joining (NHEJ). NHEJ is the main repair
pathway in microalgae and typically results in single-nucleotide mutations or small
insertions and deletions (INDELs). Among these tools, the CRISPR/Cas9 system
has emerged as the most versatile approach in microalgae, owing to the relative

simplicity of its design compared to other approaches.

The native CRISPR/Cas9 system functions as part of the bacterial adaptive immune
system by detecting and cleaving foreign DNA using sequence-specific guide RNAs
(gRNAs) (Brouns et al., 2008). Short fragments of viral DNA are integrated into

the host genome as spacers between clustered regularly interspaced palindromic
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Figure 3.1: CRISPR/Cas9 gene editing system. Cas9 uses guide RNA (gRNA) to
recognize target DNA sequences. When gRNA spacer pairs with a complementary
DNA sequence adjacent to a PAM site, Cas9 cleaves the DNA, generating a blunt
double-strand break via its RuvC and HNH nuclease domains (Pickar-Oliver and
Gersbach, 2019).

repeats (CRISPR). In genome editing, the CRISPR RNA (crRNA) is fused with
the trans-activating CRISPR RNA (tracrRNA) to generate a synthetic single guide
RNA (sgRNA), which replace native gRNAs. The expression of sgRNA is often
controlled by a promoter which recruits polymerase III for transcription of small
non-coding RNAs. The U6 promoter is a popular choice for many organisms (Cong
et al., 2013; Brooks et al., 2014; Hopes et al., 2016; Kim et al., 2021; Wang et al.,
2024a), and can be easily identified for use in endogenous systems as the U6 gene
contains regions of high conservation. The sgRNA directs the Cas9 endonuclease to
a complementary DNA target site, enabling sequence-specific cleavage at the desired
genomic locus (Bortesi and Fischer, 2015). Cas9 is a DNA endonuclease belonging
to type II systems. It is able to recognize a protospacer adjacent motif (PAM)
in the target DNA and then induce a DSB via its two nuclease domains (Figure
3.1). Each domain cleaves one DNA strand, that the HNH domain cleaves the DNA
strand complementary to the guide RNA, and the RuvC domain cleaves the non-
complementary strand (Brouns et al., 2008; Lander, 2016). Following cleavage, the
resulting DNA break is repaired by the host cell through either NHEJ or HDR.

The first report of CRISPR/Cas-based genome editing in microalgae demonstrated



Chapter 3: Development of CRISPR/Cas9 in Micromonas commoda 101

transient expression of Cas9 and successful gene editing in Chlamydomonas
reinhardtii (Jiang et al., 2014). However, constitutive in vivo expression of Cas9
was found to be toxic. To overcome this limitation, ribonucleoprotein (RNP)
complexes consisting of recombinant Cas9 protein and either synthetic or in wvitro
transcribed sgRNAs have been widely employed to achieve efficient genome editing
in C. reinhardtii (Baek et al., 2016; Shin et al., 2016). Since then,
CRISPR/Cas-mediated gene knockout has been successfully established in a broad
range of microalgal species (Tran et al., 2025), including P. tricornutum (Nymark
et al., 2016), T. pseudonana (Hopes et al., 2016; Belshaw et al., 2023),
Nannochloropsis spp. (Wang et al., 2016), Chlorella spp. (Kim et al., 2024),
Tetraselmis spp. (Chang et al., 2020), Fuglena gracilis (Nomura et al., 2019, 2024),
and Porphyridium purpureum (Jeon et al., 2021). In these applications, single
sgRNA are typically used to induce targeted mutations via the error-prone NHEJ
repair pathway. Due to low editing efficiencies and mosaic genotypes, an efficient
and reliable screening of edited transformants is a crucial step in microalgal

genome editing workflows.

To isolate and confirm the desired genetic modifications, steps include subcloning
and screening were employed. Both are necessary because the initial cultures are
often mosaic (Huang and Daboussi, 2017; Serif et al., 2018), necessitating the
isolation of single-cell lines on solid plates or in liquid medium. Most transformed
colonies can be isolated using antibiotics or chemical compounds on selective
plates. However, the growth conditions on these plates should be tested when
working with a new microalgal species. Clonal cell lines generally appear in the
first round of subcloning. However, mosaic colonies containing a mixture of
wild-type and mutant cells, as well as colonies carrying monoallelic mutations, are
frequently obtained in diploid species. In such cases, an additional round of
single-colony isolation or subcloning is required to obtain clones carrying biallelic
mutations in the target gene. However, this process is time-consuming, taking
more than one week to obtain clones, depending on the growth rates and the

delivery system used (Yin and Hu, 2021; Belshaw et al., 2023). Transformed cells
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expressing a fluorescence marker can be separated by fluorescence-activated cell
sorting (FACS), which therefore can achieve high rates of cell recovery under near
axenic conditions (Pereira et al., 2018; Deng et al., 2025). However, it should be
noted that some species can not survive the FACS procedure due to mechanical
pressure, which may cause disruptions of the plasma membrane and cell wall

(Reckermann, 2000).

PCR amplification of the target gene followed by analyzing the electropherograms
is a common method for analyzing the genetic mutation to be expected (Nymark
et al., 2016; Hopes et al., 2016; Moosburner et al., 2022). Gene knockout cells often
exhibit a distinct PCR-based genotyping pattern compared to WT cells (Hopes
et al., 2016). When a small deletion or insertion occurs (less than 100 bp or a few
hundred bp), gene-knockout cell-lines typically display a smaller band than WT
due to the reduced fragment size (Li et al., 2025c). To further validate the
modification, the expected sequence is cloned into a vector for transformation into
E. coli, followed by Sanger sequencing and alignment with the reference genome.
Additionally, alternative methods such as high-resolution melt curve analysis
(HRM), T7 endonuclease I assay (T7EI), and software-based Tracking of INDELs
by Deconvolution (TIDE) provide insight into the nature of genetic modifications
(Nymark et al., 2016; Slattery et al., 2018; Moosburner et al., 2020). If the PCR
reactions fail due to extensive genomic rearrangements, Southern blotting may be
useful to detect fragment size shifts and confirm copy number variations compared
to WT DNA (Zhang and Hu, 2014; Kira et al., 2016). To further corroborate the
genetic modifications of coding genes, relative protein levels can be assessed by
western blotting, whereas mRNA levels of the target gene can be analyzed using

real-time quantitative PCR (RT-qPCR) (Gorlich et al., 2019; Strauss et al., 2023).
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3.2 DMaterials and Methods

3.2.1 Cell culture

The culture and growth conditions for the marine green alga Micromonas commoda

(RCC827) are detailed in 2.2.1.

3.2.2 Designing sgRNAs and in vitro assay

For the cyanase (cynS) gene in M. commoda, two sgRNAs targeting conserved
domains within the coding region were designed and tested following Hopes et al.

(2016). Conserved domains were identified through protein sequence alignment.

The chimeric sgRNA sequence was as follows:

NNNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT,
where the underlined region represents the 20 nt target sequence. A total of ten
sgRNA targets were designed using RGEN Cas-Designer based on predicted
off-target scores and GC content (Table 3.1). The sgRNA1 and sgRNA2 were
excluded given that they positioned distal to the conserved domains, they were
excluded, and only sgRNAs from sgRNA3 to sgRNA10 were selected as candidate

targets.

An in vitro Cas9 cleavage assay was performed to evaluate the efficiency of all
designed sgRNAs, following an established protocol (Benchling protocol). Eight
sgRNAs were synthesized from oligonucleotides via PCR, verified on a 2% agarose
gel, and purified using the Monarch PCR & DNA Cleanup Kit (NEB). The purified
DNA templates were used for in wvitro transcription using the HiScribe T7 High
Yield RNA Synthesis Kit (NEB). The resulting RNAs were purified using the RNA
Clean & Concentrator Kit (Zymo Research) to remove residual DNA and enzymes.

RNA integrity and size were confirmed by electrophoresis on an 12% (7 M urea)


https://benchling.com/protocols/RN3p7gdv/in-vitro-transcription-of-s-pyogenes-cas9-sgrnas-from-two-complementary-oligos#proto-intro
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denaturing polyacrylamide gel (0.5x TBE) at 200 V for 40 min. Gel was stained
with SYBR Gold nucleic acid stain (Invitrogen; CAT# S11494) and visualized using

a transilluminator.

The cynS template was amplified by PCR using Phusion High-Fidelity DNA
Polymerase (NEB) with the forward primer
5-CCCGGGTTTGGAAAAAGTGC-3 (F2) and reverse primer
5-ATTGGAACGCAGAGTGAGGG-3" (R2). The PCR product was verified on a
1% agarose gel and cloned into a pCR4-TOPO vector (Invitrogen). The resulting
plasmid was then linearized using Ncol, ensuring no disruption to the cynS

template sequence.

For the in wvitro cleavage assay, 30 nM of linearized cynS template, 40 nM sgRNA,
and 40 nM Streptococcus pyogenes Cas9 protein (NEB; M0386S) were incubated in
reaction buffer at 37°C overnight. The reaction was terminated by adding stop buffer
as described in Hopes (2017) and heating at 80°C for 10 min. Reaction products
were analyzed on a 1x TAE agarose gel and visualized using a transilluminator to

assess the sgRNA cleavage efficiency.

3.2.3 Identification of U6 small nuclear RNA (snRNA)

To identify the U6 small nuclear RNA (snRNA) in M. commoda, U6 sequences
from multiple organisms were retrieved from GenBank and aligned using Clustal
Omega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo) to determine conserved
regions. Based on these alignments, the highly conserved central region of the U6
sequence was confirmed. An NCBI blastn search was then performed against the M.
commoda genome using this conserved region to identify candidate U6 snRNA loci.
The resulting hits were further examined for sequence similarity and the presence

of characteristic U6 features.


https://www.ebi.ac.uk/jdispatcher/msa/clustalo

Table 3.1: Overview of sgRNAs designed and tested for cleavage efficiencies. Each sgRNA is followed by a specific PAM sequence. High
out-of-frame scores (> 66) are recommanded to minimize the occurrence of in-frame deletions.

sgRNA Target PAM Out-of-frame Score Direction GC Contents
sgRNA1 TGTCGTCAAAAACGGACGCC CGG 78.5 - 55
sgRNA2 GCGGACATGGATCGGCGGAA CGG 72.8 - 65
sgRNA3 CATGAAGAAAGGGATCACGT GGG 76.5 + 45
sgRNA4 CTGCAGCACGTGCCGTACAA GGG 68.7 + 60
sgRNA5 ATGGACCCGGTGCCCTTGTA CGG 68.7 - 60
sgRNA6 ATCGACTTCGACATGGAGTT TGG 68 + 45
sgRNA7 AGGCGGATCCAAACGGGGAC AGG 65.9 + 65
sgRNA8 CCGTTGCCTATTAAATTTGA CGG 68.8 + 35
sgRNA9 AGCCCGTAGTCGAATGCGTG GGG 67 + 60
sgRNA1I0 TGACAAAAATATCGCCCCGC CGG 75.2 - 50
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3.2.4 Extraction of M. commoda and M. pusilla genomic DNA

Both M. commoda and M. pusilla were grown to exponential phase and the genomic
DNA (gDNA) were extracted using the Qiagen MagAttract HMW DNA Kit (Qiagen,

Catalogue #67563) according to the manufacturer’s protocol.

3.2.5 Golden gate assembly

3.2.5.1 LO assembly

The LO assembly of endogenous RPS9 promoter and terminator was detailed in
2.2.4.2. The MpCas9-U6Guide-RPL42 plasmid with both codon optimized Ccas9
gene and M. pusilla U6 promoter was received from Prof. Alexandra Z. Worden
and Dr. Olga Matantseva. The Cas9 gene and M. pusilla U6 promoter were
amplified by PCR wusing Phusion DNA polymerase (NEB) from
MpCas9-U6-RPL42 plasmid. The M. pusilla U6 terminator was amplified by PCR
from M. pusilla genome DNA. M. commoda U6 promoter and terminator were
PCR-amplified from M. commoda genome DNA. The eYFP gene was amplified
from plCH47742:FCP:Cas9YFP. The sgRNAs were amplified from DNA template
for in witro assay. Primers for amplification are listed in Table 3.2. All sequences
were cloned into the pCR4-TOPO vector (Thermo Fisher). Plasmid DNA was

extracted using Monarch plasmid miniprep kit.

The Bsal and BbslI restriction site in the L0—cas9 plasmid were removed using the
Site-Directed Mutagenesis (SDM) kit (NEB, UK). The Bsal restriction site was
removed firstly using forward primer 5-ccagaaggcgcaAgtcteggge-3' and reverse
primer 5'-atgtcctecttgaacgtgagegagtegt-3’. The mutation site is indicated by the
uppercase letter. The resulting LO—cas9—SDM-Q plasmid was generated. The Bbsl
restriction site in the LO-cas9-SDM-Q plasmid was then removed using forward
primer 5'-caacatcgtcaaAaagacggagg-3' and reverse primer 5'-acctgcggeatcgaga-3’.

The mutation site is also indicated by the uppercase letter. The resulting plasmid
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Table 3.2: PCR primers for creating Golden gate cloning L0 modules. Bsal sites are
shown in bold. 4nt specific overhangs are shown in underlined. Lowercase letters
represent extra added sequences, and uppercase letters indicate the part of primer
combine with the initial template.

Primer Sequence Annealing
temp (°C)
cas9 F ggtctcacaagGACAAGAAGTACTCGATC 66.7
cas9 R gegtctcaGACCTTGCGCTTCTTCTTC 66.4
eYFP F ggtctcaggtc ATGGTGAGCAAGGGCGA 72.3
eYFP R ggtctcagtgt TCACTTGTACAGCTCGTCCAT 69.5
McU6P F ggtctcaggagAATTGGTTTATATGTGTGTCGA 67
McUG6P R ggtctcaAGGTATGGCATCCTGCTTTGGTA 68.1
McU6T F ggtctcagtgc TTTTTTTAACGCGTGAAGAACA 67
McU6T R gegtctcaagcgGCGTCCGAGTCTTACCAGA 72.2
MpUG6P F getctcaggagAAAGAGCGTGTTTTGAACG 68.1
MpU6P R gegtctcaGACATGTCCTCATGCACAACA 66.6
MpU6T F ggtctcaagcgCGTGTACTTTCGAAAGTA 66.9
MpU6T R ggtcteagtgc TTTTTTACCGTGTCTGACTA 66.7
McsgRNAS F ggtctcaacct ATGGACCCGGTGCCCTT 71
McsgRNAG F gegtctcaacct ATCGACTTCGACATGGA 66.6
McsgRNAS F ggtctcaacct CCGTTGCCTATTAAATTTGA 65.5
MpsgRNAS5 F ggtctcatgtc ATGGACCCGGTGCCCTT 71
MpsgRNAG6 F ggtctcatgtc ATCGACTTCGACATGGA 66.6
MpsgRNAS8 F ggtctcatgtcCCGTTGCCTATTAAATTTGA 65.5
sgRNA R gegtctcaGCACCGACTCGGTGCCA 69.6

L0O-cas9-SDM-Q-K was used as L0 module for further assembly.

3.2.5.2 L1 assembly

The L1 assembly and screening methods were detailed in 2.2.4.2.

The Cas9 and eYFP cassettes were assembled with the RPS9 promoter and RPS9

terminator in L1 backbone, resulting in the plasmid RPS9:cas9:e YFP-pICH47732.
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The plasmid was extracted using Monarch plasmid miniprep kit (NEB) and then
screened using EcoRI digestion, with target length of 9631bp. The eYFP gene was
removed using the Site-Directed Mutagenesis (SDM) kit (NEB, UK) with primer
5-acacccgagctgagggccgg-3' and 5'-gaccttgegettettettegggteeg-3', generating plasmid
RPS9:cas9-pICH47732. The plasmid was extracted and then screened using Xmal
and Mdel digestion, with target length of 4063bp and 5301bp. The correct constructs

were confirmed by whole plasmid sequencing.

The sgRNA5, sgRNA6 and sgRNAS8 were assembled with the McU6 promoter and
terminator in L1 backbone, resulting in the plasmid McUG6:sgRNA5-pICH47751,
McU6:sgRNA6-pICH47761 and McU6:sgRNAS-pICH47761, separately. Plasmids
were digested using EcoRI and the estimated length is 5136bp. Correct constructs
were confirmed by Sanger sequencing using forward primer 5'-cccactctgtgaagacaa-3’

and reverse primer 5'-gccaatatatcctgtcaaacac-3'.

The sgRNA5, sgRNA6 and sgRNAS were assembled with the MpU6 promoter and
terminator in L1 backbone, resulting in the plasmid MpU6:sgRNA5-pICH47751,
MpU6:sgRNAG6-pICH47761 and MpU6:sgRNAS-pICH47761, separately. Plasmids
were digested using EcoRI and the estimated length is 4803bp. Correct constructs
were confirmed by Sanger sequencing using forward primer 5'-cccactctgtgaagacaa-3’

and reverse primer 5'-gccaatatatcctgtcaaacac-3'.

3.2.5.3 L2 assembly

For L2 assembly assembly of knockout plasmids with M. commoda U6 promoter,
the L1 modules RPS9:cas9-eYFP-pICH47732, RPS9:shBle-pICH47742 and
McU6:sgRNA5-pICH47751, LAE linker (pICH41780) and the L2 vector pAGM4723
were assembled with McU6:sgRNA6-pICH47761 and McUG6:sgRNAS-pICH47761,
separately, resulting in transformation plasmid L2-MC56 and L2-MC58. The
eYFP were removed using the SDM kit with primers 5-acacccgagetgagggecgg-3/
and 5'-gaccttgcgettettettegggteeg-3', generating the plasmid L2-Mc56dYFP and
L2-Mc58dYFP (Figure 3.2). Constructs were PCR-screened by forward primer
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5-gcgaacggegagatecgeaa-3' and reverse primer 5'-gacacgacctcegaccacte-3/, and the
estimated length was 1654bp. The integrity of the constructs was then confirmed

by whole-plasmid sequencing.

For assembly of knockout plasmids with M. pusilla U6 promoter, the L1 modules
RPS9:cas9-pICH47732 and RPS9:shBle-pICH47742, MpU6:sgRNA5-pICH47751,
L4E linker (pICH41780) and the L2 vector pAGM4723 were assembled with
MpU6:sgRNAG6-pICH47761 and MpUG6:sgRNAS-pICH47761, separately, resulting
in transformation plasmid L2-Mp56dYFP and L2-Mp58dYFP (Figure 3.3). The E.
coli colonies carrying constructs were screened using forward primer
5’-caacatcgtcaaaaagacggagg-3’ and reverse primer 5'-gccaatatatcctgtcaaacac-3’,
and the estimated length was 2798bp. Plasmids were then extracted and screened
by EcoRV and Ncol disgestion, with estimated length of 2053bp and 8911bp. The

construct Mp58dYFP was confirmed by whole-plasmid sequencing.

3.2.6 Transformation

The transformation method for M. commoda was detailed in 2.2.6.1.

3.2.7 Screening of knockout colonies

The lysis method for M. commoda colonies was detailed in 2.2.7.1.

Two pl of lysate were used as templates in Taq or Q5 PCR to amplify the
CRISPR—Cas-targeted fragment of the cyanase gene. Two primer pairs were used
for amplification. The first primer pair generated an expected amplicon of 903 bp,
consisted of primers 5-CCCGGGTTTGGAAAAAGTGC-3' (forward) and
5-ATTGGAACGCAGAGTGAGGG-3 (reverse). The second pair consisted of a
forward primer 5-CTGCAGCACGTGCCGTACAA-3' and the same reverse

primer, yielding an expected product of 415 bp.

PCR products were analyzed by agarose gel electrophoresis to identify the lower
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Figure 3.4: Alignment of U6 snRNA sequence in M. pusilla and M. commoda

band corresponding to the cyanase gene fragment. The desired bands were excised
from the gel and purified using a Zymoclean gel DNA recovery Kit. Purified DNA

samples were subsequently sequenced by Eurofins.

3.3 Results

3.3.1 Identification of U6 snRNA

The U6 small nuclear RNA (snRNA) is conserved across diverse species (Figure 3.5)
and typically initiates with a guanine (G) at the 5" end. Several conserved sequence
motifs were identified, including ATACAGAGAAGATTAGCA, CCCTC, and AAGGATGA, which

are characteristic of functional U6 snRNA.

The U6 snRNA sequence from M. pusilla was used as a query to identify the
corresponding sequence in M. commoda (Figure 3.4). A candidate U6 snRNA
sequence was identified with a highly significant E-value of 1.1 x 107%%, indicating

strong sequence conservation and homology.

Comparison of the two sequences reveals a high degree of conservation, with only
minor nucleotide variation, supporting the identification of the M. commoda

sequence as the U6 snRNA homolog.



human ~ mmm——————— GTGCTCGCTTCGGCAGCACATATACTARAATTGGAACGATACAGAGAAGAT TAGCATGGCCCCTGCGCARGGATGACACGCAAATTCGTGAAGCGTTCCATATTTIT—————————— 106

mouse  mmmmmmeee GTGCTCGCTTCGGCAGCACATATAC TAAAAT TGGAACGATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCARAT TCGTGAAGCGTTCCATATTTTT————————— 107
tomate 00000 meeememeeeeeeae GTCCCTTCGGGGACATCCGATARRATTGGAACGATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCACARATCGAGARATGGTCCARAATTTT -~ —————— 103
Drosophila melanogaster —-======== GTTCTTGCTTCGGCAGAACATATACTAARAT TGGAACGATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCAARATCGTGAAGCGTTCCACAT TTTT ————————— 107
Saccharomyces cerevisiae ----GTTCGCGAAGTAACCCTTCGTGGACATTTGGTCAATT TGAAACAATACAGAGATGATCAGCAGT TCCCCTGCA TARGGATGAACCGT T TTACARAGAGATTTATTTCGT TTT——— - —————— 112
Candida glabrata TGAGGTCCTTGAAGTAACCCTTCTTGGACATTTGGTCAATTTGAAACAATACAGAGATGATCAGCAGT TCCCCTGCATAAGGATGAACCGTTTTACAAAGAGAT T TATTCGTTTTETTTTT————— 121
Nosema locustae ——mmmmmmmmmmmmmmo GCAGTTTGCTGCGCTATTAGTTTGGAACAACACTGAGAAGATTAGCATGGCCCCTGCGCAAGGACGGCATCTTTCT TTGAGAGGTGTGCTGGGCTCGCCCAGCTTTT 107
Thalassisira pseudonana -—----———- GTCCCCGGTTCGCCGGGTGACATTAAACAAACGCTTAAATATACAGAGAAGATTAGCATGGTCCCTGTGCAAGGATGACACGCATAATCGAAGAGAAGCAAACCTTTETTT——————— 111
Phaeodactylum tricornutum  —-----—=—-- GTCTCAGGCAACTGAGGCTCATTAAACARACGCTTAAATATACAGAGAAGATTAGCATGGTCTCTGAGCAAGAATGACACGCATAATCGAAGAGAAGCGAACCTTTTTTTT—————~ 111
Chlamydomonas reinhardtii = —----—=———————————— GTGCTTCGGCACAACTGTTARAAT TGGAAAAATACAGAGAAGAT TAGCATGGCCCCTGCGCARAGGATGACACGCACAAATC GAGARATGGTTCCARATTT—— - —————— 100
Micromonas pusilla = = = =  =======—e——aao GTTCATTCGTTGAACATCTGTTAAAATTGGAACGATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACTGCAACTCTGGGARAGGAACCATATTTTTT-~---~--~ 105
Cyanidioschyzon merolae =  —=—===—==—=———————-- GTGCTTCGGCACAACTGTTAAAATTGGAAAAATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCATAAATCGAGARATGGTTCCARATTT————————— 100

y 1.03) TATAMGE TG 17% ] AA F ATC CA AA N

DNA conservation probality 7 0.5 i L lv‘lcléfCl%cG E%GEA A T A I il "T A ‘ A il | JG ﬂ I A A TE& A G TT” |
too 1 EeLELFACHETE  Tapdl AA*‘AT ¢llllecettllIA ey . £TTEITEA

A/T/C/G Residues with 290% consensus Ultra-conserved region the U2 binding region

Figure 3.5: Alignment of U6 snRNA from representative species.

DPOUWULOD SDUOULOLILIY UL 5D /YISTHD fo 1uawdoppaa(q @& 423dnYy))

€11



Chapter 3: Development of CRISPR/Cas9 in Micromonas commoda 114

3.3.2 The design of sgRNA for CynS gene knockout

The CynS gene in M. commoda was searched and checked using NCBI and JGI
databases, confirming that it is a single-copy gene lacking introns. Gene structure
and predicted active sites are consistent with the conserved catalytic domain
identified in CynS from representative species (Mao et al., 2022). Three key
residues within the predicted active site including arginine (R), glutamic acid (E),

and serine (S) are indicated in Figure 3.6a.

The consideration of designing Cas9 cleavage sites is effectively disrupting the
three active sites within the C-terminal domain of the CynS gene. RGEN
Cas-Designer was used to predict candidate sgRNA targets. The character of
Streptococcus pyogenes Cas9 is specifically recognizing 20 nt target sequences
adjacent to a PAM motif (NGG). Eight sgRNAs targeting regions both upstream
and downstream of the domain were selected and aimed to knock out this

functional region. No potential off-target sites were identified in the genome.

The CynS gene was amplified using primers F2 and R2 and subsequently cloned into
the pCR4-TOPO vector to generate a cyanase template plasmid for the following in
vitro test (Figure 3.6b). Restriction analysis using EcoRI, which has two recognition
sites in the pCR4-TOPO vector, produced a fragment of the expected size (1069 bp),

confirming successful cloning.

3.3.3 Testing of cleavage efficiencies

The plasmid of CynS gene template was linearized by Ncol digestion, yielding the
expected fragment length of 4859 bp (Figure 3.7a). A DNA template encoding a T7
promoter, a 20-nt sgRNA target sequence, and an sgRNA scaffold was subsequently
assembled (Figure 3.7b). Eight sgRNAs were synthesized and validated, each with

the expected length of 99 nt (Figure 3.7c).

In wvitro cleavage assays were performed by incubating the linearized CynS gene
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Figure 3.6: The CynS gene in M. commoda. (a) the map of the M. commoda CynS
gene. Primers F2 and R2 were used to amplify the CynS gene template. sgRNAs
3-10 were designed for targeted genome editing. The yellow region represents the
N-terminal segment of cynS. The green region denotes the catalytic domain of cynS
and the red regions represent the ultra-conserved residues identified in Mao et al.
(2022). (b) agarose gel results of plasmids F2-R2 pCR4-TOPO linearization checked
by EcoRI digestion.

template with Cas9 enzyme and individual sgRNAs in sterile PCR tubes. The
cleavage efficiency of each sgRNA was evaluated based on the intensity of the
remaining undigested DNA bands and the sizes of the resulting cleavage fragments.
The results indicated that sgRNA5, sgRNA6, sgRNA7, sgRNAS, and sgRNA9

exhibited relatively high cleavage efficiency (Figure 3.7d).

Since two sgRNAs are required to function as a pair for deletion of the target
domain, the genomic positions of these five sgRNAs were further analyzed. Among
them, only sgRNA5 was located upstream of the targeted domain, whereas
sgRNAG6, sgRNA7, sgRNAS, and sgRNA9 were located downstream (Figure 3.6a).
Based on this positional arrangement, two sgRNA pairs were designed: sgRNA5&6

and sgRNAbJ&8, aiming to generate deletions of 158 bp and 299 bp, separately.
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Figure 3.7: Results of in vitro test. (a) Agarose gel results of linearizated cyanase
gene template plasmids digested by Ncol (4859bp). The marker used is a 1kb DNA
ladder. (b) DNA template for in wvitro T7 transcription of sgRNA. Bands 3-10
represent DNA template with designed sgRNA 3-10. The marker used is the ultra
low range (ULR) DNA ladder.(c) sgRNA quality check by using 12% urea-TBE
Polyacrylamide Gel Electrophoresis (PAGE). Bands 3-10 represent transcription of
sgRNA 3-10. The marker used is the low range ssRNA ladder. (d) In wvitro test
results of sgRNAs and target sizes for successful cutting. Linearized plasmids of
cyanase template without sgRNAs was set as a negative control. Yellow triangles

indicate selected sgRNAs for following knockout plasmid constructs.
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3.3.4 Construction of knockout plasmids

Plasmids for CynS gene knockout were constructed using Golden Gate assembly.
In L1 assembly, essential expression cassettes were generated. Cassette containing
the RPS9 promoter, cas9, eYFP, and the RPS9 terminator was assembled into the
vector backbone pICH47742, resulting in the plasmid L1-RSP:cas9:eYFP. In this
construct, cas9 was directly fused to eYFP. Ten colonies were selected for plasmid
extraction and screened by FcoRI digestion, of which five exhibited the expected
fragment size of 9631 bp (Figure 3.8a). Colonies 1, 3, and 10 were further verified
by sequencing, and only L1-RSP:cas9:eYFP-3 was confirmed to have the correct
sequence. Subsequently, the eYFP was removed from plasmid
L1-RSP:cas9:e YFP-3. The resulting constructs, L1-RSP:cas9-2 and
L1-RSP:cas9-4, were both confirmed by sequencing to have successful eYFP

removal and correct sequences (Figure 3.8b).

The sgRNA expression cassettes driven by U6 promoters from M. commoda and M.
pusilla were assembled, separately. For constructs using the M. pusilla U6 promoter,
MpUG6:sgRNA5-4, MpU6:sgRNAG6-2, and MpU6:sgRNARK-2 were sequence-verified
as correct (Figure 3.8c, d). For constructs using the M. commoda U6 promoter,
McU6:sgRNA5-1, McU6:sgRNA6-1, and McU6:sgRNAS8-1 were confirmed to have

correct sequences (Figure 3.8e).
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Figure 3.8: PCR results of L1 constructs for knockout plasmids. (a) Restriction
digestion analysis of L1-RSP:cas9:eYFP using EcoRI. The estimated length is
9631bp; (b) Restriction digestion analysis of L1-RSP:cas9 using Xmal and Mdel.
The estimated length is 4063bo and 5301bp; (c) Restriction digestion analysis of
L1-MpU6:sgRNA5 using EcoRI. The estimated length is 4803bp; (d) Restriction
digestion analysis of L1-MpU6:sgRNA6 and L1-MpU6:sgRNAS8 using EcoRI. The
estimated length of both plasmids are 4803bp; (e) Restriction digestion analysis
of L1-McU6:sgRNA5, L1-McU6:sgRNA6 and L1-McU6:sgRNAS8 using EcoRI. The
estimated length of both plasmids are 5136bp. Red triangles indicate the correct
constructs as confirmed by Sanger sequencing. DNA marker used was a 1kb ladder.
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For L2 assembly, validated L1 cassettes, together with linker L4E, were assembled
into the L2 backbone pAGM4723 to generate plasmids for CynS gene knockout in

M. commoda.

For the construction of Mch&6 and Mch&8, the plasmid L1-RSP:cas9:eYFP was
used. Nine colonies from each construct were selected for plasmid extraction and
screened by Pst] and BamHI digestion. Nearly all colonies exhibited expected
DNA sizes of 4599 bp and 7751 bp (Figure 3.9a). Two colonies per construct were
sequenced, confirming that Mcb&6-1, Mcbh&6-2, and Mch&8-1 had correct sequences,
which could used for further transformation. Subsequently, the removal of e YFP was
performed using Mc5&6-1 and Mc5&8-1 as templates, but the assembly efficiency
was relatively low. Primers were designed to amplify the region from the latter part
of cas9 to the end of shBle. Successful removal of eYFP was expected to yield a
fragment of 1655 bp. For construction of Mc5&6dYFP, only 4 out of 23 colonies
showed the expected band size, and Mc5&6dYFP-16 was sequence-verified as correct
(Figure 3.9b). For construct Mcb&8dYFP, only 2 out of 15 colonies showed the

expected size, and Mc5&8dYFP-7 was confirmed by sequencing (Figure 3.9¢).

For knockout constructs using the U6 promoter from M. pusilla, L1-RSP:cas9
without eYFP was used. The amplified fragment spanned from the latter part of
cas9 to the vector backbone, including part of cas9 cassette, shBle cassette and
two sgRNA expression cassettes. For construction of Mp5&6dYFP, three colonies
exhibited the expected size, and Mpb&6dYFP-10 was confirmed by sequencing
(Figure 3.9d).

For the Mpb&8dYFP construct, assembly efficiency was low. A total of 96 colonies
were screened by PCR, of which only four showed the expected band size. These
candidates were further validated by digestion with FcoRV and Ncol. Mp5&8dYFP-
53 and Mpb&8dYFP-62 were subsequently sequenced and confirmed to have correct

sequences (Figure 3.9e).
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Figure 3.9: PCR results of L2 constructs for knockout plasmids. (a) Restriction
digestion analysis of plasmid Mch&6 and Mc5&8 using Pstl and BamHI. The
estimated DNA length are 4599bp and 7751bp. (b) PCR screening of E. coli colonies
carrying plasmid Mch&6dYFP, targeting DNA length of 1655bp. (c) PCR screening
of E. coli colonies carrying Mc5&8dYFP, targeting DNA length of 1655bp; (d) PCR
screening of E. coli colonies carrying Mpb&6dYFP, targeting band of 2798bp. (e)
Restriction digestion analysis of Mpb5&6dYFP using EcoRV and Ncol. The estimated
length of both plasmids are 2053bp and 8911bp. Red triangles indicate the correct
constructs confirmed by Sanger sequencing. DNA marker used was a 1kb ladder.
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3.3.5 Screening and verification of knockout transformant

M. commoda is haploid. The knockout mutants can be directly isolated from primary
clones. A total of 236 colonies were screened by colony PCR for CRISPR—Cas-
mediated knockout, including 76 colonies from Mpb&8dYFP transformation, 76
from Mc5&8dYFP transformation, and 67 from Mc5&6dYFP transformation.

Two pairs of primers were designed to verify disruption of the cyanase gene.
Initially, primers amplifying the full-length cyanase gene were used to screen
colonies. However, the efficiency of deleting the designed fragment was low, and
only a mutant C34 with a 76-nt deletion was identified (Figure 3.10a, d).
Subsequently, a second pair of primers targeting a shorter region encompassing the
designed knockout site was used for screening. However, no additional mutants
were detected. Sanger sequencing confirmed that the mutation of C34 occurred at
the sgRNAD target site, resulting in a 76-nt deletion within the cyanase gene
(Figure 3.10b). This deletion caused a frameshift mutation, leading to disruption
of the cyanase domain (Figure 3.10c). Colony PCR also confirmed the presence of

the cas9 gene in nutant C34 (Figure 3.10e).

3.3.6 Identification of DN A damage repair genes in M. commoda

To investigate the DNA double-strand break repair (DDR) mechanism present in
M. commoda, homologues of genes involved in NHEJ and HR were searched
against the M. commoda RCC299 genome available in the JGI database (Table
3.3). Homologues of the major NHEJ-associated proteins, including the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and DNA ligase IV
(LIG4). HR-associated proteins RAD51, XRCC2 and XRCC3 were detected.

The distribution of Ku70 and Ku80 homologues was further examined in the species
included in the comparative analysis. Their presence was recorded separately for
each species, as Ku70 and Ku80 were not assumed to be universally conserved across

all examined taxa.
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Figure 3.10: Screening and verification of mutant C34. (a) Screen of some colonies
using three plasmid including Mp5&8dYFP, Mc5&8dYFP and Mc5&6dYFP. WT is
positive control. The red triangles indicate C34 which potentially possess the edited
target genes and further screen via Sanger sequencing. (b) Alignment of Sanger
sequencing results with the cyanase gene from C34. (c) Alignment of amino acid
sequence between WT and mutant C34. The green area marked the cyanase domain
in WT sequence and the red font indicated the frameshift mutation in C34. (d) PCR
results of cyanase gene in WT and C34. The DNA marker was a 1kb ladder. (e)
PCR results of cas9 gene in C34. WT was a negative control.

3.4 Discussion

This study demonstrates the feasibility of applying CRISPR/Cas9 system in M.
commoda to induce targeted genome modifications. The Cas9 nuclease from
Streptococcus pyogenes (SpCas9) recognizes a 20-bp protospacer sequence adjacent
to an PAM and introduces a blunt-ended DNA DSB approximately 3 bp upstream

of the PAM site (Jinek et al., 2012). The break is predominantly repaired through
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Table 3.3: DNA damage repair genes in M. commoda

DDR mechanism Gene JGI protein 1D

NHEJ-associated DNA-binding subunit of a 6114
DNA-dependent protein kinase
(Ku70 autoantigen)

DNA-binding subunit of a 5294
DNA-dependent protein kinase
(Ku80 autoantigen)

DNA ligase IV 9693
HR-associated DNA repair protein (A) 3124, (B)
RAD51/RHP55 9261, (C) 264,
(D) 4369
XRCC2 2600
XRCC3 6877

the errorprone NHEJ pathway following DSB in the absence of a repair template,
resulting in INDELs at the target locus. These INDELs disrupt the coding
sequence, frequently leading to frameshift mutations and loss of gene function. In
this study, CRISPR/Cas9 mediated editing successfully generated mutations in the

cyanase gene, confirming the functionality of this system in M. commoda.

Using CRISPR-Cas9 with a single sgRNA can introduce a variety of INDELs at
a target locus (Nymark et al., 2016; Jiang et al., 2014). When two sgRNAs are
employed, simultaneous cleavage at both target sites is required to achieve deletion
of the intervening fragment. If the two sgRNA sites are not cleaved concurrently,
independent mutations may occur at each site rather than excision of the fragment
between them (Hopes et al., 2016). In this study, the design of two sgRNAs aimed
to remove 299 bp fragment using sgRNAS and sgRNAS, but only got one mutation
with 76-nt deletion at the sgRNAS5 site instead of the designed larger deletions
(Figure 3.10b). Based on the in vitro assay, sgRNAS exhibited significantly higher
cleavage efficiency than sgRNA5 (Figure 3.7d), but the deletion observed in mutant
C34 only occurred at the sgRNAS target site (Figure 3.10b). Additionally, another

eight randomly selected colonies were sequenced, none of which showed evidence of
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INDELs. This discrepancy reflects the fundamental differences between in vitro and
in vivo conditions. In wvitro assays are conducted on naked DNA templates under
optimal reaction conditions, but genome editing in vivo is affected by factors such as
chromatin accessibility and sgRNA expression levels (Hsu et al., 2013). It is possible
that the sgRNAS target site is less accessible in vivo due to chromatin structure,

leading to reduced cleavage efficiency.

Efficient deletion of a target fragment using paired sgRNAs requires the generation
of simultaneous DSB at both target sites (Brooks et al., 2014; Hopes et al., 2016).
In the absence of simultaneous cleavage, repair via the NHEJ pathway typically
results in small INDELs at individual cut sites rather than large fragment deletions.
The mutation observed in C34 suggests that DSB formation occurred only at the
sgRNAD site, indicating non-synchronous cleavage and a higher effective activity
of sgRNAS5 in vivo compared to sgRNASK. Although some studies have reported a
positive correlation between in vitro and in vivo sgRNA efficiencies (Greiner et al.,
2017; Mehravar et al., 2019), such relationships are not universally consistent. My
results show the complexity of predicting sgRNA performance in vivo and highlight
the importance of empirically testing multiple sgRNAs for each target locus. Future
optimization could also include evaluating chromatin accessibility at target sites,
refining sgRNA design using improved prediction algorithms, and increasing the
number of sgRNA candidates to enhance the likelihood of achieving efficient and

precise genome editing.

The CRISPR/Cas9 system requires both the Cas9 endonuclease and sgRNAs,
which can be delivered into cells either via plasmid-based expression systems or as
Cas9/single-guide RNA RNP. In this study, gene knockout was achieved by
transforming plasmids encoding Cas9, two sgRNAs, and an antibiotic resistance
cassette into cells, followed by random integration of these expression cassettes into
the nuclear genome. However, this approach often results in relatively low gene
editing efficiency due to variable transgene integration sites and inconsistent
expression levels (Serif et al., 2018). Only one knockout mutant was obtained from

76 colonies following Mpb&8dYFP transformation in this study. Similarly low
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editing efficiencies have been reported in early CRISPR/Cas9 applications in C.
reinhardtiic and Nannochloropsis spp., where approximately 300 Nannochloropsis
colonies were screened but only two mutants were successfully generated (Jiang

et al., 2014; Wang et al., 2016).

A disadvantage of vector-based transformation is the long-term expression of Cas9,
which may increase the likelihood of off-target cleavage events. In contrast, RNP-
based delivery represents a more efficient and precise genome editing strategy, as it
enables transient Cas9 activity and reduces off-target effects (Serif et al., 2018; Yasui
et al., 2026). In this approach, pre-assembled Cas9 protein and sgRNAs are directly
introduced into cells, allowing genome editing to occur immediately without the
need for intercellular transcription or translation (Zhang et al., 2021). As a result,
RNP-mediated genome editing has been successfully applied across a wide range
of microalgal species, including C. reinhardtii (Baek et al., 2016), Nannochloropsis
oceanica (Naduthodi et al., 2019), Chlorella vulgaris (Kim et al., 2021), Picochlorum
celeri (Krishnan et al., 2020), Euglena gracilis (Nomura et al., 2019), Coccomyza
sp. (Yoshimitsu et al., 2018), Tetraselmis sp. (Chang et al., 2020), Phaeodactylum
tricornutum (Serif et al., 2018), and Fistulifera solaris (Yasui et al., 2026). It was
reported that the RNP application in prasinophytes Ostreococcus, in which Cas9
accessed into cells and cleaved the target genomic DNA in wvivo but no isolated
knockout mutant cells (Kay, 2022). Given these advantages, an RNP-based delivery
system may be a considerable method for improving genome editing efficiency in M.

commoda and have significance of further applications.

DNA damage is inevitable and occurs continuously throughout the cell cycle.
Endogenous factors, such as DNA replication errors, as well as exogenous
mutagenic agents including ultraviolet (UV) radiation and ionizing radiation (IR),
can induce substantial DNA damage (Kovdcs and Keresztes, 2002). Among the
various forms of DNA lesions, DSBs are particularly lethal, which both strands of
the DNA helix are severed, posing a significant challenge for accurate repair
(Khanna and Jackson, 2001; Kastan and Bartek, 2004). To repair such damage,

cells have evolved the DDR network that detects and repair DNA lesions (Sancar
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et al., 2004).

The two principal pathways for the repair of DNA DSBs are NHEJ and HR
(Onozawa et al., 2014). HR is generally regarded as an error-free mechanism
because it utilizes a homologous DNA template to accurately restore the original
DNA sequence (Sasaki et al., 2010). In contrast, NHEJ does not require a
homologous template and instead directly ligates the broken DNA ends. It is
inherently error-prone and results in INDELs at the repair junctions (Lieber,

2010).

The choice between HR and NHEJ is always regulated and determined by the
phase of the cell cycle (Shrivastav et al., 2008; Nagaria et al., 2013), with
additional species-specific differences. The eukaryotic cell cycle consists of four
main stages: Gap 1 (G1), Synthesis (S), Gap 2 (G2), and Mitosis (M) (Matthews
et al., 2022). During the G1 phase, cells grow and synthesize RNA and proteins
required for DNA replication. In the S phase, DNA replication occurs, resulting in
the duplication of chromosomes and the formation of sister chromatids. The G2
phase serves as a checkpoint stage in which cells verify the integrity of replicated
DNA and prepare for mitosis. During the M phase, replicated chromosomes are
segregated into two daughter nuclei, followed by cytokinesis. NHEJ does not
require a homologous template and can function throughout the cell cycle, making
it a major DSB repair pathway in many eukaryotic systems (Lieber, 2010; Lin
et al.,, 2014). In contrast, HR is largely restricted to the late S and G2 phases,
when DNA replication has been completed and sister chromatids are available to
serve as templates for accurate repair (Heyer et al., 2010; Davis and Chen, 2013;

Angstenberger et al., 2020).

In microalgae, the cell cycle is coupled to environmental cues such as light tensity,
light—dark cycles and temperature (DuRand et al., 2002; Angstenberger et al., 2020;
Kato and Nam, 2021; Pageault et al., 2024). For instance, in M. pusilla, cell division
(M phase) is synchronized with the light-dark cycle, with the majority of mitotic

events occurring during the first 8 hours of the dark period (DuRand et al., 2002).
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Similarly, in Tisochrysis lutea, extension of the dark phase increases the proportion
of cells entering the G2/M transition, indicating that cell cycle progression can be
modulated by photoperiod length (Pageault et al., 2024). This temporal regulation
of the cell cycle has important implications for genome editing efficiency, as the
relative activities of HR and NHEJ are strongly influenced by the phase in which

DNA damage occurs.

DDR mechanisms have not yet been directly characterized in Micromonas. The
preference between the two major DSB repair pathways varies among organisms.
For instance, yeast mainly rely on HR, but animal and plant cells prefer NHEJ
(Manolis et al., 2001; Puchta, 2005; Stinson and Loparo, 2021). To gain insight
into the DDR pathways potentially operating in M. commoda, genes involved in
DNA repair were examined based on their conservation in related species and well-
characterized model organisms. Key proteins involved in NHEJ include the DNA-
dependent protein kinase (DNA-PK), the Ku70/80 heterodimer, DNA ligase IV
(LIG4), and XRCC4 (Davis and Chen, 2013). DNA-PK is central to NHEJ in
both programmed DNA rearrangements and the repair of accidental DNA breaks
(Davis et al., 2014). It consists of a large catalytic subunit DNA-PKcs and the
Ku70/80 heterodimer (Gottlieb and Jackson, 1993). The Ku70/80 is responsible for
initial recognition and binding of DSBs, and homologues of these proteins have been
identified in many plant species (Tamura et al., 2002; Gallego et al., 2003; Gu et al.,
2014). LIG4 is a specialized DNA ligase that is considered essential for NHEJ and
functions almost exclusively in this pathway (Grawunder et al., 1998). The DNA-
PK, LIG4 and Ku70/80 homologues were identified in the M. commoda genome (JGI
database), suggesting that core components of the NHEJ machinery are present in
M. commoda. Genes associated with HR—-mediated DNA repair including XRCC3
and RAD51 were also identified in the M. commoda genome (Bhattacharya et al.,
2017), indicating that DSB repair in M. commoda may rely on a combination of the

two mechanisms.

Applications of gene editing based on both NHEJ and HR have been reported in a

wide range of microalgal species, including 7. pseudonana (Hopes et al., 2016;
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Belshaw et al., 2023), C. reinhardtii (Shin et al., 2016; Greiner et al., 2017;
Angstenberger et al., 2020), P. tricornutum (Nymark et al., 2016; Moosburner
et al., 2020), N. oceanica (Wang et al., 2016; Naduthodi et al., 2019), and
Cyanidioschyzon merolae (Minoda et al., 2004; Tanaka et al., 2021). For example,
CRISPR/Cas9-mediated genome editing was used to knock out the urease gene in
T. pseudonana (Hopes et al., 2016), and CRISPR/Cas-mediated HR enabled
efficient targeted gene replacement in the same organism (Belshaw et al., 2023). In
eukaryotes, HR activity is often suppressed by the competing NHEJ pathway (Frit
et al., 2014), which leads to a relatively low efficiency of precise gene targeting via
HR in some microalgal systems (Lozano et al., 2014). As an alternative strategy
for gene editing in microalgae, programmable endonucleases such as TALENs and
CRISPR/Cas systems introduce DSBs at defined genomic loci and then facilitate
precise and efficient gene editing via HDR in the presence of a homologous repair
template (Gaj et al., 2013; Naduthodi et al., 2019; Belshaw et al., 2023). This
provides a foundation for extending genome editing approaches in M. commoda,

facilitating functional genomic studies.



Nitrogen utilization of Micromonas
commoda and Thalassiosira

pseudonana

4.1 Introduction

Nitrogen availability in the oceans is a key factor influencing the productivity and
diversity of microalgae (Moore et al., 2013). Nitrogen limitation has been reported
to constrain the growth of osmotrophic microalgae with cell sizes ranging from 2—

15 pm in nutrient-depleted regions (Berthelot et al., 2025).

Nitrogen occurs in two major forms in the oceans, that is inorganic nitrogen and
organic nitrogen. Dissolved inorganic nitrogen (DIN) including nitrate, nitrite and
ammonium, is generally preferred by microalgae (Waser et al., 1998), but its
availability is often limited in marine systems (McCarthy et al., 1997; Rees et al.,
2006; Sharpe et al., 2023). In the euphotic zone, the mean concentration of nitrate
is approximately 7 uM, whereas ammonium and nitrite concentrations are much
lower, around 0.3 uM and 0.1 uM, respectively (Rees et al., 2006; Gruber, 2008;
Sanz-Luque et al., 2015). Lower DIN concentrations are commonly observed in
oligotrophic regions. For example, surface nitrate concentrations in the Atlantic
Ocean are below detection limits (< 0.05 uM) at 70% of sampling stations, largely

due to rapid uptake by phytoplankton (Rees et al., 2006). In contrast, dissolved
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organic nitrogen (DON) is often present at higher concentration than DIN, even in
nitrogen-limited regions (Bronk et al., 2007). Urea is a key component of the
organic nitrogen pool and represents an important nitrogen source for some
microalgae (McCarthy, 1972; Solomon et al., 2010). However, the bioavailability of
other DON varies between microalgal species (Hu et al., 2014; Huang et al., 2020).
Under conditions of limited nitrogen availability and competition for nitrogen
resources, microalgae have evolved diverse strategies to utilize a wide range of

nitrogen sources.

Cyanate has been recognized as an ecologically relevant nitrogen substrate in the
ocean and may represent an alternative nitrogen source comparable in importance
to urea in some marine environments (Widner et al., 2018; Mao et al., 2022).
Cyanase, encoded by cynS, is the key enzyme involved in cyanate decomposition,
but the organization and regulation of cyanate metabolism differ substantially
among organisms. In prokaryotes, cyanate metabolism is commonly associated
with cyn operons, although their composition and regulation vary between taxa.
In E. coli, cynT, cynS, and cynX are arranged in an operon and are involved in
cyanate transport and decomposition (Sung and Fuchs, 1988; Anderson et al.,
1990). In cyanobacteria, a light-regulated cynABDS operon has been identified, in
which cynA, cynB, and cynD together encode a putative ABC-type anion
transport system, while cynS facilitates the metabolism of exogenous cyanate

(Espie et al., 2007).

In eukaryotes, cynS homologues have been identified in a wide range of organisms,
but the mechanisms underlying cyanate uptake, regulation, and utilization remain
poorly understood (Elleuche and Poggeler, 2008; Widner et al., 2018; Zarlenga
et al.,, 2019). In marine microalgae, physiological evidence suggests that P.
donghaiense can grow with cyanate as the sole nitrogen source (Hu et al., 2014).
In addition, cynS expression responds significantly to nitrogen limitation in
Alezandrium fundyense (Zhuang et al., 2015) and Aureococcus anophagefferens
(Wurch et al., 2011). However, the presence or nitrogen-responsive expression of

cynS does not necessarily demonstrate that cyanate can be assimilated as a
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nitrogen source (Guérin et al., 2025). Therefore, physiological and functional
characterization is required to determine whether cynS primarily contributes to
cyanate assimilation and nitrogen metabolic regulation in different marine

microalgae.

In microalgae, nitrate and nitrite are transported into cells via specific membrane
transporters, among which members of the NRT2 family play a central role in
high-affinity nitrate uptake (Forde and Cole, 2003; Smith et al., 2019). Once inside
the cell, nitrate is reduced to nitrite by nitrate reductase (NitR) in the cytosol
(Guerrero et al., 1981). Nitrite is subsequently transported into the chloroplast,
where NiR catalyzes its reduction to ammonium (Sanz-Luque et al., 2015). In
addition to inorganic nitrogen sources, urea can be imported via specific transport
systems and metabolized to ammonium by either urease (URE) or urea
amidolyase (UAL), depending on the species (Raven and Giordano, 2016; Liang
et al., 2025). The resulting ammonium, whether derived from nitrate, nitrite, or
urea, is then assimilated into carbon skeletons through the glutamine
synthetase/glutamate synthase (GS/GOGAT) cycle, producing glutamate as a
central nitrogen donor for cellular metabolism (Miflin and Lea, 1975). In addition
to utilizing extracellular urea, marine photosynthetic stramenopiles possess the
ornithine—urea cycle (OUC), which enables nitrogen recycling and contributes to
enhanced nitrogen use efficiency (Allen et al., 2011). Beyond these core pathways,
additional regulatory mechanisms coordinate nitrogen uptake and assimilation in
response to environmental changes, including transcriptional control of transporter
and enzyme genes as well as feedback regulation by intracellular nitrogen status.
Figure 4.1 summarizes the complex nitrogen assimilation and metabolism in the

diatom P. tricornutum.
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Figure 4.1: Schematic of compartmentation of major nitrogen assimilation, turnover,
and links between the connected pathways in P. tricornutum (Smith et al., 2019).

4.2 Methods

4.2.1 Cell cultures for Micromonas commoda and Thalassiosira

pseudonana

4.2.1.1 Micromonas commoda

The cell culture for Micromonas commoda is detail in 2.2.1.

M. commoda cells were grown at 20°C under a 14 h light / 10 h dark cycle with
a photon flux density of 150 gmol photonsm=2s~!. Cells at mid-exponential phase
(Fv/Fm = 0.4) were collected by centrifugation (3000 xg, 7 min), and the pellet was

resuspended in 2xK medium without nitrogen (2K-N medium), in which all other
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nutrients were supplied at double concentration except nitrogen. Cultures were
monitored daily until the growth rate decreased to zero, indicating the completion
of the nitrogen starvation experiment. For the add-back experiments, cultures were
adjusted to initial concentrations of 1.5 x 10° cells/mL and 4 x 10° cells/mL.
Starved cultures were diluted using filtered supernatant passed through a 0.22 pm
filter and subsequently supplemented with nitrate, ammonium and cyanate to a final

concentration of 100 pM, and urea to 50 pM.

4.2.1.2 Thalassiosira pseudonana

Thalassiosira pseudonana NitR mutants (N1 and N2) and the urease (URE) mutant
were generated by Dr. Nigel Belshaw (Belshaw et al., 2023). The cyanase gene
(cynS) knockout strain (CIM) was generated by Dr. Xuewei Mao. T. pseudonana
wild-type (WT), Ul, and C9 cells were cultured in synthetic ocean water (SOW)
supplemented with Aquil nutrients, following the NCMA Aquil medium protocol.
The NitR mutants (N1 and N2) were maintained in medium containing modified

Aquil nutrients in which nitrate was replaced with nitrite.

For experiments of growth curve, T. pseudonana and mutant cultures were
incubated at 20°C under continuous light with a photon flux density of
100 pmol photonsm™2s~!. Cells were grown in artificial seawater with modified
Aquil nutrients containing 1 mM of the appropriate nitrogen source. Cells at mid-
exponential phase were collected by centrifugation (5 min, 3000 xg, 18°C),
resuspended in nitrogen-free Aquil medium with all other nutrients at double
concentration (2Aquil-N), and incubated for one day or until the Fv/Fm dropped
below 0.1 depending on different experiments. For nitrogen add-in experiments,
the N-starved cultures were adjusted to an initial concentration of approximately 2
x 10° cells/mL. Cultures were subsequently supplemented with nitrate,
ammonium and cyanate to a final concentration of 100 pyM, and with urea to

50 uM. A negative control (no-nitrogen) was included to verify that growth in the

experimental conditions was due to the added nitrogen sources rather than
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residual nitrogen in the medium. All treatments were established in triplicate.

4.2.2 Measurements of growth curves

The measurements of growth curve, growth rate and Fv/Fm for M. commoda and

T. pseudonana are detailed in 2.2.2.

4.2.3 Stable isotope incubation of T. pseudonana

4.2.3.1 Preparation of >N enriched nitrogen stock

Isotope ratios are reported using delta (d) notation in units of per mil (%o):

(IBN/MN)sample
(15N/14N)Teference

6" Nyample = | — 1] x 1000 (4.1)

where the "N/ N reference is N in air.

Three enriched nitrogen reagents including sodium nitrate (!> N , 98%), ammonium
chloride (**N , 99%) and urea (N3, 98%) were obtained from Cambridge Isotope
Laboratories, Inc. The nitrogen solution stocks of 0.1M enriched to 500%c in N
were prepared using enriched compounds (1°N , 98%) and nitrogen compound at
natural "> N abundance and calculated based on the equation 4.1. To calculate the
amount of enriched material (assumed as 100% enrichment instead of the 98 or
99% that is specified) that needs to be added to the reagent at natural abundance,
the final composition of the solution is set as 6=500%¢ and the ratio for the
reference ("’ N/ N),. ference) 18 0.0037. Using these two values, the final ratio for
the compound in solution (Y’ N/MN)sumpie) is 0.00555. To make 200ml of 0.1M
nitrogen solution stocks of enriched to 500%o in '° N, the amounts of compound at

enriched abundance and that at natural abundance was listed in Table 4.1.
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Table 4.1: The amount of enriched reagent (N , 98% or 99%) and reagent at
natural abundance needed for making 200ml of 0.1M enriched nitrogen stock (
0=500%0).

Nitrogen source Reagent at natural Reagent at enriched
abundance abundance
NaNOj 1.7¢g 3.12mg
NH4C1 1.07g 1.88mg
urea 1.2¢g 2.14mg

4.2.3.2 Stable isotope incubation for T. pseudonana

Cultures of T. pseudonana wild-type (WT) were grown in SOW supplemented with
Aquil medium in 5 L Erlenmeyer flasks. Incubation conditions and physiological
measurements are detailed in Sections 4.2.1 and 4.2.2. Cells were pre-starved until

Fv/Fm reached 0.1, after which nitrogen stock solutions were added to the medium.

For the urea and ammonium uptake experiments, cells were initially incubated in
medium containing 1 mM nitrate at natural N abundance. At mid-exponential
phase, cells were collected, resuspended in 2xAquil-N medium, and incubated until
Fv/Fm = 0.1. The initial cell density was adjusted to 2 x 10° cells/mL. Enriched
ammonium and urea (6'°N = 500 %o) stock solutions were added to achieve final

concentrations of 100 pM ammonium and 50 pM urea, separately.

For the cyanate uptake experiment, enriched potassium cyanate (}3C, 99%; '°N,
98%) could not be used due to limitations in the '3C measurement range. Instead,
the experiment was conducted in reverse: cells were first incubated with enriched
nitrate (§'°N = 500 %), resulting in a high intracellular "N concentration. After

nitrogen limitation, cyanate at natural >N abundance was added to the medium.

6-7x107 cells were collected every 12h by centrifugation and rinsed with N-free
Aquil medium for three times. Samples were freeze-dried at -106 °C and 0.008 —
0.009 hPa for 24 hours in the geochemistry laboratory in University of East Anglia

using a ScanVac CoolSafe 4-15 L freeze-dryer. Approximately 0.5mg of each
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samples weweighted and nitrogen isotope abundance was then determined with
Thermo Finnigan Delta plus XP isotope ratio mass spectrometer (IRMS) in Stable
Isotope Platform in University of East Anglia.  Specific uptake rates were

calculated using equation 4.2 (Mulholland and Lee, 2009; Hu et al., 2014):

(atom%PN) finar — (atom% PN )initia
(atom%N source — atom%PN )initial

Y Nuptake(V) = x time (4.2)
where the source was the dissolved N pool that was enriched during uptake

experiments.

4.2.4 Transformation and screening for T. pseudonana mutants

4.2.4.1 Biolistic transformation

The plasmid TPcynS 7&36 used for cyanase gene knockout was generated by
Dr. Xuewei Mao (Figure 4.2). Plasmids were extracted using the Monarch Plasmid

Miniprep Kit (NEB, UK).

Transformation was performed following the protocol described by Hopes et al.
(2016). During transformation and subsequent screening, T. pseudonana WT cells
were cultured in half salinity medium (1/2 SOW) containing 2x Aquil nutrients,
and selected on 0.8% (w/v) 1/2 SOW agar plates supplemented with 2x Aquil
nutrients. Prior to transformation, WT cells were maintained in 1/2 SOW Aquil

liquid medium for at least five transfers in the exponential growth phase.

For transformation, WT cells were grown to a density of 1-1.5 x 10° cells/mL.
Approximately 5 x 107 cells were collected by filtration onto a 0.2 ym membrane
filter (Millipore) for each transformation and placed onto 1.5% agar shooting plates.
Tungsten particles (0.7 mm) were coated with plasmid DNA (Figure 4.2) using
50 pL of 2.5 M CaCls and 20 pL of 0.1 M spermidine. The coated particles were

washed with 100% ethanol, resuspended in a final volume of 30 pL ethanol and
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Figure 4.2: Vector map of TPcynS 7&36.

kept on ice until use. The PDS-1000/He Particle Delivery System (Bio-Rad) was
sterilized and assembled, and the coated particles were loaded onto rupture discs
(1335 or 1550 PSI). Cells were positioned 7 cm below the stopping screen in a
vacuum chamber. Following transformation, filters were aseptically transferred into
25 mL of 1/2 SOW Aquil medium and incubated for 24 h under standard growth
conditions. Cultures were then plated onto five individual 0.8% agar selection plates
containing 100 g mL~! nourseothricin (NAT; Jena Bioscience, Catalogue #AB-

102) and incubated at 20°C under continuous illumination until colonies appeared.

4.2.4.2 Selection and screen of transformed colonies

Single colonies were picked and resuspended in 2 mL of 1/2 SOW Aquil medium
supplemented with 100 pg/mL NAT. Colony lysis was performed as described in
Section 2.2.7.1. One millilitre of lysate was used as a template for PCR
amplification of the CRISPR-Cas-targeted fragment of the cynS gene.

Amplification was carried out using the forward primer
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5-GCCATCACTCAACACCAACAAG-3 and the reverse primer
5-CCCTCTCAGCAAACCATCCTAA-3, generating a 708 bp fragment for the
WT cynS gene and a 579 bp fragment for the knockout fragement. PCR products

were analyzed on a 1% agarose gel to confirm fragment size.

Primary colonies were typically mosaic, consisting of a mixture of edited and wild-
type cells, as previously reported (Hopes, 2017). Mosaic colonies showing evidence
of editing were streaked onto selective agarose plates to obtain biallelic knockout
subclones. Colonies from these subclones were PCR-confirmed and subsequently
sent for Sanger sequencing, which verified biallelic editing. Confirmed knockout cell
lines were maintained in 1/2 SOW Aquil medium supplemented with 100 pug/mL
NAT.

4.2.4.3 Screening of NitR and URF mutants

The confirmation of NitR and URE mutants was performed as described in
Belshaw et al. (2023). The NitR mutants N1 and N2 were screened using the
forward primer 5-CGGATATCAATGTGTTGGAGCACGAGA-3' and reverse
primer 5-GGACCTTGATACGGAAGACTTGGTTGTTT-3/, which amplify a
510 bp fragment in WT cells. This fragment was absent in NitR mutants, as the

target genomic region had been replaced by the FCP:NAT cassette.

The URE mutant Ul were screened wusing the forward primer
5-CAAGGCGTTGATTGCCATGCAAA-3 and reverse primer
5-AACACACTTAAATCAGGAACAGGCAAA-3, generating a 348 bp fragment

in WT cells and a 322 bp fragment in the Ul mutant line.
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4.3 Results

4.3.1 The nitrogen utilization strategies of T. pseudonana wild-

type and mutant cells lines

4.3.1.1 Screening and verification of cynS knockout transformants

After 20 days of incubation on agar plates, fifteen colonies from primary clones
were picked and screened for the cynS gene fragment by PCR (Figure 4.3a). The
results showed that 46.7% of colonies (8 colonies) exhibited two bands, indicating
mosaic populations with differing genotypes at a single locus. These eight mosaic
colonies were then streaked onto selective agar plates for subcloning. A total of 32
colonies were subsequently picked and screened by colony PCR. Five colonies showed
evidence of potential biallelic knockout, while 17 colonies exhibited mutations in only
one allele. Biallelic knockout colonies C3, C31, and C32 were selected for Sanger
sequencing, which confirmed them as homozygous knockouts of the edited cynS

gene.

4.3.1.2 Screening and verification of T. pseudonana mutants

The generation of NitR mutants (N1 and N2) and the URE mutant (Ul) by
CRISPR/Cas-mediated homologous recombination (HR), as well as the initial
confirmation were described in Belshaw et al. (2023). In both cases, the targeted
loci were replaced by insertion of a resistance cassette (FCP:NAT), allowing

mutant strains to grow in medium containing NAT.

To assess the long-term stability of these genome edits, PCR amplification of the
targeted regions was performed on cultures maintained for five years
post-transformation (Figure 4.4). In the URE mutant Ul, one allele of the urease
gene was replaced by the FCP:NAT cassette, while the second allele contained a

26 bp deletion, as confirmed by PCR and sequencing (Figure 4.4b, d). For the
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Figure 4.3: PCR of cyanase gene in primary and secondary clones. (a) primary
colonies selected on Aquil plates containing 100 pg/ml nourseothricin. Red arrows
indicate mosaic colonies containing wild-type and potentially successfully edited
cell lines; (b,c) secondary colonies selected from primary colonies on Aquil plates
containing 100 pg/ml nourseothricin. Blue arrows indicate colonies which possess
the edited target genes with no wild-type copies, and were isolated and confirmed
via Sanger sequencing; (d) Sanger sequencing results of C3, C31 and C32.

NitR mutants (N1 and N2), the targeted genomic region in both alleles was
replaced by the FCP:NAT cassette, resulting in the absence of the expected PCR
amplicon in mutant strains (Figure 4.4c¢). Similarly, the loss of the cynS gene in
knockout strains C9M and C32 was verified by PCR, confirming a 128 bp deletion

(Figure 4.4a, e).

The phenotyping of NitR and URE mutants were identified. NitR is essential for
growth on nitrate as the sole nitrogen source. Both mutants N1 and N2 cannot grow
in nitrate-containing medium and the cell size were significantly larger compared
with negative control, indicating that nitrate reductase were inactivated in mutants
(Figure 4.5a, b). Compared to negative control (N limited condition), the cell sizes
of both NitR mutants were significantly larger and Fv/Fm were significantly lower
in nitrate-containing medium after 2-day incubation, indicating the exist of nitrate

also impacted the cell conditions. The loss of URE was significantly inhibited the
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Nitrate reductase gene mutant: of nitrate by a

Figure 4.4: Screening of bi-allelic knockouts and homologous recombination (HR)
events by PCR and Sanger sequencing. (a) PCR-based screening of bi-allelic
knockout of the cynS gene. (b) Transformant Ul carried a 26-bp deletion in one
allele, whereas the corresponding region in the other allele was replaced by the
NAT resistance cassette through homologous recombination. The HR-modified
allele was not amplified by the primers used to analyse the target region. (c)
HR at the NitR gene region, where transformants N1 and N2 showed no PCR
amplification, indicating bi-allelic replacement. (d) Confirmation of HR-mediated
integration of FCP:NAT resistance gene cassette at target loci in by inverse PCR
in NitR mutants (Belshaw et al., 2023). (e) Sanger sequencing confirmation of
cyanase knockout transformants COM and C32, as well as the 26-bp deletion in one
allele of transformant Ul. (f) Overview of the CRISPR/Cas9-mediated HR used to
generate the URFE and NitR mutants. The Tp:Cas9_sgRNA vector expressed Cas9
and the sgRNA, while the 5 flank_TpFCP:NAT:3'flank donor vector provided the
homologous repair template for NAT cassette integration (Belshaw et al., 2023).

growth of Ul in urea, and its phenotyping was identical to N limited condition

(Figure 4.5c¢).
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4.3.1.3 The nitrogen strategies of T. pseudonana wide-type cells

The growth of T. pseudonana W' cells in four nitrogen sources including nitrate,
ammonium, urea and cyanate were measured (Figure 4.6). WT cells grew and
reached peak cell densities between 60-96 h in all treatments except cyanate. The
maximum cell densities in the nitrate and urea treatments (1.88 + 0.15 x 10°
cells/mL and 1.81 + 0.06 x 10° cells/mL, respectively) were significantly higher
than those in ammonium (1.51 4 0.10 x 10° cells/mL) and cyanate (0.24 4= 0.01 x

109 cells/mL) treatments (ANOVA, p < 0.01).

Fv/Fm values in nitrate, urea, and ammonium treatments recovered within 24 h,
reached their maximum between 24-48 h, and subsequently decreased after 48 h,
while corresponding cell densities continued to increase. The lag phase lasted 24 h
for ammonium and urea, longer than the 12 h observed for nitrate. Cells in nitrate,

urea, and ammonium entered the exponential growth phase between 36-60 h.

In the cyanate treatment, W cell density was significantly lower than in other
nitrogen treatments and began to diverge from the N-free control after 48 h
(ANOVA, p < 0.05). Fv/Fm values remained below those in the N-free medium

for the first 72 h and only began to increase after 108 h.

4.3.1.4 T. pseudonana growth and nitrogen uptake of cyanate

The growth of T. pseudonana W'T was significantly inhibited in medium containing
cyanate (Figure 4.7a,b). Fv/Fm values were even lower than those in the N-free
treatment during the first 72 h. Cell size was significantly larger than in the N-

limited treatment after 48 h of incubation.

To determine whether T. pseudonana could take up or assimilate cyanate, stable
isotope analysis was performed. Cells were first incubated with enriched nitrate to
the exponential phase and subsequently subjected to nitrogen starvation. The initial

O'5N of the cells was 339.7 £ 8.5%0. When incubated with cyanate (515Ncyanate =
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—4.1575%0) for 72 h, the 6'°N of cells decreased slowly, with no significant differences

observed between sampling time points (Figure 4.7¢). Specific uptake rates remained

below 0.002 h™! at all time points within 60 h, significantly lower than those observed

for ammonium and urea treatments (Figure 4.7f).
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4.3.1.5 The growth conditions of T. pseudonana wild-type and mutant

cell lines

To compare the effects of the loss of three nitrogen metabolism-related genes in
T. pseudonana, WT, cynS knockout strains (COM and C32), NitR mutants (N1
and N2), and the URE mutant (Ul) were incubated in nitrite, a nitrogen source

commonly used by these mutants.

Under deep nitrogen starvation (Fv/Fm <0.1), all strains exhibited their highest
growth rate at 48 h (Figure 4.8d). The two cynS knockout strains (cell size > 5 pm)
were significantly larger than WT (4.3-4.56 pm, p < 0.01) (Figure 4.8a). Their
peak cell densities were significantly lower than WT (p <0.01), while Fv/Fm values
showed no significant differences between cynS knockouts and WT. The two NitR
mutants displayed distinct phenotypes (Figure 4.8b). N1 was similar to WT, whereas
N2 exhibited a significantly larger cell size and a lower peak cell density compared to
WT (p < 0.01). The URE mutant U1 (cell size > 5.7 ym) also showed significantly

larger cell size and reduced growth rate compared to WT (p < 0.01) (Figure 4.8c).

Under one day of nitrogen starvation, Fv/Fm values for all strains were higher than
0.35, except for N2 (Fv/Fm = 0.2). All mutants reached their highest growth rate
at 24 h, whereas WT peaked at 48 h (Figure 4.9d). Other phenotypic traits were

consistent with those observed under deep nitrogen starvation.
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Figure 4.8: After deep nitrogen limited treatment, physiological responses of T.
pseudonana and its cynS mutants (a), NitR mutants (b) and URE mutant (c) to

100 pM nitrite, as well as growth rate in four days (d).

Statistical significance is

denoted as follows: *p < 0.05 and **p < 0.01. Error bar represents mean + SD (n

= 3).
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Figure 4.9: After one-day nitrogen limited treatment, physiological responses of T.
pseudonana and its cynS mutants (a), NitR mutants (b) and URFE mutant (c) to

100 pM nitrite, as well as growth rate in four days (d).

Statistical significance is

denoted as follows: *p < 0.05 and **p < 0.01. Error bar represents mean + SD (n

= 3).

4.3.2 The nitrogen strategies of Micromonas commoda

4.3.2.1 Growth conditions

nitrogen sources

of Micromonas commoda

in different

When the initial cell density was set at both 1.6 x 10 cells/mL and 4 x 10°

cells/mL, M. commoda grew well on inorganic nitrogen sources (nitrate and

ammonium) (Figure 4.10).

The ability of M. commoda to utilize urea was

relatively limited. M. commoda was able to grow on cyanate, but the growth
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Figure 4.10: Physiological responses of M. commoda under different nitrogen sources.
After nitrogen limited treatment (a), The physiological responses including Chla
fluorescence (b) and Fv/Fm (c) with initial cell density at 1.6 x 10% cells/mL.
After nitrogen limited treatment (d), The physiological responses including Chla
fluorescence (e) and Fv/Fm (f) with initial cell density at 4 x 10 cells/mL. Error
bar represents mean + SD (n = 3).

pattern differed from that observed on nitrate and ammonium. The exponential
growth phase was not clearly defined. Growth rates on cyanate remained low but
relatively stable, and cell densities did not reach a maximum even after nine days
of incubation. Based on the cyanate growth curve, M. commoda is capable of
direct cyanate utilization. The observed slow growth rate (0.2-0.3 d!) and
relatively stable Fv/Fm values (approximately 0.3 over eight days) may reflect

limitations in cyanate uptake or the CynS activity.

4.3.2.2 Evidence of M. commoda using cyanate instead of ammonium

Cyanate can spontaneously decompose to ammonium when dissolved in water. It
has been reported that the decomposition rate is 19.3 nM/h in 10 pM cyanate at
25 °C (Kamennaya et al., 2008). Based on this rate, approximately 4.8 pM/day

of ammonium would be produced in a 100 pM cyanate medium. To simulate this
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decomposition, a treatment was established in which 5 pM ammonium was added

daily.

Results showed that growth in 100 pM cyanate was significantly higher than in
the 5 pM ammonium daily treatment after 72 h, indicating that M. commoda was
utilizing cyanate directly rather than the ammonium derived from its decomposition
(Figure 4.11a). Fv/Fm values were similar between the 100 pM cyanate and 5 pM
ammonium daily treatments, but both were lower than in the 100 pM ammonium
treatment (Figure 4.11b). Microscopy of M. commoda cultures using DAPI staining
indicated low bacterial contamination (Figure 4.11c). Rod-shaped bacteria (0.5-
1pm) were only occasionally observed, with an estimated abundance of fewer than
one bacterial cell per 100 algal cells. Bacteria represented less than 1% of the total

cell population in M.commoda culture.

4.3.2.3 Growth kinetics for growth on cyanate

To further investigate the availability and potential toxicity of cyanate to M.
commoda, cyanate was added to the medium at concentrations ranging from 0 to
300 pM. The results demonstrated that cyanate can serve as the sole nitrogen
source for M. commoda, and its effect on growth is concentration-dependent

(Figure 4.12).

Under cyanate concentrations up to 150 pM, the maximum growth rate increased
with increasing cyanate concentration, indicating that cyanate effectively supports
growth at moderate levels (Figure 4.12c). At higher concentrations (200 and
300 pM), although growth rates eventually exceeded those of the control, initial
growth was significantly delayed, suggesting that the toxic effects of cyanate
initially outweighed its benefits as a nitrogen source. These findings indicate that
M. commoda can utilize cyanate directly, but higher concentrations impose
physiological stress that slows early growth. Furthermore, Fv/Fm measurements
revealed that photosynthetic efficiency was transiently reduced at 300 pM cyanate,

consistent with inhibition of initial growth, but recovered during later stages of
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= 3).

growth (Figure 4.12b). This supports the hypothesis that cyanate toxicity is
dose-dependent and that M. commoda can acclimate to moderate cyanate stress

over time.

4.4 Discussion

4.4.1 Nitrate reductase in T. pseudonana

Nitrate is a major nitrogen source for marine microalgae, particularly diatoms
(Lomas and Glibert, 2000). In diatoms, their capacity for rapid nitrate uptake and

intracellular storage confers higher growth rates and a competitive advantage over
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other microalgae and cyanobacteria during seasonal blooms (Cermeno et al., 2011).
Under conditions of elevated nitrate availability, diatoms can take up nitrate in
excess of their immediate growth requirements and store it in vacuoles (Raven,
1987; Lomas and Glibert, 2000; Clark et al., 2011; McCarthy et al., 2017). In
diatoms, nitrate reduction mediated by NitR represents the first and rate-limiting
step in nitrate assimilation. In addition, NitR is related to carbon metabolism,
thereby influencing the partitioning of cellular energy between growth and nitrogen
assimilation (McCarthy et al., 2017). We confirmed that NitR is essential for
survival when nitrate is the sole nitrogen source (Figure 4.5), consistent with
observations in other species (Camargo et al., 2007; McCarthy et al., 2017;
Belshaw et al., 2023).

In this study, the physiological differences between nitrate-replete and nitrogen-
limited treatments in T. pseudonana NitR mutants demonstrate that the loss of
NitR has a profound impact on cellular physiology. Under the nitrate-replete
conditions, NitR mutants exhibited significantly larger cell sizes, along with
reduced growth rates and lower Fv/Fm, compared to nitrogen-limited treatments
(Figure 4.5). These findings are consistent with previous studies. In diatom P.
tricornutum, NitR knockout cells were shown to rapidly transport nitrate into the
cell but were unable to assimilate it, resulting in intracellular nitrate accumulation
(McCarthy et al., 2017). This accumulation leads to cell swelling and substantial
alterations in biochemical composition, cellular physiology, and the global
transcriptome.  Such responses exert immediate and acute effects on central
metabolic pathways and are mechanistically distinct from those observed under
nitrogen limitation (Alipanah et al., 2015; Levitan et al., 2015; McCarthy et al.,
2017). The impact of NitR loss was more severe under nitrate-replete conditions
than under nitrogen limitation. In P. tricornutum NR-KO cells, nitrate addition
triggers a rapid and systemic downregulation of central metabolic pathways, in
contrast to the gradual acclimation observed under nitrogen-limited conditions,
where cells adjust to a declining supply of nitrogen-derived products (McCarthy
et al., 2017).
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The regulation of NitR not only facilitates the nitrate assimilation but also
contributes to the reduction of nitrite to NO in vivo, modulates multiple metabolic
pathways, and helps prevent the formation of reactive oxygen and nitrogen species
in microalgae (Meyer et al., 2005; Wei et al., 2014; Wang et al., 2023b). After mild
nitrogen limitation, NitR mutants exhibited a faster growth response than WT
when supplied with nitrite (Figure 4.9). This suggests that NitR does not function
solely as a facilitator of nitrate assimilation in this context but may instead impose
a regulatory constraint on early growth responses. However, the underlying

mechanisms remain unclear and require further investigation.

4.4.2 The putative role of cyanase in diatom 7. pseudonana and

green algae M. commoda

Extracellular cyanate uptake and assimilation pathways have been identified in
prokaryotes (Sung and Fuchs, 1992; Kamennaya and Post, 2011). In E. coli,
cyanate degradation is mediated by the cynTSX operon (cynT, cynS, cynX),
enabling efficient and tightly controlled cyanate utilization (Sung and Fuchs, 1988,
1992). In some cyanobacteria, such as Synechococcus elongatus PCC 7942 and
Prochlorococcus sp. MED4, ABC-type cyanate transporters (CynABD) have been
identified and function as active cyanate uptake systems. These transporters are
often organized in an operon together with cynS, facilitating extracellular cyanate
utilization (Espie et al., 2007; Kamennaya and Post, 2011). Although the cynS
gene has been identified in several marine cyanobacterial genomes (Palenik et al.,
2003; Rocap et al., 2003; Scanlan et al., 2009), in many cases they do not have
encoding cyanate transport systems. In such species, cyanase only functions in the
detoxification of intracellularly generated cyanate, generating from the intracellular

urea and/or carbamoyl phosphate decomposition (Kamennaya and Post, 2011).

Although cyanate concentrations in marine environments are typically low
(Widner et al., 2018; Kitzinger et al., 2019), environmental measurements

generally reflect bulk steady-state concentrations rather than transient local
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exposure levels experienced by individual cells. In this study, higher cyanate
concentrations were applied to generate measurable physiological and isotopic
responses, assess dose-dependent effects, and evaluate potential toxicity thresholds
under controlled laboratory conditions. Similar experimental concentrations have
also been used in previous studies investigating cyanate utilization in marine

microorganisms (Hu et al., 2014; Palatinszky et al., 2015).

To date, no cyanate transporter has been identified in eukaryotic microalgae.
Nevertheless, the role of CynS in nitrogen acquisition has been demonstrated in
some species. For example, the dinoflagellate Prorocentrum donghaiense is capable
of sustained growth on cyanate as the sole nitrogen source at relatively low growth
rates (Hu et al., 2012, 2014). A similar growth pattern was observed in M.
commoda (Figure 4.10), suggesting that cyanate can be utilized despite the
apparent absence of dedicated transport systems. In M. commoda, the maximum
growth rate was achieved at 150 puM cyanate, followed by a decline at higher
concentrations (Figure 4.12). This indicates a concentration-dependent effect of
cyanate, where low concentrations can support growth as an alternative nitrogen
source, but higher concentrations exert inhibitory or toxic effects on cellular
physiology compared to nitrogen-replete conditions. The ability to utilize cyanate
in the absence of a characterized transporter suggests that uptake may occur via
non-specific transport systems or passive diffusion, although the efficiency of such
processes is likely limited. Elucidating the mechanisms of cyanate transport in

eukaryotic microalgae is important for future research.

In many eukaryotic microalgae encoding Cyn.sS, cells are unable to utilize cyanate as
a sole nitrogen source to support growth (data generated by collaborators and not
published). It was reported that the cynS gene in P. calceolata was upregulated
in oligotrophic environments, but was downregulated in the presence of cyanate
and cells cannot grow when cyanate was the sole nitrogen source (Guérin et al.,
2025). The function of CynS in P. calceolata is likely the recycling of intracellularly
produced cyanate when nitrate supply is limited. It comes out that the removal of

intracellular cyanate rather than external cyanate metabolism as an alternative N
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source is the main role of CynS in some eukaryotic microalgae (Mao et al., 2022;

Sato et al., 2023).

The diatom 7. pseudonana, which also encodes a CynS gene, was unable to
sustain growth on cyanate (Figure 4.7a—d). Stable isotope probing (SIP) further
revealed extremely low nitrogen uptake rates under cyanate treatment, indicating
negligible direct assimilation of cyanate (Figure 4.7e, f). Chlorophyll a fluorescence
under cyanate treatment was comparable to that observed under nitrogen
limitation. In addition, Fv/Fm was transiently suppressed during the first 72 h of
exposure, and cells exhibited increased size relative to nitrogen-limited conditions.
Together, these physiological responses suggest that cyanate can enter the cells but
only at a low flux insufficient to meet cellular nitrogen demand for balanced
growth.  The CynS knockout mutants exhibited increased cell size, further
supporting a toxic effect associated with intracellular cyanate accumulation
(Figure 4.8). The loss of endogenous CynS was unable to detoxify or assimilate
intracellular cyanate, which may lead to cyanate accumulation and subsequent
cellular toxicity. My results indicate that CynS in T. pseudonana primarily
functions in intracellular cyanate detoxification rather than serving a major role in
extracellular cyanate assimilation. The deeper understanding of the CynS function

in nitrogen metabolism deserves further investigation.



Conclusions and future work

5.1 Discussion and conclusions

This thesis was motivated by the need to investigate nitrogen-source utilization
and the functions of genes involved in nitrogen metabolism in the marine
microalgae Micromonas commoda and Thalasstosira pseudonana. Nitrogen-source
utilization was examined in both species. Although both species possess a cyanase
(cynS) gene, they exhibited contrasting capacities to utilize cyanate. To enable the
functional characterization of cynS in M. commoda, a polyethylene glycol
(PEG)-mediated transformation method was established and subsequently used to
develop a CRISPR/Cas9 genome-editing system. A PEG-mediated transformation

method was also established for T. pseudonana.

5.1.1 Establishment of a molecular toolkit for the marine

picoeukaryote Micromonas commoda

Marine microalga M. commoda is one of the most abundant picoeukaryotic
phytoplankton in the ocean and is distributed throughout the photic zone from
tropical to polar regions (Worden et al., 2009; Bachy et al., 2022). It plays an
important role in marine biogeochemical cycling (Massana, 2011). Since the
publication of the Micromonas genome, this genus has been widely used to

investigate evolution, nutrient utilization, and environmental adaptation (Worden
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et al., 2009; McDonald et al., 2010; Guo et al., 2018; Simé et al., 2026). However,
in the absence of well-developed gene editing tools, gene functions in M. commoda
have been inferred indirectly rather than validated in their native cellular context.
Prior to this study, nucleofection-mediated transient transformation had been
demonstrated in M. commoda (Faktorova et al., 2020).  However, stable
transformant cell lines were not isolated, limiting its application for functional
genetic studies. In addition, the requirement for a specialised Lonza Nucleofector

device and proprietary buffers reduces the accessibility of this approach.

In this thesis, a stable PEG-mediated transformation method was developed for
DNA delivery into M. commoda. Cell sensitivity to PEG concentration and
incubation time was systematically evaluated, and suitable selectable markers were
identified.  Single-cell transformants were isolated and exhibited growth rates
comparable to those of wild-type cells during the exponential phase. Expression of
shBle conferred resistance to zeocin in both solid and liquid media, while eYFP
expression was confirmed by fluorescence microscopy. Multigene expression using
2A self-cleaving peptides was also evaluated using a construct in which shBle was
linked to eYFP through a 2A peptide. However, the 2A peptide exhibited
relatively low cleavage efficiency in M. commoda. The functions of both shBle and
eYFP were retained, suggesting that the uncleaved 2A sequence may function as a

linker between shBle and eYFP.

Using the PEG-mediated DNA delivery method, a CRISPR/Cas9-based
genome-editing system was established in M. commoda. The CRISPR/Cas9
plasmids were assembled using Golden Gate cloning and delivered into M.
commoda cells. A conserved region of the cynS containing three key residues was
targeted for deletion. Following screening of the transformed cell lines, a cynS
knockout strain C34 with a 76-nt deletion was identified. This represents the first
report of CRISPR/Cas9-mediated gene knockout in M. commoda and

demonstrates the feasibility of targeted genome editing in this species.

Overall, the PEG-mediated transformation and gene editing approaches provide an
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accessible and cost-effective platform for stable transgene expression and future
functional genetic studies in M. commoda. Promoters, selectable markers, and
fluorescent reporters suitable for genetic manipulation were identified and
experimentally validated, providing a set of readily applicable genetic components
for future studies. Importantly, these tools move functional studies in M. commoda
beyond correlative genomic and physiological observations by enabling direct
manipulation of candidate genes in their native cellular background. This paves
ways for investigating downstream metabolic responses and examining interactions
between cellular compartments. Furthermore, fluorescent protein fusions can also
be used to determine the subcellular localization of candidate proteins, providing

information on their cellular functions.

5.1.2 PEG-mediated transformation method on T. pseudonana

Existing methods for delivering DNA to T. pseudonana include Dbiolistic
bombardment (Poulsen et al., 2006), electroporation (Bugge and Robertson, 2019),
and bacterial conjugation (Karas et al., 2015). Biolistics was the first method
developed for transforming 7. pseudonana and has been widely used to integrate
non-replicative DNA into the nuclear genome (Hopes et al., 2016; Belshaw et al.,
2023). This method requires expensive specialised equipment, (biolistic particle
delivery system) which may not be accessible to many laboratories. Conjugation
requires maintenance of the F. coli donor strain, in which plasmid incompatibility,
high copy number, or toxic genetic elements can lead to plasmid rearrangement or
loss (Slattery et al., 2018; Walker et al., 2026). An electroporation-mediated
transformation protocol has also been reported for T. pseudonana (Bugge and
Robertson, 2019), but this approach has seen limited application in subsequent

genetic studies.

In this study, a PEG-mediated transformation protocol was optimized for T.
pseudonana. Before transformation, alcalase was used as the sole enzyme for cell

wall removal. Treatment with 3 Anson units of alcalase for 40 min resulted in a
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protoplasting efficiency of approximately 50%. Transformation was achieved using
20% PEG 8000, and single-cell colonies were isolated on 1% agarose plates
containing 100 pg/mL nourseothricin. Expression of eGFP was confirmed by

fluorescence microscopy, demonstrating successful stable transformation.

This method provides an accessible and cost-effective transformation method of
T. pseudonana. It may be particularly useful for laboratories with limited access
to specialised transformation platforms and can reduce the technical complexity
associated with routine genetic manipulation. Overall, the establishment of PEG-
based method provides an alternative transformation option for T. pseudonana and

expands the available toolkit for diatom genetic engineering.

5.1.3 Differentiation of nitrogen utilization in Msicromonas

commoda and Thalassiosira pseudonana

Nitrogen availability in the oceans is a key factor influencing the productivity and
diversity of marine microalgae (Moore et al., 2013). To overcome nitrogen limitation
and competition, marine microalgae have evolved diverse strategies for nitrogen
acquisition and utilization. Their capacities to exploit available nitrogen sources
play important roles in marine nitrogen cycling (Hutchins and Capone, 2022). Both
M. commoda and T. pseudonana are widely distributed in coastal and oceanic waters
(Worden et al., 2009; Poulsen and Kroger, 2023), and their abilities to utilize different
nitrogen sources were investigated in this study. Both species can use nitrate and
ammonium efficiently, but they show different utilization on organic nitrogen. M.
commoda was able to utilize cyanate as a sole nitrogen source but showed limited
growth on urea. Its response to cyanate was concentration dependent, with the
highest growth rate observed at 150 puM cyanate and reduced growth at higher
concentrations. By contrast, T. pseudonana was able to utilize urea as sole nitrogen
sources but did not grow on cyanate. Stable isotope probing revealed very low
nitrogen uptake under cyanate treatment, indicating negligible direct assimilation

of cyanate-derived nitrogen. The reduced growth rates and Fv/Fm values relative to
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nitrogen-limited controls further suggest that cyanate imposed physiological stress

on T. pseudonana.

These responses indicate distinct organic nitrogen utilization strategies in the two
species, particularly in their ability to exploit cyanate and urea as alternative
nitrogen sources. Cyanate has been recognized as an ecologically relevant nitrogen
substrate in the ocean and represent an alternative nitrogen source comparable in
importance to urea in some marine environments (Widner et al., 2018; Mao et al.,
2022). The ability of M. commoda to utilize cyanate may provide a competitive
advantage under nitrogen-limited conditions and contribute to the transfer of
cyanate-derived nitrogen into phytoplankton biomass and the marine food web. By
contrast, T. pseudonana was unable to utilize cyanate but efficiently used urea as
a sole nitrogen source. Although related nitrogen metabolism genes are present in
both species, different microalgae may access distinct components of the dissolved
nitrogen pool.  These differences in nitrogen-use niches may influence the

partitioning, recycling, and biological sources of nitrogen in marine ecosystems.

5.1.4 Functional divergence among nitrogen assimilation pathways

in the marine diatom Thalassiosira pseudonana

Although T. pseudonana could not utilize cyanate as a nitrogen source, it possesses a
cynS gene. To investigate its function, cynS knockout strains were generated. These
mutants exhibited increased cell size and reduced maximum growth rates relative
to the wild type, suggesting that cynS may contribute to cyanate detoxification
and broader metabolic regulation. To compare the effects of disrupting different
nitrogen metabolism-related genes, wild-type cells, cynS knockout strains, nitrate
reductase (NitR) mutants, and a urease (URE) mutant were grown under nitrite-
replete conditions that supported the growth of all strains. The mutants exhibited
distinct physiological responses relative to the wild type, indicating that disruption
of individual nitrogen metabolism genes can have broader consequences for cellular

physiology beyond their immediate metabolic functions.
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These findings highlight that nitrogen metabolism genes not only function in the
direct utilization of their corresponding nitrogen sources, but can also influence
cellular physiology when other nitrogen sources are supplied. These genes appear
to form an interconnected metabolic network rather than acting independently.
This network may expand to broader cellular processes to influence growth, cell
size, photosynthetic performance, and metabolic allocation in response to changes
in nitrogen availability. Further transcriptomic analysis will be used to identify
shared and gene-specific metabolic and regulatory responses associated with these
mutations and to clarify how nitrogen metabolism pathways are integrated with
other cellular processes. This may improve our understanding of how coordinated
nitrogen metabolic networks contribute to the ecological success of diatoms and

their role in marine nitrogen cycling.

5.2 Future work

5.2.1 Optimization of the PEG-mediated transformation method

on M. commoda

In this transformation system, the constitutive RPS9 promoter was used to drive
stable gene expression. However, constitutive expression may lead to excessive
production of recombinant proteins and impose a metabolic burden on cells (Li
et al.,, 2025c). Future work could evaluate inducible or nutrient-responsive
promoters, such as those regulated by nitrogen or iron availability, to enable more
precise control of transgene expression under defined environmental or
experimental conditions. The development of such regulatory elements would
reduce the potential limitations of constitutive expression and further expand the
molecular toolkit available for M. commoda transformation and functional genetic

studies.

The efficiency of 2A peptides in M. commoda requires further validation. Previous

studies have shown that 2A peptide-mediated cleavage efficiency can vary
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substantially in microalgae, including the diatom P. tricornutum (Diamond et al.,
2023). In this study, only one transformant was analysed for each 2A peptide
construct. Therefore, additional independent transformants should be examined to

determine the potential clone-specific and stochastic effects.

Alternative strategies for multigene expression should also be explored.
Polycistronic expression of nuclear genes has been identified and validated in the
green algae Chlamydomonas reinhardtiic and Chromochloris zofingiensis (Gallaher
et al., 2021). In M. commoda, full-length transcript isoform sequencing (Iso-Seq)
could be used to identify naturally occurring polycistronic transcription units.
Characterisation of such endogenous architectures may provide useful sequence
features for the design of more efficient multigene expression systems and offer an

alternative or complementary approach to 2A peptide-based strategies.

5.2.2 CRISPR/Cas9 editing efficiency in M. commoda

The low knockout efficiency observed in this study should be further investigated.
One potential limitation is that successful editing depends on genomic integration
and stable expression of the Cas9 cassette. Editing efficiency could be improved
by maintaining Cas9 expression independently of genomic integration. One possible
strategy is to deliver the CRISPR/Cas cassette using a self-replicating episomal
vector (Karas et al., 2015). Such episomes could provide sustained but temporary
expression of the editing machinery and subsequently be eliminated by removing
selection pressure, thereby reducing prolonged Cas9 exposure and the associated

risk of off-target effects.

Alternatively, delivery of pre-assembled Cas9-single-guide RNA ribonucleoprotein
complexes (RNPs) may further improve editing efficiency. Direct introduction of
Cas9 protein and sgRNAs allows genome editing to occur immediately without the
need for intracellular transcription or translation (Zhang et al., 2021). This
strategy could bypass potential limitations associated with transgene integration

and expression.
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In addition to improving knockout efficiency, future work could extend the
CRISPR/Cas9 system to homology-directed repair (HDR). CRISPR/Cas-mediated
homologous recombination (HR) has been applied in several microalgal species
(Naduthodi et al., 2019; Moosburner et al., 2020; Belshaw et al., 2023) and provide
a route for precise genome modification in M. commoda. One potential strategy to
enhance HDR efficiency is the use of replicating vectors to increase the
intracellular copy number of donor repair templates. Geminiviral vectors have
been used for in other systems (Yin et al., 2015), where increased donor-template

availability can improve the probability of HR (Hopes, 2017).

The efficiency of sgRNA expression also requires further optimisation. In this study,
the endogenous U6 snRNA sequence of M. commoda was identified by BLASTn, and
two potential guanine (G) transcription start sites were identified downstream of a
putative TATA box. However, the transcription start site and promoter boundaries
have not been experimentally validated. Future work should map the endogenous
U6 transcription start site using 5’ RACE and define the functional promoter region
empirically. This information would enable more precise sgRNA expression and

further improve CRISPR/Cas9 editing efficiency in M. commoda.

5.2.3 Cyanate assimilation by M. commoda

The growth of M. commoda in cyanate-containing media was observed. However,
direct evidence of cyanate uptake into the cells is currently lacking. Therefore,
cyanate uptake in M. commoda will be further investigated using stable isotope
probing (SIP) approaches to directly quantify nitrogen assimilation from cyanate.
Dual-labelled '3C'N-cyanate should be used to quantify uptake at the single-cell
level. To our knowledge, few marine eukaryotic phytoplankton species have been
reported to directly utilize cyanate (Hu et al., 2014; Guérin et al., 2025). By
directly measuring cyanate-derived nitrogen incorporation, this study will clarify
the contribution of phytoplankton to cyanate cycling in marine ecosystems and

improve our understanding of an overlooked pathway in the marine nitrogen cycle.
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The cyanate utilization pathway in M. commoda should be further investigated at
the transcriptional level. Time-resolved RNA-seq following cyanate addition could
be used to identify candidate cyanate transporters, regulatory genes, and
metabolic pathways associated with cyanate uptake and assimilation. Comparing
transcriptional responses across a cyanate concentration gradient would also help
distinguish genes involved in cyanate utilization from those responding to
cyanate-induced stress, providing a more complete understanding of the molecular

mechanisms underlying cyanate metabolism in M. commoda.

5.2.4 Future investigation of cyanate metabolism in T. pseudonana

Although T. pseudonana possesses a cynS gene, it cannot utilize cyanate as a sole
nitrogen source, and the physiological phenotype of cynS mutants suggests that
cyanase may have functions on other metabolisms. Future work should determine

the function of cynS in cyanate detoxification and metabolic regulation.

Transcriptomic analysis of wild-type, cynS, URE, and NitR mutant strains under
nitrogen-limited and nitrogen-replete conditions could be used to distinguish
cyanase-specific responses from broader responses caused by disruption of nitrogen
metabolism.  Comparisons among these mutants would help identify shared
transcriptional changes associated with nitrogen metabolic imbalance, as well as
pathways specifically affected by loss of cynS. Particular attention should be given
to nitrogen transport and assimilation, carbon metabolism, photosynthesis and
cellular stress responses. Intracellular cyanate and related metabolites also should
be quantified in wild-type and cynS mutant cells to test whether loss of cyanase

leads to cyanate accumulation and other metabolic effects.

This could clarify why 7. pseudonana retains cynS despite its inability to use
cyanate as a nitrogen source and provide a broader understanding of how cyanase

is integrated with other nitrogen metabolism pathways in diatoms.
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Appendix

This appendix includes publications arising from this PhD research. These
publications provide additional reviews and methodological developments about

the genetic engineering and DNA delivery strategies in marine diatoms.

e Genetic engineering in diatoms: advances and prospects.

e Breaking the cell wall for efficient DNA delivery to diatoms.



the plant journal

"] Check for updates

The Plant Journal (2025) 121, €70102

FOCUSED REVIEW

doi: 10.1111/tpj.70102

Genetic engineering in diatoms: advances and prospects

Yixuan Li', Longji Deng", Emma Jane Lougheed Walker?, Bogumil J. Karas? and Thomas Mock""
'School of Environmental Sciences, University of East Anglia, Norwich Research Park, Norwich NR4 7TJ, UK, and
2Department of Biochemistry, Schulich School of Medicine and Dentistry, Western University, London, Ontario N6A 5C1,

Canada

Received 9 December 2024; revised 1 March 2025; accepted 4 March 2025.
*For correspondence (e-mail t.mock@uea.ac.uk).

SUMMARY

Diatoms are among the most diverse and ecologically significant groups of photosynthetic microalgae, con-
tributing over 20% of global primary productivity. Their ecological significance, unique biology, and genetic
tractability make them ideal targets for genetic and genomic engineering and metabolic reprogramming.
Over the past few decades, numerous genetic methods have been developed and applied to these organ-
isms to better understand the function of individual genes and how they underpin diatom metabolism.
Additionally, the ability of diatoms to synthesize diverse high-value metabolites and elaborate mineral
structures offers significant potential for applications in biotechnology, including the synthesis of novel
pharmaceuticals, nutraceuticals, and biomaterials. This review discusses the latest developments in diatom
genetic engineering and provides prospects not only to promote the use of diatoms in diverse fields of bio-
technology but also to deepen our understanding of their role in natural ecosystems.

Keywords: diatoms, genetic engineering, metabolic engineering, synthetic biology.

INTRODUCTION

Diatoms are a diverse class of photosynthetic microalgae
widely distributed across oceans, lakes, rivers, and even
soils (Pinseel et al., 2020). Representing the most diverse
phytoplankton class in today’s oceans, diatoms are esti-
mated to include approximately 100 000 species worldwide
(Mann & Vanormelingen, 2013). With only about 0.1% of
the total global plant biomass, diatoms contribute over
20% of the world’s primary productivity (Bar-On et al.,
2018; Leblanc et al., 2012; Malviya et al., 2016). This dispro-
portionate impact underscores their critical role, especially
in aquatic ecosystems, driving global biogeochemical
cycles.

Given their ecological significance and diversity, there
is an impetus to sequence and develop molecular tools for
a variety of diatom species. The current availability of over
50 diatom genomes with >100 still to be sequenced as part
of the 100 Diatom Genomes Project (100DGP) in addition
to more than 500 diatom transcriptomes, provides a signif-
icant resource for studying diatom biology from genes to
applications (Brodie et al., 2017). Based on these resources,
researchers have gained important insights into diatom
physiology, evolution, and their ecological functions. Since

© 2025 The Author(s).

the first successful genetic transformation in Cyclotella
cryptica and Navicula saprophila using biolistics, this
method has rapidly become a standard and, therefore, is
the most popular technique for the genetic modification of
diatoms (Dunahay et al., 1995). Advances in transformation
technologies, such as electroporation (Hu & Pan, 2020;
Okada et al., 2023; Yin & Hu, 2021; Zhang & Hu, 2014) and
conjugation (Karas et al., 2015), combined with the advent
of Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR/Cas9) (Hopes et al., 2016; Nymark et al.,
2016), have enabled precise and efficient editing of diatom
genomes. These advancements have positioned diatoms
as an attractive target for genetic engineering and meta-
bolic reprogramming, facilitating applications in biotech-
nology, such as alternative fuels, pharmaceuticals,
nutraceuticals, and the synthesis of novel biomaterials
(Brodie et al., 2017). This review aims at providing an over-
view of the methods and applications involved in the
genetic manipulation of diatoms, including the current pro-
gress in terms of further developing genomics resources
as the foundation of genome engineering. Our review will
also provide prospects for this fast-developing field of fun-
damental and applied research with diatoms.
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DIATOM GENOMIC RESOURCES

Thalassiosira pseudonana and Phaeodactylum tricornutum
were the first diatoms to have their genome completely
sequenced (Armbrust et al., 2004; Bowler et al., 2008).
Characterized by small genome size (<35 Mb) and rapid
growth (>one cell division per day under optimal condi-
tions), both species quickly became models, providing key
insights into diatom evolution, adaptation and ecological
roles in their natural environments (Bowler et al., 2010;
Mock et al., 2022). However, the availability of only two
diatom genomes is insufficient to understand the diversity
of diatoms (Nakov et al., 2018). To gain more comprehen-
sive insights on diatom adaptation and evolution, addi-
tional diatom species have been subsequently sequenced.
For example, the genome of Fragilariopsis cylindrus
revealed how diatoms adapt to polar oceans (Mock
et al., 2017) and the genome of Nitzschia putrida illumi-
nated how diatoms evolve from a phototropic to a hetero-
trophic lifestyle (Kamikawa et al., 2022). Furthermore, the
genome of oleaginous diatoms Fistulifera solaris and C.
cryptica provide a foundation for improving lipid synthesis
through genetic modifications (Tanaka et al., 2015; Traller
et al., 2016), which is relevant for diverse biotechnological
applications. However, a step-change in our understanding
of diatom functional and evolutionary genomics will be
provided by the ‘100 Diatom Genomes Project’ (https://jgi.
doe.gov/csp-2021-100-diatom-genomes/), which was initi-
ated a few years ago by an international consortium of dia-
tom researchers from different fields. The project is funded
by the Joint Genome Institute (JGI), Department of Energy
(USA).

Consequently, these fast-expanding diatom genomic
resources will provide a wealth of novel biological infor-
mation which can be accessed through public data banks
such as the National Center for Biotechnology Information
(NCBI), the Joint Genome Institute (JGI), the European
Nucleotide Archive (ENA), the Ensembl Genome Browser,
DiatOmicBase, and PLAZA (Table S1). However, to harness
this wealth of information, it will be necessary to develop
synthetic biology tools that allow for large-scale genome
engineering, analogous to the methods that have been pio-
neered for prokaryotes (Fredens et al., 2019; Hutchison
et al., 2016) and yeast (Schindler et al., 2024). In combina-
tion with multi-omics tools, the integration of these diverse
resources and methods will provide holistic insights into
the function of genes, genetic networks, and their role in
diverse biological processes.

GENETIC ENGINEERING

There are two complementary approaches used so far for
diatom genetic engineering: Forward and reverse genetics.
The former is a phenotype-first approach, which starts with
an observable phenotype as the outcome of random

mutagenesis. The latter aims to purposefully modify a
genetic locus of interest, resulting in novel phenotypes to
be characterized to reveal the in vivo function of the
genetic locus. Reverse genetics is an important component
of synthetic biology to create new diatom biology, which
in its most developed stage would generate a synthetic
diatom based on artificially synthesized chromosomes that
carry a novel combination of genes and genetic networks.
Although there is no synthetic diatom vyet, significant
advancements in terms of large-scale chromosome-like
assemblies and novel transformation protocols pave the
way for achieving that goal.

Forward genetics

Forward genetics generates random mutations by either
chemical and/or radiation mutagenesis. DNA mutations
can also be caused by random integrations of exogenous
DNA, including selective markers (Goold et al., 2024;
Moosburner et al., 2022). High-throughput approaches are
subsequently used to screen many of the treated cell lines
to identify phenotypes that are significantly different from
the wild-type (WT) controls. For instance, chemically medi-
ated mutagenesis in diatoms using N-ethyl-N-nitrosourea
(ENU) has identified a new type of uridine-5-
monophosphate synthase (UMPS) (Sakaguchi et al., 2011)
in P. tricornutum. UV-mediated mutagenesis has been
used to introduce dominant genetic mutations in diatoms.
For example, it has been successfully applied to increase
the eicosapentaenoic acid (EPA) content in P. tricornutum
by up to 44% (Alonso et al., 1996). Additionally, UV muta-
genesis was applied to identify novel selectable markers,
such as the genetic locus conferring resistance against the
herbicide norflurazon, which was caused by a specific
amino acid substitution in the phytoene desaturase (PDS)
gene (Taparia et al., 2019). Thus, forward genetics is a
valuable tool for introducing dominant mutations. How-
ever, the diploid nature of diatom genomes during most of
the life cycle imposes challenges to obtaining biallelic
(homozygous) gene inactivation by  untargeted
mutagenesis, especially if the mutagen primarily causes
single-strand breaks in the DNA (Huang & Daboussi, 2017;
Moosburner et al., 2022). Similar challenges exist for the
application of reverse genetics approaches.

Reverse genetics

Before any genetic loci can be modified using targeted
approaches, there need to be methods for delivering and
establishing genetic material in the diatom cell. Usually,
these transformation protocols are developed using the
expression of marker genes such as green fluorescent pro-
tein (GFP) and yellow fluorescent protein (YFP), which,
based on their fluorescence, help to assess the stability of
the genetic modification. The latter is an important crite-
rion for many applications in reverse genetics with

© 2025 The Author(s).
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Figure 1. Maximume-likelihood phylogenetic tree and transformation status of sequenced diatom genomes based on the 18S sequences.

The phylogenetic tree depicts the evolutionary relationships among diatom species with complete genome sequences. Species with established genetic transfor-
mation protocols are highlighted with dots at the leaves. Representative morphologies of key species are illustrated alongside their respective phylogenetic posi-
tions. The tree is divided into three major groups based on the phylogeny: multi-polar centrics (green), araphid pennates (blue), and raphid pennates (brown).

diatoms (Faktorova et al., 2020; Falciatore et al., 1999;
Sabatino et al., 2015; Yin & Hu, 2021). Once a transforma-
tion protocol has been developed, many endogenous
genetic loci can be manipulated. The most used genetic
modifications in diatoms include gene overexpression,
knockdown, and knockout. Furthermore, some diatoms
such as T. pseudonana can be used for efficient gene
replacement facilitated by homology-directed repair (HDR).
Until now, the genetic transformation systems have been
established in 20 diatom species (Figure 1).

Gene overexpression, defined as an unnaturally high
level of gene expression usually caused by the knock-in of
an additional copy of the target gene driven by a strong
constitutive promoter such as fucoxanthin chlorophyll-a/c-
binding protein (FCP), may give cells new phenotypic char-
acteristics, allowing researchers to draw conclusions about
the potential function of the overexpressed gene. This
method was successfully employed for the first time in dia-
toms in 1995 (Dunahay et al., 1995).

Gene knockdown is the process by which gene expres-
sion is at least reduced and sometimes completely abol-
ished. It is reversible as the method targets mRNA instead
of DNA, thereby resulting in the decrease of the encoded
protein. The first report of gene knockdown was based on
inhibiting the expression of the GUS reporter and the
endogenous cryptochrome gene in P. tricornutum using
antisense RNA technology (De Riso et al., 2009). Since then,
gene silencing has been widely applied in diatoms

© 2025 The Author(s).

(Sabatino et al., 2022; Shrestha & Hildebrand, 2017; Trenta-
coste et al., 2013; Wang et al., 2023). However, the molecu-
lar mechanism underlying gene silencing remains to be
completely resolved because it does not appear to be fol-
lowing the canonical mechanism of RNA interference
(RNAi) mediated by small non-coding RNAs (sRNAs) and
the activity of the endoribonuclease Dicer (DCR) because
the mRNA of the silenced genes is still present, as observed
in T. pseudonana, for instance, (Kirkham et al., 2017). How-
ever, new data based on comparative genome and tran-
scriptome analyses and reverse genetics with P.
tricornutum have in fact revealed that key RNAi effectors
have diversified in diatoms. Nevertheless, this new study
suggests the presence of distinct RNAi pathways in dia-
toms. For instance, the P. tricornutum DCR was found to
process 26-31-nt-long double-stranded sRNAs originating
mostly from transposons covered by repression-associated
epigenetic marks (Grypioti et al., 2024).

In addition to gene overexpression and silencing in
diatoms, the last decade has revolutionized our ability to
modify the diatom genome by enabling targeted modifica-
tions using sequence-specific nucleases. Modifications are
achieved through the application of meganucleases (MNs),
transcriptional activator-like effector nucleases (TALEN)
and especially CRISPR/Cas-assisted genome editing. These
genetic tools introduce double-strand DNA breaks (DSB) at
specific loci, with subsequent repair either via homology-
directed repair (HDR) or non-homologous end joining
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(NHEJ). The latter is the most frequent repair mechanism
in diatoms acting on single-nucleotide mutations and small
insertion—deletions  (INDELS). MNs, TALENs, and
CRISPR/Cas have been used successfully to induce tar-
geted mutations in diatom genomes (Daboussi et al., 2014;
Fortunato et al., 2016; Hopes et al., 2016). Among these
three gene modification methods, meganucleases are the
oldest method which recognizes and cleaves long DNA tar-
get sites (14-40 bp) and tolerates minor sequence changes
in these sites (Chevalier & Stoddard, 2001). TALENs consist
of a sequence-specific DNA-binding domain and a Fokl
cleavage domain (Christian et al., 2010). The customized
TALE DNA-binding domain guides the nuclease to the tar-
get gene, while the Fokl nuclease domain dimerizes to
induce DNA cleavage (Bogdanove & Voytas, 2011; Voy-
tas, 2013). The first proof of concept for using MNs and
TALENs to edit diatom genomes was published by
Daboussi et al. (2014). TALEN technology was applied to
both P. tricornutum and T. pseudonana (Fortunato
et al., 2016; Weyman et al., 2015). TALENs have the advan-
tage of low off-target activity, ensuring high specificity in
genome editing (Nemudryi et al., 2014). However, a typical
TALEN system requires pairing two TALENSs to target DNA
sequences of 30-36 base pairs, with each side consisting
of 18 repeats (Malzahn et al., 2017). Thus, the design is
complex and not as versatile as the CRISPR/Cas technol-
ogy. Therefore, MNs and TALENs were gradually replaced
in diatom research by the effective CRISPR/Cas technology
(e.g., Hopes et al., 2016). The native CRISPR-Cas9 system
functions as part of the bacterial immune system by
detecting and cutting foreign DNA using sequence-specific
guide RNAs (gRNAs). In genome editing, the CRISPR RNA
(crRNA)  fused to the trans-activating  CRISPR
RNA (tracrRNA) generates single-guide RNAs (sgRNAs),
which replace native gRNAs. The sgRNAs guide the Cas9
protein to cleave the DNA at the desired loci (Bortesi &
Fischer, 2015). The first reports for successful
CRISPR/Cas-based genome editing leading to stable gene
knockouts were based on work with P. tricornutum
(Nymark et al., 2016) and T. pseudonana (Hopes
et al., 2016). Both papers came out in the same year, sepa-
rated only by some weeks. Following these landmark
papers, CRISPR/Cas-mediated homologous recombination
(HR) was developed in P. tricornutum, T. pseudonana, and
Chaetoceros muelleri, providing targeted genome editing
at endogenous loci (Belshaw et al., 2022; Moosburner
et al., 2020; Yin & Hu, 2023). In 2018, the first paper on
DNA-free gene knockout by direct delivery of CRISPR-Cas9
ribonucleoproteins (RNPs) was published. This DNA-free
method is still successfully used in the diatom community
(Serif et al., 2018). Furthermore, a Cas9 nickase (nCas9) has
recently been developed for diatom research. The native
Cas9 nuclease has two active domains, that is, RuvC
(D10A) and HNH (H840A). The RuvC domain is inactive in

the Cas9 nickase (nCas9). Thus, nCas9 only introduces
single-strand DNA breaks (nicks). The nCas9 system has
recently been used in diatoms to suppress the off-target
effects of the native Cas9 nuclease (Matsui et al., 2024;
Nawaly et al., 2020; Nigishi et al., 2024).

Very recently, a dead (d)Cas9 has been used in dia-
tom research for the first time (Guo et al., 2024). The
dCas9 is characterized by its inability to cut DNA. How-
ever, it still retains the ability to bind to DNA
(Pickar-Oliver & Gersbach, 2019). dCas9 in diatoms has
been used for CRISPR interference (CRISPRi) to perform
CRISPR-mediated knockdown in P. tricornutum (Guo
et al., 2024). dCas9 can also be used for CRISPR activa-
tion, in which the dCas9 is fused with transcriptional acti-
vators, allowing the upregulation of target genes.
However, this method (CRISPRa) has yet to be estab-
lished for diatom research. Base editors (e.g., cytosine,
adenosine) have not yet found their way into diatom
research either (Lee et al., 2023). Base editors enable pre-
cise editing of single bases, which can be used to intro-
duce single amino acid changes to confer, for instance,
resistance to compounds such as cycloheximide and nor-
flurazon (Stevens et al., 2001; Taparia et al., 2019).

MOLECULAR GENETIC TOOLKITS
Promoters

Promoters can be endogenous or heterologous in origin
and can drive constitutive or inducible expression of the
respective downstream open reading frame. Commonly
used promoters for diatom research are listed in Table 1.
Constitutive promoters facilitate stable gene expression
and are not influenced by growth stage or environmental
conditions. Examples of endogenous constitutive pro-
moters commonly used in diatoms include those from
genes encoding fucoxanthin  chlorophyll-a/c-binding
protein (Fcp, now called Lhcf), histone 4 (H4), elongation
factor Il (ef2), acetyl-CoA carboxylase (ACCase) and U6
small nuclear RNA (U6) (Apt et al., 1996; De Riso
et al., 2009; Dunahay et al., 1995; Falciatore et al., 1999;
Hopes et al., 2016; Nymark et al., 2016; Sabatino
et al., 2015; Seo et al., 2015; Siaut et al., 2007). Recently, in
vivo transcriptional activity of four new endogenous pro-
moters from the NADH:ubiquinone oxidoreductase (Nub),
Synaptobrevin/VAMP-like protein (SVP), predicted protein
45,582, nd Prohobitin (Pbt) was characterized in P. tricornu-
tum along with additional alternative promoters (e.g.,
calmodulin-dependent protein kinase Il, oxygen-evolving
enhancer protein 3, glucose-6-phosphate isomerase, fruc-
tose bisphosphate aldolase), providing comparative data
for advancing genetic engineering strategies (Garza
et al., 2023; Windhagauer et al., 2021). However, it should
be mentioned that not all endogenous constitutive pro-
moters are equally strong. For example, H4 appears to be

© 2025 The Author(s).
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a strong promoter, whereas FCP is considered weaker in P.
tricornutum (Garza et al., 2023).

Inducible promoters can switch gene expression on
and off in response to specific environmental or experi-
mental conditions. This allows for the controlled expres-
sion of a target gene and minimizes the potential negative
effects from the overproduction of recombinant proteins
that could otherwise occur during constitutive expression.
The availability of nutrients can lead to significant changes
in the expression of certain diatom genes. Thus, promoters
that respond to nutrients, such as those involved in nitro-
gen, iron, silicon, and phosphate acquisition and metabo-
lism have been used as inducible promoters. For instance,
the nitrate reductase (NR) promoter is commonly used for
inducible expression in diatoms, whereby NR is activated
by the presence of nitrate as the sole nitrogen source and
repressed if replaced by ammonium (lfuku et al., 2015;
Poulsen et al., 2006; Poulsen & Kroger, 2005; Schellenber-
ger Costa et al., 2013). However, even when NR is induced,
the overall transgene expression levels remain relatively
low (Chu et al., 2016; Poulsen & Kroger, 2005). Three
iron-responsive promoters were functionally characterized
in P. tricornutum, including promoters of the iron-
starvation-induced protein1 (/si1), ferrichrome-binding pro-
tein1 (FBP1) and flavodoxin (Fid) genes (Yoshinaga
et al., 2014). Promoters of a putative silicon-related protein
(Thaps3_9619) and silicon transporters (SIT) in T. pseudo-
nana (TpSIT1, TpSIT2) and C. cryptica (CcSIT1) are poten-
tial alternatives because they likely have less detrimental
effects on core metabolic functions compared with the NR
promoter (Davis et al., 2017; Shrestha & Hildebrand, 2017).
Likewise, the alkaline phosphatase (AP) gene is strongly
induced in response to inorganic phosphate depletion (Lin
et al., 2013). Testing its promoter in P. tricornutum
(pPhAP1) revealed a much higher expression of transgenes
compared with using either the Fcp or any tested NR pro-
moters (Lin et al., 2017). The promoter regulating the
expression of the secreted protein 1 (HASP1) gene is also
responsive to phosphate depletion but repressed if phos-
phate is available (Slattery et al., 2022). Furthermore, there
are CO,-sensitive promoters available for diatom research,
such as the promoter regulating the expression of the -
carbonic anhydrase 1 gene (ptcal) in P. tricornutum, which
is significantly decreased when cells are grown in a high
CO; environment (i.e., 5% CO,, as opposed to air-levels of
0.04%) (Harada et al., 2005). However, it is worth mention-
ing that the induction and/or inactivation of certain pro-
moters, such as the pPhAP1, relies on the availability of
essential nutrients, which might cause transcriptional
reprogramming as a response (Garza et al., 2023). Hence,
the altered transcriptome might interfere with subsequent
phenotyping studies to characterize the in vivo function of
the modified target gene. To reveal if and how those asso-
ciated effects imposed by the regulation of these

© 2025 The Author(s).
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promoters impact the physiology of the genetically modi-
fied cell lines, we suggest performing multi-omics studies
to capture potential reprogramming on diverse levels of
organization from transcriptomes to metabolomes.

Heterologous promoters include non-endogenous
promoters obtained from other diatom species,
non-diatom species, viruses, and even synthetic chemical
promoters. For example, the Lhcf2 promoter from Cylin-
drotheca fusiformis was used to drive transgene expres-
sion in P. tricornutum and Fistulifera sp. (Miyagawa
et al., 2009; Muto et al., 2013). With the molecular charac-
terization of diatom-infecting viruses (DIVs), their pro-
moters have been studied in diverse diatoms, and some of
them have shown high transgene expression (Kadono
et al., 2015; Kadono et al., 2020; Kadono et al., 2022). Fur-
thermore, promoters from the mammalian cytomegalovi-
rus (CMV), the avian rous sarcoma virus (RSV-LTR) and the
plant cauliflower mosaic virus 35S (CaMV 35S) have been
successfully used for transgene expression in P. tricornu-
tum (Sakaue et al., 2008). The CaMV 35S and RSV-LTR pro-
moters can drive high levels of gene expression
comparable to the endogenous FcpA promoter in the log
phase of P. tricornutum (Kadono et al., 2020).

Furthermore, chemically inducible gene expression
systems have been developed to achieve dynamic gene
expression as a consequence of applying exogenous che-
micals to diatom cultures. Six of these systems were tested
in P. tricornutum (Kassaw et al., 2022). Among them, B-
estradiol and digoxin demonstrated high levels of revers-
ibility and tunability, making them effective for the chemi-
cal induction of transgene expression. The p-estradiol
system is highly sensitive, with B-estradiol concentrations
as low as 1 nwm sufficient to trigger gene expression. The
digoxin-inducible promoter enables tight control of gene
expression, with activation levels directly correlating with
digoxin concentrations ranging from 0 to 100 uM. Chemi-
cally inducible promoters have been used in several model
organisms (e.g., Escherichia coli and yeast). In some cases,
the use of endogenous inducible promoters carries the risk
of causing unintended effects on metabolism, while consti-
tutive promoters drive continuous expression of the target
genes even when their activity is not required anymore,
which can be toxic to the cell (e.g., overexpression of the
Cas9 enzyme). Chemically inducible promoters overcome
these limitations; however, the impact of the chemicals on
the metabolism of diatoms largely is unknown and there-
fore needs to be empirically tested.

Selective markers

Selective markers confer resistance to specific antibiotics/
chemicals or restore auxotrophies and are often used
when genetically engineering diatoms. A transgenic vector
typically contains the gene(s) of interest and a selective or
auxotrophic marker, the latter enabling the identification of
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transformants when cells are exposed to the selective
agent. The selective marker genes most commonly used in
diatoms confer resistance to various antibiotics, including
Shble (phleomycin/zeocin resistance), Nat (nourseothricin
resistance), Bsr (blasticidin-S resistance), Cat (chloram-
phenicol resistance), Sat (streptothricin resistance) and
nptll (G418/geneticin resistance) (Apt et al., 1996; Buck
et al., 2018; Dunahay et al., 1995; Falciatore et al., 1999;
Karas et al., 2015; Muto et al., 2013; Poulsen et al., 2006;
Xie et al., 2014; Zaslavskaia et al., 2000). In addition, the
mutation of endogenous genes can confer resistance to
specific chemical compounds, which have been developed
as selectable markers in diatoms. For instance, the inacti-
vation of uridine-5’-monophosphate synthase (PtUMPS)
and adenine phosphoribosyl transferase (PtAPT) genes in
P. tricornutum, leading to the resistance to 5-fluoroorotic
acid (5-FOA) and 2-fluoroadenine (2-FA), respectively, pro-
vides a selection strategy without relying on exogenous
antibiotic resistance markers (Serif et al., 2018). Similarly,
the point mutation of the endogenous phytoene desatur-
ase gene (PDS, PHATRDRAFT_45735) conferred resistance
to the herbicide norflurazon in P. tricornutum (Taparia
et al., 2019). However, the potential effects on metabolism,
following the removal of selecting agents due to the loss
of endogenous genes, should be taken into consideration.
Moreover, auxotrophic complementation markers provide
an alternative approach. Cas9-directed genome engineer-
ing has also been used to generate strains of P. tricornu-
tum that are auxotrophic for histidine, uracil, or
tryptophan; these auxotrophies can be restored by provid-
ing the respective biosynthetic gene in the transgenic vec-
tor (Slattery et al., 2020).

When considering microbial interactions involving
diatoms, applying reverse genetics tools to study them is
still in its infancy. Most work is still focused on managing
the contamination of diatom cultures - often, the selective
markers introduced during genetic engineering efforts can
also be used to mitigate contamination, so long as the con-
taminant is susceptible to the respective antibiotic or
chemical selective agent. For instance, resistance to anti-
fungal drugs such as amphotericin, echinocandins, and
azoles has been widely studied to identify key resistance
genes (Jensen et al., 2015; Moirangthem et al., 2021; Morio
et al., 2017; Rybak et al., 2022; Spettel et al., 2019). This
work, if done with diatoms, will provide basic information
for selecting antifungal markers, for instance. Furthermore,
studying interactions between diatoms, bacteria, and
viruses involves the depletion and rescue of bacteria
and their associated viruses (Zhang et al., 2024). Thus,
introducing resistance genes to diatom genomes repre-
sents an approach for controlling these interactions and
therefore provides an opportunity to selectively modulate
microbial communities for advancing our understanding of
microbial interactions with diatoms as the host organisms.

Reporter systems

Reporters are widely used to monitor and track engineered
diatom cells by visualizing the expression of transgenes or
the regulation of promoters. The integration of reporter
genes allows researchers to quickly identify transformed
cells and employ techniques such as fluorescence-
activated cell sorting (FACS) to isolate cells emitting fluo-
rescence. Enzyme-based reporters offer high sensitivity but
require the addition of a substrate to generate a detectable
signal (e.g., bioluminescence). For instance, luciferase
(LUC) and B-glucuronidase (GUS) genes have been
expressed in several diatom species (Falciatore et al., 1999;
Ifuku et al.,, 2015; Sabatino et al.,, 2015; Zaslavskaia
et al., 2000). However, some reporter systems require the
application of complex assays for visualization, which
makes these systems more technically challenging to work
with (Huttly, 2009).

For real-time studies and live-cell imaging, fluorescent
reporters may be better alternatives. For instance, the
breakthrough of tagging fluorescent proteins revolution-
ized the study of protein—protein interactions in living cells,
leading to the discovery of interaction networks and previ-
ously unknown protein functions (Nam et al., 2024; Turn-
sek et al., 2021). These proteins emit stable fluorescence
upon excitation by the corresponding wavelengths of light.
Because of their broad applicability (e.g., operational in dif-
ferent cell types, easy detectability), fluorescent proteins
are perhaps the most frequently used reporter systems in
diatoms (Figure 2). Examples are the green fluorescent
protein (GFP), enhanced green fluorescent protein (eGFP),
yellow fluorescent protein (YFP), optimized YFP (VENUS),
the red fluorescent protein mCherry, and the cyan fluores-
cent protein gene (CFP) (Table 1). New fluorophores,
including mNeonGreen, mScarlet-i, and mTurquoise2,
have been tested and validated in T. pseudonana, expand-
ing the toolkit for protein localization studies in diatoms
(Nam et al., 2022). Additionally, fluorescent proteins that
have been established in other microalgae and diverse pro-
tists include the brightest blue fluorescent protein
mTagBFP. It is believed that these fluorescent proteins
should also work in diatoms (Faktorova et al., 2020). When
selecting reporter genes, it is critical to consider the back-
ground conditions of the cells (e.g., presence of chloro-
phyll autofluorescence) to ensure the accurate detection of
the reporters and to minimize interference with back-
ground fluorescence.

Various reporters offer a wide spectrum of colors,
enabling researchers to select the most suitable reporter
based on their objectives, including multicolor imaging to
study multiple reporters simultaneously. If reporters are
fused to target proteins or promoter sequences, it allows
for the identification of the subcellular localization of the
target genes and the regulation of the promoters under

© 2025 The Author(s).
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Figure 2. Expression of green fluorescent protein (GFP) or enhanced green fluorescent protein (eGFP) in four diatom species. Bright-field and corresponding

GFP/eGFP fluorescence images are shown for each species.

(a, b) Fragilariopsis cylindrus, (c, d) Thalassiosira pseudonana, (e, f) Phaeodactylum tricornutum, and (g, h) Nitzschia putrida. Scale bars are 20 um in (a, b),
10 um in (g, h), and 5 um in (c-f). Images have been taken by Jan Strauss, Amanda Hopes, and Longji Deng.

native conditions, respectively (Hao et al.,, 2022; Liu
et al.,, 2016; Nojima et al., 2013; Pan et al., 2024; Shao
et al., 2019). It should be noted that the folding and matu-
ration of fluorescent reporter proteins can be a slow pro-
cess that is influenced by the cellular environment (e.g.,
redox state). The delay between gene expression and pro-
tein maturation might introduce a bias between the detec-
tion of the fluorescence signals and the actual expression
levels of the gene (Jullien & Gautier, 2015). Consequently,
under such circumstances, it might be advantageous to
combine the measurement of fluorescent signals with
expression analyses of the target gene(s).

Cloning and assembly strategies

Restriction enzyme cloning likely is the most common
cloning method in diatom research. Both the DNA frag-
ment of interest and the vector are cut with the same
restriction enzymes at specific recognition sites. The result-
ing complementary sticky or blunt ends allow the DNA
fragment to be ligated into the vector using a DNA ligase,
creating a recombinant DNA molecule. The first application
for diatoms involved inserting the nptl/l gene into a plas-
mid, which conferred G418 resistance to the transformed
Cyclotella cryptica (Dunahay et al., 1995). Type Il restriction
enzymes have long been the workhorses in diatom reverse
genetics (Poulsen et al., 2006; Sabatino et al., 2022; Wang
et al., 2023).

© 2025 The Author(s).

The Gibson assembly method is based on a seamless
cloning strategy that joins multiple DNA fragments
together in a specific order at a constant temperature using
a T5 exonuclease, a DNA polymerase, and a DNA ligase
(Gibson et al., 2009). This method is based on the assem-
bly of overlapping fragments and is not constrained by
restriction enzyme sites; hence, it offers flexibility in the
design of vectors. Several studies in diatom research have
successfully used this assembly method (Daboussi
et al., 2014; Nigishi et al., 2024; Stukenberg et al., 2018).
However, it should be noted that the efficiency decreases
when the number of fragments increases beyond five due
to challenges with ensuring correct annealing and main-
taining overlap homology between fragments (Gibson
et al., 2009). Thus, nicks or any kinds of base mutations in
the overhangs will significantly impact the assembly
success.

The golden gate assembly uses Type IIS restriction
enzymes to enable precise and scar-free DNA assembly
(Engler et al., 2008). The specified sticky ends on cuts are
made at a defined distance from the recognition sites in
plasmids and DNA fragments, achieving a hierarchical
assembly of DNA parts (Bird et al., 2022). DNA parts are
stored stably within plasmid vectors, allowing them to be
efficiently reused in subsequent assembly steps. In diatoms,
only P. tricornutum and T. pseudonana have been subjected
to golden gate cloning (Belshaw et al., 2022; Hopes
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et al., 2016; Llavero-Pasquina et al., 2022; Mooshammer
et al., 2020). Some of the golden gate components for both
species are available from Addgene (Watertown, MA, USA)
(https://www.addgene.org/). Furthermore, the modular
cloning (MoClo) system is a hierarchical and modular
assembly method based on golden gate cloning, combining
standardized parts, such as promoters, coding sequences,
and terminators in a predefined order (https:/www.
addgene.org/kits/marillonnet-moclo/). Several MoClo toolk-
its have been developed, providing reusable parts and vec-
tors for mammalian (Weber et al., 2011), yeast (Lee
et al., 2015), plants (Engler et al., 2014), bacteria (lverson
et al., 2016; Moore et al., 2016; Stukenberg et al., 2021),
Chlamydomonas reinhardtii (Crozet et al., 2018), and cyano-
bacteria (Vasudevan et al., 2019). The use of a standardized
syntax facilitates the sharing of non-species-specific mod-
ules (Patron et al., 2015). The MoClo toolkits have been used
for diatoms (Nam et al., 2022; Russo et al., 2023) but not as
commonly as other cloning methods.

The Loop assembly is another emerging and versatile
DNA assembly system based on recursive DNA cloning.
This method achieves high precision and reliability for
assembling complex and larger constructs, with >80%
average assembly efficiencies on over 200 different DNA
constructs (Pollak et al., 2019). The universal Loop (uLoop)
assembly, which is derived from the traditional Loop, has
been successfully adapted for use in diatoms (Pollak
et al., 2020). The diatom uLoop assembly kit is available
from  Addgene (https://www.addgene.org/kits/dupont-
diatom-uloop/) and the uLoop library is still expanding to
include new parts, such as newly characterized promoters
and terminators (e.g. calm, oee3 and flav) in P. tricornutum
(Garza et al., 2023). This open-access diatom ulLoop library
provides a modular and standardized approach for con-
structing diverse genetic components. Thus, it fosters col-
laboration between research groups and ensures data
reproducibility through standardization.

There is an increasing use of in vivo assembly, partic-
ularly for constructing larger plasmids or those requiring
the integration of multiple fragments. This approach lever-
ages Saccharomyces cerevisiae (i.e., yeast) protoplast
transformation methods (Kouprina & Larionov, 2008). A
yeast artificial chromosome (YAC), often containing a CEN-
ARS-HIS backbone, is included on a fragment that also
incorporates essential elements for replication and selec-
tion in E. coli. The DNA fragments used for assembly can
be chemically synthesized, PCR-amplified, or even directly
obtained from isolated DNA, provided they are excised at
desired positions using unique restriction enzymes. A min-
imum overlap of 40 base pairs (bp) between fragments is
required for efficient recombination between complemen-
tary sequences; however, for assemblies involving a larger
number of fragments, longer overlaps of 50-200 bp are
recommended to enhance efficiency. The main advantage

of this method is its capacity to assemble large plasmids,
though it is more time-consuming and demands technical
expertise. Notable applications of this technique
include the assembly of entire mitochondrial genomes
from P. tricornutum and T. pseudonana (Cochrane, Brum-
well, Shrestha, et al., 2020; Cochrane, Brumwell, Soltysiak,
et al., 2020) as well as the chloroplast genome of P. tricor-
nutum (Walker et al., 2023). Furthermore, recent findings
have demonstrated that plasmids can be directly assem-
bled in P. tricornutum through non-homologous end join-
ing, potentially simplifying the process of constructing
genetic constructs, at least for this species (Walker
et al., 2024).

DELIVERY SYSTEMS

Microparticle bombardment has been most widely used to
deliver DNA, RNA, and proteins. It has been successfully
employed for both nuclear and chloroplast transformation
in many microalgal species (Hopes et al., 2016; Li &
Bock, 2018; Schiedlmeier et al., 1994; Sodeinde & Kin-
dle, 1993). The DNA vectors, RNAs, or proteins are coated
onto the surface of nanoparticles either made of tungsten
or gold. A particle delivery system is used to deliver them
into the cells under high pressure. To minimize cell dam-
age, particles between 0.7 and 1.1 um are usually used for
diatoms (Dunahay et al., 1995). However, considering that
T. pseudonana cells are only about three times the size of
these particles, it remains to be seen what the true impact
is on the integrity of the diatom cells. At least they appear
to have a high regenerative potential, evidenced by restor-
ing the original phenotypes including the elaborate silica
cell walls within 2-4 weeks after bombardment (Belshaw
et al., 2022; Harada et al., 2005; Moosburner et al., 2020).
Despite these shortcomings (e.g., low efficiency, destruc-
tive impact on cellular integrity), microparticle bombard-
ment has been shown to be suitable for many diatom
species. DNA plasmids in the size range of 5-10 kilobases
(kb) are considered suitable for biolistic manipulation
(Stewart et al., 2018). Biolistics can also be used to directly
deliver RNA and proteins into diatom cells (Serif
et al., 2018). This approach has been effectively applied to
introduce Cas9/single-guide RNA ribonucleoprotein com-
plexes (RNPs) for DNA-free genome editing (Serif et al.,
2018). Meanwhile, triple gene knockouts were achieved in
one step by delivering six RNP complexes simultaneously,
although with relatively low efficiency (15%) compared
with double gene knockout (23-52%).

Electroporation introduces foreign DNA into cells by
temporarily creating pores in the cell membrane through
the application of a brief electric pulse (Somiari
et al.,, 2000; Tsong, 1991). This method transfers exoge-
nous DNA independently of the cell’s abilities to take it up
and has been successfully used in several diatom species
(Qin et al., 2012). It shows more than 10 times higher

© 2025 The Author(s).
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transformation efficiency compared with conventional bio-
listics using small amounts of DNA (4-7 ng) (Naser
et al., 2022; Yin & Hu, 2021; Zhang & Hu, 2014). Electropo-
ration can also be used for co-transformation using more
than a single vector (Zhang & Hu, 2014). Linear plasmids
can be electroporated more efficiently compared with cir-
cular plasmids, achieving up to three times greater effi-
ciency in diatom transformation (Yin & Hu, 2021). The
spheroplasting electroporation method was recently devel-
oped for P. tricornutum (Walker et al., 2024). This method
is characterized by high efficiency in delivering episomes,
with amounts of as little as 1 ng and for plasmids as large
as 55.6 kb. Additionally, this method has the advantage of
high survival rates of the transformed diatom cells, with
growth resuming within only 2 weeks (Ifuku et al., 2015;
Yin & Hu, 2021; Zhang & Hu, 2014). Electroporation is a
promising strategy, but the challenge lies in optimizing
electroporation conditions, including the electric field
strength and pulse duration to suit different diatom spe-
cies. It is assumed that the cell wall significantly impedes
DNA delivery during electroporation (Azencott et al., 2007).
Therefore, it is at least necessary to adjust the protocol for
different diatom species, and it is likely that this method,
therefore, is not as widely applicable as biolistics.

The polyethylene glycol (PEG)-mediated transforma-
tion method is thought to facilitate the introduction of DNA
into cells by promoting its passage across the cell mem-
brane, though the precise mechanisms remain poorly
understood. This method was evaluated in P. tricornutum
during the development of the p0251s replicating plasmid
(Karas et al., 2015); however, the results were highly incon-
sistent, yielding only a few colonies across several experi-
ments. A recent breakthrough has occurred with the use of
alcalase to protoplast P. tricornutum cells (Walker et al., in
preparation), which dramatically increases the efficiency of
PEG transformation (hundreds to thousands of transfor-
mants per reaction). This method shows great promise as
it is highly efficient and does not require any specialized
equipment, and it may become the preferred method for P.
tricornutum and potentially other diatom species.

Using E. coli to directly introduce DNA vectors into
diatom cells via bacteria-mediated conjugation is another
delivery system that was developed in the recent past
(Karas et al., 2015). The donor E. coli strain harbors a con-
jugative plasmid, which encodes for the DNA transfer
machinery, and an episome containing the gene(s) of inter-
est. The episome must also contain an origin of transfer
(oriT) to be mobilized during conjugation and a selective
marker. Furthermore, to be stably maintained extrachro-
mosomally, the episome must contain a suitable autono-
mously replicating sequence (ARS). This sequence can
vary between different diatom species; without an ARS,
the episome must integrate into the diatom genome for
continued propagation across successive generations. This
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method was first developed in P. tricornutum and T. pseu-
donana (Karas et al., 2015) and has since been explored in
other diatom species.

High-copy number replication of the episome can be
detrimental to the E. coli donor strain, particularly when
CRISPR/Cas9 systems or other deleterious genes are
expressed. To address the unstable characteristics of high-
copy number plasmids, low-copy number and medium-
copy number episomes have been developed. The
pCC1BAC backbone (present in p0251s, Karas et al., 2015)
contains two origins of replication: one that is constitu-
tively expressed and facilitates single-copy number replica-
tion, and another that can be induced to high-copy number
replication in the presence of L-arabinose when maintained
in the EPI300 E. coli strain. Inducing high-copy number
expression may be deleterious to the cell, but it can be
useful when isolating large quantities of the episome for
sequencing or other downstream applications. Another
diatom episome, pPtPBR1, allows for constitutive medium-
copy number expression in E. coli (Diner et al., 2016).

When using bacterial conjugation to deliver
CRISPR/Cas9-containing episomes, this system achieves a
comparable percentage of biallelic mutations when com-
pared with microparticle bombardment (Moosburner
et al., 2020; Sharma et al., 2018; Slattery et al., 2018). Com-
pared with genome-integrated DNA vectors containing the
Cas9 gene, extrachromosomal episomes carrying
CRISPR/Cas9 systems can be easily removed by growing
the diatom cells under non-selective conditions. This
causes the loss of the episome over time (i.e, episome cur-
ing), which therefore avoids unwanted mutations by the
constitutive expression of Cas9 if this gene has become
part of the diatom genome. Thus, bacterial conjugation
has the advantage of delivering genetic constructs without
altering the host genome. However, the assembly of plas-
mids targeting multiple genes can lead to the instability of
the constructs in E. coli, which needs to be considered
when designing more complex multi-target constructs
(Taparia et al., 2021).

CELL-LINE SCREENING POST-TRANSFORMATION

To isolate and confirm the desired genetic modifications,
steps include subcloning and screening. Both are neces-
sary because the initial cultures are often mosaic (Huang &
Daboussi, 2017; Serif et al., 2018; Weyman et al., 2015),
necessitating the isolation of single-cell lines on solid
plates or in liqguid medium. Most transformed diatom colo-
nies can be isolated using antibiotics or chemical com-
pounds on selective plates. However, the growth
conditions on these plates should be tested when working
with a novel diatom species. Clonal cell lines generally
appear after the first round of subcloning. However, mono-
allelic (heterozygous) mutations frequently occur likely due
to incomplete editing. In such cases, a second round of
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subcloning is required to obtain bi-allelic (homozygous)
mutations in the targeted gene. However, this process is
time-consuming, taking more than 1 week to obtain
clones, depending on the growth rates and the delivery
system used (Belshaw et al., 2022; Yin & Hu, 2021). Trans-
formed cells expressing a fluorescence marker can be sep-
arated by fluorescence-activated cell sorting (FACS), which
therefore can achieve high rates of cell recovery under
near axenic conditions (Nunez, 2001; Pereira et al., 2018).
However, it should be noted that some diatom species
may not survive the FACS procedure due to mechanical
pressure, which may cause disruptions of the plasma
membrane and cell wall (Reckermann, 2000).

PCR amplification of the target gene followed by ana-
lyzing the electropherograms is a common method for
analyzing the genetic mutation to be expected (Hopes
et al., 2016; Moosburner et al., 2022; Nymark et al., 2016).
For gene overexpression and knockdown, selective marker
or reporter genes are typically amplified for initial screen-
ing (De Riso et al., 2009; Haslam et al., 2020). Direct ampli-
fication of the target gene confirms its presence if the
overexpressed gene is exogenous (Strauss et al., 2023).
Gene-knockout cells often exhibit a distinct PCR-based
genotyping pattern compared to WT cells (Hopes et al.,
2016). When a small deletion occurs (less than 100 bp or a
few hundred bp), gene-knockout cell lines typically display
a smaller band than WT due to the reduced fragment size.
Conversely, if the deletion spans several kilobases, no
amplification is observed, necessitating additional confir-
mation using primers targeting the 3’ and 5 flanking
regions outside the deleted area (Belshaw et al., 2022). To
further validate the modification, the expected sequence is
cloned into a vector for transformation into E. coli, fol-
lowed by Sanger sequencing and alignment with the refer-
ence genome. Additionally, alternative methods such as
high-resolution melt curve analysis (HRM), T7 endonucle-
ase | assay (T7El), and software-based Tracking of Indels
by Deconvolution (TIDE) provide insight into the nature of
genetic modifications (Moosburner et al., 2020; Moosbur-
ner et al., 2022; Nymark et al., 2016; Slattery et al., 2018). If
PCR reactions fail due to extensive genomic rearrange-
ments, Southern blotting may be useful to detect fragment
size shifts and confirm copy number variations compared
to WT DNA (Kira et al., 2016; Zhang & Hu, 2014). To further
corroborate the genetic modifications of coding genes, rel-
ative protein levels can be assessed by Western blotting,
whereas mRNA levels of the target gene can be analyzed
using real-time quantitative PCR (RT-qPCR) (Gorlich
et al., 2019; Strauss et al., 2023).

PROSPECTS

Genetic engineering in diatoms has come a long way, and
there are significant prospects because of three reasons: (i)
Currently, there is a step change in the development of

Box 1. Summary

 Diatoms are important primary producers, and they
are being used for diverse biotechnological
applications.

Multiomics resources available for many diatom
species facilitate genetic engineering.

Molecular tool kits include diverse promoters,
selectable markers, and reporter systems.

Cloning and assembling strategies have been devel-
oped even for large plasmids.

The latest reverse genetics tools aim at building the
first synthetic diatom.

Box 2. Open questions

 Considering that diatoms are the most species-rich
group of algae, how many diatom species do we
need to develop into model systems to address the
most  significant fundamental and applied
guestions?

What kind of genetic engineering is required to iden-
tify the mechanisms underpinning the interactions
of diatoms with other species?

How can genetic engineering help to make use of
diatoms in fast-emerging fields such as energy
technology?

Will it be possible to generate the first synthetic dia-
tom for the development of novel carbon-capture
mechanisms and the sustainable synthesis of high-
value products?

diatom genomics and multi-omics resources, which pro-
vide the foundation for discovering novel biology and the
application of genetic tools to new species. (ii) Diatoms are
as genetically tractable as any established model organ-
isms in biology, that is, Arabidopsis thaliana, yeast, Cae-
norhabditis elegans. However, diatoms, unlike those
established biological models, represent globally relevant
organisms underpinning the largest food webs on Earth,
and they drive global biogeochemical cycles responsible
for the habitability of our planet. (iii) Their fast growth,
high content of lipids, essential fatty acids, and their elabo-
rate nanopatterned silica cell walls make them a target of
the biotechnology sector, from nutraceuticals to material
science. Consequently, for human societies to benefit from
diatoms, we will need to continue to develop their genetic
tractability. One current frontier is to design the first
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synthetic diatom. To achieve that goal, synthetic chromo-
somes need to be assembled, transformed, and expressed
in a diatom host, which remains challenging, but current
work in this exciting field of research paves the way for
building the first synthetic diatom soon. With respect to
the latter, entire ~500 kbp chromosomes of P. tricornutum
were successfully assembled in yeast and subsequently
transferred to E. coli, establishing a critical proof of con-
cept that demonstrates the ability of these organisms to
maintain large diatom DNA fragments (Karas et al., 2013).
Building on these results, it is proposed that all 25 chromo-
somes of P. tricornutum could be redesigned and
resynthesized as 50 chromosomes that are ~400-500 kbp
in size (Pampuch et al., 2022). This approach would allow
for assembly in yeast and efficient propagation in E. coli.
Furthermore, a recently developed rapid method for chlo-
roplast genome assembly (Walker & Karas, 2025) could
accelerate the creation of synthetic genomes with
enhanced features, such as the removal of non-essential
elements (e.g., repetitive sequences, transposons),
genome recoding, and architectural reorganization. The
delivery of whole chromosomes is anticipated to be possi-
ble through bacterial conjugation. Additionally, smaller
fragments of approximately 50 kbp can now be delivered
using an optimized electroporation protocol, enabling par-
allel testing of synthetic constructs (Walker et al., 2024).
These recent advancements in the field of diatom genetic
engineering, combined with many high-resolution refer-
ence genomes that will become available soon, position
diatoms as robust and promising organisms for synthetic
genomics to advance fundamental biological research and
biotechnology (Boxes 1 and 2).
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Diatoms produce 20% of the world’s fixed organic carbon yet remain under-
utilized as cell factories due to limited genetic engineering tools. Here, we
present optimized electroporation and polyethylene glycol (PEG) transfor-
mation methods for the model diatom Phaeodactylum tricornutum, enabling
delivery of DNA and Cas9 ribonucleoprotein complexes with high efficiency.
Transformants are recovered with as little as 1 ng of DNA, and linear or circular
episomes as large as 55.6 kb are successfully introduced. The optimized elec-
troporation protocol also reveals an unexpected capability: episomes can be
assembled directly in the algal cell through non-homologous or homology-
driven repair mechanisms, a process we term diatom in vivo assembly (DIVA).

In addition, the PEG approach is adapted to successfully transform Tha-
lassiosira pseudonana, demonstrating the applicability of our methods for
engineering other diatom species. These tools could be used to accelerate
diatom synthetic biology projects and, therefore, the development of sus-
tainable technologies.

Climate change, population expansion, and soil depletion are among
several challenges that existentially threaten current agricultural
practices. Due to their comparatively rapid growth and higher pho-
tosynthetic efficiency, unicellular algae have been proposed as a sus-
tainable agricultural alternative to traditional crops since the 1950s’.
Diatoms (Bacillariophyta) are of particular interest for this purpose as
they are widely distributed across the world’s oceans?, where they are
one of the most photosynthetically productive taxa - accounting for
an estimated 20% of total fixed organic carbon annually’.
Phaeodactylum tricornutum is considered to be one of the most
characterized model diatom species, having a fully sequenced
telomere-to-telomere reference genome* in addition to molecular
tools for DNA transformation®®, CRISPR-based genome engineering’,
protein expression'®, cloning of the whole organelle genomes'", and
more. These characteristics have made P. tricornutum an emerging
chassis for diatom biotechnology" and the subject of a whole-genome
synthesis effort™*. The latter, termed the Pt-syn 1.0 project, has brought
together an international consortium of phycologists with the aim of
replacing all the native chromosomes in the nuclear, chloroplast, and

mitochondrial genomes with synthetic counterparts. To actualize this,
and to discover the full potential of diatoms as cell factories, a pipeline
for efficiently and rapidly testing different DNA constructs in P. tri-
cornutum must be established.

Existing methods for delivering DNA to P. tricornutum include
biolistic bombardment®, electroporation®’, polyethylene glycol (PEG)
transformation®, and bacterial conjugation®. Biolistics was the first
method developed for transforming P. tricornutum and has been used
to integrate non-replicative DNA into the nuclear genome®”, with
reported efficiencies of 1 to 100 transformants per 108 cells. Though
reasonably efficient, this method requires the use of expensive
equipment (i.e., a biolistic particle delivery system) that many labs do
not have access to; comparatively, conjugation, electroporation, and
PEG transformation can all be conducted with more standard
equipment.

Among these, conjugation is the most efficient transformation
method for delivering episomes (4 transformants per 10* cells)®, but
also the most mutation prone and laborious to execute®’. Conjugation
requires the creation and maintenance of a donor strain of Escherichia
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coli, which must contain a suitable broad-host-range conjugative
plasmid in addition to the episome of interest; complications can
arise if these two constructs have incompatible replication
machinery', if the episome is maintained at medium to high copy
number®, or if it contains elements that are toxic when expressed in
E. coli (e.g., endonucleases)’. These issues can lead to episomal rear-
rangements or loss over time. As a result, donor strains often require
repeated reisolation and plasmid sequencing to confirm construct
stability - steps that can add days to weeks, and in some cases months,
to a workflow.

The PEG and electroporation transformation methods offer a
more direct path to episomal delivery, but each has limitations. The
delivery of episomes through PEG transformation remains unutilized
due to its low efficiency (<1 transformant per 10° cells) and high
variability between experiments®. Although PEG-mediated transfor-
mation has not yet been demonstrated in other diatom species, it is
routinely applied in the microalga Chlamydomonas reinhardtii, where
cell-wall removal followed by PEG-mediated agitation with DNA and
glass beads enables efficient nuclear transformation”. Electroporation
has a higher transformation efficiency (2.6 to 4.5 transformants per 10°
cells)*”, but has not received wide adoption due to variability in effi-
ciency and issues with reproducibility. Thus, we sought to optimize the
PEG and electroporation methods for episome delivery to P. tri-
cornutum with the hopes of developing a more rapid alternative to
bacterial conjugation.

In this paper we describe optimized electroporation and PEG
transformation protocols for engineering P. tricornutum. These
methods are both faster and simpler to execute than bacterial con-
jugation, as well as more efficient than previously described protocols.
We also demonstrate that it is possible to assemble episomes directly
in the algal cell through non-homologous repair (NHR) and homology-
directed repair (HDR) pathways, opening up avenues for exploring
alternative assembly strategies that do not rely on traditional E. coli or
S. cerevisiae cloning. Both protocols are suitable for rapid high
throughput testing of several DNA constructs simultaneously and, due
to their efficiency with low DNA amounts, could be used for the
delivery of commercially synthesized episomes directly into the algal
cell. Electroporation can also be used for the efficient delivery of Cas9
ribonucleoprotein (RNP) complexes, enabling DNA-free genetic engi-
neering. The protoplasting techniques we establish in P. tricornutum
are also used to successfully engineer Thalassiosira pseudonana cells
via PEG transformation, demonstrating that these methods can be
applied to other diatom species. These tools will be valuable as the Pt-
syn 1.0 project begins to build and test different synthetic chromo-
some designs.

Results

Electroporation efficiency increases with enzymatic treatment
of cells

Our initial attempts at electroporation using a previously described
protocol® that was adapted from the methods of Zhang and Hu’ yiel-
ded no transformants. After several failed attempts, we discovered
that adjusting the electroporator capacitance from 25 to 50 pF yielded
transformants for both episomes and marker cassettes, though effi-
ciency was highly variable between experiments (Supplementary
Data 1, Exp. 1 to 81; Supplementary Fig. 1). We used this method to
deliver a linear 11 kb PCR-amplified episome, pPtGE31_APtR (Addgene
ID: 236260), to assess whether the construct would integrate into the
genome, persist as a linear episome, or be converted into a circular
episome within the P. tricornutum nucleus. We were able to recover
DNA from these algal transformants in EPI300 E. coli, indicating that
the linear episome had been circularized in the algal nucleus following
electroporation (Supplementary Fig. 2). Whole-plasmid sequencing of
four E. coli colonies confirmed that circularization had occurred via
fusion of the construct’s termini.

When this electroporation protocol was repeated using cells that
had reached the late stationary phase of growth, we obtained up to 272
transformants per 108 cells with the same 11 kb PCR-amplified episome
(Supplementary Data 1, Exp. 82 to 89). This represented a nearly 20-
fold increase in efficiency when compared to transformations with
early-log phase cultures (Exp. 80 and 81). Stationary phase cultures
demonstrated noticeable differences in cell phenotype when com-
pared to early-log phase cultures, with there being a higher abundance
protoplasts (i.e., diatoms lacking a cell wall) in the older cultures. P.
tricornutum cells can appear in three different morphotypes - fusi-
form, oval, and triradiate - and can switch morphotypes in response to
environmental stimuli>?°. All morphotypes can generate protoplasts if
the cell wall is sufficiently weakened. Ultimately, this observation led us
to hypothesize that cell morphotype and cell wall integrity may influ-
ence electroporation transformation efficiency. Notably, a spher-
oplasted cell has only partial cell wall degradation and may not appear
phenotypically different from a wild-type cell, whereas a fully proto-
plasted cell lacks a cell wall entirely and adopts a characteristically
spherical morphology - provided it does not burst from osmotic or
mechanical stressors.

Cell morphotype cannot be readily controlled in P. tricornutum
cultures as this species displays a high degree of phenotypic plasticity;
however, agar-plated cultures of CCAP 1055/1 tend to have a higher
proportion of oval-type cells (-20-30% oval, ~70-80% fusiform) com-
pared to liquid cultures (<10% oval, >90% fusiform). Thus, to test this
hypothesis, we spheroplasted early-log phase P. tricornutum cells
harvested from agar plates. Plate-derived cells were spheroplasted
using the enzyme alcalase, a serine protease that has been shown to
degrade the proteinaceous components of the P. tricornutum cell
wall?. We observed that 100 ul of alcalase at an activity of approxi-
mately 3 Anson units per ml (i.e.,, 300 mAnson units) was enough to
fully protoplast 3 x 10°® plate-derived cells when resuspended in
375 mM D-sorbitol (Fig. 1a, b). The protoplasted cells were very fragile
and prone to rupture from osmotic pressure or physical damage;
treatment of 3 x 108 cells with 10 ul of alcalase (i.e., 30 mAnson units)
was enough to protoplast some cells, whilst leaving others with par-
tially degraded cell walls (i.e., spheroplasts; Supplementary Fig. 3).

Plate-derived cells (3 x 10%) were treated with 0.3 mAnson units, 3
mAnson units, and 30 mAnson units of alcalase prior to the washing
steps of the electroporation protocol. Transformation efficiency
increased in all cases (Fig. 1c) when electroporating 500 ng of the same
11kb PCR-amplified episome as before (Fig. 1d), with the 3 mAnson
treatment demonstrating the highest increase in efficiency. Based on
this result, we went forward with using 1 mAnson unit of alcalase per
108 cells when spheroplasting P. tricornutum for electroporation.

Electroporation efficiency of cells grown in liquid and
solid media
We tested the electroporation efficiency of P. tricornutum cells grown
in liquid media and on agar plates, with and without alcalase treatment
across five biological replicates (Fig. 1e) using 500 ng of the same PCR-
amplified 11-kb episome as before. Though transformation efficiency
varied between experiments, plate-derived alcalase-treated cells were
significantly more efficient (-1.2 transformants per 10* cells) than
untreated plate-derived cells (-6.0 transformants per 10’ cells),
untreated liquid-derived cells (-4.2 transformants per 107 cells), and
treated liquid-derived cells (-1.6 transformants per 10° cells, Supple-
mentary Table 1). Statistical significance was determined using a
Kruskal-Wallis test (p=0.0094) followed by pairwise Wilcoxon tests
with Bonferroni correction. Plate-derived, alcalase-treated cells yiel-
ded significantly more colonies than all other groups (p<0.05),
whereas no significant differences were observed among the remain-
ing comparisons.

Based on this, all proceeding electroporations were conducted
with cells derived from plates and spheroplasted with 1 mAnson unit

Nature Communications | (2026)17:1848



Article

https://doi.org/10.1038/s41467-026-68562-6

a c Without alcalase 0.1 mAnson per 108 cells 1 mAnson per 108 cells 10 mAnson per 108 cells
°
a3 c
Q
o
[}
=
=
(o))
[}
z
b
[0}
W e
o
(2]
S
[0}
i o o
1 . G . & =
) 3
$ ;. I
4 ®
7 * (4]
—_— g £
Poe |
e
*%
o 10000
100000 L
*%
» ! g »
=] =]
& 10000 * & 1000
k] s
pPtGE31_APtR o 5
1000
10 944 bp 2 ? £ 100
=] =3
| 10]
1 L]
| - + |l = + | 1 10 100 500 1000
Liquid media Solid media ng of DNA

Fig. 1| Spheroplasting P. tricornutum cells increases transformation efficiency.
a Plate-derived P. tricornutum cells pre- and b post-treatment with 100 mAnson
units of alcalase per 10® cells. The arrow indicates a completely protoplasted cell,
and the scale bars represent 10 um. ¢ Comparison of agar plate-derived P. tri-
cornutum cells treated with differing amounts of alcalase prior to electroporation.
Cells were either electroporated with no DNA (negative control) or 500 ng of the
11 kb episome pPtGE31_APtR, which was obtained through PCR amplification. The
number of colony-forming units (CFUs) is depicted in the bottom right corner of
each transformation plate. Following electroporation, half of the total reaction was
plated on V4-salt L1 plates supplemented with 100 pg/ml nourseothricin. d A plas-
mid map of pPtGE31_APtR, the episome used for transformations in panels c, e, and
f Primers depict where the plasmid was linearized during PCR-amplification. This
plasmid contains a yeast centromere (CEN) and origin of replication (ARS)
sequence, which enables episome replication and stability in P. tricornutum®, as well
as a bacterial chloramphenicol resistance marker (Cm®) and an algal nourseothricin

resistance marker (Ntc®) driven by the FcpD/FcpA promoter-terminator pair’. e A
boxplot demonstrating transformation efficiency for cells cultured in liquid or solid
media with (+) or without (-) alcalase treatment (1 mAnson per 10°® cells) prior to
electroporation with 500 ng of PCR amplified pPtGE31_APtR. Five biological repli-
cates were performed. Asterisks denote pairs that are significantly different in
terms of efficiency following a two-sided statistical analysis (Kruskal-Wallis test,

p =0.0094; Bonferroni-corrected Wilcoxon rank-sum tests: p = 0.048 for all com-
parisons to solid media-treated cells). f A boxplot demonstrating the number of P.
tricornutum CFUs obtained with different nanograms of DNA during electropora-
tion. The cells used in these experiments were derived from agar plates and treated
with 1 mAnson of alcalase per 108 cells prior to electroporation; four biological
replicates were performed. Box plots show the median (centre line), interquartile
range (box, 25th-75th percentile), and whiskers extending to 1.5X the interquartile
range. Points represent individual biological replicates.

of alcalase per 10% cells. This optimized method was compared
with the original and adjusted electroporation protocols to
demonstrate the impact that changing the capacitance parameter
and spheroplasting have on electroporation efficiency (Supple-
mentary Fig. 1).

Transformation efficiency with varying amounts of DNA

Our prior transformations were all conducted with ~500 ng of a PCR-
amplified 11-kb plasmid, pPtGE31_ APtR (Fig. 1d). We were interested to
see how transformation efficiency varied when using differing
amounts of this construct, and most importantly, what the minimum
amount of DNA for transformation is. We electroporated as little as
1ng and up to 1pg of PCR-amplified pPtGE31_ APtR across four biolo-
gical replicates (Fig. 1f, data summarized in Supplementary Table 2). In
all but one experiment, we were able to recover transformants when
using just 1 ng of DNA during electroporation. Increasing the amount
of DNA to 10 ng routinely gave rise to hundreds of transformants, with

there being an average of 372 CFUs per reaction. Interestingly, there
was only a small change in transformation efficiency when the amount
of DNA was doubled from 500 ng to 1pg, suggesting that 500 ng of
linear pPtGE31_ APtR was enough to nearly saturate the electropora-
tion reaction.

Transforming linear and circular episomes to the algal nucleus
Our past explorations had relied upon the use of linear PCR-amplified
DNA with blunt, non-phosphorylated termini. To test the efficiency of
different structural forms of DNA, we prepared other variations of
pPtGE31_ APtR (Fig. 2a). The termini of the linear constructs varied in
position along the episome and/or the properties of the termini (i.e.,
blunt or sticky ends, with or without 5" phosphorylation). These con-
structs were adjusted to be equimolar prior to conducting electro-
poration in P. tricornutum. We found that there were nearly double the
amount of CFUs when transforming any structural form of linear DNA
compared to the circular episome (Fig. 2b).
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Fig. 2 | Comparing the transformation efficiency of linear, circularized, and
phosphorylated DNA. a An agarose gel depicting different preparations of the
episome pPtGE31_ APtR. CP: circular plasmid, EcoRI: restriction enzyme digested
plasmid, EcoRI™®: restriction enzyme digested plasmid with additional mung bean
nuclease treatment to remove sticky ends, PCR: PCR-amplified linear plasmid DNA,
and PCRP™s; PCR-amplified linear plasmid DNA generated with phosphorylated
primers. b Comparison of P. tricornutum transformants electroporated with dif-
ferent preparations of pPtGE31_ APtR. Following electroporation, one-tenth of the
total reaction was plated on V4-salt L1 plates supplemented with 100 pg/ml nour-
seothricin. Plates are labeled according to the type of DNA that was transformed, as
described above. The number of CFUs is shown in the bottom right corner of each
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plate. ¢ A plasmid map depicting the regions that were screened when assessing
passaged algal transformants. The 486 bp junction spans the region where
pPtGE31_ APtR was split for PCR amplification, whereas the 334 bp junction spans
an intact region of the plasmid backbone. d Screening 10 algal colonies that had
been transformed with circular pPtGE31_ APtR or e PCR-amplified pPtGE31_ APtR.
The primer pairs span the termini region (expected size of 463 bp, top panel) and
the CEN/ARS region of the episome backbone (expected size of 334 bp, bottom
panel). Primer pairs are listed in Supplementary Data 2. Dilute pPtGE31_ APtR and
genomic P. tricornutum DNA were used for the positive and negative controls,
respectively. Double asterisks (*) indicate the algal episomes that would be
recovered in E. coli and sent for whole plasmid sequencing.

We had also demonstrated that electroporated linear pPtGE31_
APtR gets circularized in the P. tricornutum nucleus, but we had not yet
performed comprehensive screening to determine if any indels were
accruing during this repair process. To explore what occurs during
termini fusion, ten colonies were repatched from the transformations
with circular and PCR-amplified pPtGE31_ APtR for additional screen-
ing. Colonies were screened using a set of primers that spans where the
termini are expected to recombine for the PCR-amplified construct, as
well as a region of the episome backbone (Fig. 2c). Colonies trans-
formed with circular DNA did not demonstrate any unexpected
insertions or deletions in the screened regions (Fig. 2d), as expected.
Whole plasmid sequencing of circular colonies 1 and 2 confirmed that
the episomes had not accrued any mutations or indels during
transformation.

Colonies transformed with PCR-amplified DNA appeared to have
indels in the region where termini fusion occurs but not in the intact
backbone region (Fig. 2e). We conducted Sanger sequencing of the
termini region for colonies 1, 2, and 6 to 10, which confirmed that
indels of varying sizes had accrued in this region for every colony

screened (Supplementary Fig. 4). The absence of the 486 bp band in
lanes 3, 4, and 5 is most likely due to DNA degradation or deletions
occurring at the episomal termini, either before (e.g., exonuclease
activity) or during the circularization process. Whole plasmid
sequencing of linear colonies 1and 8 further confirmed the presence of
indels in the termini region where the episome was being fused
together, whereas all other regions of the episome had remained
unchanged. Interestingly, the ~500-bp insertions in colonies 2, 8, and
10 were not complementary to any regions of the episome or algal
genome. When these insertions were queried using BLASTn, they
aligned to various regions of the salmon and/or trout genome
accessions.

Single-stranded salmon sperm (ssss) DNA is used as a carrier
during electroporation, and to our surprise, we had discovered that it
could be captured during NHR of the episome termini. We attempted
electroporation without ssssDNA to see if this would impact trans-
formation efficiency, and it resulted in a 15-fold reduction in the
number of CFUs (Supplementary Fig. 5), highlighting its importance as
an additive for efficient transformation.
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Fig. 3 | Electroporation and recovery of a 55.6 kb conjugative plasmid. a An
agarose gel depicting the circular pSC5 (CP), linearized pSC5 (LP), and PCR-
amplified pPtGE31_APtR (31). b Electroporation of circular or linear variants of pSC5
and PCR-amplified pPtGE31_ APtR into P. tricornutum cells. Following electropora-
tion, half of the total reaction was plated on V4-salt L1 plates supplemented with
100 pg/ml nourseothricin. Plates are labeled according to the type of DNA that was
transformed, as described above. The number of CFUs is shown in the bottom right
corner of each plate. ¢ A plasmid map of pSC5. The transfer regions (Tral and Tra2)
encode essential conjugative proteins. The origin of transfer (OriT) serves as a
recognition sequence for the conjugative protein apparatus, facilitating the trans-
fer of pSC5 during conjugation. The plasmid contains selection markers for bacteria
(Gm®, gentamycin resistance) and P. tricornutum (Ntc?, nourseothricin resistance)

e
Circular pSC5 transformants
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Linear pSC5 transformants
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as well as a yeast centromere (CEN) and replication origin (ARS), which enable
episome stability and replication in P. tricornutum. d A donor strain of E. coli har-
boring pSC5, which confers gentamycin resistance, conjugates to a recipient strain
of E. coli harboring pSAP, which confers chloramphenicol resistance. Successful
conjugation leads to the creation of a transconjugant strain that is gentamycin and
chloramphenicol-resistant. e Testing the conjugation efficiency of E. coli strains
harboring episomes that had been recovered from P. tricornutum transformants
electroporated with circular (C1 to C4) or linear (L1 to L4) pSCS. Strains harboring
pSCS or pSAP were used as the positive and negative controls, respectively. Dilu-
tions of 107" to 10~ were spot plated on LB plates supplemented with 15 ug/ml
chloramphenicol and 40 pg/ml gentamicin.

Evaluation of genomic integration

We performed a plasmid/episome loss experiment by serially passa-
ging four pPtGE31_ APtR transformants in non-selective media to check
for genomic integration. The transformants chosen correspond to
algal colonies 1 and 2 in Figs. 2d and 1 and 8 in Fig. 2e. After seven
passages in liquid media with or without nourseothricin selection,
serial dilutions of the cultures were then plated onto solid non-
selective media to obtain single colonies. For each transformant, 100
single colonies were then re-patched onto plates supplemented with
nourseothricin. If genomic integration of the episome had occurred,
we would expect a high proportion of the single colonies to retain
resistance. Conversely, if the episomes are maintained extra chromo-
somally, they should be lost over successive generations without
selective pressure, and thus only a low proportion of colonies would
retain resistance. As expected, only 2-7% of screened colonies retained
resistance (Supplementary Table 3), demonstrating that genomic
integration had not occurred in the assayed transformants.

Electroporation and recovery of a large plasmid
It has been demonstrated in other organisms that as episome size
increases, electroporation efficiency decreases*>. We sought to test
the limits of electroporation in P. tricornutum by attempting trans-
formation with pSC5, a 55.6 kb broad-host-range conjugative episome
(Fig. 3c, Addgene ID: 188602)*.

Equimolar amounts of circular and linear pSC5 were prepared
along with PCR-amplified pPtGE31_APtR (Fig. 3a). Electroporation with
either form of pSC5 gave rise to transformants, though the number of

CFUs was orders of magnitude lower than electroporation with a linear
11kb episome (Fig. 3b), as anticipated. To determine if the complete
55.6 kb episome had been successfully electroporated into P. tri-
cornutum, we passaged four colonies from each of the transformations
with circular and linear pSC5. DNA was isolated from the algal colonies
and electroporated into E. coli. Here, if the E. coli transformants contain
an intact version of pSC5, the episome will facilitate conjugation and
self-mobilization into a recipient strain harboring pSAP" (Addgene ID:
206429), a 10 kb plasmid that contains a chloramphenicol resistance
marker (Fig. 3d). Successful transconjugants will harbor pSC5 and
pSAP, therefore carrying resistance to both gentamycin and
chloramphenicol.

We performed conjugation using a pool of E. coli colonies for each
transformation (Fig. 3e; C1-C4 are derived from circular pSC5 algal
transformants, L1 to L4 are derived from linear pSC5 algal transfor-
mants). Conjugation was successful for three out of four (circular
pSC5) and four out of four (linear pSCS5) of the E. coli pools tested,
demonstrating that intact pSC5 had been successfully electroporated
and maintained in the majority of screened P. tricornutum transfor-
mants (Fig. 3e).

Electroporation and recombination of multiple DNA fragments
Assembly via a non-homologous repair pathway. The surprising
discovery of salmon DNA inserted into the termini region of PCR-
amplified pPtGE31_APtR led us to hypothesize that P. tricornutum
could assemble multiple DNA fragments into a single episome through
NHR. To test this, we created an episome, pPtGE31_ShBle (Addgene ID:

Nature Communications | (2026)17:1848



Article

https://doi.org/10.1038/s41467-026-68562-6

Ntc?

pPtGE31_ShBle
F2  F1+F2

F1

pPtGE31_ShBle
12 270 bp

N-C6
E2 E3 E1

N-C9
E2 E3 E1

N-C10
E2 E3

L E1

*% XX

*% *% X%
Fig. 4 | Electroporation and assembly of two non-overlapping fragments in P.
tricornutum. a The episome pPtGE31_ShBle was amplified as two fragments (F1:
fragment 1, F2: fragment 2). The fragments were adjusted to be equimolar before
combining them into an assembly mixture (F1+F2). b A plasmid map of
pPtGE31_ShBle and a depiction of the different possible orientations post-assembly.
The episome contains algal selection markers for Ntc® and Zeo®, a bacterial Cm®
selection marker, as well as a yeast CEN and ARS sequences. F1 and F2 do not share
any overlapping sequences and thus can assemble in two different orientations.
Primer sets were designed to span the two junctions, A and B, where recombination
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is expected to occur. The amplicons will vary in size depending on the orientation
of the fragments. ¢ Screening three E. coli transformants per algal colony using
primers spanning junctions A (top panel, expected size of 238 or 359 bp) and B
(bottom panel, expected size of 553 or 432 bp). DNA was isolated from algal
transformants that were electroporated with F1+F2 and selected initially with
nourseothricin or d zeocin. Dilute pPtGE31_ ShBle and water were used for the
positive and negative controls, respectively. Double asterisks (**) indicate the E. coli
colonies that were sent for whole plasmid sequencing.

236261), that contains the NAT and ShBle markers conferring resis-
tance to nourseothricin and zeocin, respectively. The episome
pPtGE31_ShBle was then amplified as two non-overlapping fragments,
each containing one of the algal selective markers. The fragments were
adjusted to be equimolar prior to electroporation into P. tricornu-
tum (Fig. 4a).

Cells transformed with both fragments simultaneously were
plated on nourseothricin- or zeocin-containing plates initially
(Supplementary Fig. 6). Out of the 116 colonies passaged post-
electroporation, 94 demonstrated double resistance to both nour-
seothricin and zeocin (Supplementary Table 4). Twenty transfor-
mants, ten derived from each initial transformation plate, were
passaged onto double-selection media, then DNA isolation and PCR
screens were performed. These colonies are denoted with an N- or Z-
to depict which initial selection plate they were derived from (N:
nourseothricin, Z: zeocin).

Two orientations are expected when the fragments amplified
from pPtGE31 ShBle are re-assembled (Fig. 4b). We designed a PCR
screen that would not only assess if both fragments had been recom-
bined, but could also determine the orientation of the fragments.
When screening algal transformants, we only used the primer set
spanning junction B as junction A contains primers that bind to the
FcpD promoter and FcpA terminator, which are present in both the
episome and algal genome. Of the twenty colonies screened, nine had
amplification across junction B, with only five colonies demonstrating
the expected amplicon sizes (Supplementary Fig. 7). The other four
colonies either demonstrated multiple amplicons, some of which were
the expected sizes, and/or amplicons that were larger than expected.

Based on this initial screen, DNA from colonies N-C6, N-C9, N-C10, Z-
C2, Z-C4, and Z-C5 was transformed into E. coli for further screening.

Three E. coli transformants were assessed per algal colony using
the primer sets spanning junctions A and B (Fig. 4c, d). Interestingly,
the E. coli transformants derived from algal colonies N-C6, N-C10, and
Z-C2 demonstrated different banding patterns, suggesting that these
algal colonies likely had a pool of assembled episomes. All E. coli
transformants from algal colony N-C9 depicted the expected banding
pattern for orientation 2, whereas all E. coli transformants from algal
colony Z-CS5 depicted the expected banding pattern for orientation 1.
DNA from E. coli colonies N-C6-E1/E2, N-C9-E1, N-C10-E1/E2, Z-C2-E1/
E2/E2, Z-C4-E1, and Z-C5-E1 were sent for whole-plasmid sequencing to
validate if assembly had occurred.

The sequencing results demonstrated that recombination of
fragments 1 and 2 had occurred in all assessed P. tricornutum trans-
formants (Supplementary Fig. 8). In the majority of assembled epi-
somes, multiple partial copies of fragments 1 and 2 had recombined.
The most excessive recombination appeared E. coli colony Z-C2-E2,
which harbored a 41.5kb episome containing eight partial or whole
copies of both fragments 1 and 2. Only E. coli colonies N-C9-E1, N-C10-
El1, Z-C2-E3, and Z-C5-E1 contained the expected assembled episomes.
Sequencing of E. coli transformants derived from the same algal colony
revealed that algal colonies N-C6, N-C10, and Z-C2 possessed a pool of
assembled episomes, as we had hypothesized.

Assembly via a homology-directed repair pathway. Though it is
possible to assemble episomes via the NHR pathway, screening and
sequencing demonstrated that the majority of P. tricornutum
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Fig. 5 | Electroporation and assembly of overlapping fragments in P. tricornu-
tum. a The episome pPtGE31_ShBle was amplified as two, three, or four overlapping
fragments (F1: fragment 1, F2: fragment 2, F3: fragment 3, F4: fragment 4). The
fragments were adjusted to be equimolar before combining them into their
respective assembly mixtures. Primers were designed to screen the other over-
lapping junction(s), as demonstrated in the bottom boxes. The episome contains a
bacterial Cm® marker, the algal Ntc*/Zeo® markers, and a yeast CEN/ARS.
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Fragments 2 + 3 + 4

Electroporation of b two, c three, or d four overlapping fragments. For each con-
dition, partial fragment combinations that cannot reconstitute the Ntc® marker
were also electroporated to assess template episome carry-over. Linear
pPtGE31_APtR (500 ng) was included as a positive control. Following electropora-
tion, half of each reaction was plated on V4-salt L1 medium supplemented with
100 pg/ml nourseothricin. Colony-forming units (CFUs) are indicated in the bottom
right of each plate.

transformants contained undesirable assemblies of the non-
overlapping fragments. To be able to reliably assemble episomes
in the algal nucleus, an alternative strategy is needed. We sought
to test whether overlapping fragments could be simultaneously
transformed and assembled through the HDR repair pathway. It
was hypothesized that the overlapping sequences between
fragments would enable site-specific recombination at the
termini, thereby creating episomes of an expected size and
directionality.

To test this hypothesis, we split the episome pPtGE31_ShBle into
two, three, or four fragments that overlapped with each other by
~160 bp (Fig. 5a). This length was chosen somewhat arbitrarily as a
starting point, as we were uncertain about the minimum or maximum
overlap size needed for successful HDR. Fragments were generated by
PCR amplification using PtGE31 APtR (Addgene ID: 236260) or
pPtGE31_ShBle (Addgene ID: 236261) as template DNA (primers listed
in Supplementary Data 2). In all assembly designs, one of the overlaps
was positioned within the open reading frame (ORF) for
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nourseothricin N-acetyl transferase (NAT), which confers nourseo-
thricin resistance. Thus, when the assembly fragments are electro-
porated, nourseothricin-resistant transformants should only appear if
homologous recombination has occurred within the NAT ORF or if
there is carry-over of the PCR template DNA. Primers were designed to
screen the other overlapping termini for successful recombination
(Fig. 5a, bottom boxes).

We first tested the two-piece HDR assembly by electroporating
fragments 1 and 2 individually or simultaneously (Supplementary
Fig. 5b). When electroporated individually, fragments 1 and 2 gave rise
to 8 and 2 CFUs, respectively, indicating that carry-over of the PCR
template DNA had occurred. However, when the fragments were
electroporated simultaneously, there were more than 1800 CFUs - far
more than what would be anticipated by carry-over alone. Ten algal
colonies were selected for screening of the other fragment junction
(Supplementary Fig. 9a), all of which demonstrated the expected
300 bp band, suggesting that successful homologous recombination
had occurred. Episomes from algal colonies C1, C2, and C3 were
recovered in E. coli. Three E. coli colonies were screened per initial algal
colony, all of which demonstrated the correctly sized band (Supple-
mentary Fig. 9b). To confirm if the fragments had been correctly
recombined, episomes from E. coli colonies C1-E1, C2-E1, and C3-E1
were sent for whole plasmid sequencing. This demonstrated that
colonies C1-E1 and C3-E1 contained the correctly assembled episome
(Supplementary Fig. 10), but the episome recovered from C2-E1 had
two partial copies of fragment 1.

The same methodological approach was used to electroporate
three overlapping fragments simultaneously (Fig. 5¢). Electroporation
of fragments 1and 2 or 2 and 3 gave rise to 38 and 47 CFUs respectively,
whereas electroporation of all three fragments gave rise to ~6500
CFUs. Ten algal colonies were screened for the junctions between F1/
F2 or F2/F3. All colonies contained the expected bands except for C1
and C2, which lacked an amplicon for the F1/F2 junction and demon-
strated a weak amplicon for the F2/F3 junction (Supplementary
Fig. 9¢). We anticipated that assembly may have failed in these colo-
nies, but to further investigate this, we attempted to recover the algal
episomes from C1 and C2 in E. coli, along with the positively screened
episomes from C3 and C4. We were able to recover E. coli transfor-
mants for all the tested episomes and decided to screen two CFUs per
initial algal colony, all of which demonstrated correctly sized ampli-
cons for both junctions (Supplementary Fig. 9d). Episomes isolated
from E. coli colonies C1-E1, C2-E1, C3-El, and C4-E1 were sent for whole
plasmid sequencing, with only CI-E1 deviating from the expected
assembly (Supplementary Fig. 10).

To further test the limits of the HDR assembly pathway, we
attempted electroporation of four overlapping fragments simulta-
neously. Electroporation of only three of the four fragments (i.e.,
F1+F2+F3 or F2+F3+F4) gave rise to 85 and 56 transformants,
demonstrating the carry-over of template DNA once again (Fig. 5d).
However, when all four fragments were combined and transformed
simultaneously, there was a > 20-fold increase in the number of CFUs.
Ten algal colonies were screened across the remaining three junctions,
and all but C1 and C7 demonstrated the expected amplicons (Sup-
plementary Fig. 9e). Colonies C1 and C7 specifically lacked the 273 bp
amplicon for the junction between F1/F2. Algal episomes from C1, C2,
C3, and C7 were transformed into E. coli; however, C7 did not give rise
to any bacterial transformants, suggesting that incomplete assembly
had occurred. Two E. coli colonies were screened for the episomes
derived from Cl1, C2, and C3, all of which demonstrated the expected
amplicons for the three junctions (Supplementary Fig. 9f). Whole
plasmid sequencing of C1-E1, C2-El, and C3-El revealed that correct
assembly had occurred in algal colonies C1 and C3 (Supplementary
Fig. 10), but C2 contained multiple partial copies of fragments 1 and 4.

In total, 26 of the 30 algal colonies screened across the various
assemblies demonstrated that recombination had successfully

occurred across the tested junctions (Supplementary Fig. 10). From
the episomes recovered in E. coli, 7 out of 10 had the correctly
assembled episomes when fully sequenced. This demonstrates that it
is both feasible and reliable to assemble episomes through the HDR
pathway in P. tricornutum.

Exploring the limits and applications of HDR assembly

The discovery of DIVA prompted us to further investigate the practical
boundaries and potential applications of this assembly method. We
first sought to determine the size of overlaps required to direct HDR.
Our earlier assemblies relied on ~160 bp overlaps, but in Sacchar-
omyces cerevisiae, as little as 20 bp is sufficient for recombination®. To
test whether this was also true in P. tricornutum, we PCR-amplified NAT
using primers that generated 0, 20, or 40 bp of overlap with the FcpD
and FcpA promoter/terminator pair (Supplementary Fig. 11a). We then
PCR-amplified pPtGE30 (Addgene ID: 236256) in two fragments,
positioning the termini such that the NAT constructs would assemble
into the Sh Ble locus, which uses the same promoter/terminator
elements.

The NAT constructs were electroporated both individually and
with the episomal fragments (Supplementary Fig. 11b). Electroporation
of NAT-0, NAT-20, and NAT-40 alone confirmed that the marker with
up to 40bp of promoter/terminator sequences does not confer
nourseothricin resistance. The NAT-O assembly produced no trans-
formants, whereas both the NAT-20 and NAT-40 assemblies yielded
~100 transformants. These results indicate that overlaps as short as
20 bp are sufficient for HDR-mediated assembly.

We next examined whether de novo synthesized constructs could
be inserted directly into episomes in P. tricornutum. We commercially
synthesized two constructs: (i) CytB-eGFP (833 bp), which carries the
CytB mitochondrial targeting peptide identified by TargetP (2.0)*, and
(ii) eGFP-T2A-NAT .43 (1025 bp), in which eGFP is linked to residues 2 to
63 of the NAT protein via the T2A ribosomal skip sequence?. The CytB-
eGFP construct was designed to insert into the Sh Ble locus of
pPtGE31 _ShBle (Supplementary Fig. Slic), whereas the eGFP-T2A-
NAT,.¢3 construct was designed to insert into a PCR-amplified version
of pPtGE3L_APtR containing an incomplete NAT cassette (residues
47-188; Supplementary Fig. 11d). In both designs, the synthesized
constructs included 50bp of overlaps at each terminus to their
respective insertion sites.

For the eGFP-T2A-NAT design, nourseothricin-resistant colonies
should only arise if correct assembly restores the complete NAT gene
or if there is unintended carry-over of the template episome. This
reduces the likelihood of false positive transformants. Both de novo
assembly designs yielded at least one hundred colonies (Supplemen-
tary Fig. 1le, f).

Ten nourseothricin-resistant colonies from each assembly were
passaged and screened for GFP expression by confocal fluorescence
microscopy. Of the CytB-eGFP transformants, 4/10 showed moderate
mitochondrial eGFP localization, while all 10/10 of the eGFP-T2A-NAT
transformants exhibited strong cytosolic eGFP expression (repre-
sentative images in Supplementary Fig. 12). Three colonies per design
were subsequently recovered in E. coli and sequenced (C3, C5, C7 for
CytB-eGFP; Cl, C2, C3 for eGFP-T2A-NAT). All recovered episomes
contained the corresponding de novo construct; however, only one
CytB-eGFP episome (C5-E1) and one eGFP-T2A-NAT episome (CI-E1)
displayed the expected assembly configuration. The remaining epi-
somes showed unexpected recombination events, including combi-
nations of multiple episomal fragments and, in some cases, insertion of
multiple copies of the de novo construct or unaligned DNA.

Delivery of RNPs via the optimized electroporation protocol

RNP complexes can be delivered to P. tricornutum through biolistic
bombardment®, providing a means for DNA-free genome engineering.
We anticipated that it would also be possible to electroporate RNPs
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into this species, but this had yet to be reported in any diatoms. As a
proof-of-concept, we replicated the methodology Serif et al. had used
to deliver RNPs* using our optimized electroporation protocol in lieu
of biolistics.

Serif et al. had previously shown that knock-out of the P. tri-
cornutum Adenine Phosphoribosyl Transferase (PtAPT) gene confers
resistance to the cytotoxin 2-fluoroadenine (2-FA) at a dose of 10 uM?,
PtAPT functions in the adenine salvage pathway, catalysing the transfer
of phosphoribosyl pyrophosphate (PRPP) to adenine to form adeno-
sine monophosphate (AMP); in the presence of 2-FA, PtAPT instead
converts 2-FA into 2-fluoro-AMP, which is subsequently phosphory-
lated to form toxic fluorinated nucleotides®.

Chemicals can vary based on the manufacturer and/or batch; thus,
when setting forth on this series of experiments, we first tested the
resistance of wild-type P. tricornutum (CCAP 1055/1) cultured on V2-salt
L1 plates supplemented with adenine (5 ug/ml) and our batch of 2-FA
(0, 25, 5, 10, 15, 20 uM). To our surprise, there was an absence of
growth on the 0 uM 2-FA plate, suggesting that adenine alone posed a
toxicity to wild-type P. tricornutum cells. We tested this theory by
plating wild-type cells onto V2-salt L1 plates supplemented with varying
levels of adenine (0, 1, 2.5, 5 ug/ml; Figure S13). The growth of wild-type
algae was negligible after one-week on the 5 ug/ml adenine plate, but
relatively unimpacted on the 0.5 and 1ug/ml plates. This interesting
revelation led us to hypothesize that adenine supplementation could

negatively impact APtAPT transformants as well, so when conducting
our RNP electroporation experiments, we plated transformants on
2-FA plates with and without adenine supplementation.

The PtAPT locus was targeted using two guide RNAs (gRNAs), each
of which allowed for biallelic knock-out; we opted to use the first gRNA
(gAPT1) for our proof-of-concept experiments as it had generated 11 of
the 16 2-FA-resistant transformants in the singleplex experiments by
Serif et al.?®. HiFi Cas9 and a single guide RNA for APT1 (sgAPT1) were
complexed according to the manufacturer’s guidelines (Fig. 6a). Then,
the RNP complex was combined with ssssDNA and electroporated into
spheroplasted P. tricornutum cells. We opted to include carrier DNA
when performing the RNP experiments as ssssDNA is thought to bind
to and neutralize the positive charge of the cell membrane during
electroporation, making it easier for other charged biomolecules to
pass through®.

Transformants were recovered for one day before plating one-
fifth of the reaction across V2 salt L1 plates supplemented with 10 uM or
5uM 2-FA, with or without 5ug/ml adenine (Supplementary Fig. 14).
This pilot experiment generated thousands of 2-FA-resistant trans-
formants across the plates that had been supplemented with adenine,
but only a handful across the plates without supplemental adenine.
This was an unexpected discovery given our previous observations.
Ten 2-FA-resistant colonies were passaged for further screening at the
PtAPT loci to determine if Cas9-mediated engineering had occurred.
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We used the primer sequences reported by Serif et al.?® (Supple-
mentary Data 2) to screen the PtAPT alleles using PCR. When using
primers that bind to both alleles, amplicons of varying sizes were
visible across the 2-FA resistant transformants, most of which differed
from that of the wild-type strain (Fig. 6b). Likewise, amplicons of
varying sizes were visible when using primers specific to allele 1
(Figs. 6¢) and 2 (Fig. 6d). This suggested that Cas9-mediated engi-
neering had occurred, but to corroborate our findings, amplicons
generated with allele-specific primers were sent for Sanger
sequencing.

Alignment of the sequenced amplicons to the wild-type
sequence for alleles 1 and 2 confirmed the presence of indels in all
12 alleles that could be analysed (Fig. 6e). We were able to generate
sequencing data of both alleles for three of the transformants (C1,
Cé6, and C7), with one clone (C1) demonstrating a homozygous 12 bp
deletion across both alleles. Interestingly, there were large (>50 bp)
insertions in four of the sequenced alleles. Querying the insertion
sequences in NCBI BLAST revealed that carrier DNA had integrated
into these loci during the double-strand break repair process. The
alignments for C6 and C10 contained two and four non-contiguous
regions from the salmon and/or trout genomes, demonstrating that
multiple shorn pieces of carrier DNA had been integrated as
opposed to a single large fragment.

Cotransformation of an RNP complex and episome

With the discovery that RNP complexes can be electroporated into P.
tricornutum, we next sought to see if both an RNP and episome could
be co-transformed simultaneously, and if so, what the rate of co-
transformation is. The aim of this experiment was to develop a pro-
tocol that could significantly improve screening for gene deletions that
do not produce an obvious phenotype. To test this, the PCR-amplified
episome pPtGE31 APtR was combined with the Cas9:sgAPT1 complex
and electroporated into spheroplasted P. tricornutum cells. Transfor-
mants were first plated on nourseothricin or 2-FA selective plates, and
then later repatched onto the alternative selection type to determine if
co-transformation had occurred.

Our earlier RNP transformation experiment (Supplementary
Fig. 14) had demonstrated that adenine supplementation is important
when selecting for PtAPT knock-out colonies post electroporation;
however, adenine is also seemingly toxic to untransformed P. tri-
cornutum cells (Supplementary Fig. 13). Thus, when co-transforming
pPtGE31_APtR and Cas9:sgAPT], the electroporated cells were plated
on two different selection plates: (1) Y2-salt L1 plates supplemented
with 5 pg/ml adenine and 10 uM 2-FA, and (2) V2-salt L1 plates supple-
mented with 1 ug/ml adenine and 100 ug/ml nourseothricin. The lower
adenine concentration was chosen to allow for the growth of co-
transformed colonies whilst not unintentionally selecting against
colonies that had only uptaken the episome.

After two weeks of growth on nourseothricin or 2-FA selection, 50
co-transformed colonies were repatched onto plates with the same
selection type and grown for 1 week. Then, the colonies were repat-
ched onto the alternative selection type to determine if any had
double-resistance. Of the 100 screened colonies, 13 demonstrated
double-resistance to nourseothricin and 2-FA (Supplementary
Table 5), indicating co-transformation had successfully occurred at a
rate of ~10%.

Revisiting the PEG transformation method

A polyethylene glycol (PEG) transformation method for P. tricornutum
with an efficiency of < 1 transformant per 10% cells was previously
described by Karas et al.’. For this method, algal cells were proto-
plasted using a combination of zymolyase, lysozyme, and hemi-
cellulose ahead of PEG treatment. We revisited this method using
alcalase as the sole enzyme for cell wall removal, with the intention of
providing a simple and equipment-independent alternative to

electroporation that is particularly useful for labs or species where this
method remains a practical barrier.

We followed the method described by Karas et al.®, substituting
the aforementioned enzyme cocktail with 10, 100, or 1000 pl of alca-
lase (i.e., 30 mAnson, 300 mAnson, and 3 Anson, respectively) for
protoplasting -3 x10® cells. The 3 Anson treatment was potent enough
to protoplast the majority (i.e., >80%) of the cells. As well, the proto-
plasts were transformed with 500ng of linear pPtGE31_APtR as
opposed to 25 ug of a circular episome, the amount originally used by
Karas et al., to be able to compare the efficiency of transformation
against our electroporation experiments. Treatment with 3 Anson of
alcalase generated approximately 160 transformants per 3 x108 cells,
an efficiency of -4 transformants per 107 cells. The other two treat-
ments yielded O transformants (30 mAnson of alcalase) and approxi-
mately 6 transformants (300 mAnson alcalase), so all future PEG
transformations were conducted with 3 Anson of alcalase per 3-5 x10®
cells. This suggests that complete cell wall removal is paramount to
efficient PEG transformation.

We then sought to test other parameters of the PEG method to
further optimize the transformation efficiency. First, we began to
include 40 pg of carrier DNA per PEG reaction as this had led to a-15-
fold increase in transformation efficiency during electroporation.
Then, we tested various concentrations of PEG-8000 and found that a
range from 20 to 30% (w/v) can be used (Fig. S15a). Going forward with
20% PEG, we then tested if the duration of protoplasting, inclusion of
carrier DNA, and length and/or temperature of incubation would alter
transformation efficiency (Fig. S15b). As anticipated, the inclusion of
carrier DNA increased transformation efficiency >10-fold (Supple-
mentary Fig. 15¢). Longer protoplasting and incubation times also
appeared to increase transformation efficiency to -6 transformants per
10° cells (Supplementary Fig. 15c).

The optimized PEG transformation protocol was then used to
transform 1pg of pSC5 into protoplasted P. tricornutum cells, gen-
erating -60 transformants (Supplementary Fig. 15d). DNA were iso-
lated from four algal transformants and recovered in EPI300 E. coli.
Bacterial transformants were then assessed for conjugation in the
same manner as before. All recovered episomes demonstrated the
ability to conjugate (Supplementary Fig. 15e), verifying that pSC5 had
been intactly transformed into P. tricornutum through the PEG
method.

PEG transformation to T. pseudonana

Electroporation parameters can vary drastically between species and
are often finnicky to troubleshoot or optimize. To expand the appli-
cations of our alcalase-based transformation methods, we sought to
adapt the optimized PEG transformation protocol for T. pseudonana, a
model diatom species that possesses a more typical silicified frustule.
Given the differences in cell wall composition between these species,
T. pseudonana cells were subjected to varying protoplasting condi-
tions (Supplementary Fig. 16a) before PEG treatment. The circular
episome pBIG1 (8.2 kb) conferring nourseothricin resistance and car-
rying eGFP was used in these experiments. All protoplasting conditions
led to the emergence of colonies on the nourseothricin selection
plates, with the harsher protoplasting conditions (i.e., > 1.5 Anson
alcalase) yielding more growth.

Transformants from the 500 ul alcalase treatment plate (i.e., 1.5
Anson, 40 min) were pooled and subjected to fluorescence micro-
scopy to assess if eGFP was being expressed, as this would indicate
successful episome transfer. Both autofluorescence and eGFP signals
were visible in the transformed cells (Supplementary Fig. 17), demon-
strating that episome transfer had occurred.

To further characterize if protoplasting was truly occurring, T.
pseudonana cells were incubated with 10 or 1000 pl of alcalase (i.e., 30
mAnson and 3 Anson, respectively) for 40 min (Supplementary Fig. 16b
and c, respectively) and then imaged via microscopy. Based on these
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microscopy images, cells from the 10 ul treatment (i.e., 30 mAnson)
showed a protoplasting rate of ~4% (1/28 cells), whereas cells from the
1000 pl treatment (i.e., 3 Anson) demonstrated a protoplasting rate of
~50% (13/20 cells). This finding underscores that alcalase can be used to
degrade the cell wall of diatoms harboring silica frustules.

Discussion

In this paper, we demonstrate that partial or complete removal of the
cell wall greatly increases the efficiency of electroporation and PEG
transformation in P. tricornutum. These optimized protocols enabled
us to push the limits and possibilities of transformation in diatoms.
Episomes as large as 55.6 kb could be intactly delivered through either
approach, and it was possible to electroporate RNP complexes directly
to the algal nucleus for DNA-free genome engineering. Perhaps most
interestingly, we also discovered that episomes can be directly
assembled in the diatom cell with high efficiency - a feat that has been
predominantly limited to E. coli and Saccharomyces cerevisiae, the
workhorses of synthetic biology. These methods are not only more
efficient than what has been reported in the past’”, but present as
faster and simpler alternatives to bacterial conjugation for the reliable
transformation of episomes.

The cell wall is the first physical barrier to entry when attempting
to transform diatoms. It follows that permeabilizing this wall should
increase the ability for biomolecules, like DNA and RNPs, to success-
fully enter the cell. Although spheroplasting and protoplasting tech-
niques are commonly used for transforming other algal and plant
species®?, these approaches had yet to be fully investigated in dia-
toms until this study. We found that spheroplasting P. tricornutum cells
with alcalase prior to conducting electroporation increased the effi-
ciency by ~76- to 280-fold (Supplementary Table 1), with cells derived
from plated cultures demonstrating the highest transformation rates.
Protoplasting the cells also enabled efficient transformation through
the PEG method ( - 6 transformants per 10° cells).

Though P. tricornutum is unique in both its poorly silicified cell
wall*? and willingness to grow on solid media, we were able to adapt the
alcalase-based protoplasting technique for 7. pseudonana, a diatom
species with a silicified cell wall that is typically cultured in liquid
media. These results suggest that the spheroplasting and protoplast-
ing techniques can be applied to other diatoms, though it will likely be
necessary to optimize the intensity and duration of the enzyme
treatment on a species-by-species basis along with other parameters in
the respective protocols. This expectation aligns with the trajectory of
bacterial conjugation in diatoms, which was originally established
using plated P. tricornutum cells: although initially assumed to have
limited applicability, conjugation has since been successfully adapted
to multiple species, including Cyclotella meneghiniana, Nitzschia cap-
tiva, and Fistulifera solaris® . This precedent underscores the realistic
potential for broader adaptability of the methods presented here.

The surprising discovery of carrier DNA integrated into the ter-
mini of a once linear episome led us to explore the potential for
assembly directly in P. tricornutum. It was possible to simultaneously
electroporate multiple episomal fragments that could recombine
through NHR or HDR to form a single episome. The HDR pathway is
much more robust for assembly purposes, with ~87% (26/30 colonies)
screening positively for the recombined fragment junctions and 70%
of recovered episomes having the expected sequence during the epi-
somal assembly experiments (Supplementary Fig. 10). This capacity
for in vivo recombination led us to coin the term diatom in vivo
assembly (DIVA) to describe episome assembly occurring directly
within the algal cell.

To further define the practical limits of DIVA, we assessed the
minimal homology required for HDR-mediated assembly (Supple-
mentary Fig. 11a, b). Using NAT constructs with O, 20, or 40 bp of
overlap to an episome, we found that 20 bp is sufficient to direct
recombination - consistent with observations in S. cerevisiae and

indicating that any fragment of interest can be prepared for HDR
assembly by adding >20 bp of overlaps via PCR.

We next asked whether DIVA could support the direct insertion of
de novo synthesized constructs. Two proof-of-concept assemblies - a
CytB-eGFP fusion carrying a predicted mitochondrial targeting pep-
tide, and an eGFP-T2A-NAT construct designed to minimize false
positives — each yielded =100 transformants. Imaging revealed mito-
chondrial eGFP localization in 4/10 CytB-eGFP transformants and
robust cytosolic expression in all 10/10 eGFP-T2A-NAT transformants
screened. Sequencing of recovered episomes confirmed integration of
the intended constructs, though several recombinants carried unex-
pected rearrangements, highlighting the need to further define the
fidelity and constraints of DIVA.

Together, these results demonstrate that episomes can be
assembled de novo in P. tricornutum via DIVA and establish a foun-
dation for further exploration of this process. At present, however, the
limits and most appropriate applications of DIVA remain unclear. Key
parameters like the upper limit on fragment number, the size range of
fragments, and the optimal overlap length, will require systematic
investigation before DIVA can be deployed as a reliable or general-
izable assembly strategy. We anticipate that the clearest advantages of
DIVA may emerge in contexts where rapid or pooled assembly directly
in P. tricornutum is useful - such as screening promoter libraries or
constructing variant pools for phenotype-based enrichment.

The balance between homology-driven and non-homologous
repair pathways is also likely to influence the accuracy of DIVA. Ang-
stenberger et al. have demonstrated that knockdown of liglV, an
essential component of the non-homologous end joining (NHEJ)
pathway, significantly increases the efficiency of homologous recom-
bination when integrating a homology-bearing transgenic cassette into
the P. tricornutum genome?. They also identified other potential tar-
gets of the NHEJ pathway (i.e., Ku70/80, XRCC4, and BRCT), none of
which have yet to be reported in the literature for P. tricornutum.
Knockdown of these genes may improve the fidelity of HDR-based
DIVA, although the DNA repair mechanisms governing episomal
assembly may differ from those involved in chromosomal integration.

Past methods for Cas9-based engineering in P. tricornutum
included the delivery of RNPs through biolistics®® or the bacterial
conjugation of episomes expressing the Cas9 complex’. Our paper
adds electroporation and PEG transformation as additional tools for
Cas9 genome engineering, with it being possible to deliver episomes
through either method or directly electroporate RNPs into P. tri-
cornutum. We generated thousands of 2-FA resistant transformants by
electroporating an RNP complex targeting PtAPT, >200-fold more
efficient than what was previously reported with biolistics*. It was also
possible to cotransform an episome and the PtAPT RNP complex at a
rate of ~10%. This offers an alternative method for engineering regions
of the genome that are not counter-selectable, as a proportion of
transformants that have uptaken the episome, which can be selected
for, will have also uptaken the RNP and incurred genome editing. The
capacity to perform multigene engineering by electroporating multi-
ple RNP complexes was not explored in this study, but we believe this
will be possible as this has been previously accomplished via
biolistics™.

Through this series of proof-of-concept experiments, we also
uncovered an unexpected paradox: while adenine supplementation
(5 pg/mil) is visibly toxic to wild-type P. tricornutum, it substantially
improves the recovery of APtAPT transformants under 2-FA selection.
Because PtAPT functions in the adenine salvage pathway, it is not
immediately clear why supplemental adenine would have any bene-
ficial effect on APtAPT strains; if anything, one might expect the
opposite. This result suggests that additional adenine salvage, recy-
cling, or purine-metabolic pathways may be active in P. tricornutum,
and that supplemental adenine may mitigate 2-FA toxicity through
these alternative routes. Elucidating the underlying metabolic
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Fig. 7 | The canonical [1] and alternative [2] pathways for delivering and
assembling episomes in P. tricornutum. Prior to this work, overlapping synthetic
fragments would be assembled in S. cerevisiae. Assembled episomes would be
transferred to E. coli and then conjugated to P. tricornutum. In this pathway, the

episome is shuffled between three host organisms during the design-build-test
cycle. The alternative pathway provides the opportunity to directly assemble epi-
somes in the agal cell by electroporation of the synthetic fragments.

regulation will require further investigation, but is beyond the scope of
the present study.

Complete sequencing data could not be captured for all the
analyzed PtAPT mutants. This is likely due to the presence of large
deletions that extend beyond the range of the primer binding loca-
tions. For reference, deletions as large as ~2.7 kb have been observed in
Cas9-edited P. tricornutum loci before’” and the primer sets for
screening the PtAPT alleles were only positioned up to -450 bp away
from the cut site. The alleles that could be sequenced demonstrated
that Cas9 engineering had occurred in all assessed clones and revealed
the unexpected insertion of carrier DNA in some clones. Based on this
finding, we anticipate that it will be possible to intentionally introduce
heterologous sequences into the P. tricornutum genome by simulta-
neous electroporation of an RNP along with a selectable DNA fragment
bearing homology arms to the targeted locus. Episome-based Cas9
genome engineering has been used to integrate heterologous
sequences into the P. tricornutum genome before®®, so we anticipate
that RNP-based integration of similarly sized heterologous inserts
should be possible.

The methods presented in this study pave the way for accelerated
engineering in P. tricornutum. When we first proposed the Pt-syn 1.0
project, we envisioned using bacterial conjugation to introduce syn-
thetic chromosomes into the algal cell'*. Now, we can envision the
in vivo assembly of synthetic chromosomes directly in the algal
nucleus or the piece-by-piece replacement of endogenous chromo-
somes with synthetic parts (Fig. 7). Challenges and questions remain
about the limits of these approaches that future work will have to
address before these feats can be accomplished, but in any case, this
work has led us one step closer towards actualizing Pt-syn 1.0 - a
diatom controlled by a wholly-synthetic genome.

To conclude, we establish improved electroporation and PEG-
based approaches that increase the efficiency and reliability of DNA
delivery into P. tricornutum. These methods allow transformation with
very small amounts of DNA, support the uptake of large episomes, and
enable both non-homologous and homology-directed assembly of
episome fragments directly in the algal nucleus. We also show that
Cas9 RNPs can be delivered by electroporation for DNA-free genome
editing, and that episomes and RNPs can be co-transformed to facil-
itate screening of edits that lack obvious phenotypes. Finally, the
adaptation of the PEG method to T. pseudonana demonstrates the
broader applicability of this approach to other diatom species. Toge-
ther, these results provide an optimized set of tools for diatom genetic

engineering and will support future efforts that require rapid testing
and construction of synthetic DNA in algal systems.

Methods

Microbial strains and growth conditions

P. tricornutum (Culture Collection of Algae and Protozoa, CCAP 1055/1)
was cultured in liquid L1 media or on V2-salt L1 1% agar plates (w/v) ina
growth chamber set to 18 °C and a light/dark cycle of 16/8 h. Cultures
were irradiated with white LED lights (Mars Hydro, model: TSL 2000)
set to photon flux densities of ~75 pEm -2 s -1 (liquid cultures) or ~55
REm-2s-1 (agar plate cultures). Agar plates were placed in clear
polystyrene trays to reduce desiccation. L1 media was prepared as
previously described and lacks silica®.

In brief, liquid L1 medium was prepared by combining 1L aquil
salts (synthetic seawater), 2 ml NP stock, 1 ml L1 trace metals stock, and
0.5 ml f/2 vitamin solution. Once combined, 2 M NaOH was added until
apH of -8.0 was achieved and the solution was sterilized through a 0.2-
um filter. For solid medium, sterile liquid L1 medium was mixed 1:1 with
autoclaved 2% (w/v) Bacto-agar (all equilibrated to ~60 °C) and poured
into petri dishes.

Aquil salts were prepared by mixing equal volumes of separate 2X
anhydrous and hydrous salt solutions. The 2X anhydrous salt solution
was prepared by dissolving the following in 500 ml ddH,O: NaCl
(24.5g), Na,SO, (4.09g), KCI (0.7g), NaHCO; (0.2g), KBr (0.1g),
H3BO; (0.03 g or 3 ml of a10 mg ml! stock), and NaF (0.003 g or 300 l
of a 10 mg mlI” stock). The 2X hydrous salt solution was prepared by
dissolving MgCl,-6H,0 (11.1g) and CaCl,2H,0 (1.54g) in
500 ml ddH,0.

The NP stock solution was prepared at 100X by dissolving NaNO3
(37.5 g per 100 ml) and NaH,P0O,4-H,0 (2.5 g per 100 ml) in ddH,0. The
trace metal stock was prepared at 1000X by dissolving the following in
1L of ddH,0: FeCl3-6H,0 (3.15 g) and Na,EDTA-2H,0 (4.36 g), followed
by addition of the following components from concentrated stocks:
CuS04-5H,0 (9.8gL?), 0.25ml; Na,MoO42H,0 (6.3gL?), 3.0ml;
7nSO047H,0 (22.0gl?), 1.0ml; CoCl;6H,0 (10.0gL?), 1.0Oml;
MnCly4H,0 (180.0 gL, 1.0 ml; H,SeO5 (1.3 gLY), 1.0 ml; NiSO4-6H,0
(2.7gLY, 1.0ml; NasVO, (1.84gL"), 1.0ml; and K,CrO, (1.94gL?),
1.0 ml. Lastly, the vitamin stock was prepared at 2000X by adding
thiamine-HCI (200 mgL?), biotin (10 mIL* of a 0.1gL" stock), and
cyanocobalamin (I1mlL" of a 1gL" stock).

T. pseudonana (Bigelow National Center for Marine Algae and
Microbiota, catalog number: CCMP1335) was cultured in liquid F/2
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media in a growth chamber set to 20 °C and 24 hour white light at a
photon flux density of 50 pEm™2s™.

S. cerevisiae strain VL6-48 (American Type Culture Collection
[ATCC], catalog number: MYA-3666) was grown in 2X YPAD media or
plated on complete minimal media lacking histidine with 1% agar (w/v)
and 1M D-sorbitol. Yeast cultures were incubated at 30 °C, with liquid
cultures placed on a shaker set to 225 rpm. Agar plates were sealed
with parafilm to reduce desiccation. Dropout media were prepared
according to the manufacturer specifications; in brief, a minimal base
media (Takara, catalog number: 630411) was combined with a -HIS
dropout supplement (Takara, catalog number: 630415) in ddH,O.
Once combined, 2 M NaOH was added until a pH of ~5.6 was reached.
YPAD media was sterilized through a 0.2-um filter; dropout media was
sterilized by autoclaving.

E. coli strain EPI300 (LGC Biosearch Technologies, Lucigen, cata-
log number: EC300110) was grown in lysogeny broth (Miller formula)
with or without 1% agar (w/v) and supplemented with 15 ug/ml chlor-
amphenicol and/or 40pg/ml gentamycin and/or 100 pg/ml
L-arabinose. Cultures were placed in an incubator set to 37 °C, with
liquid cultures placed on a shaker set to 225 rotations per min-
ute (rpm).

PCR amplification

Episomes and/or fragments for transformation and/or assembly were
amplified with GXL polymerase (Takara, catalog number: RO50A) using
the rapid PCR protocol (all primers are listed in Supplementary Data 2).
Of note, we used both phosphorylated and non-phosphorylated pri-
mers when amplifying pPtGE31_APtR as a linear episome. PCR reac-
tions were conducted with a total of 25 to 35 cycles depending on
amplification efficiency. Fragments that were amplified from an epi-
some template were treated with 10 units (0.5 pl) of Dpnl (New England
Biolabs, catalog number: R0176) and incubated at 37 °C for 30 min
before deactivation at 80 °C for 20 min. After deactivation, fragments
were column-purified using the PureLink PCR Purification Kit (Invi-
trogen, catalog number: K310001) and eluted with ddH,O. Where
possible, primers were designed using Primer3 (version 4.1.0).

PCR screening of algal and E. coli transformants

DNA isolated from algal and E. coli transformants was screened for the
presence of specific episomal regions using a PCR assay. Here, 1l of
DNA isolated through alkaline lysis was used as template in a 10 pl
SuperPlex PCR reaction (Takara, catalog number: 638543). For all algal
transformants, episomes were analzyed with a single primer set at a
time as there was rampant off-target binding when multiple primer
pairs were used simultaneously (all primers are listed in Supplemen-
tary Data 2). We were able to successfully conduct multiplex PCR using
E. coli template DNA; however, when screening the NHR assembled
episomes, we chose to perform singleplex screens due to the unex-
pected recombination of the fragments. Reactions were carried out
according to the manufacturer guidelines for a total of 30 cycles.

DNA isolation

Episomes were isolated from P. tricornutum, S. cerevisiae, and E. coli
using an alkaline lysis protocol that was previously described in Karas
et al.%, with species-specific modifications detailed below. Briefly, cell
pellets were resuspended in 250 ul of P1 (Qiagen, catalog number:
19051), with or without additional protoplasting enzymes as indicated
below, and lysed with 250 ul P2 buffer (Qiagen, catalog number:
19052). Samples were mixed by 5-10 inversions and incubated for
1min before neutralization with 250 uL P3 buffer (Qiagen, catalog
number:19053). Lysates were centrifuged at 16,000 x G for 10 min, and
~700 ul of supernatant was transferred to a fresh tube. DNA was pre-
cipitated from the lysate by adding 750 ul ice-cold 100% isopropanol,
which was then centrifuged at 16,000 x g for 10 min. The DNA pellets
were washed with 500 ul ice-cold 70% ethanol and centrifuged for

5min. Pellets were air-dried and resuspended in 30-50ul ster-
ile ddH,0.

Steps 1to 2 for E. coli: (1) E. coli colonies were grown overnight in il
LB supplemented with the appropriate antibiotic. (2) 1.5 to 3.0 ml of
culture was pelleted by centrifugation at 10,000 x G.

Steps 1 to 3 for S. cerevisiae: (1) 3-5ml of S. cerevisiae transfor-
mants (pooled) were harvested from dropout media plates -5 days
after assembly. (2) The cells were pelleted by centrifugation at 3000 x
G for 10 min. (3) The P1 resuspension buffer consisted of 240 ul P1 with
5ul of 1.4 M b-Mercaptoethanol and 5ul Zymolyase solution (Zymo-
lyase solution: 200 mg Zymolyase 20 T (BioShop, catalog number:
ZYMO001.100), 9 ml H,0,1ml1M Tris pH 7.5,10 ml 50% glycerol, stored
at-20 °C). Following resuspension, the cells were incubated at 37 °C for
60 min ahead of the P2 step.

Steps 1 to 3 for P. tricornutum: (1) P. tricornutum transformants
were repatched at least twice and grown to high density on a V4-salt L1
plates supplemented with the appropriate antibiotic(s) (i.e., 100 pug/ml
nourseothricin or zeocin for single selection, double selection plates
contained both antibiotics at 50 ug/ml). On the second passage, colo-
nies were patched as large streaks to ensure there were enough cells
for DNA isolation - typically, a single plate would be used to passage 6
colonies that were struck out to each cover approximately a sixth of
the plate. Plates were grown until a reasonable cell density was
achieved, which typically took 4 days for nourseothricin plates and
upwards of 6 days for zeocin, 2-FA, or double-selection plates. (2) Cells
were scraped and resuspend in 250 pl of resuspension buffer, which
consisted of 245 ul of P1 (Qiagen, catalog number: 19051) and 5 ul of
alcalase (i.e., 15 mAnson, Sigma-Aldrich, catalog number: 126741). (3)
The resuspended cell mixture was vortexed for 1 to 3 seconds, then
placed in a heating block set to 56 °C for 10 min - this is within the
optimal temperature range for alcalase activity, according to the
manufacturer. After 10 min passed, the cells were vortexed again for 1
to 3 seconds to ensure there were no cell clumps.

For E. coli-derived episomes smaller than 11 kb, we used column
purification kits to isolate and purify DNA (New England Biolabs, cat-
alog number: T1110). DNA was eluted with ddH,O equilibrated to 56 °C.

To isolate a high concentration of pSC5 (-56 kb) from E. coli,
alkaline lysis was performed using 27 ml of culture (1.5 ml culture per
lysis reaction, 18 reactions in total). The DNA pellets were resuspended
with ~25 ul of sddH,0 and combined into a single 1.5 ml tube (~460 pl
total). Half of the isolated DNA was then digested using Sacl-HF, as
described below. Then, a tenth volume of sodium acetate (3 M, pH 5.2)
and two volumes of ice-cold 100% ethanol were added to the samples.
The solutions were inverted to mix and placed into a -80 °C freezer for
an hour before performing centrifugation at 16,000 x G for 10 min at
4 °C. The DNA pellets were then washed twice with 500 ul of ice-cold
70% ethanol before being decanted, dried, and resuspended with 50 pl
of sddH,0. This additional sodium precipitation step was performed
to further concentrate the samples and reduce the carryover of con-
taminants, particularly from the digest reaction.

DNA concentrations were measured by fluorometry using the
DeNovix dsDNA Broad Range Assay (FroggaBio, catalog number:
DSDNA-BROAD-EVAL) and purity ratios were assessed using a Nano-
drop spectrophotometer. For the experiments shown in Figs. 2 to 4,
samples were adjusted to be equimolar prior to conducting
electroporation.

Restriction digests of episomes

Circular pPtGE31_APtR was isolated a P. tricornutum transformant and
recovered in EPI300 E. coli. After isolating the episome from E. coli,
approximately 10 ug was digested using 3 ul of EcoRI-HF (New England
Biolabs, catalog number: R3101) at 37°C for 1hour. An additional
reaction was conducted where 10 ug was digested using 3 ul of EcoRI-
HF and 3 ul of mung bean nuclease (New England Biolabs, catalog
number: M0250) at 37°C for 1lhour. Complete digestion was
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confirmed by agarose gel analysis, then samples were purified using a
DNA Cleanup Kit (New England Biolabs, catalog number: T1030).

Circular pSC5 was isolated from EPI300 E. coli as described above.
Prior to conducting the sodium acetate precipitation step, approxi-
mately 40 ug of pSC5 was digested with 18 ul of Sacl-HF (New England
Biolabs, R3156) at 37 °C for 1 hour. Complete digestion was confirmed
by agarose gel analysis, then the sample was purified by sodium
acetate precipitation, as described above.

Agarose gel electrophoresis

DNA from plasmid isolations or PCR screens were assayed using 1-2%
(w/v) agarose gels stained with ethidium bromide. Uncropped images
for all gels presented in this manuscript can be viewed in the Source
Data file.

Preparation of Cas9:sgAPT1 complex

HiFi Cas9 nuclease (catalog number: 1081060) and synthetic sgRNA
were purchased from Integrated DNA Technologies (IDT) and pre-
pared according to the manufacturer’s guidelines. Briefly, 2 to 4 ug of
Cas9 (62 uM) was combined with sgRNA (100 uM) in a 1:1.2 molar ratio
and then incubated at room temperature for 20 min to form the
Cas9:sgRNA complex. After incubation, the complex was set on ice for
up to 1 hour, during which the P. tricornutum cells were prepared for
electroporation. Once the cells were ready, 40 ug of ssssDNA was
added to a 50 ul preparation of the cells, followed by the Cas9:sgRNA
complex. The mixture was pipetted up-and-down a few times before
transferring to an electrocuvette and promptly pulsed. For the co-
transformation experiment, we added 500ng of PCR-amplified
pPtGE31_ APtR to the cells ahead of electroporation.

Yeast assembly of pPtGE31_ShBle

The episome pPtGE31 ShBle was created by yeast assembly of three
overlapping fragments. First, the episome pPtGE31_ APtR was ampli-
fied as two fragments using primers that would add 40 bp overlaps for
the promoter and terminator region of the ShBle cassette and split the
episome in the HIS3 region. Then, the ShBle cassette was amplified
from the p0521s plasmid (Addgene ID: 62862)° using primers that
would add 40 bp overlaps for the insertion site in pPtGE31_ APtR (all
primers are listed in Supplementary Data 2). Yeast assembly was con-
ducted as previously described*’ using > 100 ng of each fragment in
place of a bacterial donor.

Electroporation to P. tricornutum

Prior to attempting this methodology, it is worth noting that there is a
great degree of variance between electroporation equipment, and this
can drastically impact the efficiency of transformation to P. tricornu-
tum. If others attempt this protocol, it may be necessary to initially
attempt electroporation with several different parameters to deter-
mine which settings work best with different set-ups. For our set-up
(500V, 50 pF, 400 Q), an empty electrocuvette generates a time
constant of ~32 to 35 milliseconds. A neighboring lab has successfully
performed electroporation to P. tricornutum using an older electro-
porator set to the originally described parameters by Zhang and Hu
(500V, 25 pF, 400 Q)°.

P. tricornutum cells were grown in liquid media or on agar plates
for the experiments conducted in Fig. 1 - all successive experiments
used cells derived from agar plates. For liquid cultures, 1 ml of cells
adjusted to 1-2 x 108 cells/ml were passaged into 50 ml of L1 media and
placed in a growth chamber on a shaker set to ~-100 rpm. For agar plate
cultures, 250 ul of cells adjusted to 1 x 10°® cells were spread onto a
V5-salt L1 plate with 1% agar (w/v). Liquid and agar plate cultures were
grown for 4 days. After 4 days, cells were scraped from the agar plates
using 750 pl of L1 and transferred to a 1.5 ml tube. An additional 750 ul
of L1 was used to remove any remaining cells from the plate. Then, 10™
to 1072 dilutions of the liquid and agar plate cultures were prepared and

used to estimate cell density with a hemocytometer. Liquid and agar
plate cultures were adjusted to have a final cell density between 2 and
4 x 108 cells/ml; for the liquid cultures, this requires concentrating the
cells via centrifugation and resuspension in a smaller volume. Here, the
cells are transferred from the flask to a 50 ml conical tube and pelleted
by centrifugation at 2000 x g for 10 min at 18 °C. The pellet was
resuspended with 375 mM D-sorbitol to a concentration between 2 and
4 %108 cells/ml and transferred to a 1.5 ml tube. Cells derived from agar
plates were pelleted by centrifugation at 750 x g for 4 min; here, we
used a microcentrifuge, which could pellet the cells at a lower cen-
trifugal speed. As before, the cells were resuspended using 375 mM
D-sorbitol to a concentration between 2 and 4 x 108 cells/ml. The final
cell concentration was equalized between the liquid and agar plate-
derived cultures for every biological replicate.

To spheroplast, 1 mAnson of alcalase (Sigma-Aldrich, catalog
number: 126741) was added for every 1 x 108 cells. At this stage, the cells
will have been previously concentrated to a density between 2 - 4 x 10°
cells/ml and already resuspended in 375 mM D-sorbitol. Alcalase was
diluted 10-times in sddH,O to reduce the pipetting error associated
with small volumes. After the addition of alcalase, cultures were placed
on a rocking shaker set to ~15 rpm at room temperature for 20 min,
during which spheroplasting occurs. Once 20 minutes had passed, the
cells were pelleted by centrifugation at 325 x G for 4 min. The super-
natant is decanted, and the cells are gently resuspended with 1 ml of
ice-cold 375 mM D-sorbitol using a P100O pipette. Following this step,
all materials (i.e., cells, DNA, D-sorbitol, electrocuvettes) should be
kept on ice for the duration of this protocol.

The electroporation protocol we used is adapted from Zhang and
Hu’, with adjustments made by Kassaw et al."® and Pampuch (unpub-
lished). First, the spheroplasted cells were pelleted by centrifugation at
325 x g for 4 min. The supernatant is decanted, and the pellet is gently
resuspended with 1 ml of ice-cold 375 mM D-sorbitol. This process of
centrifugation and resuspension is repeated another 2 times, such that
in total, the cells will have been resuspended with 375 mM D-sorbitol
five times (this includes centrifugation steps prior to and post-spher-
oplasting). After the fifth wash, the cells are spun at 750 x G for 3 min,
and a P200 pipette is used to gently remove any remaining super-
natant. The cells are gently resuspended with 100 to 200 ul of 375 mM
D-sorbitol such that the total volume of resuspended cells will be
between ~150 to 250 pl. Into sterile 1.5 ml tubes, 50 ul of cells are ali-
quoted along with 4 pl (10 pg/ul) of single-stranded salmon sperm DNA
(ssssDNA, Sigma-Aldrich, catalog number: D7656) and the DNA to be
transferred. Of note, the ssssDNA should be heated to 95 °C for 2 to
5 min and then cooled on ice prior to this to ensure it remains single-
stranded. We used between 1 to 1000 ng of an 11 kb episome for most
transformations in this paper, with 500 ng of this construct appearing
sufficient to saturate the electroporation reaction. Negative controls
consisted of only ssssDNA in the cell mixture.

Cells are gently pipetted up and down 2 times before transferring
to an ice-cold sterile electrocuvette (Fisher Scientific, catalog number:
FB102), ensuring that no air bubbles have been transferred and the
cells lie evenly across the bottom. The electrocuvette is pulsed in an
electroporator (BioRad, Gene Pulser Xcell System, catalog number:
1652660) set to the following parameters - voltage: 500V, capaci-
tance: 50 pF, and resistance: 400 Q. The time constant varied from 30
to 32.5 milliseconds for the experiments conducted in Figs. 1-4.
Immediately after pulsing, 1ml of L1 media is gently added to the
electrocuvette without disturbing the cells. The electrocuvettes are
left to rest at room temperature for 10 min before fully resuspending
the cells and transferring the mixture to 10 ml of L1 in 50 ml Falcon
tubes. The lids of the Falcon tubes are left loose for air transfer, and the
cultures are moved to a growth chamber to recover for 16 to 24 h.

After recovery, the cultures are pelleted by centrifugation at 2000
x G for 10 min at 18 °C. The pellet is resuspended with 500 pl of L1
media, then 50 ul (one-tenth), 125 ul (a quarter), and/or 250 pl (half) of
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the cells are spread onto V4-salt L1 plates supplemented with the
appropriate antibiotic(s).

PEG transformation of P. tricornutum

The optimized PEG transformation protocol is similar to the methods
described by Karas et al.°, with some important modifications. First,
250 ul of wild-type cells adjusted to 1 x 10® cells were spread onto a
V5-salt L1 plate with 1% agar (w/v). After 4 to 5 days of growth, cells were
scraped from the agar plates using 1.5 ul of L1 and transferred to a 1.5 ml
tube. The cells were counted via a hemocytometer and adjusted to a
concentration of 2-4 x10® cells; in our experience, the density of the
scraped cells typically falls within this range.

For protoplasting, 1 ml of cells was transferred to a 50 ml Falcon
tube containing 9 ml of L1 and 1000 pl of alcalase (i.e., 3 Anson);
here, alcalase is used in place of the zymolyase, hemicellulase, and
lysozyme cocktail previously used by Karas et al.°. This mixture was
then placed on a slow rocking shaker (-15rpm) and incubated at
room temperature for up to an hour. The protoplasting efficiency
can be estimated by examining the cells at >200x magnification
during incubation. The majority of cells (>80%) should have formed
protoplasts before proceeding to the next step. In our hands, the
protoplasts remain intact during this reaction, likely because the
cells are incubated in full-salt L1 medium, which has a high osmo-
larity. A relatively high volume of alcalase is required compared to
the electroporation method, which may reflect reduced enzyme
activity in the presence of L1 salts.

After incubation, 40 ml of L1 was gently added to the cells,
which were then pelleted by centrifugation at 1500 x G for 5 min at
18 °C. The supernatant was carefully decanted, and the cells were
gently resuspended with 500 ul of L1 followed by 8 ul of ssssDNA
(10 pg/ul). For all further centrifugation steps, the pellet should be
resuspended gently to avoid mechanically shearing the protoplasts.
Then, 250 ul of protoplasts were combined with episomal DNA
(circular or linear, 500 ng to 1 pg) and 1 ml of 20% PEG-8000 (w/v;
also contains 10 mM Tris pH 8, 10 mM CaCl,, 2.5 mM MgCl,) equili-
brated to 30 °C.

The protoplast:DNA:PEG suspension was gently mixed through
inversion and then incubated at RT for 30 min. After incubation, the
mixture was centrifuged for 7 min at 1500 x g. The supernatant was
removed and cells were resuspended with 1 ml of L1, and then trans-
ferred into a 50 ml Falcon tube containing an additional 9 ml of L1
(total volume of 10 ml). The cells were then recovered in the growth
chamber for -48 h (i.e., 2 days). After recovery, the cells were cen-
trifuged for 5 min at 1500 x g and 18 °C. The supernatant was decanted,
and the pellet was resuspended in 500 pl of L1, then 125-250 pl of the
cells were plated on V4 x L1 supplemented with nourseothricin (100 pg/
ml). Plates were left in the growth chamber for at least two weeks
before being pictured.

PEG transformation of T. pseudonana

Approximately 1 x 10° cells/ml of T. pseudonana was inoculated into
f/2 medium. After 4 days of growth (end of exponential phase), cells
were pelleted by centrifugation at 1500 x g for 10 min and resus-
pended to a concentration of 3 x 108 cells/ml. The same transfor-
mation protocol was followed as described for P. tricornutum;
however, the protoplasting step was conducted in f/2 medium with
differing amounts of alcalase and incubation lengths (Supplemen-
tary Fig. 12a). Approximately 500 ng of the 8.2 kb episome pBIG1 was
combined with 40 pg of carrier DNA for transformation. Following
PEG transformation, the cells were recovered in 10 ml of f/2 media
and recovered for 2 days prior to plating. Post-recovery, the
cells were centrifuged for 5min at 1500 x g. The cells were
then resuspended in 500 pl of f/2 media, and 250 pl was plated on
full-salt f/2 agarose plates supplemented with nourseothricin
(100 pg/ml).

Screening P. tricornutum colonies transformed with two frag-
ments - NHR pathway

Non-overlapping fragments from pPtGE31_ShBle were electro-
porated both individually and simultaneously into P. tricornutum
(Supplementary Fig. 3). Cells that were electroporated with both
fragments were plated onto V4-salt L1 plates supplemented with
100 pg/ml nourseothricin or 100 pg/ml zeocin. Transformants that
appeared following electroporation with both fragments were pas-
saged twice - first, onto media supplemented with the same anti-
biotic as the initial transformation, and then onto media
supplemented with the alternative antibiotic (Supplementary
Table 4). Twenty transformants, ten derived from each initial
transformation plate, that demonstrated resistance to both nour-
seothricin and zeocin were passaged for a third time onto double-
selection media (Y4-salt L1 supplemented with 50 ug/ml nourseo-
thricin and zeocin). DNA isolation was performed using cells from
this third passage, followed by PCR screening.

Screening P. tricornutum colonies transformed with multiple
fragments - HDR pathway

Overlapping fragments were adjusted to a final concentration of
56 nM, which is four times more concentrated than the linear epi-
some that was used as a positive control in these experiments
(14 nM). Different combinations of the fragments were electro-
porated to measure the amount of carry-over for the template
plasmid, pPtGE31_ShBle. For the experiments exploring the limits of
HDR assembly, the molarity of the insert was ~4-5x greater than the
episomal fragments. The CytB-eGFP and eGFP-T2A-NAT constructs
were commercially synthesized from IDT and PCR amplified to
generate ample DNA ahead of assembly; the sequences of these
constructs are available in the Source Data file, along with the pri-
mers in Supplementary Data 2.

In both series of experiments, cells were plated onto V4-salt L1
plates supplemented with 100 ug/ml nourseothricin and grown for at
least two weeks before passaging 10 colonies from the assembly plates
onto the same type of selection plate. The repatched colonies were
grown for one week before passaging again for DNA isolation and/or
microscopy.

Recovery of P. tricornutum episomes in E. coli

Episomes were isolated from P. tricornutum transformants as
described above. For each electroporation reaction, 2 to 4 pl of P.
tricornutum DNA was combined with 25 to 50 ul of homemade
electrocompetent EPI300 cells (derived from LGC Biosearch Tech-
nologies, catalog number: ECO2T110) in a sterile 1.5ml tube. The
mixture was gently pipetted twice and then transferred to a sterile
2 mm electrocuvette, ensuring no air bubbles were transferred. The
electrocuvette is pulsed in an electroporator set to the following
parameters - voltage: 2.5 kV, capacitance: 25 pF, and resistance: 200
Q. This generated a time constant of 4.9 to 5.2 milliseconds. Elec-
troporated cells were resuspended by pipetting 1000 pl of SOC
media up-and-down in the electrocuvette, and then transferred to
sterile 1.5ml tubes to recover at 37°C and 225 rpm for approxi-
mately 1 hour. After recovery, half of the reaction volume (400 pl)
was spread across a 1.5% agar (w/v) LB plate supplemented with
15pg/ml chloramphenicol (pPtGE31. APtR and pPtGE31_ShBle
recovery) or 40 pg/ml gentamycin (pSC5 recovery), which were then
transferred to a 37 °C incubator. Transformants appeared across the
plates within 24 h, with there being a range from 4 to ~100 colonies
per transformation.

For recovery of pPtGE31_APtR and pPtGE31_ShBle episomes. Single
E. coli colonies were picked and inoculated into 5ml of LB media
supplemented with 15 pg/ml chloramphenicol. Cultures were grown
overnight at 37 °C and 225 rpm. The following day, 500 pl of culture
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was inoculated into 4.5 ml of LB media supplemented with 15 pg/ml
chloramphenicol and 100 pg/ml L-arabinose. These episomes contain
a pCCIBAC backbone, which can be induced to high-copy number
replication in EPI300 by adding L-arabinose to the media. Induced
cultures were grown for at least five hours prior to episome isolation,
with 1.5 ml of culture being used for DNA isolation, as described above.

For recovery of the conjugative plasmid pSC5. DNA isolated from
eight P. tricornutum pSCS transformants were electroporated into
EPI300 cells. Four colonies per transformation were inoculated into
S5ml of LB supplemented with 40 pg/ml gentamycin. Additionally,
EPI300 strains carrying pSC5 (positive control) or pSAP (recipient cell
line) were inoculated from glycerol stocks into 5ml of LB supple-
mented with 40 pg/ml gentamycin (pSC5) or 15pg/ml chlor-
amphenicol (pSAP). The cultures were placed at 37 °C and 225 rpm.
After the cultures reached saturation (~18 h), 125 pl of the pooled E. coli
transformants and pSC5 cultures were inoculated into 5ml of LB
supplemented with 40 pg/ml gentamycin. For the pSAP culture, 5 ml of
culture was diluted into 45ml of LB supplemented with 15 pg/ml
chloramphenicol. The cultures were grown at 37 °C and 225 rpm for
2 h. Then, the cultures were pelleted by centrifugation at 3000 x g for
12 min at 10 °C, decanting the supernatant post centrifugation. The
pooled transformants and pSC5 cultures were each resuspended with
100 pl of 10% glycerol, whereas the 50 ml pSAP culture was resus-
pended with 1000 pl of glycerol. Strains were kept on ice during these
steps to cease bacterial growth.

For conjugation, 100 pl of the donor cells (transformant pools
[x8] and pSC5) were mixed with 100 pl of the recipient cells (pSAP).
The cells were mixed by pipetting up and down 4 times before trans-
ferring the whole mixture to a 2% agar (w/v) LB plate. Additionally,
100 pl of the recipient was plated by itself to serve as a negative con-
trol. Conjugation plates were incubated at 37°C for 1hour. Then,
plates were scraped using 2ml of sddH,O. The scraped cells were
vortexed for 5seconds to ensure any clumps were dispersed. Trans-
conjugants were spot plated onto 1.5% agar (w/v) LB plates supple-
mented with 40 pg/ml gentamycin and 15 pg/ml chloramphenicol with
dilutions ranging from 10° to 10,

Sequencing and alignment

Amplicons generated by amplifying the episome termini region in P.
tricornutum transformants were sent for Sanger sequencing (London
Regional Genomics Centre). Episomes isolated from E. coli were sent
for Oxford Nanopore whole-plasmid sequencing (Plasmidsaurus Inc.
and Flow Genomics). The resulting sequences were manually aligned
to the respective template episomes. Regions that could not be
manually aligned were queried using a local alignment algorithm
(EMBOSS water tool)*® to search for homology in the episome.
Sequences that could not be aligned manually or algorithmically were
queried using BLASTn (NCBI)*.

Analyses of P. tricornutum transformation efficiency

The total number of colonies per transformation reaction was esti-
mated by manually counting the number of CFUs per plate and then
multiplying this value by 2 or 10, depending on whether half or a tenth
of the total reaction was plated, respectively. In instances where the
transformation plate was too dense to reliably count by eye, five 1cm?
quadrants were sampled from the plate and counted using a dissecting
microscope with 10x magnification. Here, the total number of CFUs
was estimated by averaging the number of colonies per quadrant and
multiplying this value (i.e., colonies per cm?) by the total surface area
of the petri dish.

Transformation efficiencies were estimated by dividing the
total number of CFUs by the number of cells per reaction. When
graphically comparing transformation reactions, all calculations and
plotting were done in RStudio (version 2025.05.1 + 513); otherwise,

we used an Excel spreadsheet (version 16.103.4) to keep track of data
and tabulate transformation efficiencies (available in the Source
Data file).

Statistics and reproducibility

For experiments in which transformation efficiency was quantita-
tively assessed (Fig. 1e, f), four to five independent biological repli-
cates were performed to account for variability between
electroporation experiments and to enable statistical analysis. For
all other experiments, which were designed as qualitative proof-of-
concept assays (e.g., assessment of NHR and HDR assembly), at least
two independent biological replicates were performed. Where
appropriate, representative plate images from a single biological
replicate are shown.

Differences in transformation efficiency across the four treatment
groups (plate-derived untreated, plate-derived alcalase-treated, liquid-
derived untreated, and liquid-derived alcalase-treated) were statisti-
cally assessed using a two-sided Kruskal-Wallis test. Pairwise compar-
isons between selected groups (LU vs. PS, LS vs. PS, PU vs. PS) were
performed using Wilcoxon rank-sum tests with Bonferroni correction
for multiple comparisons.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing information is available in the Supplementary Data-
sets 3-5. The raw P. tricornutum colony counts used to estimate
transformation efficiency for the graphs in Fig. 1e, f are available in the
Source Data File. All constructs used in P. tricornutum are also
deposited to Addgene, as referenced throughout the text. Source data
are provided with this paper.
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