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Introduction and thesis outline

Chapter 1
1

Introduction
Mitigating the anthropogenic impact on the environment is one of the most pressing
challenges that we face today. This challenge will be exacerbated by the need to
sustain a rapidly growing global population, which is projected to reach 9.7 billion by
2050 (1). Global income convergence will add fuel to the fire of an unprecedented
demand for food, fresh water, and energy, imposing enormous burdens on agricultural
resources. Additionally, changing diets and intensified cultivation of nonfood crops
are reshaping agricultural markets in ways we have not seen before. Specifically,
we are experiencing a shift towards an increased production of vegetable oils, which
are used in food and feed, and for the production of biofuels (2). Consequently, oil
crop plantations are expanding worldwide, and this has significantly contributed to a
global deforestation of over 5 million hectares in 2015 alone (3). Commodity-driven
deforestation is not only a driver of climate change, it also severely affects biodiversity
across the tropical belt. Preserving natural ecosystems and preventing the looming
threats of climate change while satisfying the increasing demand for food and vegetable
oils, in particular, will require smart solutions based on innovative technologies.
Microalgae have an underexploited potential for production of diverse valuable compounds, including oils. These microscopic plant-like organisms are able to harness
solar energy and assimilate CO2 into biomass similarly to plants. Unlike terrestrial
crops, marine microalgae can be cultivated on non-arable land independent of fresh
water. Some oleaginous species can accumulate up to 60% lipids per biomass, and
they grow faster than terrestrial plants, resulting in increased areal productivities (4).
Therefore, they are a potential platform for industrial production of lipids that could replace vegetable oils for example from oil palm and soybean. Additionally, microalgae
are a rich source of protein and they produce a broad variety of valuable compounds
including pigments, vitamins, essential fatty acids and amino acids, and sterols (4–6).
Accordingly, they have attracted the attention of pharmaceutical, cosmetic, food and
feed industries.
Nannochloropsis spp. are particularly promising candidates for large-scale production
of lipids and high-value fatty acids. These species have high autotrophic growth rates
(7), can accumulate lipids up to 60% per biomass (8), and they are robust to cultivation
in outdoor bioreactors (9) and high cell density cultivation (10). As natural sources of
2
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carotenoids and of the high value omega-3 polyunsaturated fatty acid eicosapentaenoic
acid (C20:5, EPA), they are commercially used for the production of neutraceuticals
and as fish feed in aquaculture hatcheries (11). Despite this, commercialization of Nannochloropsis-derived products face formidable challenges including the high cost of
production and downstream processing of microalgal biomass (12). For cost-effective
production of lipids, specifically, another obstacle is that oleaginous microalgae accumulate lipids primarily upon exposure to stress conditions, which limits biomass
productivity. Therefore, to extend the industrial applications of Nannochloropsis
spp. from niche markets to production of bulk commodities such as edible oils, developments at different process stages will be necessary, including strain improvement,
refinement of cultivation systems, and evolution of novel technologies for cell harvesting, biomass disruption and biomass fractionation. Although we will focus on
strain improvement in the following, we want to explicitly stress the importance of
developments in the latter areas.

Strain improvement strategies
Wild type organisms are evolutionary programmed to be survival specialists in their
natural habitats. However, specific characteristics of wild type organisms can be undesirable for biotechnological purposes, for instance if they limit biomass production
rates or the accumulation of a desired product in an industrial setting. These characteristics can be removed by strain improvement, that is creating strains with desirable
traits, such as maximized productivities or increased robustness to environmental
stressors. Underlying a novel trait is always a change in the genetic makeup, which
can be generated either in an untargeted way – e.g. by selective breeding, spontaneous
mutagenesis or induced mutagenesis – or in a targeted way by genetic engineering.
Both strategies have distinct advantages and both have considerably shaped the landscape of current biotechnological products. For instance, plant breeding has allowed
the domestication of unproductive wild plant species and their transformation into
highly productive and robust agricultural crops (13). On the other hand, genetic and
metabolic engineering has allowed to turn bacteria and yeast into cell factories for
production of copious bioproducts.
Strain improvement by random mutagenesis is based on the introduction of random
mutations into a genome of interest, followed by screening of mutants for desirable
3
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traits. As the classical strain improvement strategy it is a highly developed technology
and a powerful tool to achieve cost-effective production. Genetic mutations can be
efficiently induced using physical or chemical mutagens such as UV light or ethyl
methanesulfonate. An alternative approach is insertional mutagenesis, which relies
on random insertion of an exogenous DNA cassette into the genome. Whereas the
former strategy can lead to a broader phenotypic diversity, the latter allows simple
identification of causative mutations. Because favorable mutations are rare, both
approaches require a robust high-throughput methodology for selection of mutants
with desired traits.
Metabolic engineering is a more directed strain improvement strategy that relies on
recombinant DNA technology. Through metabolic engineering, a target species can
be specifically tailored to meet process requirements. This practice revolves around
mathematical metabolic models, designed to pinpoint metabolic network parts that
constrain production of a desired compound. By genetic engineering, the metabolic
network can be modified in a way that relieves the constraints, e.g. by adding, removing
or replacing network nodes. While metabolic engineering is a powerful technique
that can improve production of both endogenous compounds and novel heterologous
products, it requires an in-depth knowledge about an organism’s metabolism to yield
high-quality genome-scale metabolic models with high predictive capacity. Moreover,
to efficiently modify metabolic network functions, a sophisticated set of genetic
engineering tools is indispensable.
Nannochloropsis oceanica is emerging as a model species for oleaginous microalgae
and it has received ever-increasing scientific attention. It is particularly suitable for
metabolic engineering because of its small haploid nuclear genome, with a low degree
of functional redundancy and low intron-density compared with the model chlorophyte
Chlamydomonas reinhardtii (7, 14). However, the first genome sequencing projects for
N. oceanica revealed that similarity-based gene annotation is difficult for this organism
(7). In fact, almost half of the predicted genes lack a functional annotation because of
insufficient sequence similarities with known genes, which complicates the design
of high quality metabolic models. Additionally, research on genetic manipulation of
stramenopile microalgae is relatively young, and the genetic engineering toolbox for
N. oceanica – although expanding – is underdeveloped. Despite these shortcomings,
4
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N. oceanica is a promising candidate for metabolic engineering, which will rely on our
ability to develop an in-depth understanding of the complex metabolic regulations in
this microalga, and on the development of sophisticated tools for genetic engineering.

Aim and thesis outline
The aim of this thesis was to advance the industrially relevant microalga N. oceanica
as a platform for sustainable production of bioproducts. To achieve this, we employed
strain improvement strategies based on both random mutagenesis and targeted genetic
engineering, aiming to increase storage lipid accumulation, and to advance our understanding of lipid metabolism in this species. Furthermore, we developed novel tools
for high-throughput screening and genetic manipulation of N. oceanica, in order to
accelerate future efforts for both random mutagenesis and metabolic engineering.
Fluorescence activated cell sorting (FACS) has gained an outstanding importance
and it is revered as the gold standard for high-throughput screening in the field of
microbiology. FACS requires a trait of interest to be selectable based on cellular
properties regarding light scattering and fluorescence. To facilitate high-throughput
screening of N. oceanica cells for an altered neutral lipid content, we developed an
improved neutral lipid staining procedure using the fluorescent dye BODIPY505/515
in chapter 2. We systematically optimized solvent and dye concentrations as well as
staining duration for maximum staining efficiency and minimum cytotoxicity.
In chapters 3-4 we developed novel tools for performing CRISPR-Cas genome editing
in N. oceanica based on the efficient and convenient Cas12a enzyme. Chapter 3 illustrates the development of a genetic engineering tool for precise genome modification
using Cas12a ribonucleoproteins. In chapter 4, we implemented a highly efficient
genome editing system based on transient Cas12a expression from an episomal plasmid, and we show that this system can be used for marker-free gene disruption and
multiplexed gene editing. Furthermore, we developed a CRISPR-interference pipeline
for gene silencing in N. oceanica using both Cas9 and Cas12a variants.
In chapter 5 we report the development of a novel system for gene expression in N.
oceanica, which was discovered while screening a promoter-trapped mutant library
for strong transcriptional activity. This novel expression system is highly unusual
because it depends on RNA polymerase I for transcription and an artificial internal
5
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ribosome entry site to overcome translational block of uncapped transcripts. Chapter 5
describes the transition process of this system into a convenient tool for high-efficiency
gene expression in N. oceanica, which exploits on the cellular nucleolus as a genomic
safe harbor for gene expression. It further shows the inception of a pipeline for
rapid generation of transformant strains with highly consistent and strong transgene
expression.
Chapter 6 reports the implementation of a forward genetic screen for genes related to a
high-lipid accumulation phenotype in N. oceanica. In the reported study, we developed
an insertional mutagenesis strategy featuring a cost-effective, efficient and reproducible
genotyping procedure based on the type IIS restriction enzyme MmeI. Using the highthroughput screening method developed in chapter 1, we screened a library of ~25,000
insertional mutants for increased neutral lipid content and we isolated lipid-rich strains
using five consecutive rounds of FACS. Through characterization of selected mutants
using methods inter alia developed in chapter 4, we identified a transcription factor
resembling APETALA2-like proteins of higher plants as regulator of lipid metabolism
in N. oceanica.
In chapter 7 we show that the fatty acid profile of N. oceanica can be engineered by
heterologous expression of a thioesterase gene from a terrestrial plant. By directing
the thioesterase to the chloroplast we were able to generate mutants that accumulate
the medium chain fatty acids octanoic and decanoic acid in storage lipids. We further
evaluated the merit of the new gene expression system developed in chapter 5 for genetic engineering by comparing gene expression efficiency and fatty acid composition
of several mutants generated using either the novel or a conventional system.
Chapter 8 describes the generation and characterization of N. oceanica transformants
expressing endogenous and heterologous glycerol-3-phosphate acyltransferase (GPAT)
variants, using the nucleolar expression system from chapter 5. We found that both
cis- and transgenic GPAT expression resulted in increased neutral lipid accumulation
in mutant strains under favorable growth conditions. Further, we evaluated the effect
of GPAT expression on fatty acid composition, and found that the endogenous enzyme
triggers accumulation of polyunsaturated fatty acids in storage lipids.
Chapter 9 concludes the thesis by summarizing recent scientific findings surrounding
6
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Nannochloropsis and we point out potential strategies to further improve our understanding of this microalga’s metabolism, and to advance its genetic toolbox. Moreover,
we discuss possible stepping stones towards novel industrial applications for N. oceanica based on recent technological developments including research presented in this
thesis.
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Optimization of high-throughput lipid screening of the
microalga Nannochloropsis oceanica using BODIPY
505/515

This chapter has been published as:
C. Südfeld, M. Hubáček, S. D’Adamo, R.H. Wijffels, M.J. Barbosa. Optimization
of high-throughput lipid screening of the microalga Nannochloropsis oceanica using
BODIPY505/515. Algal Res 53, 102138 (2020).
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Abstract
2

Microalgae are considered a promising platform for sustainable lipid production.
Despite this, productivities need to be improved to facilitate an economically viable
production process. This can be achieved through strain improvement, for instance
by genetic engineering. Strain improvement strategies often deploy high-throughput
screening platforms i.a. involving single-cell methodologies such as fluorescenceactivated cell sorting (FACS) for the identification and isolation of better-performing
strains. The heterokont microalga Nannochloropsis is a prospective candidate for the
industrial production of lipids. Previous studies have reported the isolation of high
lipid-producing Nannochloropsis strains by combining qualitative staining of lipid
bodies using the fluorophoric dye BODIPY with FACS methodology. However, it
has never been investigated how cellular physiology and different staining conditions
hamper the reproducibility of this method as a quantitative screening procedure. Here
we report the development of an optimized single cell lipid screening procedure for
Nannochloropsis oceanica. Systematic assessment of different staining conditions
revealed that treatment with 6% DMSO and 1.2 μgml−1 BODIPY for 15 min is ideal for
staining neutral lipids in an exponentially growing culture of N. oceanica. Cultures that
are overproducing lipids, for example after exposure to external stimuli such as nutrient
deprivation stress, require treatment with 10% DMSO and 1.2-1.6 μgml−1 BODIPY for
36 min to facilitate complete staining of lipid bodies. We verify that DMSO is required
to permeabilize the particularly tough cell barrier of Nannochloropsis and we show
that exposure to 10% DMSO does not affect cell viability. Increasing concentrations
of BODIPY, however, correlated with a decrease in viability when screening stressed
cultures. Using the optimized protocol, reproductive viabilities can be expected to be
~91% and 83-82% for non-stressed and stressed cultures respectively. The optimized
procedure allows for a quantitative prediction of cellular neutral lipids (R2 = 0.981), as
determined by comparison to results obtained through a reference procedure.

Introduction
Oleaginous microalgae are widely considered to be a promising platform for the
production of commercially interesting lipids and biofuel feedstocks due to their ability
to grow photoautotrophically with relatively high biomass productivities on non-arable
soil (15, 16). Some species accumulate considerable amounts of triacyl glycerides
10
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(TAGs) as an energy storage compound in subcellular structures called lipid bodies (17).
Energy-rich TAGs are readily transesterified into fatty acid methyl esters (FAMEs),
which are suitable feedstocks for biofuel products (18). In particular, the heterokont
Nannochloropsis is emerging as a model genus for industrial lipid production (19,
20) due to robust growth and biodiesel-suitable fatty acid compositions (20–23). In a
comparative study with 9 different Nannochloropsis strains, N. oceanica was found to
be the best candidate for biofuel production processes (8). Although the projections for
areal lipid productivities are promising, microalgae-derived biofuel feedstocks have yet
to reach economic feasibility (12). One way to increase productivities and reduce costs
is to find better-performing species. This could be achieved through bioprospecting
or strain improvement techniques, such as genetic engineering, adaptive laboratory
evolution or random mutagenesis. All of these strategies frequently deploy highthroughput screening procedures and single cell methodologies such as fluorescenceactivated cell sorting (FACS) have gained an outstanding importance in the field (24,
25).
The emergence of high-throughput screening platforms for the isolation of microalgal
strains is accompanied by a need for methods to quantify lipids in single cells in order
to allow identification of strains with superior TAG contents. Fluorophore dyes are
a useful tool for this purpose because they facilitate cellular imaging for a variety
of compounds in vivo and allow selection of interesting traits in combination with
FACS (25, 26). Lipid bodies were first visualized using fluorescence microscopy
and flow cytometry by staining mammalian cells with Nile Red (27), and since then,
this dye is among the most commonly employed lipophilic fluorophores (28). The
molecule from the benzo(α)phenoxazine family has several desirable properties such
as a high quantum yield, intense brightness, low background fluorescence in aqueous
solutions and a wide solvatochromic range, which permits discrimination between
fluorescence emitted by molecules dissolved in either neutral or polar lipids (29).
More recently, other fluorophores have been discovered that are advantageous for
several purposes such as specifically staining neutral and not polar lipids. Among
these are BODIPY dyes (30, 31), cyanine dyes (32), monodansylpentane (33, 34),
thalidomide analogs (35, 36) and the benzothiadiazole derivative CBD-Fluor (37,
38). Some of these fluorophores have desirable properties in specificity for TAGs,
cell penetration, higher signal intensities and improved resistance to photobleaching.
11
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Although none of them are as widely employed as Nile Red, considerable research
has been devoted to understanding and utilizing BODIPY derivatives. Because this
group of dyes has shown promising results for quantifying TAGs in different types
of cells including microalgae (31, 39, 40), we here focus on BODIPY. BODIPY is
usually dissolved in an organic solvent such as Acetone or DMSO. In some cases
the solvent is not only required for dissolving the molecule but further to ensure dye
delivery by facilitating cell permeation. It was previously demonstrated that some
microalgal species will not take up fluorophores unless they are permeabilised through
appropriate pretreatments such as exposure to glycerol or DMSO (41). BODIPY
staining procedures for microalgae almost exclusively rely on DMSO for dissolving
and delivery of the dye whereas other solvents play a tangential role (40).
The green fluorescing derivative BODIPY 505/515 has received reasonable attention
as a dye for imaging lipid droplets in Nannochloropsis and it is applied for flow
cytometric high-throughput screening and cell sorting (42, 43). Unfortunately, staining
protocols that allow an accurate and reproducible quantitation of cellular TAG contents
are lacking for this genus because research is hampered by the low permeability of the
cell barrier of Nannochloropsis for dyes (41, 44, 45). Previous studies have shown
that exposure of cells to varying concentrations of DMSO greatly influences BODIPY
uptake (41), suggesting that solvent concentration plays a key role for dye delivery.
Strain improvement of this genus by high-throughput screening procedures would be
significantly improved by the availability of optimized staining protocols that result in
a complete and quantifiable staining of lipids. For the isolation of improved strains
via cell sorting it is furthermore of paramount importance that sorted cells maintain
reproductive viability (46). It was previously shown that DMSO can be toxic to
Nannochloropsis at high concentrations and that staining Nannochloropsis with Nile
Red in conjunction with FACS affects cell viability (47). However, no studies have
systematically addressed the impact of BODIPY staining and FACS on cell viability
of Nannochloropsis. A staining protocol featuring low cytotoxicity and quantitative
prediction of single cell lipid contents would lay the foundation for the isolation of
lipid-rich Nannochloropsis strains by high-throughput methodologies.
Previous studies on Chlamydomonas have shown that the isolation of lipid-rich strains
is possible by screening mutant libraries specifically after the application of environ12

Chapter 2
mental stress such as nitrogen (N) deprivation (48). This approach is likely also a viable
choice for screening other microalgal species for strains with elevated lipid contents
because high levels of TAG accumulation are generally only observed in microalgae
that have experienced nutrient stress (49–52). Specifically Nannochloropsis shows
profound rearrangements of metabolic processes in response to N stress that are not
limited to lipid accumulation but include a plurality of physiological changes such as
an overhaul of the photosynthetic apparatus and thickening of the cell wall (53–58).
However, no reports exist on the repercussions of these physiological and structural
alterations on the applicability of BODIPY staining procedures or on cell viability
after sorting. An improved Nannochloropsis lipid staining protocol might need to
take cellular physiology into account in order to safeguard universal applicability for
cultures grown under any cultivation condition.
The aim of our study was to develop an optimized BODIPY staining procedure for
N. oceanica cells that would be suitable for direct application in high-throughput
screening and sorting. By investigating the effect of DMSO treatment and BODIPY
concentration on dye uptake in N. oceanica cells grown under replete and N-depleted
conditions we wanted to ensure that this method would be adequately staining cells
regardless of their physiological state. Lastly we wanted to minimize the amount of
stress that this staining procedure would cause to an algal cell, by testing the effect of
staining on cell viability, also in conjunction with stress induced by cell sorting.

Results and discussion
The DMSO concentration required to permeabilize N. oceanica cells depends
on cellular physiology
It was previously demonstrated that DMSO is required to facilitate BODIPY uptake
in Nannochloropsis by Brennan and co-workers (41). The authors reported that
concentrations lower than 6% (v/v) caused incomplete staining in a subpopulation of
cells. Although treatment with 6% DMSO resulted in a homogeneous signal and was
selected as the optimal DMSO concentration for non-stressed N. oculata in their study,
the applicability of the protocol for stressed cells remained unclear. However, screening
of microalgae for elevated lipid contents is promising especially when using stressed
cultures that are overproducing lipids (48). In order to develop a universally applicable
N. oceanica lipid staining protocol that can be used in high-throughput screening
13
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studies, we investigated the effect of varying DMSO and BODIPY concentrations on
fluorescence signal intensity in both, stressed and non-stressed cells.
2

Figure 2.1: Representative density curves for single cell BODIPY fluorescence emission in samples treated with different DMSO concentrations. Nutrient-replete (non-stressed) and N-deprived
(stressed) N. oceanica cultures were treated with 5 different DMSO concentrations and 0.8 μg ml−1 BODIPY for 15 min and subjected to flow cytometry analysis. The density curves represent the frequency
distribution of events in the green fluorescence channel, capturing cellular BODIPY fluorescence emission. The red and green arrow mark the position of peaks corresponding to non-stained and fully stained
cells respectively. Solid vertical lines indicate the median of the distribution and dotted lines denote
the border between the first and second and between the third and fourth quartile. With higher DMSO
concentrations the fraction of unstained and intermediately stained cells decreases and the average
BODIPY signal increases up to the optimal values of 6 and 10% DMSO for non-stressed and stressed
cultures respectively. Samples treated with 0-10% DMSO and no BODIPY showed identical fluorescence
distributions, exemplarily represented as ‘unstained’.

First, we elucidated the effect of different solvent concentrations on the permeabilisation of microalgal cells. A non-stressed, exponentially growing culture of N. oceanica
and one that was stressed by cultivation in N-depleted media for 3 d were subjected
to BODIPY staining using 2-10% (v/v) DMSO at a fixed BODIPY concentration of
0.8 μg ml−1 for 15 min. Single cell fluorescence was quantified using flow cytometry
14
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analysis, statistical software and an automated gating pipeline (supplementary Fig.
2.6) for removal of noise. Fig. 2.1 shows the distribution of single cell fluorescence
in the green channel, capturing the emission of BODIPY. Unstained controls were
treated with 0-10% DMSO but no BODIPY and displayed the same signal distribution
regardless of solvent concentration. This signal (“unstained” in Fig. 2.1) represents
the autofluorescence of cells in the green spectrum. Homogeneously stained samples
were expected to produce unimodal poisson distributions on a log-scale, as is common
for flow cytometry data (59). Bimodal distributions or multiple peaks indicated heterogeneously stained samples with a subpopulation of cells that was either unstained
or only partially stained. The positions of peaks corresponding to unstained and fully
stained cells are highlighted by red and green arrows respectively.
Non-stressed cells appear to be effectively permeabilized by treatment with DMSO
concentrations of 6% or higher because no difference can be seen for fluorescence
distributions of samples treated with 6-10% DMSO, indicated by identical median
values (solid vertical lines in Fig. 2.1) and interquartile ranges (IQRs, dotted vertical
lines in Fig. 2.1) of the distributions. Samples treated with 2% DMSO showed a substantial fraction of unstained and partially stained cells and treatment with 4% DMSO
resulted in negative skewness of the distribution compared to samples treated with
6-10% DMSO. Stressed cells require treatment with 10% DMSO, as samples that were
treated with 8% or lower show a fraction of completely unstained cells (lefthand peak)
and a lower fluorescence signal of stained cells. Based on these results we concluded
that (i) stressed cells require higher concentrations of solvent for cell permeabilisation and (ii) 10% DMSO facilitate complete dye uptake in N. oceanica regardless of
physiological state.
Our findings regarding a subpopulation of N. oceanica cells being insufficiently
permeabilized when treated with less than 6% DMSO are in good agreement with
observations made by Brennan et al. (41) for non-stressed Nannochloropsis oculata.
We were able to establish that this phenomenon is even more pronounced for stressed
compared to non-stressed cells but it remains unclear which factors contribute to
culture heterogeneity with regard to permeabilization. During flow cytometry analysis
of samples that had been treated with suboptimal DMSO concentrations, partially
and fully stained cell populations showed identical forward scatter distributions (data
15
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not shown). Because forward scatter is a proxy for particle size, we can conclude
that cell size is not a relevant parameter for permeabilization. When applying DMSO
concentrations >6%, we did not find a decrease in BODIPY fluorescence signal.
This is in contrast to what was observed for BODIPY staining of N. oculata (41)
and other microalgal genera. For instance, Cirulis et al. (60) found an inhibitory
effect of DMSO at concentrations >1% (v/v) on BODIPY fluorescence intensity
when staining Scenedesmus and Chlorella, concomitant with a substantial decrease
in intact cells and an increase in cell debris. The drastically different response of
Scenedesmus and Chlorella to elevated DMSO concentrations compared to what we
report for N. oceanica highlights the need for attentiveness when adapting laboratory
protocols for use with other species. An obvious reason for this is the high evolutionary
diversity of the polyphyletic group of microalgae which implicates a highly variable
cell morphology and physiology among different genera.

Insufficient dye penetration using conventional staining protocols has previously been
reported for several stains with different Nannochloropsis species (41, 44, 45, 47) and
it is usually attributed to the comparably thick, scaley cell wall of this genus. It is
therefore reasonable to assume that the increased solvent concentrations necessary to
stain stressed N. oceanica cells in our study are related to a change in the cell wall ultrastructure compared to non-stressed cells. This hypothesis is in good agreement with
results of previous studies which showed that cell wall thickness of Nannochloropsis
increases up to >50% under N-deprivation and other stress conditions (58, 61, 62).
Whereas the interaction between DMSO and lipid membranes is well-studied (63–65),
an interaction model for the solvent with cell walls of living organisms has never been
reported. However, experimental evidence exists for the ability of DMSO to disrupt
intra- and intermolecular H-bonds in cellulose and other plant cell wall polysaccharides,
as it is capable of solubilizing these compounds in vitro when applied together with
LiCl (66–68). Thus, an interaction of DMSO with the primary Nannochloropsis cell
wall constitutent cellulose (58, 69) is a potential explanation for our observation that
higher solvent concentrations facilitate cell permeation under conditions of increased
cell wall thickness, which warrants further investigation.
16
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The minimum BODIPY concentration necessary for full staining depends on cellular TAG contents
In consequence of the previous results, 10% DMSO was chosen as a fixed solvent
concentration for investigating the effect of BODIPY concentration on fluorescence
intensity. We treated non-stressed and stressed cultures with 12 different BODIPY concentrations, namely 0.01, 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 3.2 and 4.0 μgml−1 for
15 min. The experiment revealed that 0.8 μg ml−1 BODIPY is sufficient to completely
stain exponentially growing N. oceanica and that higher BODIPY concentrations have
no effect on the fluorescence distribution (Fig. 2.2). Stressed cells however required
treatment with 1.2 μg ml−1 BODIPY, as treatment with 0.8 μg ml−1 resulted in a lower
median fluorescence signal. This was also seen when conducting the experiment with
DMSO concentrations other than 10% (supplementary Fig. 2.7). Presumably, the
increased TAG contents of cells grown under stress conditions compared to that of
non-stressed cells necessitates higher concentrations of dye to achieve full staining of
lipid bodies. Considering this possible link between cellular TAG content and required
dye concentration, an ideal staining protocol should feature BODIPY concentrations
of 1.6 μg ml−1 to be suitable for identifying strains with higher lipid contents than the
wild type strain investigated here. Under this premise, 1.2 μg ml−1 BODIPY would
likely be sufficient for screening of non-stressed microalgal cultures as the wild type
is completely stained with 0.8 μg ml−1 under these conditions (Fig. 2.2). BODIPY
concentrations higher than 2.0 μg ml−1 are not advisable because they resulted in
an increased kurtosis and IQR of fluorescence distributions in our experiments with
stressed cells (Fig. 2.2), possibly due to formation of staining artifacts.

17
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Figure 2.2: Representative density curves for single cell BODIPY fluorescence emission in samples treated with different BODIPY concentrations. Nutrient-replete (non-stressed) and N-deprived
(stressed) N. oceanica cultures were treated with 10% DMSO and 12 different BODIPY concentrations
for 15 min and analysed by flow cytometry. The density curves represent the frequency distribution of
events in the green fluorescence channel. The red and green arrow mark the position of peaks corresponding to non-stained and fully stained cells respectively. Solid vertical lines indicate the median of
the fluorescence distribution and dotted lines denote the border between the first and second as well as
between the third and fourth quartile. 0.8 μg ml−1 BODIPY is sufficient to stain non-stressed wild type N.
oceanica cells, whereas 1.2 μg ml−1 is required for stressed cultures. This difference is possibly related
to higher intracellular TAG contents of microalgal cells under stress conditions. Higher concentrations
than 2.0 μg ml−1 BODIPY resulted in an increased kurtosis of fluorescence distributions of stressed cells.
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Optimal staining duration depends on cellular physiology
In the study of fluorophores an optimization of the staining duration is important for
several reasons. First, several fluorigenic molecules such as Nile Red are prone to
photobleaching, a process of photochemical alterations when in a radiation-induced
state of excitation which causes the dye to degrade over time (40, 70). When incubated
in the dark, non-radiation-induced dye inactivation presumably through interaction with
reactive oxygen species can further result in a decrease in active dye molecules (71–74),
which was i.a. shown for Nile Red inactivation inside microalgal cells (75). Second,
dye uptake is highly dependent on chemical properties of the fluorophore and on cell
physiology, especially on the structure of the cell barrier. Incomplete staining of target
compounds in consequence of an insufficient staining duration can cause a strongly
shifting signal over time, high variability between samples and an underestimation
of target molecules. Third, when staining is combined with the isolation of viable
cells, exposure to dye and solvent need to be minimized to forestall unnecessary toxic
effects. Furthermore, excessive staining duration can lead to metabolic changes in
non-fixed cells or it can cause cellular decomposition in the presence of solvents.

Figure 2.3: Effect of staining duration on single cell fluorescence emission for unstressed () and
stressed (•) N. oceanica cultures. With optimal BODIPY and DMSO concentrations unstressed microalgal cells are stained rapidly and achieve full staining within 15 min. Stressed cultures achieve full
staining after ~36 min. Fluorescence values shown are the mean ± SD of the median of the fluorescence
distribution observed in n = 3 algae cultures relative to its maximum value per sample.

In literature dealing with BODIPY staining of Nannochloropsis typical incubation
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durations range between 5 and 30 min (39, 41, 76–78) without discrimination between
different physiological states of microalgal cells. Real-time flow cytometric analysis
has proven as a powerful approach for measuring molecular interactions and cellular
responses to external stimuli (79–81) so we deployed this technique to monitor the
dye uptake in N. oceanica. Cells from a stressed and non-stressed culture were stained
with 1.2 μg ml−1 BODIPY and 10% or 6% DMSO respectively, as these concentrations
were found to induce the highest signal intensities in our previous experiments. Fig.
2.3 illustrates the development of the background-corrected, median BODIPY fluorescence intensity relative to its maximum signal over time. The maximum fluorescence
intensity was reached around 15 min for non-stressed cells, whereas stressed cells
displayed a stable signal after ~36 min, although 90% of the maximum intensity was
reached after 22 min with only gradual signal increases after that point. For both
culture states the initial increases in fluorescence intensity were low and linear with a
surge around 3 min of staining. After this, the fluorescence signal development was
well described by an adjusted Michaelis-Menten model (data not shown).
In light of these findings, the experiment described under 2 was performed with stressed
cultures using a staining duration of 36 min (Fig. 2.8). No substantial differences
were seen regarding the optimal dye concentration compared to results obtained when
staining with 15 min, although kurtosis increase for BODIPY concentrations greater
than 2 μg ml−1 was less pronounced with 36 min staining.

The impact of staining and sorting on cell viability depends on the BODIPY concentration
Optimising the impact of BODIPY treatment on cell viability is crucial in order to
develop a protocol that is suitable for coupling in vivo lipid staining to cell sorting.
Proper experimental design of high-throughput screenings requires knowledge of
the fraction of cells that can be expected to survive the procedure. Because in highthroughput screenings cells are exposed to chemical stress during the staining and to
physical stress during sorting, we designed an experiment that factors in both stressors.
Non-stressed and stressed cultures were treated with 0-10% DMSO (Fig. 2.4A) and
0-4 μg ml−1 BODIPY (Fig. 2.4C) for 15 and 36 min respectively and single cells
were sorted onto agar plates using a fluorescence-activated cell sorter. The fraction of
viable cells was determined as the percentage of single cells that were able to grow
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into colonies within 4 weeks (Fig. 2.4).
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Figure 2.4: Impact of staining and sorting on cell viability of non-stressed () and stressed (•) N.
oceanica cells. (A) Cultures were treated with DMSO only and subjected to cell sorting. Viabilities
are given as the mean ± SD of N=4 replicate cultures. The results show that exposure to the solvent
alone without application of BODIPY does not impair cell viability regardless of culture state. (B) For
DMSO-only treatments, stressed (S) cultures showed an overall decrease in cell viability compared to
non-stressed (NS) cultures, which can be attributed to an increased sensitivity toward sorting stress or to a
lower pre-sort viability. (C) Cultures were treated with 10% DMSO and varying BODIPY concentrations
before being subjected to cell sorting. Non-stressed cells were not affected by staining and survival rates
showed no significant correlation with BODIPY concentration whereas stressed cells showed a decline
in viability with higher BODIPY concentrations.

We found that cultures in different growth stages have a profoundly different tolerance
toward stress inflicted by staining and sorting. When no BODIPY was applied during
treatment, no significant negative correlation between DMSO concentration and cell
viability was observed (Fig. 2.4A, Pearson correlation coefficients r (22)=0.39, p=0.972
and r (22)=0.23, p=0.865 for non-stressed and stressed cultures respectively). Therefore,
all data for DMSO-only treated samples were pooled and tested for differences in
post-sort viability between non-stressed and stressed cultures (Fig. 2.4B). We found
that non-stressed cells (M = 91, SD = 3.5) recovered slightly better after cell sorting
compared to stressed cells (M = 87.8, SD = 2.1), t(43) = 6.3, p < 0.001, which can be
attributed to an increased susceptibility of stressed cells to adverse effects of staining
and cell sorting or to lower pre-sort viabilities. When treatment was conducted with
10% DMSO and different BODIPY concentrations (Fig. 2.4C), no significant effect of
staining treatment on viability was found for unstressed cells (Spearman’s ρ rS =0.07,
p=0.655). For stressed cultures however, BODIPY concentration was negatively
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correlated with cell viability (rS = -0.34, p=0.027). Because we observed no significant
fluorescence increase for BODIPY concentrations greater than 1.2 μg ml−1 (Fig. 2.2),
this concentration is likely preferrable when high cell viabilities are required.
The average post-sort reproductive viability that we observed for unstressed, DMSOonly treated N. oceanica (91%) is high when compared to values reported for other
microalgae. Pereira and co-workers found an average of 70% viability when sorting
microalgal communities (82), which is already more than the 20-30% viability reported
by Sensen et al. (83). Because shear forces are the most common stressor during FACS
(84), the strong resilience of N. oceanica cells to sorting is likely related to good
cellular properties for high shear resistance. Several features of Nannochloropsis cell
physiology such as a small cell size, the absence of flagella, and presence of a rigid,
cellulose containing cell wall (69) have been proposed to be associated with high shear
resistance (85), supporting this notion. In this regard, it may seem contradictory that
stressed N. oceanica cells show an increase in cell wall thickness but a decrease in
post-sort viability compared to non-stressed cells. However, previous studies have
indicated that cell wall thickness is not necessarily correlated with tensile and shear
resistance of microalgal cells (58, 85, 86).

The staining procedure allows for accurate prediction of lipid contents
After deciphering the optimal conditions for staining cells that were incubated under
different nutrient regimes we wanted to validate our improved staining procedure by
determining how accurately it translates to cellular neutral lipid contents. We applied
the procedure to 18 independent N. oceanica cultures, quantified the fluorescence
emission and compared the results to cellular neutral lipid contents determined by
a reference procedure involving gas chromatography and cell counting (87). Fig.
2.5 shows the median of the background-corrected single cell BODIPY fluorescence
levels plotted against the content of neutral lipids per cell. To cover a broad range of
lipid contents in a single experiment, half of the microalgal cultures were harvested
during the mid-exponential growth phase, the other half was starved of N for 72 h
prior to analysis. We found an excellent correlation between fluorescence intensities
of N. oceanica cells stained with the optimized protocol (6% DMSO and 1.2 μg ml−1
BODIPY for 15 min for replete cultures, 10% DMSO and 1.6 μg ml−1 BODIPY for
36 min for deplete cultures) and cellular neutral lipid contents, with a coefficient of
determination of R2 = 0.981. Evidently, the optimized procedure has high predictive
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Figure 2.5: Correlation between BODIPY fluorescence and cellular neutral lipid content. With the
optimized staining procedure we found a highly significant linear correlation between cellular neutral
lipid content and median BODIPY fluorescence. The R2 value (0.981) of this correlation greatly exceeds
previously reported values and suggests that the optimized protocol allows for an absolute quantification
of cellular neutral lipids in the range of 0.1-4 pg cell−1 , which roughly corresponds to 3-45% of neutral
lipids per dry biomass for N. oceanica.

power for cellular neutral lipid contents in N. oceanica. When regression analysis
was carried out based on data from cultures within the same growth stage only (Fig.
2.5, dotted gray lines), the coefficient of determination remained high (R2 > 0.8). This
suggests that the optimized procedure will allow to distinguish between strains with
similar neutral lipid contents.
Several correlation curves have been established for staining of microalgae with Nile
Red, some of which had R2 values of 0.95 or higher, for example for species belonging
to the genera Botryococcus (88), Isochrysis (89), Chlorella (90), and Scenedesmus (60).
Far fewer reports exist for correlations between probe fluorescence and lipid content
when using BODIPY as lipophilic dye (60, 91) and none of them for Nannochloropsis,
despite major advantages of BODIPY compared to Nile Red, including high specificity
for neutral lipids, stronger signal and better photostability (41, 92). Whereas qualitative
or semi-quantitative lipid estimations can suffice for some high-throughput screening
procedures, our improved staining protocol will facilitate a sophisticated screening
with high accuracy in neutral lipid quantification and minimum impact on cell viability.
Moreover, the good translatability of fluorescence values to cellular neutral lipids
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suggests that our staining protocol could replace cumbersome and expensive lipid
quantification procedures which typically rely on solvent-based extraction coupled to
gravimetric or GC analysis.

Conclusion
We have developed a robust and simple staining protocol for N. oceanica with good
translatability of fluorescence values to neutral lipid contents. We found that cellular
physiology strongly affects the staining conditions necessary for complete cell barrier
permeabilization and dye uptake. Exponentially growing cells are readily stained with
a treatment of 6% DMSO and 1.2 μg ml−1 BODIPY for 15 min whereas N-stressed
cultures require 10% DMSO and 1.2-1.6 μg ml−1 BODIPY for 36 min for complete
staining. When coupling these lipid staining protocols to cell sorting, viabilities of
~91% and 83-82% can be expected for unstressed and stressed cells respectively. The
optimized screening procedure will no doubt aid in the identification of N. oceanica
strains with elevated neutral lipid contents in future studies.

Materials and Methods
Media and strains
N. oceanica IMET1 was a kind gift from prof. Jian Xu (Qingdao Institute for Bioenergy
and Bioprocess Technology, Chinese Academy of Sciences). The microalga was
cultivated in artificial sea water (ASW) containing 419.23 mM NaCl, 22.53 mM
Na2 SO4 , 5.42 mM CaCl2 , 4.88 mM K2 SO4 , 48.21 mM MgCl2 and 20 mM HEPES at
pH 8, supplemented with 2 ml l−1 of commercial nutribloom plus (Necton, Portugal)
growth media (ASW-NB) in an HT Multitron Pro (Infors Benelux, Netherlands)
orbital shaker unit that was operated at 25 °C and 90 rpm shaking frequency with
0.2% CO2 -enriched air under warm-white fluorescent light bulbs at an intensity of
150 μmol m−2 s−1 with a 16:8 h diurnal cycle. For experiments with stressed cultures,
ASW was supplemented with 2 ml l−1 of a modified version of nutribloom plus that
was lacking NaNO3 (ASW-NB-N).
For cultivation on solid medium, ASW was supplemented with 1% (w/v) of agar
(Merck) before autoclaving, cooled to 60 °C and mixed with 2 ml l−1 of nutribloom
plus before distribution into single-well plates for solidification. Algae-containing
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plates were incubated at 25 °C in ambient air under warm-white fluorescent light bulbs
at an intensity of 80 μmol m−2 s−1 with a 16:8 h diurnal cycle.

Flow cytometry analysis
BODIPY fluorescence emission was quantified by flow cytometry analysis on an
SH800S (Sony Biotechnology, USA) cell sorter instrument equipped with a 70 μm
nozzle microfluidic chip and a 488 nm laser. Detector wavelengths for different
channels were: 488 nm (forward scatter, gain 2); 488 nm (side scatter, gain 22%);
510 ± 10 nm (BODIPY, gain 29%); 720 ± 30 nm (chlorophyll a autofluorescence,
gain 40%). For standard fluorescence analyses a minimum of 100,000 events were
screened per sample. Gating was applied according to supplementary Fig. 2.6 to
remove background noise using an automated gating pipeline written in R statistical
computing software (93) configured with the flowcore (94), flowWorkspace (95) and
ggcyto (96) packages of the Bioconductor project (97).
Staining of N. oceanica with BODIPY
Fresh N. oceanica cultures were diluted to ~4x106 cells ml−1 with ASW and kept at
22 °C prior to any treatment. BODIPY 505/515 (Invitrogen #D3921, hereafter referred
to as BODIPY) was dissolved in DMSO at 4 mg ml−1 and diluted with DMSO to
different working stock concentrations. Cell suspensions were supplemented with
the appropriate BODIPY working stock to a specific DMSO concentration between
2-10% (v/v) with final BODIPY concentrations between 0.8-4 μg ml−1 . Pure DMSO
was used for control treatments. Upon addition of the dye, samples were vortexed for
5 s and then incubated in the dark for 15 min before flow cytometric analysis, if not
indicated otherwise. For all experiments with unstressed cells, microalgal cultures
were harvested during the mid-exponential stage at an OD750 of 0.6-0.8. For stressing
cells, microalgal cultures were harvested during the mid-exponential stage at an OD750
of 0.6-0.8, washed twice with ASW-N, resuspended in ASW-NB-N to an OD750 of
0.2 and cultivated for 3 d under the previously described conditions. For experiments
described under 2, which were conducted using the ideal staining conditions, cultures
were grown under the conditions described above. On the day of analysis, 1 ml of
fresh culture was diluted to ~4x106 cells ml−1 with ASW and stained with 6% DMSO
and 1.2 μg ml−1 BODIPY for 15 min (non-stressed cultures) or with 10% DMSO and
1.6 μg ml−1 BODIPY for 36 min (stressed cultures) before flow cytometry analysis.
The rest of the culture was immediately used for quantification of neutral lipids via
25

2

Chapter 2
GC-FID (2).
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Viability assessment
Treated samples were sorted onto single-well agar plates using the cell sorter SH800S
in a 384-well layout. The cell sorter was operated with a 100 μm nozzle chip and
operational settings of a sample pressure of 1 and sorting mode “single cells 3 droplets”,
specified in the SH800S software. 96 single cells were randomly selected from the
cell population with a typical chlorophyll autofluorescence signal (Fig. 2.6G) and
sorted per treatment in quadruplicate. Agar plates were incubated for 4 weeks before
surviving colonies were counted.
Evaluation of staining duration
Real-time flow cytometry analysis was conducted by immediately subjecting a microalgal suspension to flow cytometry analysis after addition of the BODIPY/DMSO
staining stock and 5 s of vortexing. The data over time was binned into 12 s intervals and the median of the green fluorescence signal of all noise-corrected events
was extracted per bin. Median fluorescence values of only DMSO-treated controls
were subtracted from median fluorescence values of the samples and these corrected
median values were normalised to their maximum value. The relative corrected median fluorescence was averaged for 3 replicate runs and analysed as mean ± standard
deviation.
Quantification of neutral lipids via GC-FID
Cellular neutral lipid contents were determined using a modified version of the protocol described by Remmers et al. (87). Briefly, microalgal cultures were harvested by
centrifugation (4,000 x g, 10 min) and resuspended in 1 ml of ASW. Cell concentration
was determined using a Beckman Coulter Multisizer 3 (Beckman Coulter Inc., USA,
50 μm orifice) and 300 μl of the suspension was subjected to fatty acid extraction, separation into triacylglyceride and polar acyl lipids and quantification according to (87).
The biomass was freeze-dried, subjected to mechanical cell disruption and lipid extraction with a chloroform:methanol (1:1.25) solution containing the 2 internal standards
tripentadecanoin (T4257; Sigma-Aldrich) and 1,2-didecanoyl-sn-glycero-3-phospho(1’-rac-glycerol) (840434, Avanti Polar Lipids Inc.) at 78 μg ml−1 and 75 μg ml−1
respectively. Polar and apolar lipids were separated using Sep-Pak Vac silica cartridges
(6 cc, 1000 mg; Waters). Neutral lipids were eluted with a hexane:diethylether (7:1 v/v)
solution, methylated in 5% (v/v) H2 SO4 -containing MeOH, extracted with hexane and
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subjected to gas chromatography (GC-FID). Total fatty acids were quantified based on
the relative responses of individual fatty acids compared to the signal of the internal
standard and normalised to the cell concentration.

Statistical data treatment
Association of two variables was tested using Pearson’s product-moment correlation,
indicated as r (98). First, data were tested for univariate normality of underlying
distributions using Shapiro-Wilk’s test for normality (99) and for heteroscedasticity
using the Breusch-Pagan test (100). If univariate normality or homoscedasticity could
not be assumed, monotonic relationship between variables was tested using Spearman’s
rank correlation, indicated as rS (101). Data presented in section 2 were specifically
tested for negative association between viability as a dependant variable and chemical
concentrations as an independent variables. Differences between the means of two
normally-distributed groups were tested using independent two-sample t-tests. α was
set to 0.05 for all statistical tests. All statistical data analysis was carried out using R
statistical computing software (93).
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Figure 2.6: Gating setup for removal of noise from flow cytometry data. Gates are displayed as
solid red lines and the fraction of events that fall into each gate relative to the number of all events in
the parental gate is shown. Target events were isolated by gating to sequentially (A)} eliminate debris,
(B)** select the cell cluster, (C-E) eliminate boundary events with artifactual fluorescence values in all 6
channels (i.e. events with fluorescence readings equal to the minimum or maximum detector signal), (F)
select singlets and (G) select events with appropriate chlorophyll a fluorescence signal. (H) A final gate
in the FL1 channel (BODIPY fluorescence emission) was applied to select and quantify the fraction of
fully stained cells. ~99.5% of living cells are fully stained with the optimized staining procedure. FSC:
forward scatter at 488 nm; SSC: side scatter at 488 nm; FL1: fluorescence emission at 510 ± 10 nm; FL2:
fluorescence emission at 585 ± 15 nm; FL3: fluorescence emission at 615 ± 15 nm; FL4: fluorescence
emission at 665 ± 15 nm; fluorescence emission at FL5: 720 ± 30 nm; fluorescence emission at FL6:
785 ± 30 nm.
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Figure 2.7: Evaluation of staining efficiencies for N. oceanica cells treated with different DMSO
and BODIPY concentrations. Unstressed algae grown to the mid-log phase () and stressed cells that
were starved of N (•) were subjected to flow cytometry analysis. Fluorescence intensities are represented
as the median fluorescence from an analysis of 50,000 cells with error bars extending up to the first and
third quartile of the distributions. Unstressed cells displayed maximum fluorescence intensity with a
treatment of at least 6% DMSO and 0.8 μg ml−1 BODIPY or higher. Stressed cells required treatment
with 10% DMSO and 1.2 μg ml−1 BODIPY for full staining.
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Figure 2.8: Representative density curves for single cell BODIPY fluorescence emission in samples
treated with different BODIPY concentrations. N-deprived (stressed) N. oceanica cultures were
treated with 10% DMSO and 12 different BODIPY concentrations for 36 min and analysed by flow
cytometry. The density curves represent the frequency distribution of events in the green fluorescence
channel. The red and green arrow mark the position of peaks corresponding to non-stained and fully
stained cells respectively. Solid vertical lines indicate the median of the fluorescence distribution and
dotted lines denote the border between the first and second as well as between the third and fourth
quartile.
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Abstract

3

Microalgae are considered as a sustainable feedstock for the production of biofuels
and other value-added compounds. In particular, Nannochloropsis spp. stand out from
other microalgal species due to their capabilities to accumulate both triacylglycerol
(TAG) and polyunsaturated fatty acids (PUFAs). However, the commercialization
of microalgae-derived products is primarily hindered by the high production costs
compared to less sustainable alternatives. Efficient genome editing techniques leading
to effective metabolic engineering could result in strains with enhanced productivities
of interesting metabolites and thereby reduce the production costs. Competent CRISPRbased genome editing techniques have been reported in several microalgal species,
and only very recently in Nannochloropsis spp. (2017). All the reported CRISPR-Casbased systems in Nannochloropsis spp. rely on plasmid-borne constitutive expression
of Cas9 and a specific guide, combined with repair of double-stranded breaks (DSB)
by non-homologous end joining (NHEJ) for the target gene knockout. In this study,
we report for the first time an alternative approach for CRISPR-Cas-mediated genome
editing in Nannochloropsis sp; the Cas ribonucleoproteins (RNP) and an editing
template were directly delivered into microalgal cells via electroporation, making
Cas expression dispensable and homology directed repair (HDR) possible with high
efficiency. Apart from widely used SpCas9, Cas12a variants from three different
bacterium were used for this approach. We observed that FnCas12a from Francisella
novicida generated HDR based targeted mutants with highest efficiency (up to 93%
mutants among transformants) while AsCas12a from Acidaminococcus sp. resulted in
the lowest efficiency. We initially show that the native homologous recombination
(HR) system in N. oceanica is not efficient for easy isolation of targeted mutants by HR.
Cas9/sgRNA RNP delivery greatly enhanced HR at the target site, generating around
70% of positive mutant lines. We show that the delivery of Cas RNP by electroporation
can be an alternative approach to the presently reported plasmid-based Cas9 method for
generating mutants of N. oceanica. The co-delivery of Cas-RNPs along with a dsDNA
repair template efficiently enhanced HR at the target site, resulting in a remarkable
higher percentage of positive mutant lines. Therefore, this approach can be used for
efficient generation of targeted mutants in Nannochloropsis sp. In addition, we here
report the activity of several Cas12a homologs in N. oceanica, identifying FnCas12a
as the best performer for high efficiency targeted genome editing.
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Introduction
Microalgae have the ability to combine photosynthesis with high lipid and biomass productivities. Moreover, understanding the potential of these solar powered cell factories
in food, feed and bioenergy production has elevated their interest in biotechnological
research. Among other microalgal species, Nannochloropsis spp. has attracted considerable attention owing to its oleaginous nature. The natural ability to accumulate
60% and 12% of the cell dry weight with lipids or triacylglycerol (TAG) and omega-3
poly unsaturated fatty acid (PUFA), respectively, under defined conditions has brought
these genera to the spotlight of scientific exploration (102, 103). The consumption of
omega-3 fatty acids is beneficiary for human health as they prevent heart and aging
related diseases (104), while TAG can be used as a precursor for biodiesel production
(4). Currently, the main source of omega-3 PUFA for human consumption is seafood
(105). However, the contamination of seafood due to severe ocean pollution is a
major concern along with the reduction in global fish population. Furthermore, the
exploitation of fossil fuels and the environmental impacts of a petroleum-based society
are crucial issues to be addressed. In this context, developing Nannochloropsis spp. as
efficient production systems can contribute to establishing a sustainable bio-economy.
In spite of the apparent advantages, the major bottleneck in employing Nannochloropsis
spp. as an economically viable production platform for TAG and PUFA is the high cost
of production (16). One of the ways to overcome this barrier is to deploy metabolic
engineering for improving the oil productivity of microalgal strains. To this end,
efficient genome editing tools leading to competent metabolic engineering strategies
need to be developed. Genome editing by Clustered Regularly Interspaced Short
Palindromic Repeats and the CRISPR associated proteins (CRISPR-Cas) has been
successfully implemented in cells of a wide range of organisms, including microalgae
(106–111). The specific DNA double stranded breaks (DSBs) generated by CRISPR
RNA (crRNA)-guided Cas nucleases is repaired by either of the two pathways: nonhomologous end joining (NHEJ) or homology directed repair (HDR) (112–114). The
NHEJ is generally associated with the introduction of insertions and/or deletions
(indels) of varying lengths at the DSB site, often leading to the disruption of the
reading frame of the target gene. The HDR pathway results in a precise insertion or
deletion at the DSB site by homologous recombination (115–117).
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Since 2017, a plasmid-driven Cas9-based approach has been implemented in Nannochloropsis spp. for marker-less genome editing (107, 108). The Cas9 system has
also been effectively implemented for metabolic engineering of Nannochloropsis
gaditana to enhance the lipid production (118). Verruto et al combined Cas9 with
Cre recombinase to recycle the limited antibiotic resistance marker along with gene
stacking in N. gaditana (107). Recently, non-transgenic and marker-free gene disruption was achieved in Nannochloropsis oceanica using an episomal CRISPR-Cas
system (108). So far, all studies on genome editing in Nannochloropsis spp. have
relied on the plasmid based expression of Cas9 combined with NHEJ-mediated target
repair (107, 108, 118, 119). One-step delivery using Cas-ribonucleoprotein (Cas-RNP)
complex harbouring pre-assembled Cas effector protein and targeting single guide
RNA (sgRNA) has been applied for genome editing in microalgae Chlamydomonas
reinhardtii and Phaeodactylum tricornutum (109, 111, 120–123). The advantages
of using the Cas-RNP delivery approach include (i) the dispensability of a codon
harmonized Cas gene, as well as promoters and terminators that are active in host
of interest, (ii) circumvention of the addition of ribonucleases/ribozymes required to
obtain precise processing of sgRNA transcripts to facilitate the loading of Cas9 in
vivo, and (iii) reduced off-target and cytotoxic effects as Cas protein is saturated with
sgRNA and is transiently active before it is degraded by endogenous proteases in cells
(124–126).
Homologous recombination (HR) based genome editing has been reported in Nannochloropsis spp. in 2011 (127). However, further studies did not report any application
of this technique for genome editing in Nannochloropsis We here report the development of a Cas-RNP-mediated HDR approach for genome editing in N. oceanica. We
enhanced the native homologous recombination system of N. oceanica with targeted
DSB induction by Cas9 protein to facilitate HDR and obtain knockout mutants of the
nitrate reductase (NR) gene. CRISPR-Cas12a (previously known as Cpf1), a relatively
new Cas enzyme is a dual nuclease involved in crRNA processing, target-site recognition and DSB induction (128). As Cas9 and Cas12a proteins recognize different PAM
motifs, they can be used to target distinct sites. Thus, establishing the in vivo activity
of Cas12a in Nannochloropsis spp. expands the options of available target sites for
the introduction of DSB and obtain desired mutants. Also, this could pave way for
establishing plasmid based Cas12a systems in Nannochloropsis spp. for multiplexed
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genome editing. We also compared the efficiencies of Cas12a protein variants from
Lachnospiraceae bacterium ND2006 (LbCas12a), Acidaminococcus sp. BV3L6 (AsCas12a) and Francisella novicida (FnCas12a) with Cas9 from Streptococcus pyogenes
in generating HDR based NR mutants in order to elucidate the optimal enzyme variant
for generating targeted mutants using the Cas RNP based approach in Nannochloropsis
spp.

Results
Homologous recombination and antibiotic-based selection for the generation
of nitrate reductase (NR) knockouts
The nitrate reductase (NR) gene has been used as the target for genome editing studies
in N. oceanica as the mutants can be easily characterized through replica plating, based
on their ability to grow on ammonia containing media and their inability to grow on
media containing nitrate as the sole nitrogen source (108, 119, 127). To generate a
NR gene knockout mutant in N. oceanica, we transformed cells with a vector that
harbours a zeocin antibiotic resistance cassette with ~1 kb flanks homologous to the
upstream and downstream ends of the NR gene locus for deletion. The 1 kb HR flanks
were designed to replace 430 bp of 4.1 kb long NR gene with a zeocin resistance
cassette. After electroporation, N. oceanica cells that were successfully transformed
with the PCR-amplified HR editing template were selected on solid nutrient media
with ammonia and 2 μg ml−1 zeocin. The zeocin resistant colonies were screened for
targeted NR gene knockout via PCR. For this, we designed primers (Check FW and
Check RV) binding outside the upstream and downstream of the HR flanks on the
host genome (Fig. 3.1b). The expected PCR amplicon size of the mutant colonies
generated by HDR and wild-type colonies was 4337 bp and 2591 bp, respectively.
We screened a total of 63 colonies from three independent transformation experiments
with colony PCR (cPCR). For 90% colonies we observed amplicon bands corresponding to the size of the expected wild type while 10% colonies showed both wild type
and mutant bands. The 10% colonies containing both the PCR amplicons are most
likely the result of mutant and wild type cells at close proximity upon plating. This
occurrence of 10% colonies indicates the presence of HR in N. oceanica. However,
this Cas-independent approach is not efficient enough to facilitate routine generation
of HR mutants without further optimisation.
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Figure 3.1: Approach. (a) The purified Cas protein is assembled with guide RNA to form the active
RNP complex which is transformed along with the editing template into the competent Nannochloropsis
oceanica cells. The transformed cells are selected on ASW-NB plated with zeocin and ammonia and the
mutants are screened by cPCR. (b) The Cas RNP introduces DSB at the target site which is repaired by
HDR in presence of the editing template resulting in targeted mutants

Cas9 RNP mediated HDR for NR mutant generation in N. oceanica
The DSB induction by endonucleases has been reported to enhance the efficiency
of gene replacements by HDR in various eukaryotic cell lines (117, 129–133). The
CRISPR-Cas mediated HDR has been reported in the microalgal species Chlamydomonas reinhardtii and the diatom Thalassiosira pseudonana (122, 129, 130). However, this strategy has not yet been applied in Nannochloropsis spp. We hypothesized
that induction of DSB using Cas9 would increase the HR efficiency in N. oceanica.
Previous studies have shown that a plasmid-borne SpCas9/sgRNA complex can accurately generate DSBs in vivo in N. oceanica resulting in NHEJ mediated target
gene disruption (108). Hence, this protein was selected for exploring an RNP-based
transformation approach in this species. We randomly designed 2 sgRNAs (NR-1 and
NR-2), targeting the NR gene and transcribed them in vitro. After assessing the in
vitro nuclease activity of preassembled Cas9 RNP, it was delivered along with HR
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editing template into N. oceanica cells by electroporation (Fig. 3.1a). The frequency
of NR mutants arising from Cas9 mediated HDR was evaluated by quantifying the
percentage of expected mutants among the zeocin resistant colonies obtained after
transformation.
From three independent transformation experiments using Cas9 NR-1 and Cas9 NR-2
RNPs, a total of 32 and 35 colonies were screened respectively by colony PCR. The
cells transfected with the Cas9/sgRNA(NR-1), we observed 12% colonies with a wild
type NR amplicon, 15% colonies indicating the presence of both cell types, and 71%
NR mutant colonies (Fig. 3.2a). As for the cells transfected with the Cas9 NR-2,
57% colonies were found to contain the wild type NR gene, while colonies with both
amplicons (wild type and NR mutant) and NR mutant colonies reduced to 8% and 34%,
respectively (Fig. 3.2a). HDR-based gene insertion was confirmed by sequencing
4 mutant PCR amplicons, revealing the anticipated targeted insertion of the editing
template at the NR locus. Furthermore, the phenotypic difference between the NR
mutants and the wild-type cells were demonstrated by the bleaching of NR mutant
cells when streaked on F/2 agar plates with NaNO3 as the sole nitrogen source, but
not on plates with NH4Cl (Fig. 3.2c).

Cas12a RNP-mediated HDR for NR mutant generation in N. oceanica
To expand the genetic toolbox of N. oceanica and to increase the availability of
targeting sites for DSB induction, we then set out to test the efficiency of HDR using
different Cas12a protein variants [Lachnospiraceae bacterium ND2006 (LbCas12a),
Acidaminococcus sp. BV3L6 (AsCas12a) and Francisella novicida (FnCas12a)] for
generating NR knockout mutants in N. oceanica. To this end, we designed three
random crRNAs (NR-1, -2 and -3) that target the NR gene and were obtained as
RNA molecules from Sigma Aldrich. Cas12a is guided to the target site by shorter
crRNA molecules (43 nt) compared to the sgRNAs (120 nt) required for Cas9 proteins
(128). Each Cas12a protein was combined with one of the three guides, leading to a
combination of 9 different Cas12a RNPs: FnCas12a NR-1, 2, 3; LbCas12a NR-1, 2, 3;
AsCas12a NR-1, 2, 3. The different Cas12a RNPs along with the HR editing template
were transfected into N. oceanica cells by electroporation. After four weeks, colonies
were screened by cPCR.
In case of the N. oceanica cells transfected with FnCas12a RNPs and the HR editing
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template, 30 colonies per Cas12a RNP guide combination were screened. Of the
30 colonies screened, 47% of the transformants were NR mutants. The cells transfected
with FnCas12a-NR2 and HR editing template resulted in 93% NR mutants, while the
rest of the transformants indicated both wild type and mutant cells in them. In the case
of the cells transfected with FnCas12a-3, only 20% were NR mutants (Fig. 3.2a).
3

Figure 3.2: Mutant analysis. (a) Percent of mutants obtained with various RNP based HDR. (b)
Gel electrophoresis image of the WT, NR-KO and mixed colonies upon colony PCR. (c) Phenotypic
characterization of NR mutants, the NR mutants were observed to bleach in media with nitrate as the
sole nitrogen source while they grew similar to WT in media with ammonia as the nitrogen source (The
re-streak plates for characterization are included in the online supplementary data S13). (d) Sequencing
result of a NR-KO mutant showing precise integration of the Zeocin resistance cassette into the host
genome knocking out the NR gene.

For the cells transfected with LbCas12a NR1, 28 colonies were screened among which
78% were NR mutants while 14% were wild type. Among 28 colonies screened for
the cells transfected with LbCas12a NR-2, we observed 71% mutant colonies. Upon
screening 23 colonies from the cells transfected with LbCas12a NR-3, we were unable
to obtain any NR mutant colonies (0%). However, 65% of them indicated the presence
of both wild type and mutant cells and the rest of the transformants indicated wild
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type colonies (Fig. 3.2a).
We screened 27 colonies for the cells transfected with AsCas12a NR-1 and observed
that 70% of them were wild type only 3% of them were a NR mutant. In the case
of the cells transfected with AsCas12a NR-2, out of the 30 colonies screened no
mutant colonies were observed (0%). Upon screening 25 colonies from the cells
transfected with AsCas12a NR-3, only 4% NR mutants were obtained (Fig. 3.2a).

Discussion
Homologous recombination and antibiotic resistance-based selection in the absence of
artificially induced DSBs has been demonstrated to be highly efficient in generating
genetic mutants of Nannochloropsis oceanica (127). Our results partly agree with
this observation where efficient HR is showcased in N. oceanica. The presence of
10% mixed colonies in our experiment indicates that the HR system is active in
this species but we were not able to isolate any clean NR mutants by this approach.
Although it might be possible to obtain isolated mutants using an HR-based approach,
laborious screening of large number of colonies would be required. HR-based gene
targeting has been reported in microalgal strains such as Chlamydomonas reinhardtii
and Schizochytrium albeit it with low efficiencies (1/40 – 1/2000) of plasmid integration
into the host genome (134–137).
As an alternative to HR for disrupting the target genes, the availability of endonucleases with tuneable sequence specificity for the introduction of DSB at specific sites
and repair through NHEJ or HDR has been an important milestone in the field of
genome editing (138). The first endonucleases that were used for genome editing were
Zinc Finger Nucleases (ZFNs) and Transcription Activator Like Effector Nucleases
(TALENs), but since 2013 has been dominated by the CRISPR-based nucleases for its
cheap, precise and simpler approach (106, 139).
CRISPR-Cas9 based genome editing in microalgae was primarily reported in C. reinhardtii with a very low efficiency in generating mutants through NHEJ mediated
disruption of the target gene (140). The initial reports on Nannochloropsis spp. also
reported similar outcome, where approximately 300 colonies were screened to obtain
2 expected mutants (119). However, an efficient system based on Cas9 targeting
and NHEJ mediated insertion of antibiotic cassette was reported in N. gaditana for
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successful disruption of up to 18 different putative transcriptional regulators (118).
In this approach, the Cas9 protein was expressed from a genome integrated plasmid
that harboured a codon harmonized Cas9 gene. The efficiency of obtaining positive
knockouts in this approach varied between 6-78% depending on the target genes (118).
The same research team combined this Cas9 expression plasmid along with a Cre
recombinase expression cassette under the control of an inducible regulator to generate
markerless knockouts and recycle the antibiotic resistance for further gene knockout in
the same strain (107). Adapting the CEN/ARS6 region from Saccharomyces cerevisiae
to develop a circular self-replicating vector active in N. oceanica facilitated the development of marker-free non-transgenic mutants (108). After obtaining the expected
mutants through targeted gene disruption by DSB and NHEJ repair, the mutants were
grown on media without antibiotic to clear the circular plasmid from the host, thereby
resulting in a non-transgenic mutant (108).
All reports to date on Cas9-based genome editing strategies in Nannochloropsis
spp. have exploited the plasmid-based expression of Cas9 endonuclease combined
with NHEJ repair systems for disruption of target genes. Our efforts to attain mutants
through HR and antibiotic selection was not completely successful, but at least we
obtained evidence for a functional HR system in N. oceanica. In the light of recently
reported efficient Cas9 activity in Nannochloropsis spp. (107, 108, 118) and earlier
reports on enhanced HR efficiency upon DSB induction (122, 132, 133, 141, 142),
we applied the Cas9 based DSB induction to enhance the HR in N. oceanica and
thereby obtain targeted NR mutants. As an alternative to the present approaches in
Nannochloropsis spp., we used the Cas9 RNP to induce the DSB. Using a Cas RNP
has some noteworthy advantages over the plasmid-based expression of Cas proteins
in the host species. The off-target problem of Cas9 and strategies to overcome this
issue is widely studied (143). The transient presence of Cas RNPs in the host upon
transformation reduces the risk of off-target effects compared to long-term, constitutive expression of Cas proteins from a plasmid. Moreover, the saturation of Cas
protein prior to transformation with appropriate guides, reduces the risk of Cas protein
binding to unwanted sgRNA-like molecules leading to unspecific cleavage events.
The possibility to assay the activity of RNP complex in vitro prior to tedious in vivo
experiments reduces the risk of experiment failure adding to the advantages of this
approach. Furthermore, the possibility to avoid the requirement of gene regulators for
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Table 3.1: Key differences between the Cas9 and Cas12a CRISPR proteins.

CRISPR type
Molecular weight
Endonuclease domains
PAM
guideRNA
crRNA maturation
DSB cleavage site
DSB cleavage site
DSB cleavage mechanism

Cas9

Cas12a (Cpf1)

Class 2, Type II-B
164 kDa
RuvC and HNH
3’ NGG
120 nt, two RNA sequences crRNA and tracrRNA are
synthetically fused to form the sgRNA

Class 2, Type V-A
158 kDa
RuvC only
5’ TTTV
43 nt, only crRNA is required

RNase III dependent
3 bases upstream of the protospacer sequence
PAM site often destroyed during genome editing
Blunt end cuts

RNase III independent, autonomous processing
18-23 bases downstream of the PAM
PAM site may be preserved after genome editing
5-nt staggered end cut distal to the PAM

Cas expression and RNA processing systems for precise sgRNA production in vivo
further increases the simplicity of this approach.
The co-transformation of SpCas9 RNP targeting the NR gene along with the HR editing
template rapidly generated mutants by HDR. The observation of up to 74% mutants
among the screened antibiotic resistant colonies indicates the excessive increase in
HR upon using the SpCas9 RNP for DSB induction. Based on the positive results
obtained with SpCas9, we decided to try to expand the genome editing toolbox of N.
oceanica even further by assessing the efficiency of Cas12a variants in generating
similar mutants. We have summarized the key differences of Cas9 and Cas12a in table
3.1. As the Cas12a endonuclease introduce DSB 18-23 bp away from the PAM, the
NHEJ repair might not disturb the PAM and seed sequence, thereby allowing Cas12a
to cleave the same site again until HDR is successful. According to this hypothesis,
Cas12a variants might exhibit even higher efficiencies than Cas9 in generating mutants
through HDR.
Among the three different Cas12a variants we tested (FnCas12a, LbCas12a and AsCas12a), a considerable variation in efficiencies were observed in generating mutants.
Apart from the variations based on Cas12a protein, the randomly selected guide sequences used for targeting also made a difference. FnCas12a and LbCas12a were
considerably active in generating mutants along with the guide sequences 1 and 2.
FnCas12a marked the highest efficiency with 93% mutants among the 30 antibiotic
resistant colonies screened. Irrespective of the guide sequence used for targeting, we
did not observe efficient mutant generation when AsCas12a was used. Similarly, the
guide sequence 3 exhibited inadequate activity in producing mutant colonies regardless of the Cas12a variant used for targeting. The diminished activity of AsCas12a in
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comparison to LbCas12a and FnCas12a in planta has been reported in various studies
(123, 144–150). It has been reported that the in vivo activity of Cas12a proteins were
enhanced at higher temperatures (34 °C) and this effect was remarkable in AsCas12a
(151). This explains the diminished activity of AsCas12a in microalgae and plants
grown at lower temperatures (<28 °C) (151). The sgRNA dependent variation in
Cas9 cleavage has been reported in previous studies (152–155). Correspondingly, we
observe major variations in efficiency of mutant generation by the same Cas12a or
Cas9 with different guide sequences. In mammalian cells, high throughput screening
of sgRNAs was performed to develop a predictive model for effective sgRNA design
(156). Similar studies should be performed in microalgae to allow predicting effective
sgRNAs for different target genes in silico to achieve even more efficient CRISPR
based genome editing.
The major bottleneck of our approach is the presence of an antibiotic resistance marker
that allows for efficient selection of the desired mutants. This marker could be removed
by applying the Cre-Lox approach as has been demonstrated in to work in N. gaditana
(107). However, this system still leaves a minor scar (34 nt) at the target site. We have
shown that HDR is very efficient in Nannochloropsis spp. Markerless mutant strains
could thus be obtained by 2 subsequent rounds of transformation with alternating
positive and negative selection. The RNP-based delivery approach could also be used
for multiplexed genome editing as shown in P. tricornutum (111). Co-transformation of
multiple RNPs targeting different genomic loci along with multiple editing templates
could facilitate HDR-based multiplexing. However, without a positive selection system
based on toxicity as was demonstrated in P. tricornutum (111), we might require
multiple antibiotic resistance markers to select mutants. Moreover, using RNPs for
genome editing has also been considered to attain a non-GMO label in absence of
transgenic sequences (157–159). In this context, our approach could be developed
towards achieving non-GMO knockout mutants with the help of high throughput
selection tools such as FACS.

Conclusion
Understanding the potential of developing industrially relevant N. oceanica has accelerated the studies on genome editing in this species. Alternative to the presently
available strategies, we demonstrate the possibility of implementing Cas RNPs to
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drive targeted genome editing in combination with HDR in N. oceanica. The efficient
HDR could be effectively used for precise knockout and in-frame knock-in of genes.
A previous study reported the efficient generation of mutants by homologous recombination and antibiotic based selection in this species (127). Even though we were
unable to confirm the results of this study, we witnessed the presence of an efficient HR
system in the species. Co-transformation of Cas9 RNPs targeting the NR gene along
with an HR editing template substantially enhanced the portion of mutants among
antibiotic resistant colonies. This indicates the reinforcing effect of DSB for inducing
HR at the target sites through HDR. In addition to establishing a Cas9 RNP-based
transformation protocol in N. oceanica, we also demonstrate the activity of 3 different
Cas12a variants. We observed that FnCas12a performed the best in generating mutants
while AsCas12a was the weakest. LbCas12a exhibited an efficiency similar to Cas9
as observed in previous studies in C. reinhardtii (123). The AsCas12a has reported
to work remarkably well in mammalian cells while its activity is substantially lower
in ectothermic species as their in vivo activity is diminished under lower temperature
conditions (<28 °C) (151). Even though the mutants that we generated contain an
antibiotic resistance marker, future studies will investigate selection systems for attaining marker-free, non-GMO, multiplexed mutants of Nannochloropsis spp. using
high-throughput technology and insights generated within this research.

Methods
Strain and growth conditions
N. oceanica IMET1 was kindly provided by prof. Jian Xu (Qingdao Institute for
Bioenergy and Bioprocess Technology, Chinese Academy of Sciences). Microalgal
cultures were grown in artificial sea water (ASW) media composed of 24.50 g/L
Sodium chloride, 3.20 g/L Sodium sulphate, 0.80 g/L Calcium chloride di-hydrate,
0.85 g/L Potassium sulphate and 9.80 g/L Magnesium chloride hexahydrate. The ASW
media was further enriched with commercial “nutribloom plus” (ASW-NB) obtained
from Necton (Olháo, Portugal) or F/2 nutrients (ASW-F/2). When culturing with CO2
supplementation (5% CO2), the media was provided with 3 g/L Sodium bicarbonate
and while culturing without CO2 4.77 g/L HEPES was added to ASW and pH was set
to 8.0 prior to autoclaving and nutrient supplementation. Ammonium chloride with a
final concentration of 12 mM was used in the media for NR mutants.
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Plasmid construction
The homology repair template was designed to drive the removal of the nitrate reductase
activity and in turn confer antibiotic resistance against Zeocin upon engineered cells.
It carried the bleomycin resistance gene from Streptoalloteichus hindustanus (shble,
GenBank accession number A31898.1) under the control of an endogenous promoter
and terminator. The Violaxanthin Chlorophyll a Binding Protein Precursor (VCP)
promoter region including the translation initiation ATG codon and the first intron of
the VCP gene was amplified from genomic DNA using Q5 DNA polymerase (NEB)
with the primers VCP FW and VCP RV. This promoter exhibited strong constitutive
expression in transcriptomic studies (7) and a similar construct has been reported to
drive shble expression in N. oceanica (160). The shble gene was amplified from the
plasmid pPtPuc3 (addgene #62863) which was a gift from Hamilton Smith . The gene
was amplified with primer set BLE FW and BLE RV. The 3’UTR and transcriptional
terminator of the alpha tubulin gene were previously used in N. oceanica (119). We
amplified them with the primer set A-TUB FW and A-TUB RV. We chose to add a
second transcriptional terminator in reverse orientation, which was amplified from
the 3’-region of the Clp protease proteolytic subunit gene with primers CLP FW
and CLP RV. The fragments were assembled using the Gibson assembly technique
(NEBuilder HiFi DNA Assembly Master Mix) with 25 nt overlap. The construct was
introduced into the MCS of the cloning vector pUC19 (GenBank accession number
M77789.2), which was linearized via PCR with primer set pUC FW and pUC RV. The
correct assembly of these fragments in the construct pNIM14 was verified via PCR
and sequencing.
In a second cloning step, ~1 kb homologous flanks for the knockout of the NR gene
were added to both sides of the antibiotic resistance cassette. The upstream homologous
flank was amplified from host genomic DNA with the primer set NR US Fw and NR US
Rv and the downstream flank with primers NR DS Fw and NR DS Rv. The antibiotic
resistance cassette was amplified by PCR with primer sets ZeoR Fw and ZeoR Rv
harbouring overlaps to the US and DS HR flanks respectively. The pUC19 plasmid
was linearized with primers pUC19 Fw and pUC19 Rv harbouring the overlaps to align
with the HR flanks and antibiotic resistance cassette by Gibson assembly technique.
After assembling the PCR products by NEBuilder HiFi DNA Assembly Master Mix,
the circular product was transformed into Dh5 alpha E. coli and the alignment was
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validated from single colonies by PCR and sequencing. The Genbank file of the
vector developed is included in the online supplementary data. Once the construct was
sequence-verified, the linear DNA for transformation of microalgal cells was PCR
amplified from the construct with primers NR US Fw and NR DS Rv.

Transformation of N. oceanica
For transformation we followed the protocol developed by Vieler et al. The linearized
vector, carrier DNA and RNPs were added into this 0.2 mL of 5 × 108 cells mL−1
concentrated culture and electroporation was performed using a 2 mm cuvette and
following pulse settings: 2000 V, 600 Ohm resistance and 50 μF capacitance. After
electroporation, the cells were transferred to 5 mL ASW in 15 mL Falcon tubes supplemented with nutribloom and ammonium chloride (12 mM) and left under continuous
light of 50 μmol m−2 s−1 without mixing for recovery (2 days) . The linear PCR product
for transformation into N. oceanica was amplified from the circular plasmids obtained
from E.coli. Primers NR US FW and NR DS RV were used for amplifying the linear
vector. 3 μg of linear vector DNA and 30 μg of Salmon Sperm DNA were used for
transformation. For transformation with RNP complex, we pre-assembled purified Cas
protein with appropriate guide sequences in an equimolar ratio (10 μM) and incubated
at 37 °C for 10 min to form the Cas RNPs. 30 μL of 10 μM RNPs were transformed
along with 3 μg editing template and 30 μg carrier DNA (Salmon sperm DNA).
The transformants were plated on ASW-NB (1% Agar), 1.2 mM Ammonium chloride and 2 μg ml−1 zeocin. The plates were incubated under continuous light of 50
μmol m−2 s−1 for 3-4 weeks until colonies appeared.

sgRNA production
The sgRNA for targeting the NR gene with SpCas9 was produced by in vitro transcription of the corresponding DNA template with HiScribe T7 RNA synthesis from
NEB. Two targeting spacers (sp1: 5’-GCCGGCGCAGACAAGAGTGA-3’ & sp2:
5’-AACCTCCTTGCGGCGATTGC-3’) were selected from the NR gene based on
the PAM sequence 5’-NGG-3’. Following forward primers were designed for adding
the spacer sequence onto the sgRNA loop by PCR: Sp1 sgRNA FW and Sp2 sgRNA
FW with common reverse primer sgRNA RV. After obtaining the PCR fragment with
spacer sequence and sgRNA loop, a subsequent PCR was performed to attach the T7
promoter sequence 5’-TAATACGACTCACTATAGG-3’ to the 5’ end of the fragment.
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Following forward primers were used for adding the T7 promoter; T7 sp1 Fw and
T7 sp2 Fw with the reverse primer sgRNA RV. The same reverse primer used in the
previous PCR was used for above PCR reactions to obtain the final DNA fragment for
in vitro transcription. The final DNA template sequence used for in vitro transcription
is provided in the online supplement.
3

The in vitro transcription was performed according to the protocol provided by the
supplier. The sgRNA was gel purified according to the protocol developed by Anders
and Jinek (2014) (161) and the activity was confirmed through the following in vitro
assay. The sequences of all guide RNAs and crRNAs are included in the online
supplement.

Cas protein expression and purification
E. coli codon optimized spcas9, E. coli codon harmonized fncas12a, and human
codon optimized ascas12a and lbcas12a genes were cloned into a bacterial expression
vector [6-His-TEV-Cas12a, a pET-based vector that was a gift from Scott Gradia
(Addgene plasmid # 29653)]. One litre of LB growth media with 100 μgml−1 ampicillin
was inoculated with 10 mL overnight culture Rosetta (DE3) (EMD Millipore) cells
containing the Cas12a expression construct. Growth media plus inoculant was grown
at 37 °C until the cell density reached 0.5 OD600 , then the temperature was decreased
to 20 °C. Growth was continued until OD600 reached 0.6 when a final concentration
of 500 μM IPTG was added to induce Cas12a expression. The culture was induced for
14-18 hours before harvesting cells and freezing them at -20 °C until purification. Cell
paste was suspended in 20 mL of Lysis Buffer (50 mM NaH2PO4 pH 8, 500mM NaCl,
1 mM 2-Mercaptoethanol, 10 mM imidazole) supplemented with protease inhibitors
(Roche complete, EDTA-free) and lysozyme. Once homogenized, cells were lysed
by sonication (Bandelin Sonoplus) and then centrifuged at 16,000xg for 1 hour at
4 °C to clear the lysate. The lysate was filtered through 0.22 micron filters (Mdi
membrane technologies) and applied to a nickel column (Histrap HP, GE lifesciences),
washed and then eluted with 250 mM imidazole. Fractions containing protein of the
expected size were pooled and dialyzed overnight into the dialysis buffer (250 mM
KCl, 20mM HEPES/KOH, 1 mM DTT). After dialysis, sample was diluted 1:1 in
10 mM HEPES/KOH pH 8.0, and loaded on a heparin FF column pre-equilibrated in
IEX-A buffer (150 mM KCl, 20 mM HEPES/KOH pH 8). Column was washed with
IEX-A and then eluted with a gradient of IEX-C (2 M KCl, 20 mM HEPES/KOH pH
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8.0). The sample was concentrated to 700 μL prior to loading on a gel filtration column
(HiLoad 16/600 Superdex 200) via FPLC (AKTA Pure). Fractions from gel filtration
were analyzed by SDS-PAGE; fractions containing the Cas12a1 were pooled and
concentrated to 200 μL (50 mM Tris-HCl pH 8.0, 2 mM DTT, 5% glycerol, 500 mM
NaCl) and either used directly for biochemical and transfection assays, or frozen at
-80 °C for storage. in vitro assays of RNP complex
To obtain the RNP complex, equimolar amount (1 μM) of Cas protein and sgRNA
were incubated in a sterile 1.5 mL eppendorf tube at 37 °C for 15 min along with
3 μL 10X Cas buffer (NEBuffer 3.1) and milliQ water to a final volume of 30
μL. The 10X Cas buffer is composed of 1 M Nacl, 500 mM Tris-HCl, 100 mM
MgCl2 and 1 mg/ mL BSA at pH 7.9. After 15 min incubation, 100 ng of the
template DNA was added into the reaction mixture and incubated again for 1 hour.
The target DNA was amplified from the host genomic DNA with Q5 (NEB) PCR
by using primers NR Fw: 5’-GTGGTGCGTAGTCGGAATGG-3’ and NR Rv: 5’GTCGGCCAATCCAGTTCGTGTC-3’. The template DNA was 1207 bp long and
the digestion with Cas9 could result in fragments of size 183 and 1022 bp with sp1
and 200 and 1005 bp with sp2. Similarly, the cleavage with Cas12a spacer 1 generates
fragments of size 314 and 898 bp, spacer 2 can produce fragments of size 443 and
774 bp while spacer 3 produces fragments of size 458 and 750 bp.
The activity of the RNP complex for cleaving the target DNA was assayed at 37 °C
and 25 °C to assess the activity of RNP at the optimum temperature of Cas protein and
temperature for in vivo experiment respectively. A description of the in vitro cleavage
assay can be found in the online supplementary data.

Colony PCR on transformants
Colony PCR was performed with the Phire Plant Direct PCR Master Mix (Thermo).
Single colonies were taken with a 10 μl inoculation loops and re-streaked to a fresh
plate and incubated at same conditions. Also, another portion of the same single
colony was resuspended in 20 μl dilution buffer (obtained with the Phire Plant Direct PCR Master Mix kit) in an 8-strip PCR tubes. After incubating the sample for
15 min at room temperature, the sample was centrifuged for 30 seconds. 2 μl of
the supernatant from the dilution buffer-colony mixture was used as template for the
Phire Plant Direct PCR. Following primer set was used for screening the antibiotic
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resistant colonies for mutants: Check FW: GTGCTTGATGCGGACGACAG, Check
RV: AAAGCGCACGACGCAATGG.
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Abstract

4

Microalgae can produce industrially-relevant metabolites using atmospheric CO2 and
sunlight as carbon and energy sources, respectively. Developing molecular tools for
high-throughput genome engineering could accelerate the generation of tailored strains
with improved traits. To this end, we developed a genome editing strategy based on
Cas12a ribonucleoproteins (RNPs) and homology directed repair (HDR) to generate
scarless and markerless mutants of the microalga Nannochloropsis oceanica. We
also developed an episomal plasmid-based Cas12a system for efficiently introducing
indels at a target site. Additionally, we exploited the ability of Cas12a to process an
associated CRISPR array to perform multiplexed genome engineering. We targeted
3 sites in the host genome in a single transformation, thereby making a major step
towards high throughput genome engineering in microalgae. Furthermore, a CRISPR
interference (CRISPRi) tool based on Cas9 and Cas12a was developed for effective
downregulation of target genes. We observed up to 85% reduction in the transcript levels upon performing CRISPRi with dCas9 in N. oceanica. Overall, these developments
substantially accelerate genome engineering efforts in N. oceanica, and potentially
provide a general toolbox for improving other microalgal strains.

Introduction
The concept of microbial biofuel production has received major attention because
the exploitation of fossil fuels is becoming a threat to life on earth. Microalgae were
already identified as a promising platform for sustainable production of biofuels in
the 1950s (16, 162–164). The possibility to achieve higher photosynthetic efficiency
in microalgae (10%) compared to land plants (~5%) and algal lipid accumulation
reaching up to 60% of their dry cell weight on the other hand make them suitable
candidates for biofuel production (4, 165–169). Microalgae belonging to the genus
Nannochloropsis have attracted scientific and industrial attention in the last decade, as
they can accumulate lipids up to 60% of dry cell weight under certain conditions, and
produce high-value omega-3-polyunsaturated fatty acids (PUFA) (170, 171).
Developing convenient genome editing tools is key for elucidating relevant details of
the microalgal metabolism, and for developing targeted variants with desired traits.
CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR
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associated proteins) based genome editing has been effectively implemented in Nannochloropsis spp. (107, 108, 118, 119, 172, 173). A type II Cas endonuclease from
Streptococcus pyogenes named SpCas9 is the predominantly used Cas variant for
non-homologous end joining (NHEJ) mediated generation of gene disruption mutants
(174, 175). To this end, the Cas9 gene was either integrated into the host genome
or into an episomal plasmid. The advantage of an episomal system is the possibility
of generating non-transgenic mutants, as markerless deletions can be made, and the
plasmid is generally cured upon relieve of antibiotic pressure (108, 173). However,
the dependence on ribozyme systems for precise sgRNA generation for Cas9-based
editing (153), required relatively complex and laborious cloning procedures to develop
the plasmids for this approach.
Using delivery of Cas ribonucleoproteins (RNPs) as an alternative to plasmid transfection could overcome the limitations posed by the plasmid-based systems. Almost a
decade ago, homologous recombination (HR)-based insertion of an antibiotic resistance gene was reported as a tool for precise gene insertion or targeted gene disruption
in Nannochloropsis spp. (127). In our previous study, we improved the HR efficiency
in Nannochloropsis oceanica by using Cas RNPs for generating double-strand breaks
(DSBs) at the DNA target site that were subsequently restored by the host’s homology
directed repair (HDR) system (172). However, the mutants developed by this approach
harbored an antibiotic resistance cassette at the target site, which is a drawback for
generating multiple knockouts as the available antibiotic resistance genes are limited
for Nannochloropsis spp. (176).
Here, we describe further development of the RNP-based strategy for generating
scarless mutants in N. oceanica using Fluorescence-Activated Cell Sorting (FACS).
Additionally, we now developed a plasmid-based genome editing system employing
Francisella novicida Cas12a (FnCas12a) (128, 177). Through this, we overcame the
dependence on ribozyme-based guide maturation systems by exploiting the ability of
Cas12a to auto-process the precursor CRISPR RNA (pre-crRNA) to mature crRNA
guides, as a way to simplify the plasmid development. The latter feature of Cas12a
also allowed us to develop a multiplexed targeting system that can simultaneously
produce multiple knockouts in N. oceanica in a single transformation. Moreover, we
report an effective CRISPR interference (CRISPRi) tool for downregulating target
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gene expression using Cas9 and Cas12a proteins.

Results

4

Lb/FnCas12a RNP-based markerless mutant generation and FACS-based selection
Developing non-transgenic mutants using RNPs can have widespread applications in
microalgal biotechnology. To this end, we set out to utilize the phenotypic variation of
transformants expressing a fluorescence marker integrated at the target site followed
by a FACS mediated negative selection to generate markerless microalgal mutants.
The first step towards exploiting FACS for markerless genome editing was to knock
out the target gene by replacing it with a fluorescence marker gene. To this end, the
zeocin resistance (ZeoR) gene (shble, GenBank accession number A31898.1) described
previously (172) was linked, via the 30 amino acid long P2A peptide sequence to
the gene encoding the DsRed variant tdTomato (178, 179) (Fig. 4.1A). This selection
marker construct was inserted between HR flanks designed to precisely knock-out the
nitrate reductase (NR) gene. The NR gene was selected as target because characterizing
NR mutants is easily achieved by testing for their loss of ability to grow on nitrate (108,
119) (Fig. 4.2D). The RNP used for transformation was composed of a sgRNA targeting
the NR gene and the Lachnospiraceae bacterium Cas12a (LbCas12a) protein. After
transformation of the RNP and the linear marker fragment, obtained colonies were
screened by PCR to check for predicted insertion of the editing template at the target
site. Among 19 colonies, two colonies showed the desired target gene substitution.
The mutant strains were analyzed by flow cytometry to confirm tdTomato expression.
Fluorescence emission of mutants was easily separable from the wild type cells (online
Fig. S1).
In the second step, we aimed to remove the ZeoR-tdTomato marker cassette to produce
a marker-less mutant. To this end, we generated two RNP complexes, consisting of
Francisella novicida Cas12a (FnCas12a) and two crRNAs for the (in parallel) targeting
different positions of the tdTomato gene. In combination with a new linear editing
template only consisting of the previously used 1Kb HR flanks joined together (Fig.
1B), the ZeoR/tdTomato-expressing parental strain was transformed with the new RNPs.
The transformed cells were recovered for six days to allow for degradation of the
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Figure 4.1: RNP-based genome editing strategy for generating markerless mutants. (A) Editing
template for introducing tdTomato fluorescence gene (B) RNP-based approach for generation of scarless
mutants: 1. The transformation of editing plasmid and RNP targeting the nitrate reductase gene, 2.
Selection on antibiotic plates, 3. Selection and scaling up of mutants harboring designed integration of
editing plasmid and tdTomato expression, 4. Transformation of tdTomato expressing mutants with editing
plasmid and RNP targeting the tdTomato gene, 5. Sorting of cells that lack the tdTomato expression and
growing on solid media without antibiotic selection, 6. PCR on obtained colonies to identify the scarless
and markerless mutants. (C) PCR analysis showing the various genotypes obtained after the sorting.

tdTomato protein. Next, the recovered transformants that contained a mix of non-edited
parental (high tdTomato fluorescence) and edited (low tdTomato fluorescence) were
sorted by FACS (Fig. 4.1A, online Fig. S1). From two independent transformations
for each RNP, cells were sorted by FACS in order to obtain tdTomato-free clones, that
were screened by colony PCR: 87 colonies for RNP with spacer 1, and 91 colonies for
RNA with spacer 2. We observed that all the colonies obtained via RNP with spacer
1 were false positives and did not contain any markerless mutants. However, for
RNP harboring spacer 2, 4/91 colonies showed the expected band size of markerless
mutants (Fig. 4.1C). Sequencing of PCR products confirmed the complete deletion of
the tdTomato and Zeocin resistance cassette from the host genome, thus indicating
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that markerless nitrate reductase gene knockouts were successfully obtained.

4

Codon harmonization and expression of fnCas12a in N. oceanica
The RNP-based approach described above required two rounds of transformation
and selection via FACS to develop markerless mutants. To further accelerate the
generation of mutants and to simplify the screening process, we set out to develop
a plasmid-based Cas12a system for genome editing in N. oceanica. We opted to
use the FnCas12a variant due to its improved activity in N. oceanica compared to
LbCas12a and AsCas12a (172). We adapted a recently-developed episomal system for
N. oceanica to develop our Cas12a-based genome editing system (108).
The fnCas12a gene sequence was codon harmonized for expression in N. oceanica
using the online Galaxy codon harmonizer tool (180). To the 3’end of the harmonized
fnCas12a gene, an in-frame fusion was made with a gene encoding the reporter protein
Nano Luciferase (Nlux) to allow validation of Cas12a expression in transformants
(108, 181). Expression of the fusion protein was regulated by the bidirectional Ribi
promoter in the resulting plasmid pNOC_nfnCas12a-NLux. Wild type N. oceanica was
transformed with this plasmid and transformants were selected for antibiotic resistance.
Colonies were screened for Nlux activity, but no luminescence was detected in any of
the colonies.
Human codon optimized Cas9 was previously shown to be effective in N. oceanica
(108). Assuming the codon harmonized fnCas12a gene sequence was the system’s
bottleneck, we expressed human codon-optimized fnCas12a and lbCas12a to identify
the best expressed Cas gene sequences for N. oceanica. The plasmids pNOC_hfnCas12a-Nlux (encoding the humanized fnCas12a-Nlux fusion protein) and pNOC_hlbCas12a-Nlux (encoding the humanized lbCas12a-Nlux) were transformed, selected
using the ZeoR marker, and screened for Nlux activity. In this case, the Nlux activity
was observed for both variants and the activity of the fnCas12a-Nlux fusion protein
was higher than the lbCas12a-Nlux (online Fig. S2). This observation indicates that
the codon harmonization can be detrimental for expression of certain genes and warrants further investigation. Apparently, humanized Cas12a sequences are suitable
for expression and genome editing in N. oceanica. Humanized Cas9 gene sequence
was also previously reported to be efficiently expressed in N. oceanica (108). The
humanized fnCas12a gene was selected for the next round of experiments owing to its
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improved expression and previously validated high activity in N. oceanica.

Episomal fnCas12a system introduces indels at the target site
Next, we set out to use the humanized fnCas12a as a genome editing tool for N.
oceanica by generating indels at a target site. To this end, along with the fnCas12a,
we used a full-length CRISPR RNA (crRNA) with 36-nucleotide (nt) direct repeat
(DR) followed by a 25-nt long spacer sequence targeting the gene of interest. We
selected three spacer sequences targeting the exon of the NR gene (crRNA NR1, crRNA
NR2 and crRNA NR3). The bidirectional Ribi promoter regulated the transcription
of Cas12a and the crRNA (Fig. 4.2A). To facilitate precise crRNA formation from
mRNA molecules, we added the Hammerhead (HH) and Hepatitis Delta Virus (HDV)
ribozymes on either end of the crRNA sequences (108, 182, 183).
RiBi promoter
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Figure 4.2: Plasmid-based Cas12a efficiently introduce DSB at target sites in N. oceanica. (A)
Schematic map of the episomal plasmid system used for generating NHEJ based indel mutations in N.
oceanica. (B) The various CRISPR RNA sequences targeting different positions of the nitrate reductase
gene. (C) The efficiencies of obtaining indel mutants upon using various plasmids. (D) Phenotypic assay
of nitrate reductase mutants shows the inability of mutants to grow in media without ammonia.

The plasmids pNOC_hfnCas12a-Nlux_crRNA NR1/ NR2 and NR3 were transformed
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into wild type N. oceanica, and 96 colonies per plasmid were selected and screened
for Nlux activity. 72, 55 and 75% of the colonies from plasmids pNOC_hfnCas12aNlux_NR1/ NR2 and NR3, respectively, showed Nlux activity. Screening of these
colonies for indels at the target site by PCR and sequencing revealed that 82, 89
and 20% of the Nlux-positive colonies for plasmids harboring crRNA 1, 2 and 3,
respectively, showed indels at the target sites (Fig. 4.2C and online Figs. S6, S7, S8).
When removing the Nlux tag from the fnCas12a gene and screening transformant
colonies directly by PCR, indel formation efficiencies were 40%, 30% and 5% for
pNOC_hfnCas12a_crRNA NR1, NR2 and NR3, respectively (Fig. 4.2C).
This 1-step approach to generate markerless mutants is substantially simpler than the
aforementioned 2-step procedure using negative fluorescence selection with FACS.
However, it cannot easily be used for knocking out multiple genes at the same time due
to complicated cloning of multiple HH ribozyme sequences. Therefore, we next tested
whether the innate crRNA processing ability of Cas12a can be used to improve the
plasmid-based gene knockout system by simplifying the cloning procedure. To assess
the crRNA processing capability of fnCas12a in N. oceanica, we removed the HH
ribozyme from the plasmid pNOC_hfnCas12a_crRNA NR1 to develop the plasmid
pNOC_hfnCas12a_Nlux_(-HH)crRNA NR1. We achieved an editing efficiency of
95% with this plasmid (Fig. 4.2C), indicating effective self-processing of crRNA by
Cas12a enzyme in N. oceanica. This removal of HH ribozyme further simplifies the
introduction of spacers into Cas12a plasmids for genome editing in this microalga.

Multiplexed genome editing in N. oceanica using fnCas12a
The efficient processing of crRNA by Cas12a can be exploited for multiplexed genome
editing in N. oceanica (177, 184). To this end, we introduced a CRISPR array in the
crRNA locus of the targeting plasmid pNOC_hfnCas12a_crRNA NR1. The CRISPR
array consisted of three 36-nt DR sequences interspaced by the spacer sequences
NR1 and NR2, respectively (Fig. 4.3A). This plasmid was developed by the CRATES
assembly, a simplified method for generating CRISPR arrays for multiplexed genome
engineering (185). The NR1 and NR2 target sites were 375 nucleotides apart in the NR
gene. Simultaneous targeting at both loci could either result in deletion of the region
between the targets or introduce indels at both target sites. We transformed wild type
N. oceanica with the multiplexing plasmid pNOC_hfnCas12a_Nlux_NR1_NR2, and
selected colonies with Nlux activity for screening by PCR. We observed a reduction
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(approx. 375 base pairs) in amplicon size for 11/40 (27%) colonies, indicating efficient
multiplexed targeting and deletion of the region between the target sites (online Fig. S9).
Sequencing of PCR products confirmed this (online Figs. S10, S11) and showed
that an additional 4 colonies had indels at both target loci, resulting in a total of
37% multiplexing efficiency. We further observed that 14/40 (35%) colonies carried
mutations at the NR2 site, whereas no mutants had indels only at the NR1 site.

4

Figure 4.3: Multiplexing plasmids and the CRISPR array. (A) The CRISPR array used for multiplexed genome engineering in N. oceanica. The spacers are targeting the nitrate reductase gene are
indicated in yellow and green. The dark red colored spacer targets the LPAAT gene and was used for
multiplexed editing at 3 loci in a single transformation. (B) The CRISPR array sequence of the multiplexing plasmid targeting 3 regions. The colors used for the nucleotides corresponds to the annotation in
panel A. The 5 nucleotides depicted in red (TGCTG) are the extensions used for the CRATES assembly
to develop the plasmid.

To further expand the multiplexing potential, we added an additional spacer to
the CRISPR array to target three regions in a single transformation (pNOC_hfnCas12a_Nlux_NR1_NR2_LPT1) (Fig. 4.3B). The additional spacer targeted the
LPAT1 gene, as successful non-lethal knock out of this gene has been demonstrated in
N. oceanica previously (186). After transformation and selecting 48 Nlux-positive
colonies, we obtained 7/50 (14%) colonies that harbored mutations at all 3 target sites.
2/50 colonies (4%) showed different combinations with mutation at two target sites,
while 6/50 (13%) colonies had a mutation at either one of the target sites. These results
indicate the potential of using Cas12a for generating multiplexed knock-out mutants in
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microalgae. The mother plasmid we developed (pNOC_hfnCas12a_Nlux_CRATES)
harbors type IIS restriction sites at the CRISPR array locus, which can be used for
swift generation of multiplexing constructs, either by CRATES or Gibson assembly.

4

CRISPRi mediated gene downregulation
Next to the aforementioned gene disruption approaches, the development of an efficient transcription repressor system would be very useful for accelerating fundamental
studies in microalgae. The specific silencing of gene expression by CRISPRi has
been successfully implemented in a wide range of organisms, including the microalga
Chlamydomonas reinhardtii (187–190). A catalytically inactive Cas9 tagged with a
transcriptional repressor domain has shown 94% gene silencing efficiency in Chlamydomonas (190). We aimed to identify the efficiency of FnCas12a and SpCas9 in
downregulating gene expression in Nannochloropsis oceanica. To this end, we developed catalytically inactive variants of SpCas9 by introducing two mutations D10A and
H840 (187), and catalytically inactive fnCas12a by introducing mutations E1006A
and D917A (128, 191, 192). The deadCas (dCas) encoding genes were introduced in
the aforementioned episomal system and replaced the ZeoR cassette with a blasticidin
resistance cassette to establish the CRISPRi plasmids for N. oceanica.
Ideal target genes for this endeavor should facilitate simple quantification of gene
expression. However, the wild type N. oceanica did not harbor a gene that met our
requirement. For that reason, we used a previously constructed host strain in which
the gene encoding tdTomato was used to knockout the NR gene (Fig. 4.1A, first
step). We developed dCas9 and dCas12a episomal plasmid systems with spacers
targeting two regions of the tdTomato CDS (Fig. 4.4A). Plasmids expressing either
Cas proteins together with a non-targeting spacer sequence were used as controls.
After transformation of the tdTomato-expressing (tdTomato+) parental strain, colonies
were selected on solid media with ammonia and blasticidin. Three colonies with active
Nlux expression per construct were grown in liquid media to exponential phase and
tdTomato fluorescence levels were quantified by plate reader. However, none of our
transformants exhibited a significant reduction in tdTomato fluorescence levels (online
Fig. S12). This outcome indicates that expression of dCas9 and dCas12a proteins
might not be an effective CRISPRi tool for microalgae.
Attaching transcription repressor domains (TRD) to dCas proteins has been reported
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Figure 4.4: Transcriptional silencing by CRISPR interference (CRISPRi). (A) The map of dCas12aKRAB and dCas9-KRAB plasmids used for CRISPRi in N. oceanica. (B) Fluorescence and mRNA
levels (qPCR) of various dCas12a-KRAB plasmids targeting the tdTomato gene. (C) Fluorescence and
mRNA levels (qPCR) of various dCas9-KRAB plasmids targeting the tdTomato gene. Fluorescence
is normalized to OD750 and the fluorescence value of NC. Fluorescence (or transcript) values were
normalized to the mean value of the negative control. Error bars denote the standard error of the mean
(N ≥ 2). Group means were compared for significant difference to the control using Tukey’s HSD test.
Relative differences compared to the control are indicated (Δrel ).
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to enhance the CRISPRi efficiency in various organisms (193–197). Among various
TRDs available, we selected KRuppel Associated Box (KRAB) for tagging dCas
proteins as this variant domain was active in Chlamydomonas (190). Next, we developed the same plasmids as in the previous experiment but with the KRAB domain
sequence attached to the dCas-encoding sequences at their 3’-termini (Fig. 4.4A). After
transformation, selection on antibiotic and Nlux screening, Nlux positive colonies
were screened for tdTomato fluorescence during exponential growth phase. Various
tdTomato downregulation levels were observed for cultures harboring plasmids with
spacers targeting the tdTomato gene (Fig. 4.4B, C). Reduction in fluorescence levels
was observed for both dCas9-KRAB and dCas12a-KRAB. To further validate this
observation, RNA isolation followed by cDNA synthesis and qPCR were performed
(Fig. 4.4B, C), which revealed up to 85% reduction in transcript levels for spacers
targeting the beginning of the CDS with dCas9-KRAB. The highest repression with
dCas12a-KRAB was also observed for spacer targeting the 5’-end of the CDS. Weaker
repression was observed for spacers targeting loci further downstream the start codon
of the target gene. These observations are in line with previous studies showing
reduced CRISPRi upon targeting more towards the 3’-end of the CDS and higher
efficiencies when targeting close to the transcription/translation start site (187, 198).

Discussion
Photosynthetic production of nutraceuticals and biofuels from microalgae can be a
sustainable alternative to the conventional production of these commodities from fossil
fuels (162, 163). However, the production cost of green chemicals from microalgae
are relatively higher than their counterparts derived from the fossil fuels and has been
a major bottleneck in their commercialization (118). Metabolic engineering strategies
that yield remarkable mutant strains with improved productivities could address this
bottleneck. To this end, genome editing tools that facilitate swift generation of mutants
and high throughput genome engineering are crucial.
CRISPR-Cas-based genome editing in microalgae was first reported with feeble efficiencies in Chlamydomonas reinhardtii in 2014 (140). Since then, various strategies
were implemented in multiple microalgal strains to improve editing efficiencies or
to perform compelling genetic engineering studies (106, 199). However, in most
studies the Cas9 gene was incorporated into the host genome, resulting in transgenic
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mutants (107, 118, 119, 133, 200, 201). RNP-based approaches circumvented this
bottleneck and developed markerless mutants by disrupting the target site with indels
(109, 120, 121, 172, 202). Nevertheless, high cost of purified Cas protein and laborious transformation techniques are obvious drawbacks of RNP-based approaches.
The recent development of an episomal, plasmid-based genome editing system for
Nannochloropsis spp. has laid the foundation for more straightforward development
of non-transgenic mutants (108). This system harbors a Cas9 gene sequence and
ribozyme-mediated production of guide RNAs and it was used for deleting a 100 kb
fragment in Nannochloropsis oceanica (173). However, using ribozymes for precise
generation of guide RNAs complicates plasmid production (especially in case of multiplexed genome editing) and limits the usefulness of this system for high-throughput
application.
Here, we report substantial improvements to the genome editing toolbox for microalgae
that address most of the bottlenecks associated with the present CRISPR-Cas tools.
Combining the low risk of off-target effects when using transiently present Cas RNP
with the ability to generate scarless mutants could be exploited for the sequential
generation of non-transgenic mutants with multiple alterations in the genome. However,
further optimizations are required to improve the efficiencies of obtaining markerless
mutants via FACS. The development of plasmid-based systems that employ Cas12a is a
valuable addition to the existing Cas9 system, as it expands the available target sites in
the A-T rich regions of the host genome for microalgal genome editing. Furthermore,
efficient multiplexing and the elimination of the need for ribozymes compared to
Cas9 systems, strengthens the position of Cas12a as enzyme of choice for genetic
engineering of Nannochloropsis spp. and other microalgae. Finally, the development
of an efficient CRISPRi system completes the essential tools required for extensive
microalgal genome engineering. Expanding the genome editing toolbox with improved
techniques will accelerate the development of microalgae variants for fundamental
and applied purposes (203).

Methods
Strain and Media Composition
The N. oceanica IMET1 was kindly provided by Prof. Jian Xu from QIBET, Chinese
Academy of Sciences. The strains were cultured in artificial seawater, as previously
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reported (172), and supplemented with commercially available “nutribloom plus”
(ASW-NB) provided by Necton (Olháo, Portugal). The liquid microalgae were grown
with 5% CO2 and 3 g/L Sodium Bicarbonate as the buffer to maintain the pH at 7.9 8.0. For maintenance, recovery after transformation, and selection on antibiotics, the
cultures were grown in light incubators at 25 °C with a constant light intensity of 50
μmol m−2 s−1 . For growing cells without CO2 , 4.77 g/L HEPES was added to the media
and pH was set to 8. For nitrate reductase knockouts, a final concentration of 12 mM
ammonium chloride was added to the ASW-NB media. Antibiotics zeocin (10 μg ml−1 )
or blasticidin (100 μg ml−1 ) were used to select and cultivate transformants.

Plasmid construction
All the plasmids in the study were assembled using Gibson assembly (2x HiFi DNA
assembly master mix from New England Biolabs, NEB) with the exception of the multiplexing plasmid that was cloned by CRATES assembly (online supplementary files)
(185). The details on plasmid construction and the GenBank files of plasmids used in
the study are provided in the online supplementary files. The Cas12a sequences obtained from plasmids pY004 (pcDNA3.1-hFnCpf1) and pY016 (pcDNA3.1-hLbCpf1)
were developed in the group of Feng Zhang (Addgene plasmids #69976 and #69988)
(128). The Cas9 sequence was a gift from Eva Farre (108). The fragments required for
the cloning procedures were amplified by PCR using Q5 High Fidelity 2x Master Mix
(NEB), and the primers for PCR were obtained from Integrated DNA Technologies
and their sequences are tabulated in online table S1.
Transformation and selection
A previously described electroporation protocol (7) was adapted for transforming the
N. oceanica IMET1 strains. The microalgal cells were inoculated to an OD750 of
0.08 and grown under medium light conditions (~50 μmol m−2 s−1 ) for 2 days. For
each transformation, 50 mL of culture was harvested at mid-exponential growth phase
(OD750 of 0.5) by centrifugation (2000 x g, 10 min at 4 °C). Cell pellets were washed
twice and resuspended in 0.2 mL ice-cold 375 mM D-Sorbitol to a final concentration
of 5 x 108 cells/mL and transferred to a pre-cooled 2 mM electroporation cuvette.
3 μg of plasmid and 30 μg of salmon sperm DNA were added to the resuspended
cells and mixed by gently flicking the cuvettes. The transformation was performed
using a Bio-Rad GenePulser II with 11 kV cm-1 field strength, 50 μF capacitance, and
600 Ω shunt. After transformation, the cells were quickly transferred to 5 mL of fresh
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media supplemented with NB and ammonia for 48 h recovery under medium light
conditions. Subsequently, the cells were pelleted and plated on solid media with NB,
ammonia, and respective antibiotics. Colonies were observed between 3-6 weeks after
the plating.
For the RNP based transformations, the Cas proteins were desalted at 4 °C to remove the excess salt present in the Cas protein storage buffer. The desalting was
performed by multiple rounds of concentration (Amicon Ultra -0.5mL, Ultracel - 30K)
and resuspension of the Cas protein in 10mM HEPES and 12.5% glycerol solution.
Subsequently, the RNPs were assembled by mixing equimolar amount (10 μM) of Cas
protein and the crRNA (obtained from IDT) at 37 °C for 15 min in an eppendorf tube.
From the assembled RNP complex, 30 μL of sample was used for each transformation.

N. oceanica colony PCR
N. oceanica colonies were resuspended in 20 μL dilution buffer (Plant Direct PCR
Master Mix, Thermo Scientific). PCR was performed using 2X Q5 PCR Master Mix
(NEB) with 2 μL of the microalgal suspension per reaction.
Fluorescence-activated cell sorting of transformants
After transformation, NR mutants expressing tdTomato were recovered for 2 days in
5 mL ASW-NB and ammonia under medium light conditions. Cells were transferred
to 50 mL of media and incubated for 3 more days. Subsequently, non-tdTomatoexpressing cells were sorted using a Sony SH800S cell sorter (Sony Biotechnology
Inc.). Cultures were diluted to an OD750 of 0.2, analyzed at sample pressure 4 and
singlet events with suitable chlorophyll a content were selected as described previously
(204). The tdTomato fluorescence of events falling into the “Alive” gate was analyzed
in the FL2-A channel at 585 ± 15 nm using a detector gain of 45% (online Fig. S1).
Cells with an FL2-A signal of 10-250 (gate “LowRed”) were sorted into ASW media,
plated on solid media and grown for 2 weeks.
Fluorescence and Luminescence assay
The Nlux activity was screened by resuspending 10 μL of an N. oceanica colony
in 100 μL ASW media in a 96-wells F-bottom white Lumitrac plate (Greiner). The
Nano-Glo substrate (Promega) was diluted 10,000 times in ASW media and 100 μL
was added to the resuspended culture. Luminescence was measured with following
specifications on a BioTek Synergy Mx plate reader; delay: 100 ms, read height:
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1 mM, Gain: 135, integration time: 30 ms.

The fluorescence measurement was performed using 150 μL of exponentially grown
cultures in a 96-well F-bottom dark Lumitrac plate (Greiner). The tdTomato fluorescence was measured with the following settings: Endpoint, Excitation: 555/9.0,
Emission: 605/20,0, Gain: 150, read height: 8 mM. The fluorescence and luminescence measurements were obtained using the plate reader Synergy Mx from Biotek.
4

RNA isolation
RNA isolation was performed by Trizol-Phenol-Chloroform extraction. Microalgal
cultures were grown to exponential phase and 25 mL of culture was harvested by
centrifugation (2000 x g, 15 min, 4 °C). The supernatants were removed immediately,
and pellets were resuspended in 0.5-1 mL TriZol (TRI Reagent from Sigma Life
Science). Samples were vortexed and incubated at room temperature for 5 min.
200 μL of chloroform was added and the samples were mixed by inverting tubes
5-10 times. Again, the samples were incubated for 5 min at room temperature and
centrifuged at 12000 x g for 10 min. The upper phase was collected in a new tube
and 20 μl of 3 M sodium acetate and an equal volume of ice-cold isopropanol was
added. The samples were vortexed for 10 s and centrifuged at maximum speed for
10 min to precipitate the DNA. The top phase was gently removed and centrifuged
again for 2 min to remove all the liquid phase. The pellet obtained was incubated for
another 3 min at room temperature. Subsequently, the pellet was resuspended in 5 μl
DNase I (NEB), 10 μl DNase I reaction Buffer (NEB) and 85 μl milliQ water. The
samples were incubated at 37 °C for 15 min. 10 μl of 3 M sodium acetate was added
to the samples and 1 mL of -20 °C ethanol to precipitate the RNA. The mixture was
vortexed and centrifuged for 5 min at maximum speed. Washing was repeated with
300 μl of 70% ethanol. After completely removing the supernatant and drying the
tube at room temperature, the pellets were resuspended in 40 μl RNase free milliQ
water. The samples were confirmed to be free of DNA contamination by performing
PCR specific to the housekeeping gene elongation factor 1 (EEF1A2) (N. oceanica
IMET1_NO22G01440). DNase treatment and RNA precipitation were repeated when
necessary.
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Transcript quantification by RT-qPCR
cDNA was generated from isolated RNA using SuperScript III Reverse Transcriptase
(Invitrogen) according to the manufacturer’s instructions, using 500 ng of RNA as
template and gene specific primers complementary towards the Td tomato and EEF1A2
CDS (Td Tomato: BG23326/BG23327, BG23328/BG23329 and BG23330/BG23331;
EEF1A2: BG23365/BG23366, BG23367/BG23368). qPCR was performed using iQ
SYBR Green Supermix (Biorad) in a Bio-Rad CFX96 real time PCR system. 1 μl
of undiluted cDNA was used as template for qPCR. Three sets of primers were used,
amplifying different regions of approximately 250 nucleotides length of the tdTomato
gene. For the control, two sets of primers were used, amplifying different regions of
approximately 250 nucleotides length from the housekeeping gene elongation factor 1.
The relative repression in the transcript levels was analyzed by the -ΔΔCt method.
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Abstract

5

Microalgae are used in food and feed and they are considered a potential feedstock
for sustainably produced chemicals and biofuel. However, production of microalgalderived chemicals is not yet economically feasible. Genetic engineering could bridge
the gap to industrial application, and facilitate the production of novel products from
microalgae. We report the discovery of a novel gene expression system in the oleaginous microalga Nannochloropsis that exploits the highly efficient transcriptional
activity of RNA polymerase I, and an internal ribosome entry site for translation. We
identify the nucleolus as a genomic safe harbor for Pol I transcription and use it to
construct transformant strains with consistently strong transgene expression. The new
expression system will substantially contribute to microalgal research, by providing
an outstanding tool for genetic and metabolic engineering.

Introduction
Microalgae are at the interface of industrial fermentation and agriculture. Their high
protein content, nutritional value and phototrophic growth rate, together with the
prospect of cultivation on non-arable land, make them a potential replacement for
traditional agricultural products in food and feed, as well as platforms for the biomanufacturing of a variety of desirable products for the chemical and pharmaceutical sector
(205–207). Microalgae naturally produce many compounds of interest, including
high value lipids, vitamins, pigments, and sterols (208). In particular, oleaginous
species, including the emerging model organism Nannochloropsis, have attracted
interest as potential candidates for the sustainable production of lipids that can be used
as biodiesel feedstocks and as a replacement for palm and fish oil (4, 16).
However, industrial production of microalgae-derived chemicals is not yet economically feasible due to high cost of biomass production and insufficient productivities
(12). Productivities could be increased by strain improvement strategies (118), but a
sophisticated toolbox for genetic engineering is still under development (209). Nevertheless, the toolset currently available has shown to enable the advancement of
microalgae with optimized productivities (118).
Within the last decade, efficient transformation (7, 210), gene silencing (211) and
gene knockout (118, 119) tools were developed for Nannochloropsis spp. Despite
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this, tools for strong gene expression are still lacking. Only a few transcriptional
promoters have been characterized (212), and gene expression levels are highly variable
among transformant strains (213, 214). Improving the efficiency of existing gene
expression systems or the discovery of new ones would greatly contribute to the genetic
toolbox available for development of Nannochloropsis and other microalgal strains
with desirable traits such as an improved lipid productivity or enhanced production of
novel protein products.
In this study, we report the discovery and development of an unusual chimeric system that confers exceptionally high gene expression by recruiting the cellular rRNA
synthesis machinery for transcription.
5

Results
Insertion of a promoterless cassette in a 25S rRNA gene leads to exceptionally
strong expression
To discover novel transcriptional promoters in N. oceanica, we generated a mutant
library containing random insertions of a promoter-trapping construct (TC, Fig. 5.1a).
The absence of a transcriptional promoter prohibited GFP expression unless the
cassette was inserted into a gene. A splice acceptor (SA) sequence was included at the
5’-terminus to allow expression in case of insertion into an intron and an endogenous
terminator (Tα−tub ) was added at the 3’-terminus. A control construct (CC, Fig. 5.1a)
carried the promoter of the highest-expressed nuclear gene VCP1 (215). The majority
of 48 independent TC transformants had increased green fluorescence compared to
the wild type (Fig. 5.1b). TC strain #17 clearly stood out, with its GFP fluorescence
exceeding that of the CC strain by ~8-fold (Fig. 5.1c-d). Remarkably, GFP transcript
abundance in TC#17 was increased by 135-fold over the control (Fig. 5.1f).
We traced the TC insertion in TC#17 to a 25S ribosomal RNA (rRNA) gene using
cassette PCR (Fig. 5.1g). In eukaryotes, the 18S, 5.8S and 25/28S rRNA genes
form a single transcriptional unit (cistron) that is transcribed by DNA-directed RNA
polymerase I (Pol I). rRNA cistrons are typically arranged as tandem repeats and
located in a dedicated part of the genome, i.e. the nucleolus organizer region (NOR).
N. oceanica contains only four rDNA cistrons in distinct genomic loci according to
the current genome assembly (218). Genotyping PCR (Fig. 5.7) revealed that TC
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Figure 5.1: Discovery of a N. oceanica transformant with exceptionally strong GFP expression.
(a) Schematic of the trapping construct (TC) and control construct (CC) used to transform N. oceanica
cells. The promotorless TC relies on insertion into an active gene for expression of GFP and zeoR by
”trapping” upstream exons during mRNA splicing, safeguarded by a 5’-terminal splice acceptor (SA).
Transcription of transgenes from the CC is driven by an endogenous promoter (PVCP1 ) and terminator
(Tα−tub ). (b) Flow cytometric quantification of GFP fluorescence for 48 TC transformants, compared to a
representative CC transformant (Fig. 5.6) and wild type (WT, N=3). (c) TC#17 exceeds GFP fluorescence
of CC strains by ~8-fold. Dot and error bars show the mean ± SD (N=6) of the median of fluorescence
emission distributions, measured by flow cytometry. (d) Fluorescence microscopy images showing
chlorophyll (chl) autofluorescence and cytosolic GFP fluorescence. PC: phase contrast channel. (e)
Western blot using an Anti-GFP antibody on 30 μg of soluble protein separated by SDS-PAGE. (f) TC#17
showed a ~135-fold increase in GFP transcript abundance relative to a CC strain, measured by RTq-PCR
(N=3). Caption continued on next page.
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Figure 5.1 (previous page): (g) TC insertion was traced to a 25S rRNA gene of the rDNA cistron on
chromosome 3 (chr3) by cassette PCR and subsequent genotyping PCR (Fig. 5.7). Insertion occurred at
position 2333 of the 25S rDNA. Local similarity between the N. oceanica 25S rDNA and 25/28S rDNA of
eukaryotes from different kingdoms (Saprolegnia parasitica, SAR, Arabidopsis thaliana, Plantae, Homo
sapiens, Metazoa) are displayed as a heat map. The insertion-proximal ~200 nucleotides, corresponding
to 25S rRNA helices 64-71, are highly conserved among eukaryotes (~95±2% local identity, ~71±6%
average identity over full length 25S rDNA). DSB: double-strand break. (h) Secondary structure within
domain IV of the S. cerevisiae 25S rRNA, modified from (216). Only 10 nucleotides are not conserved
between S. cerevisiae and N. oceanica (highlighted blue). Residues that interact directly with the 18S
rRNA in intersubunit bridge B2a are highlighted orange (217).

insertion in TC#17 had occurred in the rDNA cistron on chromosome 3 (chr3, position
1,029,753), between 25S rRNA bases 2333-2334 (corresponding to bases 2296-2297
of the S. cerevisiae 25S rRNA), which are located in the loop of helix 71 of the large
ribosomal subunit (Fig. 5.1h).
TC insertion within a 25S rRNA gene explained the high GFP transcript abundance in
TC#17 because rRNA genes are transcribed highly efficiently (219). However, rRNA
molecules are not translated into protein and, therefore, lack mRNA features such as a
5’ cap and a poly(A) tail. Consequently, if Pol I was responsible for transcription of the
genetic fusion of 25S rDNA and TC in TC#17, the resulting chimeric RNA (chRNA)
molecule should not be translated. Puzzled by these findings, we investigated the
underlying mechanism of gene expression in this mutant.

Defining the minimal rDNA elements required for GFP expression in TC#17
Ribosome biogenesis in the nucleolus of eukaryotic cells is a complex and rigorously
controlled process. The primary Pol I transcript undergoes multiple endo- and exonucleolytic cleavages, among other modifications, to yield mature rRNA molecules
(219). During maturation, the intermediates are continuously screened by an RNA
surveillance machinery that recognizes aberrant or unstable RNA (220). A hypothetical
chRNA in TC#17 would have to escape this surveillance machinery to allow nuclear
export and translation into protein. To ascertain which rDNA cistron parts are required
for the chRNA to escape the nucleolar RNA surveillance machinery, we designed a
number of expression constructs (ECs) with a succession of missing elements compared to the full rDNA-TC fusion in TC#17 (EC1, Fig. 5.2a). We obtained colonies
with GFP expression levels comparable to those of TC#17 for all constructs (Fig. 5.2b),
indicating that the length of the EC can be substantially reduced compared to EC1.
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Strikingly, EC7 transformants could be separated into two distinct clusters, one without
GFP fluorescence (GFP-) and another with TC#17-like GFP fluorescence (GFP+).
Variations in transgene expression levels among different transformant strains are usually related to positional effects, if ECs are inserted into a genome at random, through
nonhomologous end joining (NHEJ). However, positional effects do not typically
produce the binary phenotypes that we observed for EC7 transformants. The lack of
colonies with intermediate GFP fluorescence, therefore, suggested that NHEJ may not
be responsible for EC insertion in all EC7 strains.

5

Strong GFP expression in EC7 transformants depends on cassette integration
into the nucleolar DNA
In addition to random insertion by NHEJ, Nannochloropsis can integrate a DNA
molecule into their genome by homologous recombination (HR) (127). Because EC17 share a substantial amount of sequence with the rDNA cistron on chromosome 3, we
hypothesized a double-crossover event at the cassette termini, corresponding to the Pol I
promoter and terminator sequences. Therefore, we tested if EC7 had been inserted at
this locus for nine GFP+ and GFP- transformants through PCR genotyping (Fig. 5.2c).
The cassette was present in all transformants, but only in GFP+ transformants it had
been inserted by HR (Fig. 5.2d). These findings indicate that Pol I can drive high levels
of transgene expression in N. oceanica, if a Pol I promoter-containing EC is inserted at
the rDNA cistron locus on chromosome 3. Insertion of the same EC in random genomic
loci, however, failed to promote strong expression in EC7 GFP- transformants. To
test whether Pol I can drive GFP expression from cisgenic promoters within the NOR
but not within the rDNA cistron, we inserted EC7 in the vicinity of the chr3 rDNA
cistron, 188 nucleotides upstream of the promoter (EC7-vicinal, Fig. 5.2e). Insertion
of EC7 adjacent to the rDNA cistron and replacement of the rDNA cistron by HR
resulted in similar GFP expression levels (Fig. 5.2f). Therefore, Pol I can efficiently
initiate transcription from a cisgenic Pol I promoter in N. oceanica, if the promoter is
integrated within the NOR.
Translation of the chimeric RNA is facilitated by an IRES
The previous results strongly implicated Pol I in GFP expression in highly-fluorescent
transformants. As Pol I transcripts lack the mRNA features necessary for canonical
translation initiation, we hypothesized that chRNAs would undergo translation by noncanonical translation initiation. In eukaryotes, non-canonical translation initiation can
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5

Figure 5.2 (previous page): Definition of minimal elements for chimeric gene expression reveals
strong positional effects. (a) Schematic of ECs for deletion mutation. EC1 was amplified as the rDNA
cistron from chromosome 3 of TC#17. Different rDNA parts were removed in EC2-7 to define the
elements required for gene expression. (b) Quantification of transgene expression in EC1-7 strains by
flow cytometry. Fluorescence of EC1-6 transformants was comparable to TC#17. For EC7, several
transformants showed similarly high fluorescence (GFP+), but most strains did not produce any detectable
GFP signal (GFP-). (c) Possible insertion mechanism of EC7 into chromosome 3 via HR. The linear
EC (top) can homologously recombine with the genomic DNA (center) via double crossovers at the
Pol I promoter and terminator. (d) Characterization of EC7 strains by genotyping PCR using primers
displayed as solid horizontal arrows in (c). Arrows on the right indicate the expected band size for
HR-mediated cassette integration by the mechanism shown in (c). EC7 was inserted by HR only in
GFP+ strains. (e) Schematic of EC7 integration in the vicinity of the rDNA cistron of chromosome 3
(top), compared to cassette insertion by HR (middle) or NHEJ (bottom). EC7-vicinal carried homology
flanks (HF) that allowed insertion 188 nucleotides upstream of the rDNA cistron using CRISPR-Cas
technology. (f) GFP quantification for an EC7-vicinal transformant compared to EC7-HR (GFP+) and
EC7-NHEJ (GFP-). Strains carrying EC7 adjacent to or in place of the rDNA cistron show comparable
GFP fluorescence. Faithful cassette insertion was verified by PCR. (g) Schematic of bicistronic reporter
construct employed for testing IRES activity of the GFP-proximal 5’-UTR sequence. 255 nucleotides
upstream of the AUG codon were considered as potential IRES (Noc-IRES). Expression of the NanoLuc
luciferase (NLuc) gene was possible only by cap-independent translation at the (putative) IRES element.
(h) NLuc signal of EC-BRA transformants. After tdTomato pre-selection, 9-10 transformants were
screened for luminescence (N=4 technical replicates). Significant differences to the average of the NC
were assessed by Tukey’s HSD test. (**): p < 0.01; (***): p < 0.001

occur on RNA molecules harboring an internal ribosome entry site (IRES). IRESes are
well-studied cis-acting RNA elements that recruit the small ribosomal subunit (SSU) to
a transcript via non-canonical RNA-protein interactions (221). These interactions do
not require presence of a 5’ cap because the SSU can bind to the IRES either directly
or indirectly, mediated by eukaryotic initiation factors (eIFs) and sometimes additional
proteins called IRES trans acting factors (ITAFs).
GFP protein in TC#17 had the same size as conventionally expressed GFP (Fig. 5.1e),
suggesting that translation on the chRNA initiated on or in the vicinity of the GFP AUG
codon. Most IRES types facilitate translation from an initiation codon that is located
close to or at their 3’-boundary (221). An IRES in the chRNA would therefore likely
be positioned immediately upstream of GFP. By analyzing the shortest functional
construct, EC7, we considered the GFP proximal 255 nucleotides, corresponding to the
25S rDNA bases 2130-2333 and the splice acceptor (SA) element of the TC, as putative
IRES (Noc-IRES, Fig. 5.2g). We then verified IRES activity of Noc-IRES in vivo,
using a bicistronic reporter assay. Following pre-selection for similar expression of
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the 5’-cistron, 9/9 transformant strains containing the Noc-IRES (EC-BRA1) showed
expression of the 3’-cistron (Fig. 5.2h). This is, to our knowledge for the first time,
evidence for an IRES element that is functional in a microalga. Furthermore, we found
that the well-studied cricket paralysis virus IGR IRES (222), and crucifer-infecting
tobamovirus IRES (223) were inactive in N. oceanica.

The proximal 3’-UTR of the chRNA enhances gene expression by an unknown
mechanism
Based on the previous results we concluded that the rDNA cistron on chromosome 3
of N. oceanica is a genomic safe harbor for transgene expression by Pol I and that
uncapped chRNA is efficiently translated from the Noc-IRES. Next, we studied the
impact of removing different EC elements located on the 3’-side of GFP (Fig. 5.3a).
Deletion constructs were inserted into the genome of N. oceanica at the safe harbor site,
and EC insertion was confirmed by PCR genotyping for all transformants discussed
hereafter. ECT1 resembled the previous shortest construct EC7, but it was missing the
25S rDNA sequences downstream of GFP. GFP expression from ECT1 was similar
to EC7 (Fig. 5.3b). Likewise, deletion of the Pol I terminator (ECT2) did not affect
GFP expression compared to EC7, indicating that the α-tubulin (Pol II) terminator
can substitute for the Pol I terminator.
Surprisingly, deletion of the α-tubulin terminator, which originally was part of the
TC, caused an 86% (p < 0.001) decrease in fluorescence of ECT3 strains compared
to EC7 strains (Fig. 5.3a-b). In eukaryotes, Pol II terminators are required for transcriptional arrest and polyadenylation of nascent mRNAs. Poly(A) tails are essential
for mRNA export, stability and translation, including cap-independent translation
initiation at several IRESes (224). However, Pol II terminators should not be able
to cause polyadenylation of Pol I transcripts because polyadenylation requires the Cterminal domain of the Pol II enzyme complex (225). Nevertheless, we investigated a
possible link between polyadenylation of chRNA and GFP expression, by substituting
Tα−tub with a different endogenous Pol II terminator (TLDSP ) and a poly(A)-encoding
tract in ECT4 and ECT5, respectively. The poly(A) tract in ECT5 was flanked on its
3’-boundary by a self-cleaving HDV ribozyme sequence, to facilitate formation of a
free poly(A) tail on the chRNA by endoribonucleolytic cleavage (108). Transformants
carrying ECT4 at the safe harbor site had a decreased GFP expression, whereas GFP
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Figure 5.3: Defining regulatory elements required for strong chimeric gene expression at the safe
harbor site. (a) Design of ECs to study the requirement for the transcriptional terminators. ECT1
resembled the minimal functional construct EC7, but carried no 25S rDNA sequences in the 3’-UTR. The
Pol I and Pol II terminator were deleted in ECT2 and 3, respectively. In ECT4 and 5, the Pol II terminator
was replaced with another Pol II terminator and a poly(A)-encoding tract flanked by the HDV ribozyme,
respectively. When available, at least three transformants were analyzed (Fig. 5.8a) before choosing a
representative strain. (b) Flow cytometric GFP quantification for representative transformants carrying
constructs shown in (a). The mean ± SD (N=6) are shown together with changes relative to an EC7
transformant. EC7, ECT1 and ECT2 promote comparable levels of GFP expression, whereas deletion of
the Pol II terminator drastically decreased expression, which was not restored by using a different Pol II
terminator or poly(A) tract. (c) GFP transcript abundance in transformants, measured by RTq-PCR.
The mean ± SD (N=3) normalized to the abundance in the ECT1 transformant are shown together with
relative changes between groups (Δrel ) and significance levels. (d) Schematic of ECs with partial or full
Noc-IRES deletion. Six transformants were analyzed by flow cytometry (Fig. 5.8b). Caption continued
on next page.
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Figure 5.3 (previous page): (e) Flow cytometric GFP quantification for representative strains carrying
constructs shown in (d). (f) Schematic of EC carrying substitution of the Pol I promoter with a Pol II
promoter. (g) GFP expression levels of an ECT2-PLDSP transformant, quantified by flow cytometry. (e, g):
The mean ± SD (N=6) are shown together with relative changes compared to ECT2. (b, c, e, g): Faithful
EC insertion at the safe harbor was verified by PCR for all presented strains. Significant differences
were assessed by Tukey’s HSD test. (*): p < 0.05, (**): p < 0.01, (***): p < 0.001.

fluorescence of ECT5 transformants was higher than for ECT3, but 79% (p < 0.001)
decreased compared to EC7. Therefore, Tα−tub appears to improve gene expression by
a mechanism that is unrelated to polyadenylation.
The 3’-UTRs of mRNAs can contain cis-acting elements that are involved in regulation
of post-transcriptional processing, transcript degradation, nucleocytoplasmic transport
and translation initiation through interaction with specific RNA binding proteins (226).
As the α-tubulin terminator increased gene expression by a mechanism unrelated to
polyadenylation, it is likely that it contains one or more cis-acting elements. GFP
transcript abundance in ECT3 transformants was decreased by 53% (p<0.001) compared to ECT1 and by 33% (p=.039) compared to ECT2 (Fig. 5.3c), suggesting that
the Tα−tub element increases chRNA stability. However, GFP fluorescence for ECT3
strains was decreased by 84% (p < 0.001) compared to ECT2 strains, which exceeds
the 33% difference in transcript abundance. Therefore, the most significant effect of
Tα−tub on gene expression may be related to chRNA translation or nucleocytoplasmic
transport.

The hybrid IRES requires the 25S rRNA part and splice acceptor element for
activity
We designed additional deletion constructs to narrow down functionally relevant
elements of the Noc-IRES. Deletion of the 25S rRNA part of the IRES (ECT2Δ25S,
Fig. 5.3d) decreased GFP expression of transformants by 97% (p < 0.001) compared
to full length Noc-IRES-containing cassettes (Fig. 5.3e). Consequently, the 25S rRNA
part of the Noc-IRES is essential for high activity of this IRES. The residual GFP levels
in ECT2Δ25S indicate that the splice acceptor (SA) element may have an intrinsic
ability to drive cap-independent translation, albeit at low efficiency.
Transformants carrying ECT2 with a deletion of either the SA element (ECT2ΔSA) or
of the entire Noc-IRES (ECT2ΔIRES) had no detectable GFP fluorescence (Fig. 5.3e).
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The essential role of the SA element for cap-independent translation from the Noc-IRES
may be linked to the polypyrimidine tract that it contains because polypyrimidine tracts
are essential elements in several natural and artificial IRESes (227). The complete
loss of GFP fluorescence in ECT2ΔIRES transformants further shows that the αtubulin terminator is not able to drive effective cap-independent translation of the
chRNA independently of an IRES. Therefore, the mechanism by which Tα−tub enhances
gene expression is likely distinct from the mechanisms linked to 3’-cap independent
translation enhancer elements of plant viruses (228). Instead, Tα−tub may function as a
translation enhancer element only in conjunction with an IRES. A similar mechanism is
known for foot and mouth disease virus and Hepatitis C virus, where 3’-UTR elements
stimulate cap-independent translation from IRESes located in the 5’-UTR (229–231).
5

The Pol I promoter is indispensable for strong expression at the safe harbor
Substitution of the Pol I promoter with an endogenous Pol II promoter (Fig. 5.3f)
caused a 95% decrease (p < 0.001) in GFP fluorescence of ECT2-PLDSP transformants
(Fig. 5.3g). GFP fluorescence of ECT2-PLDSP with faithful cassette insertion at the safe
harbor site was comparable to values obtained for random insertion of this cassette in
the genome (data not shown), indicating that the rDNA cistron on chromosome 3 may
also be used for gene expression by Pol II, albeit not necessarily with an advantage
over insertion at nucleoplasmic loci.
Establishing a screening pipeline for transformants with strong gene expression
Strikingly, gene expression with this novel system was strong enough to easily distinguish N. oceanica transformant colonies producing a suitable fluorescent reporter
protein on agar plates, regardless of pigment autofluorescence. We used this, to
construct a “landing pad” (LP) strain (LP-tdTomato) that expresses the fluorophore
tdTomato from a modified version of ECT2, inserted in the safe harbor (Fig. 5.4a).
When LP-tdTomato is transformed with an LP-targeted EC containing a gene of interest, faithful EC insertion at the LP will result in replacement of the tdTomato cassette,
rendering loss of tdTomato fluorescence a marker for correct insertion. A resistance
gene (other than zeoR ) can either be added to the gene of interest using a 2A-encoding
sequence or as a second cistron, under control of a Pol II promoter (Fig. 5.4b).
To validate this novel screening pipeline, we transformed the LP strain with the
optimized, minimum functional construct ECT2 (Fig. 5.4c) and screened transformants
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Figure 5.4 (previous page): Development of a screening pipeline for transformants with faithful
cassette integration. (a) Construction of a landing pad strain, expressing tdTomato and zeoR at the safe
harbor site. Faithful integration of a modified version of ECT2 was verified by PCR. The tdTomato
fluorescence of this strain is detectable on agar plates even for small colonies. (b) Example for the
construction of transformants expressing a gene of interest at the safe harbor site. The landing pad strain
is transformed with a cassette targeting the landing pad (LPEC-GOI) containing the gene of interest (GOI)
under control of the Pol I promoter, the Noc-IRES (I) and Tα−tub , flanked on their 3’-side by a Pol II-driven
BlastR cassette. Subsequently, transformants carrying LPEC-GOI are selected for antibiotic resistance.
Faithful EC integration at the landing pad results in replacement of the tdTomato gene. Therefore,
screening for tdTomato- colonies (i.e. colonies with no detectable tdTomato fluorescence) by on-plate
fluorescence imaging allows selection of transformants with faithful EC insertion. (c) Validation of the
screening pipeline using ECT2. After transformation of the landing pad strain with ECT2, transformants
were selected for Blasticidin resistance and screened for loss of tdTomato fluorescence. Faithful ECT2
integration was found in 20/20 tdTomato- colonies, analyzed by PCR. PCR primers are displayed as
solid straight arrows in the schematic. Flow cytometry analysis confirmed loss of tdTomato fluorescence
and revealed identical GFP expression levels in 10/10 tdTomato- colonies. Fluorescences of biological
duplicates are shown separately for tdTomato- colonies. Values of controls are shown as mean±SD (N=3).

for loss of on-plate tdTomato fluorescence. 20/20 tdTomato- colonies showed faithful
EC insertion and had lost resistance to Zeocin (Fig. 5.9). Flow cytometry analysis
confirmed complete loss of tdTomato fluorescence in 10/10 colonies and revealed
highly similar GFP fluorescence for all strains.

Antibody production in N. oceanica using the new gene expression system
To put the new gene expression system to the test, we engineered strains to produce
a camelid type VH H antibody. We transformed the landing pad strain LP-tdTomato
with an EC (Fig. 5.5a) encoding a his-tagged Anti-GFP VH H. After antibiotic selection,
we selected three colonies without detectable on-plate tdTomato fluorescence and
found faithful EC integration at the landing pad in all strains. We purified VH H protein
from one of the strains by affinity chromatography (Fig. 5.5b) and tested its ability
to efficiently bind GFP by indirect ELISA (Fig. 5.5c). The relationship between
ELISA signal and VH H concentration was reliably described by a Michaelis-Menten
model (R2 =0.995, Fig. 5.5c). Simultaneously, we tested antibody titer of microalgal
raw extracts for all three strains (Fig. 5.5d). Using the purified VH H as a calibration
standard (Fig. 5.5c), we calculated the VH H concentration in the raw extracts (Fig. 5.5e).
VH H accounted for 7.98-8.55% of total extracted protein, showcasing the potential
of the new gene expression system to produce high levels of functional protein in N.
oceanica.
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Figure 5.5: Expression of a VH H antibody using the novel expression system. (a) Design of an EC
encoding a VH H with a C-terminal his6 -tag. The cassette was inserted into the safe harbor site of the
landing pad strain LP-tdTomato. Faithful EC integration was verified for three tdTomato- strains by PCR.
(b) Affinity-chromatography purification of VH H from protein extracts of an EC-VHH transformant,
analyzed by SDS-PAGE. Pure VH H fractions were pooled and used as standard for quantification of
antibody activity in microalgal protein extracts (c-f). (c) Calibration curve of indirect ELISA using
purified VH H. The relationship between OD450 values and VH H concentration was excellently explained by
a Michaelis-Menten fit. (d) ELISA signal of microalgal protein extract from three independent EC-VHH
tdTomato- transformant colonies (Col. 1-3). Protein extracts showed the same Michaelis-Menten-like
response as purified VH H. (e) Fraction of VH H per protein in microalgal extracts. Fractions were calculated
using the nonlinear regression-derived Michaelis-Menten fit of purified VH H (c) and ELISA signal of
microalgal protein extract at 1 μg ml−1 (d).
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Discussion
In this study, we developed a novel system for gene expression in N. oceanica that
relies on highly efficient Pol I for transcription and on an IRES element for translation.
Prior studies have shown that IRESes can be used to overcome translational block of
Pol I-transcribed molecules in mammalian cells, yeast and plants (232–237), but no
previous reports exist for microalgae. Importantly, we found that high efficiency of
the Pol I+IRES expression system depended on vector insertion into the NOR of N.
oceanica.

5

The discovery of a chimeric IRES with activity in a microalga was rather serendipitous.
Several elements of this IRES may be involved in ribosomal recruitment in N. oceanica.
Polypyrimidine tract-binding protein (PTB) is the most ubiquitous IRES trans-acting
factor (ITAF) and it is required for activity of several viral, cellular and artificial
IRESes (227, 238). Previous studies have shown that artificial IRESes harboring only
a polypyrimidine tract with the PTB recognition sequence can recruit the ribosome
in animal cells (227, 239). In this context, removal of the polypyrimidine tractcontaining splice acceptor part of the Noc-IRES abolished gene expression (Fig. 5.3de), suggesting that this element and possibly interaction with PTB are essential for
Noc-IRES activity. The 25S rRNA part of the Noc-IRES may also play a role in
ribosome recruitment, as it is a highly conserved region of the ribosome, i.e. helices
64-71 of the large subunit (LSU, Fig. 5.1g-h). Helix 69 (H69) is part of the intersubunit
bridge B2a which connects the LSU to the decoding center of the small subunit (SSU)
at the heart of the ribosome during translation (240). It has been shown that deletion
of H69 entirely prohibits subunit joining in the absence of tRNA, indicating that B2a
is the most essential connection between the ribosomal subunits (241). Given the
strong interaction of H69 with helix 44 of the 18S rRNA in B2a, the H69 hairpin
structure of the Noc-IRES may directly recruit the SSU to the transcript via basepairing with complementary sequences of the 18S rRNA, analogous to the interaction
during subunit joining. Similarly, several viral and cellular IRESes recruit the SSU
through complementarity to the 18S rRNA (242–244).
Both parts of the chimeric IRES are essential for strong activity, but further studies
are necessary to elucidate the mechanism of ribosomal recruitment. Identification of
IRES-interacting proteins by RNA-centric methods would help to check for interaction
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of the Noc-IRES with ITAF proteins such as PTB. At the same time, further deletion
studies may help to define the minimal functional IRES, whereas constructs carrying
targeted nucleotide mutations would be required to validate an interaction of the 25S
part of the Noc-IRES with SSU. Thorough understanding of the modus operandi of
this IRES might make it possible to use its structural blueprint for designing artificial
IRESes for other organisms.
Overall, the identification of the nucleolus as a genomic safe harbor, coupled with a
new chimeric gene expression system enables simple manufacturing of microalgal
transformants with highly consistent transgene expression. This novel tool represents
an outstanding asset for genetic and metabolic engineering of an industrially attractive
microalga (245). Moreover, it can be used to transform Nannochloropsis into a viable
source of functional (aquaculture) feed (206, 207, 246). A list of potential strategies
includes tailoring the algal proteome to dietary requirements (247), enrichment for
bioactive proteins including antimicrobial peptides and immunostimulants (248), or
design of a feed-based vaccine (247, 249). At the same time, it will be interesting to
transfer this type of gene expression system to other microalgae and eukaryotes in
general.

Methods
Media and strains
N. oceanica IMET1 was a kind gift from prof. Jian Xu (Qingdao Institute for Bioenergy
and Bioprocess Technology, Chinese Academy of Sciences). The organism was
cultivated using artificial sea water (ASW) containing 419.23 mM NaCl, 22.53 mM
Na2 SO4 , 5.42 mM CaCl2 , 4.88 mM K2 SO4 , 48.21 mM MgCl2 and 20 mM HEPES at
pH 8, supplemented with 2 ml/l of commercial nutribloom plus (Necton, Portugal)
growth media (ASW-NB) in an HT Multitron Pro (Infors Benelux, Netherlands) orbital
shaker unit operated at 25 °C, 90 rpm, 0.2% CO2 enriched air and illuminated with
warm-white fluorescent light bulbs with an intensity of 150 μmol m−2 s−1 with a 16:8 h
diurnal cycle.
The landing pad strain N. oceanica IMET1-LP-tdTomato can be requested from Wageningen University, by contacting the corresponding author. The strain was not tested
for mycoplasma contamination.
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Plasmid construction
Plasmids were constructed using either restriction cloning or Gibson assembly technique. For restriction cloning, different DNA elements were designed with terminal
recognition sites for type IIS restriction enzyme Eco31I. Fragments were amplified via
PCR (Q5 polymerase, NEB #M0492) according to manufacturer instructions, column
or gel-purified (Thermo Fisher Scientific #K0831) and 65 ng of the backbone was
mixed with inserts, typically in molar ratios of 1:2, supplemented with T4 DNA ligase
(Thermo Fisher Scientific #EL0011) and the corresponding buffer as well as with
Eco31I (Thermo Fisher Scientific #FD0293). The mixture was incubated for 6 cycles
of 5 min, 37 °C and 5 min, 16 °C and finally for an additional 10 min, 37 °C and
5 min, 65 °C and transformed into chemically competent Escherichia coli TOP10.
Competent cells were created using Mix & Go E. coli transformation kit (Zymo Research #T3001). For Gibson assemblies we used NEBuilder HiFi DNA Assembly
mix (New England Biolabs) according to manufacturer instructions typically with
25 nucleotide overlap. The cloning vector employed for all experiments was pUC19
(GenBank accession number M77789.2). N. oceanica genomic sequences including
promoters, terminators, splice acceptor, rDNA sequences and homology flanks were
amplified from genomic DNA of N. oceanica IMET1 via PCR. The bleomycin resistance gene of Streptoalloteichus hindustanus (zeoR , GenBank accession number
A31898.1) was amplified from pPtPuc3 (addgene #62863) which was a kind gift
from Hamilton Smith. The GFP sequence was codon harmonized and synthesized by
Integrated DNA Technologies, Inc. (Coralville, USA). The viral P2A linker sequence
was codon optimized and synthesized together with GFP. tdTomato was amplified
from pCSCMV:tdTomato (addgene #30530). Blast R and the NanoLuc luciferase gene
were amplified from pNOC-ARS-CRISPR-BlastR, which was a kind gift from Mihris
Naduthodi.

Genomic DNA was extracted from exponentially growing cultures using Phire Plant
Direct PCR (Thermo Scientific #F160) dilution buffer. Approximately 1x107 cells
were pelleted (15 min) and resuspended in 100 μl of dilution buffer, frozen at -20 °C for
20 min, boiled (90 °C for 10 min and 95 °C for 5 min) and pelleted (10 min) again. The
supernatant was used as template for PCR. For genotyping PCR, Phire polymerase
(Thermo Scientific #F160) was used according to manufacturer instructions.
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Transformation of N. oceanica
Transformation of N. oceanica was carried out using the electroporation protocol
described by Vieler and colleagues (7). Briefly, exponentially growing culture with
a cell density of ~4x107 cells/ml was harvested at 4 °C, washed twice with ice-cold
375 mM sorbitol and resuspended to 2.5x109 cells/ml. 200 μl of cell suspension was
mixed with 20 μg of denatured salmon sperm DNA (10 g/ml) and 1-2 μg of linear
DNA template (purified PCR product) and electroporated at 12 kV/cm, 600 Ω shunt
resistance and 50 μF capacitance in pre-cooled electroporation cuvettes. Immediately
after the pulse application the suspension was transferred to 5 ml of 20 °C ASW-NB
and recovered at 30 μmol m−2 s−1 illumination without agitation for 24 h. Cells were
pelleted and plated on ASW-NB agar (1%) plates, supplemented with 5 μg ml−1 zeocin
for selection of zeocin-resistant cells and 100 μg ml−1 Blasticidin S for selection of
Blasticidin S-resistant cells. Plates were incubated at 25 °C and 80 μmol m−2 s−1 for 3-4
weeks before transformant colonies were transferred to liquid media containing antibiotic. Depending on the desired analytical method, transformants were either cultivated
in microplates (48 wells or 96 wells) or shake flasks for several days. Constructs TC,
CC and EC1-7 were used to transform wild type N. oceanica culture, whereas other
constructs were inserted into the genome of a parental tdTomato-expressing strain,
assisted by CRISPR-Cas technology.
Transformation of N. oceanica using Cas12a ribonucleoprotein
Targeted gene insertion in the NOR of chromosome 3 was achieved using CRISPR-Cas
technique with a ribonucleoprotein (RNP)-based approach, as described previously
(172). Purified FnCas12a and CRISPR RNAs (crRNA) were assembled in vitro and cotransformed with editing template to facilitate homology directed repair-based insertion
of the ECs. crRNAs were designed using CHOPCHOPv2 (250). This method was
employed for construction of transformants carrying EC7-vicinal, ECT1-5 and ECT2
derivatives, and EC-VHH. To facilitate straightforward screening and selection of
transformant colonies with faithful EC insertion, the parental strain for transformation
with ECT1-5 and ECT2 derivatives carried a modified version of EC7 (EC7-tdTomato)
and the parental strain for transformation with EC-VHH or ECT2 (during validation
of screening pipeline) carried a modified version of ECT2 (ECT2-tdTomato-zeoR)
in place of the rDNA cistron 3.1. EC7-tdTomato and ECT2-tdTomato-zeoR were
constructed by transformation of wild type N. oceanica as described above, and
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Table 5.1: Detector wavelengths and target fluorophore for flow cytometry analysis on an SH800S
instrument.

5

Channel

Fluorophore

Bandwidth [nm]

Detector gain

Forward scatter
Side scatter
FL1
FL2
FL5

GFP
tdTomato
chlorophyll a

488
488
510 ± 10
585 ± 15
720 ± 30

2
22%
45%
45%
40%

colonies were screened for faithful EC insertion by fluorescence quantification and
PCR. crRNA for transformation with EC7-vicinal was oCS249 (online supplement)
and crRNA for transformation with all other constructs was a 1:1 mixture of oCS250
and oCS251, both targeting different positions of the tdTomato gene.

Gene expression analysis
Flow cytometry analysis
Expression of GFP was quantified by measuring single cell fluorescence through

flow cytometry analysis using different devices. Exponentially growing N. oceanica
cultures were diluted to ~4x106 cells/ml with ASW prior to analysis. Analyses for
EC1-7 transformants were carried out using an Attune NxT flow cytometer (Invitrogen,
USA) equipped with lasers of 405 nm and 488 nm wavelengths. Singlet cells were
selected by appropriate gating in the 488 nm forward and side scatter channels and only
cells with a minimum chlorophyll a autofluorescence of 10,000 arbitrary fluorescence
units (afu) in the red channel (detection at 710 ± 25 nm, excitation at 405 nm) were
considered for statistical analysis. GFP signal was measured at 530 ± 15 nm with
blue excitation. Detector gains were set to 350 mV (forward and side scatter), 400 mV
(710 ± 25 nm) and 500 mV (530 ± 15 nm). All other flow cytometry analyses were
carried out using an SH800S (Sony Biotechnology, USA) instrument equipped with
a 70 μm nozzle microfluidic chip and lasers of 488 nm and 561 nm wavelengths.
Detector wavelengths for different channels are shown in table 5.1. A minimum
of 50,000 events were screened per sample and only singlet events with a minimum
chlorophyll a fluorescence of ~7500 afu were considered for statistical analysis. Gating
for singlet events was done as previously described (204).
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Fluorescence microscopy
Fluorescence microscopy was carried out on fresh samples of exponentially grow-

ing cultures, using an Olympus IX71 inverted system microscope with a 100x magnification objective, a U-MWIBA2 filter cube (excitation 460 − 490 nm, emission
510−550 nm) for detection of GFP fluorescence, and a U-MWIG3 filter cube (excitation
530 − 550 nm, emission 515+ nm) for detection of chlorophyll fluorescence.
RTq-PCR analysis
Transcript abundance was quantified using RTq-PCR. RNA was extracted from exponentially growing cultures using the E.Z.N.A. plant RNA kit (Omega Bio-tek #R6827)
according to manufacturer instructions with following modifications. ~3x108 cells
were harvested by centrifugation (4000 × g for 5 min at 4 °C), the pellet was snapfrozen in liquid N2 and resuspended in 500 μl of RB buffer prepared with fresh
2-mercaptoethanol. The suspension was transferred to a bead beater tube (MP Biomedicals #116914500) and bead beat for 2 × 60 s at 4000 rpm with a 120 s pause between
cycles with a Precellys 24 homogenizer (Bertin Technologies). After centrifugation
(2500 × g, 1 min) the supernatant was transferred to a Homogenizer Mini Column and
processed according to the “Standard Protocol”. An on-column DNase I digestion step
was conducted using RNase-free DNase Set I (Omega Bio-tek #E1091) for 25 min.
After elution in nuclease-free (NF) H2 O, RNA concentration was measured with a
NanoDrop device and integrity of RNA was monitored by separating 500 ng of RNA
with agarose gel electrophoresis using a 1.25% agarose gel and an RNA denaturation
step (10 min at 70 °C in a 66% (v/v) formamide solution) prior to gel loading. RNA was
subjected to a second DNase I digestion using TURBO DNA-free Kit (Thermo Fisher
Scientific #AM1907) with a 30 min digestion. Abscence of DNA was verified by
using 50 ng of RNA as PCR template with Taq polymerase (Thermo Fisher Scientific
#K1081).

cDNA was synthesized by subjecting typically 700 ng of total RNA to reverse transcription (New England Biolabs #M0253S) with random hexamer primers according
to manufacturer instructions. cDNA libraries were diluted 1:48 with NF H2 O and subjected to qPCR on a CFX96 Real-Time PCR detection system (Bio-Rad laboratories)
using SYBR Select Master Mix (Thermo Fisher Scientific #4472903) according to
manufacturer instructions with 200 nM primer concentrations in technical triplicate.
Primer efficiencies were calculated from a standard curve with purified PCR product
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at concentrations between 1x103 -1x106 template copies/μl. GFP transcript abundance
was quantified relative to Actin as reference gene.
Western blot
Protein presence and size was verified using western blot technique. Soluble protein
was extracted from exponentially growing N. oceanica cultures. ~1.5x109 cells were
pelleted (2500 × g, 5 min) and resuspended in 500 μl 0.075 mM Tris buffer (pH of 8).
The suspension was bead beat 3 × at 2500 rpm for 20 s with a 120 s pause between
cycles, using Lysing Matrix E (#116914500, MP Biomedicals) with a Precellys 24
homogenizer (Bertin Technologies). Subsequently, the tubes were frozen at -20 °C for
90 min, thawed at 20 °C and pelleted (15000 × g, 5 min). The protein-containing
supernatant was transferred to fresh tubes and protein contents were quantified using
a modified Lowry assay (DC Protein Assay, Biorad #5000116) with a BSA calibration
standard. 45 μg of soluble protein was mixed with 5 × Laemmli reagent, heated to
85 °C for 3 min and separated by SDS-PAGE on 4-15% TGX protein gels (Biorad
#5678084) with TGS running buffer for 40 min at 200 V. Immediately after, proteins
were transferred to PVDF membranes (Biorad #162-0177) using a Criterion Blotter
(Biorad) at 50 V for 60 min with pre-cooled Towbin buffer. Membranes were blocked
with TBS-T+1% skim milk powder (Biorad #170-6404), incubated with a GFP antibody (500 × diluted, Thermo Fisher Scientific #14-6674-82) on a rocking shaker for
1.5 h at RT and then overnight at 4 °C, washed thrice with TBS-T, incubated for 2 h
with an HRP-conjugated secondary antibody at RT (2000 × diluted, Thermo Fisher
Scientific #A10551) and washed thrice again. Chemiluminescence was detected using
a ChemiDoc XRS+ system and enhanced chemiluminescence substrate (Thermo Fisher
Scientific #34096). After detection, gels and membranes were Coomassie-stained to
confirm appropriate protein separation and equal blotting efficiencies across samples.
Luminescence assays
Nanoluc activity was determined using a modified version of the protocol reported
by Poliner and colleagues (212). Briefly, NanoLuciferase substrate (Promega) was
diluted 10,000 × in ASW. Microalgal cultures were diluted in ASW to a concentration of
2x107 cells/ml and 100 μl of cell suspension was transferred to a 96 well microtiter plate.
For bicistronic assays, tdTomato fluorescence was measured using a CLARIOstar
Plus plate reader (BMG LABTECH GmbH), to verify that transgene transcription
was similar in all transformant strains before addition of chemiluminescence substrate.
Subsequently, 100 μl of substrate-containing ASW was added to each well, the plate
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was agitated for 20 s and luminescence was measured at 470 ± 40 nm.
On-plate fluorescence screening
On-plate tdTomato fluorescence of transformant colonies was visualized using Patho-

Screen (PhenoVation Life Sciences, The Netherlands) fluorescence imager. The device
captured RFP and chlorophyll fluorescence and color images with a 6 megapixel camera. The RFP channel and the dedicated Data Analysis (Version 5.4.7 beta-64b)
software (PhenoVation Life Sciences, The Netherlands) was used to select colonies
with or without tdTomato fluorescence.

Purification of VH H antibody
VH H antibody was purified from algal extracts as follows. 6x109 exponentially growing
cells of an EC-VHH transformant strain were harvested by centrifugation (3000 × g,
10 min, 4 °C), resuspended in 500 μl of ice-cold TBS-T, supplemented with 2 μl/ml of
protease inhibitor (Merck #P9599, TBS-T-PI) and bead beated 3 × at 2500 rpm for
20 s with a 120 s pause between cycles, using Lysing Matrix D (#116913500, MP
Biomedicals). Debris was pelleted by centrifugation (15000 × g, 10 min, 4 °C) and the
supernatant was transferred to fresh tubes and kept on ice. Protein concentration was
quantified using modified Lowry procedure as described above. His-tagged VH H was
purified from the extract by Ni-NTA spin column purification (Thermo Fisher Scientific
#88224) according to manufacturer instructions with following modifications. 5 wash
steps were carried out using 700 μl of 25 mM imidazole in PBS and each time the
flowthrough was collected in separate tubes. Then, 3 additional wash steps were
conducted with 700 μl of 40, 50 and 70 mM imidazole in PBS and also collected
separately. Lastly, the elution was done in 4 separate steps with 200, 200, 500 and 200 μl
of 250 mM imidazole in PBS used in steps 1, 2, 3 and 4 respectively. The raw extract,
and all flowthrough, wash and elution fractions were then analyzed by SDS-PAGE.
Briefly, samples were mixed with 5 × Laemmli reagent, heated to 95 °C for 5 min and
30 μl were separated on a 4-15% TGX protein gel with TGS running buffer for 35 min
at 200 V. The gel was stained with Coomassie Brilliant Blue G-250 (Biorad #1610787)
overnight and destained in dH2 O with multiple changes over 1 d. Purification and
SDS-PAGE analysis were done for 3 biological replicates. Elution fractions that
showed no visible bands other than the VH H band after destaining were pooled and the
elution buffer was replaced with TBS-T-PI using Amicon Ultra Centrifugal Filter Units
(Merck #UFC500308) with 3 washing steps of 15 min centrifugation at 14000 × g.
93

5

Chapter 5
All centrifugations were carried out at 4 °C. Then, VH H solutions of triplicates were
pooled, adjusted to 300 μl total volume and protein concentration was measured by
Lowry method.

5

ELISA
Soluble extracts were prepared for 3 EC-VHH transformant strains as described above,
using ~6x108 cells per sample. After protein quantification, extracts were diluted to
200, 100, 50, 20, 10 and 1 μg protein/ml in TBS-T-PI. Purified VH H was diluted to 4.00,
3.00, 2.50, 2.00, 1.50, 1.00, 0.75, 0.50, 0.25, 0.10 and 0.05 μg/ml in TBS-T-PI and
used as a calibration standard in quantitative ELISA. For this, microtiter plates were
coated with GFP and blocked with skim milk as follows. Recombinant purified GFP
(Thermo Fisher Scientific #A42613) was resuspended in TBS (pH 8.0) at 2.5 μg/ml
and 50 μl was transferred to each well of a MediSorp 96-well microtiter plate (Thermo
Fisher Scientific #467320). Control wells were treated with TBS only. The plate was
sealed and incubated at RT in the dark for 2 h. The solution was removed and the plate
was blocked by addition of 170 μl of 1% skim milk powder (Biorad #170-6404) in
TBS per well. After 1 h incubation at RT in the dark, blocking solution was removed
and wells were washed several times with TBS-T. Then, 50 μl of all VH H calibration
standard dilutions and of all microalgal extract dilutions were transferred to separate
wells in duplicates and incubated at RT for 1 h in the dark. Unbound molecules were
washed off and secondary anti-camelid VH H antibody conjugated to HRP was added
(Abcam #ab112786, 10,000 × diluted in 0.5% skim milk powder in TBS-T). The plate
was sealed and incubated at RT in the dark for 1 h. Solutions were removed and wells
were washed several times with TBS-T. Then, 90 μl of colorigenic TMB substrate
(Thermo Fisher Scientific #10301494) was added to each well and incubated at RT
in the dark for exactly 10 min. The reaction was stopped by addition of 90 μl of
0.16 M H2 SO4 and optical density was measured at 450 nm. A dose-response curve
was created for the calibration samples and fitted with a 3-parameter Michaelis-Menten
regression model using the drc package (251) of R statistical computing software (93).
This model was used to calculate the VH H concentration in microalgal extracts at
1 μg ml−1 .
Cassette PCR and genotyping procedure for TC #17
Tracing of the insertion site in TC transformant strain #17 was carried out using a
MmeI-based version of cassette PCR as reported before (252). Briefly, transformant
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genomic DNA was extracted from exponentially growing cultures. 6x107 cells were
pelleted (5000 × g, 3 min) and resuspended in 150 μl of lysis buffer. The suspension
was vortexed for 60 s at high speed, incubated overnight at RT, vortexed for 60 s again
and centrifuged for 5 min. The supernatant was transferred to a fresh vial and purified
using a FavorPrep column purification kit (Bio-Connect B.V. #FAGDC001) according
to manufacturer instructions except that NF H2 O was used in the elution step. DNA
concentration was determined using a NanoDrop device and 350 ng was digested with
0.16 μl MmeI (NEB #R0637) for 10 min. Integrity of genomic DNA and successful
digestion were verified by agarose gel electrophoresis. Double stranded DNA adapters
were assembled from oligos oCS089 and oCS090 by mixing 100 μM stock solutions,
heating at 93 °C for 5 min and slowly (~1 h) cooling the mixture until it reached
RT. The bottom strand of the adapter was designed with a 5’-phosphate and 3’-NH3
modification to increase ligation efficiency and to prevent unspecific amplification
during the PCR steps. The top strand was designed to have a NN-3’ overhang after
adapter formation to facilitate annealing to the NN-3’ overhang of MmeI-digested
DNA fragments. 13 μg of digested DNA was mixed with 4.8 μl of 50 μM adapters and
subjected to ligation using 2.5 U of T4 DNA ligase (Thermo Fisher Scientific #EL0014)
in an 8 μl reaction for 60 min at 22 °C. The reaction was stopped by heat inactivation
of the enzyme and diluted 1:5 with NF H2 O. To amplify the target sequence over the
genomic background, 1 μl of the solution was used as template for nested PCR (2
rounds total) with Taq polymerase using primers (concentration of 0.25 μM) specific
for the adapter and for either the 5’-end or the 3’-end of the TC respectively (2 separate
nested PCRs). After the first PCR iteration, PCR products were diluted 1:50 with
NF H2 O and subjected to a second round of PCR with nested primers. For increased
specificity, both PCR iterations were run with touchdown settings (first 7 cycles with
an annealing temperature of 72 °C and then 32 or 28 cycles with the appropriate
annealing temperature for the first and second iteration respectively). PCR products
were purified and sequenced in order to reveal the nucleotide sequence surrounding
the TC by BLAST analysis against the N. oceanica genome. This analysis implicated
4 possible genomic loci, corresponding to 25S rRNA genes. All 4 potential loci were
tested for presence of the cassette by genotyping PCR with primer pairs that were
unique for each locus (Fig. 5.7).
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Analysis of conserved regions of N. oceanica 25S rRNA
The 25/28S rRNA sequences of several eukaryotes (Gallus gallus, accession
number KT445934; Arabidopsis thaliana, JSAD01000007; Brassica napus,
CCCW010027254; Saprolegnia parasitica, ADCG02001922; Nannochloropsis
gaditana, AFGN01000272; Saccharomyces cerevisiae, LIUU01000096; Galdieria sulphuraria, ADNM02000184; Schizosaccharomyces pombe, AY048171; Phytophthora
nicotianae, LNFO01001540; Drosophila persimilis, AAIZ01013212) from different
clades were retrieved from the SILVA database (253) or the NCBI (Homo sapiens,
NT_167214.1) and aligned together with the 25S rRNA sequence from N. oceanica
using ClustalΩ with standard parameters. Sequence regions from other organisms
than N. oceanica without a homologous region in the N. oceanica 25S rRNA were
removed from the multiple sequence alignment for visualization purposes. Local
similarities of a subset of sequences compared with the N. oceanica 25S rRNA were
then calculated as percent of identical nucleotides in a sliding 15 nucleotide window.
The similarities were converted to a color-gradient and plotted as a heatmap using
R statistical software. The local and global similarities mentioned in the caption of
figure 5.1 were calculated as mean±SD of identities of all abovementioned organisms
compared with N. oceanica.

Statistical data treatment
All data processing and statistical analysis was done using R statistical software (93).
No statistical predetermination of sample size was applied. Sample sizes were chosen
based on experience. Significant main effects were evaluated by two-way ANOVA.
Significant ANOVAs were followed by Tukey’s HSD test to compare means of multiple
groups. Differences were considered significant in case of p<0.05. For flow cytometry
analysis, the median of the fluorescence distribution in a fluorescence channel of
interest was considered as average cellular fluorescence for a respective sample. In
figures representing flow cytometry analyses, individual points correspond to the
median fluorescence value of at least 50,000 cells. For statistical analysis, the mean
of the median wild type fluorescence was substracted from each median. Then, the
means of wild type-corrected median single cell fluorescences were used to compare
gene expression between different groups.
96

Chapter 5

Acknowledgements
This work was part of the Netherlands Organisation of Scientific Research (NWO)
Building Blocks of Life programme (grant number 737.016.007). We are grateful to J.
van der Oost for insightful and helpful scientific discussions. We thank M. Naduthodi
for providing purified Cas proteins, and T. van der Lee for expert assistance with
on-plate fluorescence screenings. We further thank W. Wu and R. Joosten for excellent
technical assistance with flow cytometry, C. Llavata Peris for expert assistance with
RTq-PCR, and L. Maas for expert assistance with fluorescence microscopy.

Supplementary material
5

green fluorescence [afu]

1250

1000

750

500

P1
VC

P

P

C

W

aM
V

T

250

Figure 5.6: Quantification of GFP expression, driven by different Pol II promoters. Single cell
green fluorescence emission was quantified by flow cytometry. The median of fluorescence distributions
was considered as average cellular green fluorescence of a sample. The boxplot illustrates GFP fluorescence for 10 strains expressing GFP under control of the Cauliflower Mosaic Virus promoter (PCaMV )
or the VCP1 promoter (PVCP1 ). Median fluorescence values of individual samples are overlain as dots.
Transformants carrying GFP under control of the CaMV promoter showed only slightly higher green
fluorescence than autofluorescence levels of the wild type (WT). GFP signal of most VCP1 transformants
was significantly higher. The PVCP1 transformant with the highest fluorescence signal (highlighted red)
was considered as representative control construct (CC) strain and used as control in following experiments (Fig. 5.1). Each dot represents the average of 2 (PCaMV and PVCP1 ) or 6 (WT) replicates. Error bars
for the WT denote the standard deviation. Error bars for the other samples were omitted for readibility.
Lower and upper hinges of boxes extend to the first and third quartiles, respectively. Whiskers extend to
maximum and minimum values within an additional 1.5x IQR outside boxes.
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Figure 5.7: Genotyping PCR for TC#17. (a) Following the identification of potential insertion sites
by cassette PCR, the four rDNA cistrons on chromosomes 3 (3.1), 9 (9.1) and 15 (15.1 and 15.2) were
tested for presence of the TC by genoytping PCR, using genomic wild type (wt) and TC#17 (TC) DNA
as template. Primers are represented as solid horizontal arrows. Primer sets were unique for the four
cistrons. The solid vertical arrow indicates the position of potential TC insertion, as revealed by cassette
PCR in a previous step. PCR products for TC#17 for cistrons 9.1, 15.1 and 15.2 were wild type-like. No
band was obtained for cistron 3.1 at either the expected position for wild type genotype, or the expected
position for TC insertion in this cistron (10078 bp). As the chance of successful PCR amplification
decrease with increasing sequence length, we subsequently tested cistron 3.1 for presence of the TC
using primers located inside the cassette, to allow for shorter amplicons (b). (b) Closer examination of
cistron 3.1 using two additional primer sets. TC#17 DNA showed PCR bands expected for TC insertion
at the locus of cistron 3.1
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Figure 5.8: Quantification of single cell GFP fluorescence of strains carrying regulatory sequence
deletion constructs. (a) Quantification of GFP fluorescence of transformants carrying terminator deletion
constructs. Single cell green fluorescence emission was quantified by flow cytometry. The scatter plot
presents median fluorescences of three colonies per construct compared to the fluorescence of the wild
type (WT) and a representative EC7 strain. Fluorescence levels within constructs were similar between
different colonies. Correct insertion was verified by PCR and sequencing for all colonies. One colony per
construct was chosen for quantification of fluorescence emission shown in figure 5.3b. (b) Quantification
of single cell GFP fluorescence of IRES-deletion construct transformants. GFP expression was quantified
as described under (a). Duplicates for six transformant strains were compared to the fluorescence of the
wild type (WT) and a representative ECT2 strain. Fluorescence levels within constructs were similar
between different colonies. Correct insertion was verified by PCR and sequencing for three colonies per
construct. One colony per construct was chosen for quantification of fluorescence emission shown in
figure 5.3e. (a-b): For wild type and EC7/ECT2, the mean ± SD (N=3) are shown.
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Figure 5.9: Examination of susceptibility against Zeocin antibiotic for tdTomato- ECT2 transformants of LP-tdTomato. The 20 tdTomato- colonies that were screened for EC replacement by
genotyping PCR (Fig. 5.4c) were spotted onto agar containing Zeocin antibiotic (~10,000 cells per
position). None of the tdTomato- strains were able to produce biomass after 2 weeks of incubation and
all showed excessive bleaching, indicating loss of the zeoR cassette. The parental strain (LP-tdTomato)
grew as expected.
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Figure 5.10: Lineweaver-Burke representation of ELISA signal from purified VH H (Fig. 5.5c)
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CHAPTER 6

High-throughput insertional mutagenesis reveals
novel targets for enhancing lipid accumulation in
Nannochloropsis oceanica

This chapter has been published as:
C. Südfeld, M. Hubáček, D. Figueiredo, M.I.S. Naduthodi, J. van der Oost, R.H.
Wijffels, M.J. Barbosa, S. D’Adamo. High-throughput insertional mutagenesis reveals
novel targets for enhancing lipid accumulation in Nannochloropsis oceanica. Metab.
Eng. 66, 239–258 (2021).

Chapter 6

Abstract

6

The microalga Nannochloropsis oceanica is considered a promising platform for the
sustainable production of high-value lipids and biofuel feedstocks. However, current
lipid yields of N. oceanica are too low for economic feasibility. Gaining fundamental
insights into the lipid metabolism of N. oceanica could open up various possibilities
for the optimization of this species through genetic engineering. Therefore, the aim
of this study was to discover novel genes associated with an elevated neutral lipid
content. We constructed an insertional mutagenesis library of N. oceanica, selected
high lipid mutants by five rounds of fluorescence-activated cell sorting, and identified
disrupted genes using a novel implementation of a rapid genotyping procedure. One
particularly promising mutant (HLM23) was disrupted in a putative APETALA2-like
transcription factor gene. HLM23 showed a 40%-increased neutral lipid content,
increased photosynthetic performance, and no growth impairment. Furthermore,
transcriptome analysis revealed an upregulation of genes related to plastidial fatty acid
biosynthesis, glycolysis and the Calvin-Benson-Bassham cycle in HLM23. Insights
gained in this work can be used in future genetic engineering strategies for increased
lipid productivity of Nannochloropsis.

Introduction
Microalgae have recently emerged as a promising platform for sustainable production
of lipids, pigments and other bioactive compounds. In the last decade, the mostly
marine microalgal genus Nannochloropsis has received considerable scientific and
industrial attention as a suitable candidate for the production of high-value lipids and
biofuel feedstocks (19–23). Nannochloropsis oceanica, in particular, exhibits robust
outdoor growth at relatively high growth rates and it can reach neutral lipid contents
of up to 50% of the dry cell weight (8, 215, 254). However, these exceptionally
high neutral lipid contents are only reached when N. oceanica is exposed to a stress
condition that is unfavorable for cell division, for instance nitrogen (N) deficiency
(170). This poses an obstacle for achieving economically viable lipid productivities
because biomass production rates are impaired under N deficiency. One way to reach
high neutral lipid production without impairing growth is by genetic engineering (203),
but progress is hampered by limited functional genome annotations, as research into
the polyphyletic group of microalgae is relatively young (255–257). About 50% of all
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predicted genes of the model strain N. oceanica IMET1 lack a functional annotation
because the majority of the predicted proteins does not display sufficient sequence
similarities with known proteins (7, 258). This poses a serious limitation for targeted
modification of the metabolic network of this organism.
One well-established way to investigate the metabolic functions of unknown proteins
in an unbiased manner in vivo is the use of forward genetic screens (259, 260). This
approach couples random mutagenesis to a phenotypic screening for traits of interest.
After this screening, mutants with the desired characteristics are analyzed genetically
and causative mutations are identified. This allows the researcher to map a phenotype
and metabolic function to a protein. Typical mutagenesis strategies include chemical- or
radiation-induced mutagenesis which lead to nucleotide substitutions in the host DNA.
These mutations can induce changes in primary protein sequences and gene expression
patterns (261, 262). An advantage of these mutagenesis strategies is a desirably
broad phenotypic diversity. However, these strategies rely on time-consuming and
costly genotyping procedures, such as whole genome resequencing (263). Moreover,
detecting the causative mutations for a selected trait can be difficult due to several
nucleotide substitutions in multiple different genes.
An alternative mutagenesis approach is insertional mutagenesis, which is the introduction of a foreign DNA molecule called insertion cassette (IC) into the genome of an
organism at random positions (264, 265). This approach has been the gold standard for
elucidating gene functions in the context of forward genetics for a variety of organisms
including microalgae (266–268). The insertion of the IC can be facilitated by enzymes
such as transposases, or it can occur through nonhomologous end joining during DNA
repair events at the site of double-strand breaks. If the IC is inserted into a gene, the
encoded protein will be either truncated or knocked out and thereby lose its metabolic
function. The insertion site in strains with interesting characteristics can be identified
through modified PCR procedures such as genome walking (269) or RESDA-PCR
(270). Although this obviates the need for whole genome resequencing, the commonly
employed methodologies for tracing insertions are time-consuming. Moreover, they
rely on unpredictable factors, such as the presence of a specific restriction endonuclease
(REN) recognition sequence in close proximity to the insertion site. Therefore, these
methodologies will likely be too cumbersome to unravel the functions of the myriad
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of unknown genes in N. oceanica. An elegant variation of insertional mutagenesis
was first reported for Escherichia coli (271) and later adapted for Chlamydomonas
reinhardtii (268, 272). It involves using an IC that carries recognition sequences for
a type IIS REN at both of its termini. Because this type of enzyme cuts in a defined
distance outside of its recognition site, the IC can be precisely extracted together with
a short defined stretch of adjacent genomic DNA from the genome of a transformed
strain. This alleviates any uncertainty during genotyping PCRs.

6

Phenotypical screenings in forward genetics of microbial organisms often include
high-throughput single cell methodologies such as fluorescence-activated cell sorting
(FACS), which has gained an outstanding importance in the field of microalgal strain
development (24, 25). Based on flow cytometry, this technique allows quantification of
cellular characteristics such as size and chlorophyll content through the light scattering
or fluorescent properties of different cell constituents. Fluorescent probes such as
BODIPY dye can be utilized to further quantify non-autofluorescent components of
cells, for example lipid bodies. Lipid-rich microalgal strains have successfully been
isolated by FACS for a variety of microalgal genera such as Chlamydomonas (48),
Dunaliella (273), Chlorococcum (274) and Nannochloropsis (275, 276). Recently,
first studies have shown that coupling insertional mutagenesis and FACS methodology
can lead to the isolation of high lipid-producing Nannochloropsis strains (43, 277).
This has opened the door to sophisticated forward genetics screenings that will aid
in unravelling gene functions in this organism at a larger scale. These screenings
would greatly benefit from building upon a straightforward and reliable genotyping
procedure.
The goal of this study was to identify novel genes that are associated with increased
lipid accumulation phenotypes in N. oceanica. To achieve this, we developed a forward
genetic screen based on insertional mutagenesis, featuring high-throughput phenotype
screening using FACS, and a rapid and improved genotyping procedure using the type
IIS REN MmeI.

Results and Discussion
Construction and screening of a random insertional mutant library
We created a random insertional mutant library of N. oceanica by transforming 120
independent samples with an insertion cassette (IC). This IC (Fig. 6.1A) contains a
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zeocin resistance gene (zeoR ) driven by the endogenous promoter PVCP (119, 172).
The IC further carries two transcriptional terminators in head-to-head orientation to
ensure that genes at the insertion site will be knocked out or truncated regardless
of cassette orientation. Terminal barcodes were added along with MmeI restriction
endonuclease (REN) recognition sites, to enable rapid tracing of the insertion site by
cassette PCR. Microalgal transformants were selected for resistance to Zeocin on agar
plates, and ~25,000 colonies were pooled into a single flask to create the insertional
mutant library (Fig. 6.1B).

The mutant library was repeatedly screened and enriched for high lipid mutant (HLM)
strains by iterative sorting using FACS for 5x in total (Fig. 6.1C). Consecutive rounds
of sorting can help to enrich a population of cells within a random mutant population
(274). Screening for HLM strains was achieved using the fluorescent BODIPY dye,
which specifically and quantitatively stains neutral lipids (NLs) without affecting cell
viability (204). The mutant library was grown to mid-exponential stage, stained with
BODIPY, and cells with high NL content were selected by applying a 2-dimensional
“high-NL” gate in the channels capturing BODIPY fluorescence and forward scatter
(Fig. 6.10). The forward scatter was taken into account as a proxy for cell size to
ensure that smaller HLM cells would be sorted as well. These cells may have only
average absolute BODIPY fluorescence but higher BODIPY fluorescence than most
cells of similar size. In the fifth round of sorting, single cells were deposited onto an
agar plate to isolate strains from the enriched library.

Screening and characterization of isolated high lipid mutant strains
After strain isolation, 17 colonies were further screened for NL content cell−1 to
confirm that isolated strains were higher in NL content and to select candidates for
in-depth analyses. Cultures were grown to mid exponential growth phase, stained with
BODIPY and analyzed by flow cytometry. The medians of the BODIPY fluorescence
distributions were used as an estimation of the average NL content cell−1 (N ≥ 2, Fig.
6.2). Almost all strains showed an increase in average BODIPY fluorescence levels.
Five strains with particularly high BODIPY fluorescence (highlighted red in Fig. 6.2)
were selected for physiological and biochemical characterization.
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Figure 6.1: Creation and screening of an insertional mutant library. (A) Schematic of the IC used
to transform N. oceanica. The resistance gene zeoR is driven by the endogenous VCP gene promoter and
flanked by 2 transcriptional terminators in head-to-head orientation. Terminal barcode sequences and
recognition sequences for the REN MmeI are needed for genotyping. (B) Wild type N. oceanica cells
were transformed by electroporation by using 120 μg of DNA in 120 separate reactions. Transformants
were selected on zeocin-containing agar plates and ~25,000 colonies were pooled into a single flask
for screening. (C) Screening pipeline for enrichment and isolation of high lipid mutant (HLM) cells.
The initial mutant library was harvested during exponential growth phase, stained with neutral lipid
dye BODIPY, and 300,000 cells were sorted into a new flask by gating for high BODIPY fluorescence
(Fig. 6.10). The HLM-enriched library was recovered for 10-14 d before the next sorting step. The
library was enriched for HLM cells 4x before the fifth and final sorting during which strains were isolated
by deposition of single cells onto agar plates. 17 colonies were selected for expansion and NL content
screening by BODIPY staining and flow cytometry.
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Figure 6.2: Cellular NL content of 17 mutant strains compared to the wild type. Cellular NL
contents were quantified using lipophilic fluorophore BODIPY and flow cytometry. Each point represents
the median of single cell BODIPY fluorescence emission for an independent culture. The mean BODIPY
fluorescence of wild type cultures is indicated by a dashed line. Mutant strains that were chosen for
further analysis are highlighted red.

Characterization of promising strains
We compared the growth of five transformant strains and wild type in a batch cultivation
with diurnal light cycles at 600 μmol m−2 s−1 illumination intensity, using a parallel
screening photobioreactor. All strains grew exponentially for 3 d and continued to
grow linearly thereafter (Fig. 6.3A, N ≥ 3). HLM15, frequently collapsed after >3 d of
cultivation and showed a 21% reduction in maximum specific growth rate compared
to the wild type (Fig. 6.3B, Tab. 6.2). HLM9 showed a 10% reduction in maximum
specific growth rate compared to the wild type, whereas growth rate of the remaining
mutants was unaffected. HLM21 and HLM23 showed a higher maximum quantum
efficiency of photosystem II (PSII) photochemistry (Fv /Fm ), compared to the wild
type and HLM15 (Fig. 6.3C, Tab. 6.2). We observed that all HLM strains had larger
cells compared to the wild type, and all but HLM9 showed increased chlorophyll a
autofluorescence per cell (Fig. 6.11).
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Figure 6.3: Physiological characterization of selected transformant lines. (A) Growth curves of
five transformants and wild type on a logarithmically-scaled y-axis (N ≥ 3). All cultures showed
exponential growth for 3 d, until they reached an OD750 of ~0.8. HLM15 cultures were prone to
collapsing after this period whereas all other strains displayed linear growth until they reached an OD750
of ~5-6 (graph truncated). Final biomass concentrations were comparable between cultures. Points are
dodged horizontally for better distinction between samples. (B) Maximum specific growth rates (μmax )
of all analyzed strains were calculated for the exponential growth phase. The cross and errobars denote
the mean ± SD (N ≥ 3). Growth rates of HLM3, HLM21, HLM23 were similar to the wild type, whereas
growth rates of HLM9 and HLM15 were decreased by 10 and 21% respectively. (C) Maximum quantum
efficiency of PSII photochemistry (Fv /Fm ) was comparable between the wild type and HLM3, HLM9 and
HLM15. Increased photosynthetic performance was seen for HLM21 and HLM23. (B-C) Significant
changes relative to the wild type are indicated above each group. Significance levels were assessed by
Tukey’s HSD test in case of a significant ANOVA outcome. p>0.05; (*): p<0.05; (**): p<0.01; (***):
p<0.001.
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We quantified the neutral lipid (NL) and polar lipid (PL) contents and characterized
the fatty acid composition in exponentially growing cultures of all strains (Fig. 6.4,
N ≥ 3). NL contents DCW−1 were increased by 40% in HLM9 (mean (M) = 0.302 g g−1 ,
standard deviation (SD) = 0.017) and HLM23 (M = 0.302 g g−1 , SD = 0.016) and by
58% in HLM15 (M = 0.341 g g−1 , SD = 0.047) (Fig. 6.4A, Tab. 6.2) relative to the wild
type (M = 0.215 g g−1 , SD = 0.014). Increased NL accumulation in these strains did
not occur at the expense of PL contents, which were similar for all strains (Fig. 6.4B,
Tab. 6.2).
In addition to the increase in NL content DCW−1 , HLM23 and HLM15 showed an
altered fatty acid composition (Fig. 6.4C). HLM23 had a 12% decreased fraction of
monounsaturated fatty acids (MUFAs) in NLs, concomitant with a 55% increase in
polyunsaturated fatty acids (PUFAs). The increased PUFA content was mainly due
to an increase in the fraction of C20:4 n6 and C20:5 n3, known as eicosapentaenoic
acid (EPA). EPA is considered a high-value molecule because it is an essential dietary
compound and has potential in disease prevention (278, 279). In Nannochloropsis,
EPA is mainly found in lipid classes such as MGDG or DGDG that are associated with
the thylakoid membranes of the chloroplast (280), whereas the fraction of EPA in NLs
is negligible under favorable growth conditions. However, translocation of EPA to
NLs can be observed during nitrogen stress in wild type Nannochloropsis (281).
HLM15 showed increases of 24 and 116% for C14:0 and C18:1 (oleic acid), respectively, in the NL fraction. Oleic acid was further increased by 99% in the PL fraction,
compared to the wild type. Oleic acid is a suitable candidate for enrichment in biodiesel
due to its chemical properties (282).
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Figure 6.4: Biochemical characterization of selected transformant lines. (A,B) The amount of
neutral (A) and polar (B) lipids DCW−1 . The superimposed cross and errobars denote the mean ± SD.
Changes in lipid content relative to the mean wild type lipid content (dashed lines) and significance levels
are given above each group. All strains had either increased or unchanged NL content DCW−1 compared
to the wild type. Two-way ANOVA did not suggest a main effect of microalgal strain on PL content
DCW−1 . (C) Fatty acid composition of neutral lipids (NL) and polar lipids (PL) are shown for selected
transformants. Bars and error bars denote the mean ± SD of N ≥ 3 biological replicates. Changes relative
to the wild type are shown for significant increases or decreases. (A-C) Significance levels were assessed
by Tukey’s HSD test. p>0.05; (*): p<0.05; (**): p<0.01; (***): p<0.001. MUFA: monounsaturated fatty
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Tracing of cassette insertion sites in selected transformants
We traced the insertion sites in the nuclear genome of the five N. oceanica HLM
mutants discussed above, by using a novel implementation of MmeI-based version of
cassette PCR, which was inspired by the previously reported ChlaMmeSeq technique
(268, 283). The procedure produces MmeI-restriction fragments that are ligated to an
adapter molecule and amplified by cassette PCR (Fig. 6.12). Using a single REN and
obtaining fragments with a constant length offer a substantial improvement over other
versions of cassette PCR that rely e.g. on the presence of REN recognition sequences
in the genomic DNA around the insertion site (269, 270).
The previously reported method (268) was altered to eliminate spurious amplification
of unspecific templates (Fig. 6.12). These modifications include: 1) the use of a
non-symmetrical adapter (Fig. 6.12D, blue), inspired by vectorette PCR (284), which
prevents background noise due to amplification of genomic DNA fragments that have
adapter molecules ligated to both ends; 2) An amine modification at the 3’-end of
the shorter adapter strand that prevents the formation of an AP-template strand by
extension of the adapter on DNA fragments without a barcode; 3) Use of synthetic
barcode sequences at the cassette termini, to allow design of cassette-specific primers
that have low similarity with endogenous genome sequences; 4) Nested PCR protocols
(Fig. 6.12F) with touchdown temperature settings (285, 286) in both PCR cycles that
further increase the stringency of target amplification. Using our adapted version of
MmeI-based insertion site tracing, we were able to map the insertion sites of HLM21,
HLM9, HLM3, HLM23 and HLM15 to five distinct genomic loci (Fig. 6.5). Putative
insertion sites were confirmed by PCR with primers (arrows with half arrowheads in
Fig. 6.5) complementary to the genome sequence of N. oceanica near the insertion
sites.

Cassette insertion in HLM21 occurred in a tetratricopeptide repeat domaincontaining protein
In HLM21, the insertion cassette was integrated inside intron 4 of NO18G02330
(Fig. 6.5A). Due to the transcriptional terminators present in the insertion cassette, the
exons 5-8 of NO18G02330 are likely not transcribed in HLM21, resulting in a loss
of the 190 C-terminal amino acids in the corresponding protein. The uncharacterized
NO18G02330 has insufficient similarity to any known protein to predict its metabolic
function. We bioinformatically analyzed the NO18G02330 primary protein sequence
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Figure 6.5: Schematic of insertion sites in selected transformant strains and PCR verification of
tracing. (A) Insertion in HLM21 occurred inside of the fourth intron of NO18G02330. (B) Insertion
in HLM9 occurred during reciprocal translocation of chromosomes 2 and 9. The IC (white-filled box
labelled IC) was ligated between the two shorter fragments. The 5’-UTR of NO02G02690 and the 3’-UTR
of NO09G01030 were disrupted during chromosomal rearrangement. Exon three of NO09G03010 was
shortened for clarity. a-d denote PCR primers that were used in combinations a+b (ab), c+d, a+d and
b+c for verification of rearrangement. (C) Cassette insertion in HLM3 occurred inside of the first exon
of NO06G00780. (D) Cassette insertion in HLM23 occurred inside of the first exon of NO06G03670.
(E) Cassette insertion in HLM15 occurred in NO09G00920. The last exon of isoform 2 and the 3’-UTR
of isoforms 1 and 3 were disrupted by the insertion. Gene exons are depicted in red, putative 5’ and
3’-UTR sequences in green and blue respectively. Dashed lines denote introns. Solid kinked arrows
show putative transcription start sites. Arrows with white-filled arrowheads show the position of cassette
insertion. Arrows with solid, half arrowheads show primer binding sites during PCR reactions that were
done to verify correct tracing. Kilobase (kb) sizes of marker (m) bands are indicated on the left side of
gel images. Markings on the right and bottom side of gel images indicate the expected band size for
transformant (t) and wild type (wt) samples.
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to predict protein localization and identify conserved domains. The protein does not
contain any predicted target peptide, and it contains a tetratricopeptide repeat (TPR)
domain. TPRs are found in proteins involved in a variety of metabolic functions, such
as cell cycle coordination and transcriptional regulation (287), protein folding (288),
transport across membranes (289–291), membrane assembly (292), vesicle fusion
(293) and bio-mineralization (294). The TPR domain usually serves as an interface
for interactions between proteins and multiprotein complex assemblies (295). Thus, it
is likely that NO18G02330 interacts with one or more proteins in N. oceanica and that
this interaction is disrupted in HLM21. More detailed studies are necessary to verify
this hypothesis, for instance by screening for possible interaction partners with the
well-established yeast two-hybrid system (296, 297).

Cassette insertion in HLM9 occurred during chromosomal rearrangement
In HLM9 we traced the IC insertion to two different chromosomes for the 5’ and 3’
sequencing reactions. PCR analyses showed that a reciprocal translocation t(2;9) had
occurred after double-strand breaks at position 739,793 of chromosome 2 (total length
1,674,082 bp) and position 349,677 of chromosome 9 (total length 1,290,044 bp).
The longer fragments of both chromosomes were each ligated to one side of the IC
(Fig. 6.5B), creating a new, larger chromosome, named here derivate chromosome
9 (total length 1,876,990 bp). The two shorter fragments were ligated to each other
creating a new, shorter chromosome, named here derivative chromosome 2 (total length
1,089,470 bp). The chromosome number of a derivative chromosome would normally
be assigned based on the chromosome number that donated the centromere, but the
positions of centromeres are not known for N. oceanica. The designated derivative
chromosome numbers are therefore putative. Whereas chromosomal translocations
can affect global gene expression in an unpredictable manner, e.g. in mammalian
cells (298), they have a more concrete effect on expression of the genes located at the
breakage, for instance by causing gene knockouts or knockdowns or by creating novel
fusion genes.
In HLM9, the putative promoter region and/or the 5’-UTR of NO02G02690 and the
3’-UTR of NO09G01030 are disrupted by the translocation and IC insertion (Fig. 6.5B).
According to transcriptomic analyses (215, 299, 300), NO02G02690 is a low expressed
gene encoding a protein of unknown function that has no homologues outside of the
Nannochloropsis genus. Orthologues in N. gaditana (Naga_100026g34, E value
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= 2x10−16 , 55% sequence identity on 55% coverage using BLASTp) and N. salina
(NSK_001029, E value = 3x10−11 , 60% sequence identity on 41% coverage using
BLASTp) are hypothetical proteins. NO09G01030 encodes a fungal-type Zn(II)2 Cys6
DNA-binding, Zinc finger (ZF) domain protein, which has high amino acid sequence
similarity with the Nannochloropsis gaditana transcription factor Naga_100104g18
(E value = 0.0, 65.59% identity on 72% sequence coverage using BLASTp, 44.46%
identity on full length sequences using CLUSTALΩ). Naga_100104g18 was previously
identified as a control hub for lipid content in N. gaditana (118). Ajjawi and co-workers
found that a knockdown of Naga_100104g18 increased lipid content by ~2-fold and
resulted in a 5-15% reduction in growth compared to the wild type. Similarly, HLM9
displayed a 9% reduction in growth and 40% increase in NL content compared to the
wild type in our experiments, which suggests that NO09G01030 and Naga_100104g18
may be functional homologues and that NO09G01030 expression may be decreased
in HLM9. In their study, Ajjawi and co-workers inserted an antibiotic resistance
cassette into the 3’-UTR of Naga_100104g18, which reduced transcript abundance by
50%. This drastic decrease exemplifies the importance of an intact 3’-UTR for gene
expression in Nannochloropsis. Ajjawi and colleagues inserted the antibiotic resistance
cassette at a position 30 nucleotides downstream of the translational STOP codon,
which replaced ~98% of the exceptionally long 3’-UTR of Naga_100104g18 with
heterologous sequence. Opposed to this, the truncation of the 3’-UTR of NO09G01030
in HLM9 occurred much further away from the translational STOP codon of the gene,
leaving ~70% of the endogenous 3’-UTR sequence intact (Fig. 6.5B).

Cassette insertion in HLM3 occurred in a Zn(II)-finger type protein of unknown
function
Cassette insertion in HLM3 disrupted NO06G00780 in the first exon (Fig. 6.5C).
NO06G00780 is a relatively short protein (190 AAs) without predicted subcellular compartmentalization that carries a ZF-HIT domain at its C-terminus. Proteins
containing this domain are mostly nuclear proteins associated with gene regulation,
chromatin remodeling or pre-snoRNP assembly in multimodal RNA/protein complexes
(301). Their precise functions, however, remain largely unknown. NO06G00780 has
moderate-high similarity (E value ≥ 2x10−41 ) with a variety of proteins mostly from
filamentous protists belonging to the heterokont subphylum Oomycota. Oomycota is
a sister-group to the Nannochloropsis-containing subphylum Ochrophyta, and con116
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sists of non-photosynthetic organisms including the extensively researched parasite
Phytophthora infestans (302, 303). A few of these proteins are putatively classified
as Ca2+ :cation antiporters such as the Phytophtora palmivora protein POM74018.1
(E value = 2x10−33 , 43% sequence identity on 94% coverage using BLASTp). However, none of the putative homologues that were identified by BLASTp analysis are
functionally characterized.

Cassette insertion in HLM15 occurred in a DnaJ (HSP40) gene
The cassette insertion in HLM15 occurred in NO09G00920, which encodes 3 isoforms
of a DnaJ type B protein. DnaJ proteins, otherwise known as HSP40, are part of a
molecular chaperone system that is present in all eukaryotic cells. This chaperone
system, consisting of HSP40, HSP70 and nucleotide exchange factors, plays an essential role in protein homeostasis by governing protein folding, unfolding, translation,
degradation, translocation and protein disaggregation (304–306). DnaJ/HSP40 family
members are obligate co-chaperones to HSP70 as they deliver substrate to HSP70
and stimulate its ATPase activity (307, 308). As molecular chaperones, DnaJ/HSP40
proteins are pivotal for protein homeostasis especially under stress conditions. DnaJ
loss of function mutants of E. coli e.g. fail to grow at elevated and reduced temperatures
but show less drastic phenotypes at optimal growth conditions (309). Severe growth
defects, temperature sensitivity or lethal phenotypes were also observed for knockouts
of different cytosolic DnaJ variants in Saccharomyces cerevisiae (310). In Arabidopsis thaliana, the knockout of a nuclear-encoded chloroplastic DnaJ family member
induced altered photosynthetic behaviour and triggered a global stress response in
transgenic plants including expression of genes related to ROS detoxification. A
chloroplastic DnaJ protein was also disrupted in a chemically mutagenized N. gaditana
strain that showed a light-dependent increase in lipid content of up to ~60% DCW−1
and a changed proton motive force at the thylakoid membrane (311). However, this
N. gaditana strain carried mutations in 233 additional genes, which prevents drawing
of reliable conclusions on a direct link between the DnaJ mutation and the observed
phenotype.
Based on the high functional conservation of DnaJ proteins, NO09G00920 likely aids
protein homeostasis in N. oceanica and it may play a crucial role in stress response. A
functional impairment of NO09G00920 in HLM15 would explain the 21% decrease in
growth rate observed for this strain, as substantial growth defects were also observed
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for DnaJ mutant strains of other organisms. A function of NO09G00920 in stress
response is further suggested by HLM15’s propensity for collapsing after prolonged
incubation under high light conditions (Fig. 6.3A). Generally, high light conditions
cause an overreduction of the photosynthetic electron transport chain in phototrophs.
This leads to the formation of reactive oxygen species (ROS) (312), which can oxidize
proteins. Oxidized proteins must be degraded by the cell to prevent toxic effects (313).
An impaired activity of NO09G00920 in HLM15 could pejorate the strain’s ability
to cope with protein aggregation or unfolded protein stress, which offers a potential
explanation for its decrepit growth and increased high light susceptibility. Unfolded
protein stress is further linked to lipid biosynthesis. Mitigation of unfolded protein
stress involves activation of the unfolded protein response (UPR) pathway that is
tied to TAG production and lipid droplet formation in S. cerevisiae (314), animal
cells (315), higher plants (316) and microalgae (317). The increased NL content and
decreased growth rate of HLM15 may therefore be the consequence of an elevated
level of unfolded protein stress due to the decreased chaperone activity. Similarly, C.
reinhardtii mutants with an impaired UPR grew slower and contained more TAG than
the parental strain when treated with the unfolded protein stress inducer tunicamycin
(317).
According to the representative version of the N. oceanica IMET1 genome
(218), NO09G00920 is expressed in 3 different splice variants (NO09G00920.1,
NO09G00920.2 and NO09G00920.3) in N. oceanica. The existence of NO09G00920.2
is strongly supported by high similarity of this protein with known DnaJ proteins of
other organisms over the full amino acid sequence length. However, the C-termini
of the predicted NO09G00920 isoforms 1 and 3 show no similarities with any
known protein in the NCBI database, suggesting that they may be misannotated.
NO09G00920 contains an N-terminal J domain, which is responsible for the
interaction of DnaJ/HSP40 proteins with HSP70, whereas the C terminus of the
protein may be responsible for substrate specificity and functional diversity (318).
Depending on the splice variant, the insertion of the IC in HLM15 happened in either
the 3’-UTR (for the putative isoforms NO09G00920.1 and NO09G00920.3), or, in
case of NO09G00920.2, inside the last putative exon of the CDS, 30 nucleotides
away from the translational STOP codon. This results in a substitution of the 10
C-terminal amino acids (AAs) of NO09G00920.2 with the dipeptide Trp-Ile. It is
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unclear whether this mutation would have a detrimental effect on the activity of the
413 AA-containing protein, but a conserved domain of unknown function (DUF1977)
is present at the very C-terminus of isoform NO09G00920.2 and this domain is
truncated by the insertion. The 3’ end of the IC further replaces the original 3’-UTR
of NO09G00920.2 and the biggest part of the original 3’-UTR of NO09G00920.1 and
NO09G00920.3 in HLM15 (Fig. 6.5E). Gene expression may be severely affected
for all putative isoforms because the 3’-UTR plays a crucial role in modulating gene
expression by regulating transcript localization, stability and translational efficiency
(319). The substantial increase in NL content in HLM15 suggests that DnaJ proteins
are potential targets for genetically engineering increased lipid productivities in
microalgae. Despite this, we must point out that interfering with mechanisms that
ensure protein homeostasis can negatively influence biomass productivity and culture
stability under stress conditions, which is a disadvantage for industrial production
processes.

Cassette insertion in HLM23 occurred in an APETALA2-like transcription factor
In HLM23, IC insertion occurred in the first exon of NO06G03670. We identified
conserved domains in NO06G03670 by querying the conserved domain database
(320). NO06G03670 contains two AP2 domains (Fig. 6.6A), which are conserved
domains involved in DNA binding in the plant superfamily of transcription factors
AP2/EREBP, and an SNF2 domain and adjacent tandem chromo domains that are
together found in ATP-dependent chromatin remodelers. Moreover, an N-terminal
plant homeodomain (PHD) type Zn-finger may aid in interaction with histones or other
proteins. In HLM23, NO06G03670 is rendered non-functional because the protein
is truncated after the PHD domain and therefore misses the domains responsible for
DNA-binding and chromatin remodeling.
In a computational study, NO06G03670 has been identified as one of three putative
orthologues of the transcription factor AtWRI1, which is related to lipid metabolism
in A. thaliana (321). This gene encodes a transcription factor belonging to the family
of APETALA2-like proteins from higher plants and falls into the transcription factor
superfamily AP2/EREBP (322). In plants, AP2/EREBP family members are reported
to be involved in stress response, sugar metabolism, hormone signaling, and the coordination of developmental processes such as floral organ identity determination and seed
germination (323–325). In their pioneering work, Hu and co-workers identified numer119
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Table 6.1: Summary of transformant pheno- and genotypes. All values are increases relative to the
wild type strain for a one-step batch cultivation. The NL productivity increase is a projection based on
the maximum specific growth rate (μmax ) and NL content during exponential growth phase. Significance
levels in parentheses were calculated by Tukey’s HSD test. (ns): not significant, p > 0.05; (*): p < 0.05;
(**): p < 0.01; (***): p < 0.001.
Strain
HLM21
HLM9
HLM3
HLM23
HLM15

6

μmax

NL DCW−1

NL productivity

6% (ns)
-10% (*)
1% (ns)
-1% (ns)
-21% (***)

12% (ns)
40% (***)
12% (ns)
40% (***)
59% (***)

19%
26%
13%
39%
26%

Affected gene

Protein type

NO18G02330
unknown function
NO09G01030/NO02G02690 Zn(II)2 Cys6 fungal type TF
NO06G00780
Zn finger type
NO06G03670
APETALA2-like TF
NO09G00920
DnaJ type II

ous transcription factor genes and transcription factor binding sites in Nannochloropsis
by in silico analyses, and constructed a preliminary global regulatory network (321).
NO06G03670 was predicted to modulate transcription of 74 and 69 genes positively
and negatively respectively, by binding to the DNA motifs 5’-CGCGCCAW-3’, 5’TCCGCCCM-3’ and 5’-GCCSATCC-3’ in promoter sequences. These motifs are
enriched in genes related to chromosome organization, protein modification and cofactor metabolic processes, respectively. Among the genes predicted to be regulated
by NO06G03670 are several genes related to fatty acid biosynthesis.
Table 6.1 summarizes the phenotypes and genotypes associated with the HLMs that
were investigated more closely in this study.

Targeted knockout of NO06G03670 in wild type N. oceanica confirms the
HLM23 phenotype
Because mutant HLM23 showed the highest potential for lipid-overproduction in the
here presented experiments (Tab. 6.1), we selected this strain to further confirm the connection between its genotype and phenotype. To do so, we employed a plasmid-based
CRISPR-Cas mutagenesis strategy, which was recently developed for Nannochloropsis
(212, Mihris Naduthodi, personal communication). Using this strategy, genes can be
knocked out in a highly controlled manner, with the help of a plasmid that encodes a
constitutively-expressed Cas12a protein and a crRNA sequence. Upon plasmid delivery into cells, this system creates double-strand breaks in a 5’-proximal gene exon.
Repair of double-strand breaks by nonhomologous end joining can lead to frameshift
mutations that can be identified by DNA sequencing (326). Frameshift mutations are
considered a simple and robust strategy to produce targeted genetic knockouts (327).
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Figure 6.6: CRISPR/Cas-mediated knockout of NO06G03670 in wild type N. oceanica re-instates
the HLM23 phenotype. (A) Schematic of the domain architecture of NO06G03670 and illustration
of knockout approach using Cas12a. The insertion site (white-headed arrow) of the IC in HLM23 lies
between tandem CHROMO domains within the first exon of the gene. An SNF2_N and AP2 domains
that are required for recognition of target DNA sequences by the transcription factor, are located between
the insertion site and the C-terminal end of the protein and are not present in the truncated NO06G03670
of HLM23. Three crRNA protospacers were designed to target the first NO06G03670 exon at different
positions (black-headed arrows) between the HLM23 insertion site and the translation start site. The
homology between crRNA-sp2 and the target region of wild type NO06G03670 nucleotide sequence is
shown exemplarily. pTKO-sp2 colonies 3 and 7 had a four nucleotide deletion at the expected position
for Cas12a-mediated cleavage (solid black triangle), which causes a shift of the genetic reading frame.
Chromatograms illustrate Sanger sequencing data of PCR products obtained from genomic DNA of the
wild type strain and pTKO-sp2 colony 3, using primers located in the first exon of NO06G03670 (solid
black half-headed arrows). (B) NL contents of HLM23 and two CRISPR/Cas-induced NO06G03670
knockout mutants were increased similarly relative to the wild type. NL contents were measured by
BODIPY staining and flow cytometry. Medians of the single cell BODIPY fluorescence distributions
were normalized to the average wild type value. Crosses and error bars denote mean and SD (N ≥ 5).
Significance levels were assessed by Tukey’s HSD test. p>0.05; (*): p<0.05; (**): p<0.01; (***):
p<0.001.
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By employing this approach, we designed three crRNAs with protospacer sequences
(sp1, sp2 and sp3) that are complementary to different positions of the first exon of
NO06G03670. The positions were chosen upstream of the IC insertion site in HLM23
(Fig. 6.6A), to ensure that the resulting truncated NO06G03670 proteins would not
contain any additional domains compared to the truncated NO06G03670 of HLM23.
The protospacer sequences sp1, sp2 and sp3 were incorporated into a Cas12a-encoding
plasmid, generating pTKO-sp1, pTKO-sp2 and pTKO-sp3, respectively. The three
plasmids were used to transform wild type N. oceanica, and ten mutant colonies per
construct were screened by PCR and sequencing (Fig. 6.6A). 0/10, 2/10 and 0/10
colonies with nucleotide mutations were recovered for pTKO-sp1, pTKO-sp2 and
pTKO-sp3, respectively. The pTKO-sp2 colonies three (pTKO-sp2-C3) and seven
(pTKO-sp2-C7) showed a deletion of NO06G03670 nucleotides 1781-1784 (CCAA).
This deletion had occurred around the position expected for Cas12a-mediated cleavage,
corresponding to nucleotides 18-21 of protospacer sp2 (128). The four nucleotide
deletion causes a shift of the genetic reading frame, rendering NO06G03670 nonfunctional in pTKO-sp2-C3 and pTKO-sp2-C7.
We examined the NL content of the confirmed NO06G03670 knockout mutant strains
pTKO-sp2-C3 and pTKO-sp2-C7. When grown at high light conditions, the strains
had NL contents similar to that of HLM23, and significantly higher than that of wild
type controls (Fig. 6.6B). This confirms that the high lipid phenotype of HLM23 is
connected to the knockout of NO06G03670, and underpins the relevance of this gene
as a control hub for growth-associated NL production in N. oceanica. The connection
between genotype and phenotype of other HLMs could be investigated accordingly
during follow-up research.

Knockout of NO06G03670 causes upregulation of metabolic pathways that are
associated with fatty acid biosynthesis
In a computational study involving analysis of conserved transcription factor binding
site motifs, Hu and colleagues predicted NO06G03670 to attenuate the expression of
genes related to fatty acid biosynthesis (FAB) and long chain fatty acyl-CoA synthetases
(LC-FACS). LC-FACS activate fatty acids for different metabolic processes such as
trafficking, lipid assembly or beta oxidation (328). In order to understand why the
knockout of NO06G03670 leads to an increase in lipid content, we analyzed gene
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expression in HLM23 by mRNA sequencing technology. Out of 9578 expressed genes,
1530 and 1495 genes were transcriptionally up- and downregulated, respectively, in
HLM23, relative to the wild type (Fig. 6.13).
Fatty acid biosynthesis genes are transcriptionally upregulated in HLM23
Plants and microalgae possess a prokaryotically-derived type II FAB pathway in

their chloroplasts, which utilizes discrete, monofunctional enzymes to synthesize
straight-chain fatty acids (Fig. 6.7). Out of 12 FAB genes that putatively encode
these monofunctional enzymes, 10 were transcriptionally upregulated (padjust <0.05) in
HLM23 and two were not differentially expressed, compared to the wild type (Fig. 6.7).
Most of the upregulated proteins were predicted to contain a chloroplast targeting
peptide (cTP) or signal peptide (SP) by one or multiple in silico prediction tools, and
may thus localize in the plastid. We also identified two acyl carrier protein (ACP)
genes in N. oceanica, NO29G00550 and NO30G00840, predicted to localize in the
chloroplast and mitochondrion respectively. As carriers of the growing acyl chains,
ACPs fulfill a central role in FAB and it has been shown that they are much stronger
expressed than other FAB-related genes in plants (329). In HLM23, NO30G00840
transcript abundance was >10-times higher than that of other FAB-associated genes
and 1.22-log2 fold (p=6.37e-12) higher than in the wild type (Tab. 6.3), ranking the
gene at position 28 of the strongest expressed genes of the entire transcriptome dataset.
Expression of the putative mitochondrial ACP isoform NO29G00550 was similar in
HLM23 and the wild type and much lower than expression of the likely chloroplastic
counterpart.
The first committed and rate-limiting step of FAB is the carboxylation of acetyl-CoA,
carried out by acetyl-CoA carboxylase (ACCase, EC# 6.4.1.2) (330). We identified two isoforms for ACC: NO21G02220 and NO09G00220. In particular, isoform
NO09G00220 shows high similarity with ACCases from other microalgae. Moreover,
it had the highest transcript abundance among all FAB-associated enzymes in the
wild type strain and it showed strong upregulation in HLM23, with transcript levels
being 1.72-log2 fold (p=5.21e-18) increased relative to the wild type. Expression
of putative chloroplastic candidates for the other FAB enzymes was moderately to
strongly increased in HLM23, ranging from a 0.66-log2 fold (p=2.16e-03) increase
for beta-hydroxyacyl-[acyl-carrier-protein] dehydratase (EC# 4.2.1.59) to a 1.59-log2
fold (p=5.14e-17) increase for beta-ketoacyl-[acyl-carrier-protein] synthase II (EC#
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2.3.1.41/2.3.1.179).
The primary end products of plastidial FAB are C16:0 and C18:0 fatty acyl-ACPs (328),
which can further be desaturated by stearoyl-ACP Δ9 desaturases. In Nannochloropsis, only a single Δ9 desaturase, NO02G01510, has been identified. NO02G01510
expression was decreased by 173% (p=1.43e-03) in HLM23 compared to the wild
type, which might explain the decreased fraction of MUFA in the neutral lipids of this
mutant. In a previous study, Dong and co-workers found decreased NO02G01510
protein levels during N-starvation (56), but other studies have shown that the gene is
upregulated at the transcriptional level during N-stress (78, 215, 331).

6

Fatty acyl-ACPs produced in FAB can directly be used by chloroplastic isoforms of
glycerol-3-phosphate acyltransferase (GPAT, EC# 2.3.1.15) or lysophosphatidic acid
acyltransferase (LPAAT, EC# 2.3.1.51) for glycerolipid assembly (332). The putative
GPAT enzymes of N. oceanica were not differentially expressed in HLM23, and expression of LPAAT isoforms NO28G01540 was decreased by 170% compared to the wild
type (p=1.25e-02). Expression of NO08G04210, which is the only Nannochloropsis
LPAAT with no homologue in A. thaliana (215), was increased by 1.93-log2 fold
(p=2.13e-09).
In addition to GPAT and LPAAT, another enzyme that processes fatty acyl-ACPs is
thioesterase, which hydrolyzes the thioester bond between ACP and the fatty acyl
chain (EC# 3.1.2.21/3.1.2.14), releasing free fatty acids. Four N. oceanica enzymes
(NO03G03980, NO09G01310, NO24G01000 and NO27G01060) are predicted to
contain a thioesterase domain, but only the putatively mitochondrial NO09G01310
shows a high degree of similarity to known thioesterases. As none of the four proteins
were predicted to contain a SP or cTP by more than one prediction tool, it is possible
that the plastidic thioesterase isoform of N. oceanica still needs to be identified.
Free fatty acids are converted to acyl-CoA at the outer plastid envelope and in other
subcellular compartments by long chain fatty acyl-CoA synthetase (LC-FACS) (334).
Out of the 13 putative LC-FACSs of N. oceanica, three were up- and three were
downregulated in HLM23. In particular, NO18G00930 transcript was increased 0.94log2 fold (p=3.27e-04) with a predicted chloroplastic localization. NO14G00130
transcript levels were 0.95-log2 fold (p=6.78e-04) higher in HLM23 than in the wild
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Figure 6.7: Differential expression of genes encoding putative fatty acid biosynthesis enzymes in
HLM23. The pathway map illustrates the enzymatic conversion of acetyl-CoA to fatty acids, and
transfer of fatty acyl chains to glycerol-3-phosphate or coenzyme A. The genes encoding the enzymes
that putatively catalyze these reactions in N. oceanica are shown in solid boxes, with the exception of
NO29G00550 and NO30G00840 which encode putative ACPs. Genes with a significant (padjust ≤ 0.05)
differential expression in HLM23 relative to the wild type are colored according to the log2 fold change
in the mutant strain. Symbols next to boxes represent the subcellular localization, predicted by five
in silico tools. Almost all genes putatively involved in fatty acid biosynthesis were transcriptionally
upregulated in HLM23. Most of these genes encode proteins that may contain a chloroplast targeting
peptide (cTP) or a signal peptide (SP), suggesting that plastidic fatty acid biosynthesis is enhanced at the
transcriptional level in HLM23. TE: thioesterase; SP: signal peptide; SA: signal anchor; cTP: chloroplast
targeting peptide; mTP: mitochondrion targeting peptide. The pathway map was adapted from the KEGG
PATHWAY database (333).
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type, however, subcellular localization and metabolic function of NO14G00130 are
unclear. Previously, Li and co-workers have shown that expression of NO14G00130
gradually increases during N-starvation experiments, as well as for another LC-FACS
isoform-encoding gene, NO05G03180 (215). However, in HLM23, NO05G03180
was not differentially expressed compared to the wild type. NO05G03180 is predicted
to localize in the peroxisome, thus it may be responsible for the activation of fatty
acids for beta oxidation.

6

After activation by LC-FACS, fatty acyl-CoA is sequestered by acyl-CoA binding
proteins (ACBPs), that i.a. aid in transport to the ER for fatty acid modifications and
lipid assembly (335). Out of the four putative ACBPs of N. oceanica (NO16G02490,
NO19G00260, NO23G00150, NO24G01960), NO19G00260 and NO24G01960 transcript levels were similar in HLM23 and the wild type (Tab. 6.6), while NO23G00150
expression was undetectable, which matches previous reports (215). NO16G02490 expression was increased 1.63-log2 fold (p=3.55e-06) in HLM23, putatively implicating
this ACBP isoform in sequestration and transport of excess fatty acyl-CoA produced
by the mutant.
Supply of fatty acid building blocks may be enhanced in HLM23
The transcriptional upregulation of multiple chloroplastic FAB proteins including
ACCase in HLM23 may well explain the increased lipid content observed for this
mutant. To meet an increased demand of FAB substrates, the key fatty acid building
block acetyl-CoA needs to be supplied at sufficient rates. The photosynthetically
produced glyceraldehyde-3-phosphate (G3P), which is the primary product of the
Calvin-Benson-Bassham (CBB) cycle, can either be used for production of hexoses
through gluconeogenesis, or it can be converted to pyruvate and then acetyl-CoA
through the “lower part” of glycolysis (i.e. the reactions from G3P to pyruvate). We
mapped all the enzymes putatively involved in this part of central carbon metabolism
(Fig. 6.8).

HLM23 showed transcriptional upregulation for multiple isoforms of all enzymes that
participate in the conversion of G3P to pyruvate (Fig. 6.8; Tab. 6.4). In N. oceanica, the
lower part of glycolysis is likely present in the cytosol, chloroplast and mitochondrion,
whereas the upper part may only be fully functional in the chloroplast (336). Enzymes
of the lower part of glycolysis were previously shown to be co-regulated with fatty acid
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Figure 6.8: Differential expression of genes encoding enzymes putatively involved in glycolysis,
gluconeogenesis and pyruvate metabolism in HLM23. The schematic illustrates the main reactions
of the Embden-Meyerhof-Parnas (EMP) pathway, and of pyruvate metabolism. Genes involved in both
pathways were either transcriptionally upregulated or not differentially expressed in HLM23 relative to
the wild type, with the exceptions of NO04G01610 and NO10G02920. Among the upregulated genes,
subcellular localization is predominantly predicted to be chloroplastic. Most EMP pathway enzymes can
catalyze reactions in either the glycolytic or gluconeogenetic direction. The pathway map was adapted
from the KEGG PATHWAY database (333).
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biosynthesis genes in N. oceanica, suggesting functional cooperation (336). The ratelimiting step of the lower part of glycolysis is catalyzed by glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, EC#1.2.1.12) (337, 338), which has four predicted isoforms
in N. oceanica. Among them, the putative mitochondrial isoform NO09G03360 and
the putative chloroplastic isoform NO27G00910 had a 1.1-log2 fold (p=9.52e-08) and
1.17-log2 fold (p=3.22e-08) increased transcript abundance, respectively. In agreement
with this, several isoforms of all other enzymes involved in the lower part of glycolysis
were also upregulated in HLM23. For each enzyme, at least one of the upregulated
isoforms was predicted to localize in the chloroplast by one or multiple prediction
tools, with the exception of phosphoglycerate mutase (PGM, EC# 5.4.2.11). At the
same time, previous studies have shown that the reaction catalyzed by PGM does not
pose a bottleneck for glycolysis among various organisms (338).

6

Glycolysis and FAB are bridged by a multi-enzyme complex called the pyruvate
dehydrogenase complex (PDHC) that converts pyruvate into acetyl-CoA. PDHC
consists of the subunits E1 (EC# 1.2.4.1), E2 (EC# 2.3.1.12) and E3 (EC# 1.8.4.1)
which are present in the mitochondrion and chloroplast of N. oceanica (Fig. 6.8). The
three putative chloroplastic E1, E2 and E3 subunits NO10G03340, NO18G02350 and
NO08G02730 were upregulated 1.32-log2 fold (p=3.11e-14), 0.94-log2 fold (p=5.92e06) and 1.3-log2 fold (p=3.47e-09), respectively, in HLM23. Expression of putative
mitochondrial PDHC subunits, on the other hand, was mainly unchanged. The mitochondrial PDHC provides acetyl-CoA not only as substrate for mitochondrial FAB,
but more importantly for the citric acid cycle. Pyruvate can further be converted to
acetyl-CoA via the PDHC-bypass. However, the highest expressed acetyl-CoA synthetase of this pathway lacks co-expression with FAB genes during diel cycles (336),
suggesting that the PDHC-bypass likely does not contribute to acetyl-CoA supply
for lipid biosynthesis in N. oceanica. The single copy pyruvate decarboxylase (PDC,
EC# 4.1.1.1) NO04G01610 that channels pyruvate into this bypass is transcriptionally
downregulated in HLM23 (p=2.77e-02), suggesting that this pathway is not responsible for the increased fatty acid content of the mutant. Expression of putative isoforms
of the other PDHC-bypass enzymes aldehyde dehydrogenase and acetate-CoA ligase
was also decreased in HLM23 (Tab. 6.4).
Not only the lower part but also the upper part of glycolysis was transcriptionally upreg128
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Figure 6.9: Differential expression of genes encoding enzymes putatively involved in the Calvin–
Benson–Bassham cycle in HLM23. The schematic illustrates the reactions of the CBB cycle. Gene
candidates for every reaction of the cycle were transcriptionally upregulated in HLM23 relative to the
wild type. Most of the upregulated proteins are predicted to localize to the chloroplast. RuBisCO
expression levels could not be quantified by the mRNA sequencing strategy of choice. The pathway map
was adapted from the KEGG PATHWAY database (333).

ulated in HLM23, and almost all of the upregulated genes are predicted as chloroplastic
isoforms (Fig. 6.8; Tab. 6.4). Most of the glycolytic enzymes function not only in
glycolysis but also in gluconeogenesis, with the exceptions of the glycolytic enzymes
hexokinase, phosphofructokinase and pyruvate kinase. Phosphofructokinase (PFK,
EC# 2.7.1.11) is substituted by fructose 1,6-bisphosphatase (FBPase, EC# 3.1.3.11)
in gluconeogenesis. In HLM23, the putative chloroplastic FBPase NO17G02820 is
upregulated 1.39-log2 fold (p=2.11e-09), whereas expression of the glycolytic PFK,
is not affected in the mutant. We also found overexpression of putative chloroplastic
isoform NO15G00810 of triose phosphate isomerase (TPI, EC# 5.3.1.1, increased
1.7-log2 fold, p=1.36e-11) and fructose-bisphosphate aldolase isoforms NO12G03140
and NO01G03170 (EC# 4.1.2.13, increased 1.94-2.55-log2 fold, p<4.50e-18), which
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catalyze the reversible steps of the upper part of glycolysis/gluconeogenesis. The
overexpression of FBPase, in particular, may suggest an increased level of gluconeogenesis in HLM23. However, FBPase, along with TPI, fructose-bisphosphate
aldolase, GAPDH and phosphoglycerate kinase (PGK, EC# 2.7.2.3), are also part of
the CBB cycle which is responsible for carbon fixation (Fig. 6.9). Consequently, the
upregulation of these enzymes in HLM23 could be related to an increased activity
of glycolysis/gluconeogenesis, the CBB cycle, or both pathways. An increased flux
capacity of the CBB cycle is further suggested by upregulation of CBB cycle-specific
enzymes such as transketolase (EC# 2.2.1.1), phosphopentose isomerase (EC# 5.3.1.6),
phosphopentose epimerase (EC# 5.1.3.1) and phosphoribulokinase (EC# 2.7.1.19) in
HLM23 (Fig. 6.9, Tab. 6.5). Expression levels of ribulose 1,5-bisphosphate carboxylase (RuBisCO, EC# 4.1.1.39), a key enzyme of the CBB cycle, were not assessable
in our experiments because in Nannochloropsis both enzyme subunits are encoded in
the chloroplast genome. As chloroplast transcripts do not contain poly(A) tails, the
RuBisCO transcripts were not analyzed during mRNA sequencing. Transcription of a
CbbX protein homolog, which is an activator of red-type RuBisCO protein (339), was
increased 0.56-log2 fold (p=2.24e-02) in HLM23.
The upregulation of genes encoding enzymes involved in the CBB cycle, central carbon
metabolism and chloroplastic FAB in HLM23 may be related to this mutant’s altered
ability to cope with higher light irradiation (600 μmolm−2 s−1 ), which was reflected in an
increased Fv /Fm under these conditions (Fig. 6.3C). Accordingly, when cultures were
grown at lower irradiance conditions (150 or 350 μmol m−2 s−1 ), Fv /Fm of HLM23 and
the wild type were similar and the differences in NL contents were less pronounced
(Fig. 6.14). Previously, Yang and colleagues have shown that overexpression of
chloroplastic FBPase in the green microalga Chlorella vulgaris caused an increase
in photosynthetic quantum yield and oxygen evolution rates (340), showcasing a
connection between expression levels of CBB cycle enzymes and photosynthetic
performance. Future studies might shed light on the ability of HLM23 to cope with
the adverse effects associated with high light conditions, and if there is a link to the
transcriptional upregulation of metabolic pathways that directly utilize photosynthetic
assimilates.
In line with the elevated Fv /Fm , HLM23 showed upregulation of several proteins
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that are directly or indirectly associated with the light reactions of photosynthesis
(Tab. 6.6). Transcript levels of NO24G02290, encoding a chlorophyll a-b binding
protein of the light harvesting complex, were increased 0.46-log2 fold (p=4.29e-02) in
HLM23 compared to the wild type. Expression of four out of six putative ferredoxin
proteins was increased 1.1-3.45-log2 fold (p<8.78e-04) and the only known ferredoxin
NADP(+) oxidoreductase was upregulated 1.15-log2 fold (p=3.07e-11) in HLM23
(Tab. 6.6). Additionally, the only isoform of the highly expressed PSII manganesestabilizing protein PsbO was upregulated 0.89-log2 fold (p=2.09e-07). PsbO aids
in rapid turnovers of the oxygen evolving reactions (341), and is required for high
photosynthetic quantum yields in A. thaliana (342). Expression of two magnesium
chelatase (EC# 6.6.1.1) subunits ChlD and ChlH was increased 1.31-log2 fold (p=3.54e07) and 2.02-log2 fold (p=7.44e-25) respectively in HLM23 (Tab. 6.6). Magnesium
chelatase catalyzes the insertion of a magnesium ion into protoporphyrin IX, which is
the first committed step of chlorophyll biosynthesis (343). The third subunit, ChlI is
encoded in the chloroplast genome of N. oceanica and its expression was therefore
not quantified.
Intriguingly, a putative glucose-6-phosphate/Pi translocator (GPT) was upregulated
3.54-log2 fold (p=7.56e-06) in HLM23 (Tab. 6.6). In A. thaliana, a GPT knockout
is associated with decreased starch synthesis under high light conditions (344). It
was suggested that high cytosolic triose-phosphate levels can induce expression of
GPT, which promotes the import of glucose-6-phosphate (G6P) from the cytosol to
the chloroplast (345). Imported G6P can then fuel either carbohydrate synthesis or
the chloroplastic G6P shunt, which corresponds to the oxidative phase of the pentose
phosphate pathway and may have a stabilizing effect on photosynthesis (346). The
function of GPT in microalgae, however, remains obscure. Chloroplastic isoforms of
the G6P shunt enzymes, such as 6-phosphogluconolactonase, were transcriptionally
downregulated by up to -1.03-log2 fold (p=1.12e-03) in HLM23, suggesting that the
upregulation of GPT in this mutant has a different reason than contributing to activity
of this pathway.
Lastly, it should be noted that multiple putative and confirmed transcriptional regulators were differentially expressed in HLM23. For instance, expression of the
NobZIP1 transcription factor NO19G01720 was increased 1.05-log2 fold (p=3.16e131
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07). Recently, Li and co-workers found that an N. oceanica mutant overexpressing a
NO19G01720 homologue had an increased lipid content, which the authors linked to
a decreased expression of UDP-glucose dehydrogenase (UGDH), a key enzyme in
cell wall carbohydrate polymer metabolism (245). However, despite the upregulation
of NO19G01720, expression of the UGDH gene NO14G01750 was not decreased,
but increased 0.7-log2 fold (p=4.46e-03) in HLM23, suggesting that NO14G01750
expression could be modulated by multiple transcriptional regulators and not only by
NO19G01720. This also indicates that lipid contents of HLM23 could potentially be
further improved by silencing the gene expression of UGDH in this strain, for instance
through RNA interference, as previously demonstrated for wild type N. oceanica (245).

6

In conclusion, the knockout of the putative APETALA2-like transcription factor
NO06G03670 in HLM23 resulted in increased NL content and Fv /Fm , without affecting growth rate compared to the wild type. This phenotype was accompanied
by a transcriptional upregulation of key components of several chloroplast-located
metabolic pathways, including sugar metabolism, the conversion of pyruvate to acetylCoA, fatty acid biosynthesis and the CBB cycle. However, the exact cause of the
alteration in the lipid content of N. ocanica due to the NO06G03670 knockout remains
to be elucidated. In this context, a loss-of function mutant of APETALA2 in A. thaliana
showed changes in the ratio of hexose to sucrose during seed development, suggesting
that APETALA2 may control seed mass by affecting sugar metabolism, in plants
(324). Because lipid biosynthesis from sugars and related substrates is a preferentially
anabolic activity in the oleaginous N. oceanica (347), NO06G03670 may be involved
in directly or indirectly regulating sugar metabolism and trafficking, which in turn
could affect photosynthetic carbon assimilation and partitioning, and consequently
lipid content. In this regard, the increased Fv /Fm of HLM23 is intriguing and future
studies are needed to elucidate the role of the APETALA2-like transcription factor
in the regulatory network of N. oceanica. Engineering of microalgal strains with an
increased photosynthetic efficiency is a difficult task that has thus far met with limited
success. However, commercialization of microalgal-derived bulk commodities will
heavily rely on an increased photosynthetic performance of microalgal strains (348).

Conclusion
In this study, we developed a novel forward genetic screen for N. oceanica based on
insertional mutagenesis and FACS. We isolated multiple lipid-overproducing mutant
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strains by iteratively sorting an insertional mutant library five times. An optimized
genotyping methodology based on the type IIS restriction endonuclease MmeI allowed
us to identify the causative mutations in five mutants, which showed 12-59% increased
NL contents DCW−1 relative to the wild type. The genes that were disrupted in these
strains present potential targets for genetically engineering Nannochloropsis for an
increased lipid productivity. Highest NL contents were found for strain HLM15,
which is likely incapable of sustaining protein homeostasis due to a disruption of a
DnaJ protein. The 59% increase in NL DCW−1 that we found for this mutant was
accompanied by a 21% decrease in growth rate and susceptibility to high light. Two
of the genes that were affected in the other mutant strains encode transcription factors,
which highlights the importance of this type of protein as a master switch for metabolic
regulation. One of these transcription factors, NO09G01030, is a homologue of a
transcription factor of N. gaditana that was previously shown to be associated with
lipid metabolism (118). The other one, NO06G03670, was predicted to upregulate
genes involved in protein homeostasis and downregulate chloroplastic genes associated
with fatty acid biosynthesis and carbon flux to acetyl-CoA (321), which we confirmed
by mRNA sequencing methodology. NO06G03670 knockout strain HLM23 had a NL
content of 30.2% DCW−1 and increased photosynthetic quantum yield under favorable
biomass production conditions, and growth was not impaired. Accordingly, projected
NL productivities of one-step batch cultivations with HLM23 are 39% higher compared
to productivities when using wild type N. oceanica. The insights gained in this study
increase the genetic knowledge about an industrially attractive microalga, and will be
useful to formulate new hypotheses for the genetic engineering of Nannochloropsis
strains with an increased NL productivity. While our findings significantly contribute
to an improved understanding of N. oceanica, more studies are needed to elucidate
the functions of the many genes that remain unknown. In this regard, our optimized
MmeI-based genotyping methodology lays the foundation of future screenings for not
only lipid accumulation but any desired phenotype.

Materials and Methods
Strains and cultivation conditions
The microalgal strain used in this study, N. oceanica IMET1 was a kind gift by
prof. Jian Xu (Qingdao Institute for Bioenergy and Bioprocess Technology, Chi133
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nese Academy of Sciences). Microalgae were cultured in artificial sea water (ASW,
419.23 mM NaCl, 22.53 mM Na2 SO4 , 5.42 mM CaCl2 , 4.88 mM K2 SO4 , 48.21 mM
MgCl2 and 20 mM HEPES, pH 8), supplemented with 2 ml l−1 of Nutribloom plus
(Necton, Portugal) growth media (ASW-NB) at 25 °C. For maintenance purposes and
after fluorescence-activated cell sorting steps, cultures were incubated on an orbital
shaker operated at 90 rpm in a climate-controlled chamber, aerated with ambient air
and illuminated with warm-white fluorescent light bulbs at 50 μmol m−2 s−1 light intensity (“LL” conditions). An HT Multitron Pro (Infors Benelux, Netherlands) orbital
shaker unit with 0.2% CO2 -enriched air was used for cultivation at 150 μmol m−2 s−1
illumination intensity (“ML” conditions) at 120 rpm shaking frequency. Isolated high
lipid mutant (HLM) strains were cultivated in 50 ml shake flasks at 600 μmol m−2 s−1
(“HL” conditions) in an Algem HT24 photobioreactor (Algenuity, UK) that was placed
inside an HT Multitron Pro operated at conditions as described above. All experiments
were carried out with a 16:8 h diurnal light cycle.
For cultivation on solid medium, ASW was supplemented with 1% (w/v) of agar
(Merck) before autoclaving, cooled to 60 °C and mixed with 2 ml l−1 of nutribloom
plus and 5 μg ml−1 Zeocin before distribution into petri dishes for solidification. Algaecontaining plates were incubated at 25 °C in ambient air under warm-white fluorescent
light bulbs at an intensity of 60–80 μmol m−2 s−1 with a 16:8 h diurnal cycle.

Construction of insertion cassette DNA
The insertion cassette (IC) carried the bleomycin resistance gene shble (GenBank
accession number A31898.1) from Streptoalloteichus hindustanus, under control of the
strong endogenous promoter of the violaxanthin chlorophyll a binding protein precursor
(VCP) gene, including the Kozak sequence and first genetic intron. Two transcriptional
terminators belonging to the α-tubulin and Clp protease proteolytic subunit genes were
added in head-to-head orientation downstream of shble, to safeguard transcriptional
termination of genes at the insertion site regardless of IC orientation. Assembly of
these elements into the pUC19 derivative plasmid pNIM14 was previously described
(172). Using pNIM14 as a template, we constructed pNIM21 by adding terminal MmeI
restriction endonuclease recognition sequences to facilitate precise excision of the IC
from genomic DNA during insertion site tracing. We further inserted ~100 nucleotides
of artificial barcodes between these MmeI recognition sequences and the VCP promoter
and Clpp terminator elements respectively (Fig. 6.1A). This allowed us to design
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barcode-complementary cassette PCR primers for insertion site tracing, which reduced
spurious primer annealing to endogenous genome sequences. The barcode sequences
were inserted into pNIM14 as PCR primer overhangs and assembled using Gibson
assembly technique (NEBuilder HiFi DNA Assembly Master Mix, NEB #E2621)
with 22 nucleotides overlap. The first assembly fragment was PCR-amplified using
oligonucleotides 5'-ACTGTTGCACGTTGGCGATGGCGGTAGCTAACTAAGTCGCCTGCCAC
AACAACAGTATCAAATCCAACAACCAGACTCCTCTA-3' and 5'-TCGCCTCTGATCGATAA
CCATCGAAGGAATCGACTTCACGTCCCTAGCGTGTTGAAAGATTCCAACCCGGGGACTCG-3'
with 1 ng of MlsI-linearized pNIM14 as template and an annealing temperature (Ta )
of 65 °C. The second assembly fragment was PCR-amplified using oligonucleotides
5'-GATGGTTATCGATCAGAGGCGATGGATGATGTCTGGCTAATGCCACCTTACGGTACGCATC
TCCGTTTCCTCCTCCTTGGTGC-3' and 5'-GCCATCGCCAACGTGCAACAGTCTACTTCCTC
GGTGTGGGCTACTCCTCAGATACCAGCCGAGTGAGGGGGAGGGGGA-3' with 1 ng of ScaIlinearized pNIM14 as template and a Ta of 69 °C. Both PCRs were carried out using
Q5 DNA polymerase (NEB #M0492), 0.25 μM primers and the following cycling
scheme: 30 s at 98 °C, 30 cycles (8 s at 98 °C, 10 s at Ta , 90 s at 72 °C), 3 min at 72 °C.
Linearization of pNIM14 using MlsI (Thermo Fisher Scientific #FD1214) or ScaI
(Thermo Fisher Scientific #FD0434) was carried out according to the manufacturer’s
instructions. PCR products were purified using spin columns (Zymo Research #D4004)
and used in Gibson assembly according to the manufacturer’s instructions. Correct
assembly of pNIM21 was verified by PCR and sequencing. The IC was amplified
from 1 ng SchI-linearized (Thermo Fisher Scientific #FD1374) pNIM21 with Q5
DNA polymerase, using 0.5 μM of 5’-GTTGGAATCTTTCAACACGCTAGG-3’ and
5’-GTTGGATTTGATACTGTTGTTGTGG-3’ with the following cycling scheme:
30 s at 98 °C, 35 cycles (5 s at 98 °C, 85 s at 72 °C), 5 min at 72 °C. The IC was purified
(Thermo Fisher Scientific #K0832) according to the manufacturer’s instructions, using
the PCR cleanup version of the protocol, with the exception that nuclease-free (NF)
H2 O was used for elution of DNA from the column.

Transformation of N. oceanica
N. oceanica IMET1 was transformed using electroporation similar to the protocol
described by Vieler and colleagues (7). Briefly, microalgal cells were cultivated at
ML conditions and harvested during mid-exponential growth stage by centrifugation
(2,500 x g, 5 min, 4 °C). Cell pellets were washed thrice with 4 °C-cold 375 mM sorbitol
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and resuspended at 2.5 x 109 cells ml−1 . 200 μl of cell suspension was mixed with
1 μg of IC DNA in pre-cooled 2 mm electroporation cuvettes and rapidly pulsed using
a Bio-Rad GenePulser II, set to exponential pulse decay with 11 kV cm−1 electric field
strength, 50 μF capacitance and 600 Ω resistance. After the ~25 ms pulse, cells were
immediately transferred to 5 ml of 22 °C ASW-NB and recovered for 24 h at dim light
without agitation. Subsequently, cells were pelleted (2,500 x g, 10 min), resuspended
in a small amount of supernatant and plated onto ASW-NB plates containing 5 μg ml−1
Zeocin and incubated as described previously for 4 weeks, before plates were flushed
with ASW-NB containing 5 μg ml−1 of Zeocin, and pooled in a 250 ml shake flask,
yielding the insertional mutant library.

6

Flow cytometry analysis
BODIPY fluorescence emission was quantified by flow cytometry analysis using
an SH800S (Sony Biotechnology, USA) cell sorter, equipped with a 488 nm laser
and a 70 μm nozzle microfluidic chip. Detector wavelengths for different channels
were: 488 nm (forward scatter, gain 2); 488 nm (side scatter, gain 22%); 510 ± 10 nm
(BODIPY, gain 29%); 720 ± 30 nm (chlorophyll a autofluorescence, gain 40%). For
standard fluorescence analyses, a minimum of 50,000 events were screened per sample.
Gating was applied as previously described (204) to remove background noise. For
statistical data treatment, only events in the final gate (“living cells”) were considered.
Staining of intracellular neutral lipids with BODIPY
Neutral lipids (NLs) were visualized for flow cytometry and FACS using the fluorescent dye BODIPY 505/515 (Invitrogen, #D3921) as previously described (204).
Microalgae were stained at an OD750 of 0.3–0.5 with 6% (v/v) of DMSO and 1.2 μgml−1
BODIPY 505/515. After addition of the dye, cell suspensions were vortexed for 5 s
and incubated in the dark for 15 min before being subjected to flow cytometry/FACS.
FACS sorting for enriching high lipid mutants in the mutant library
Cell sorting was carried out using the same instrument and operational settings as
during regular flow cytometry analysis. Cells were sorted directly into sterile 250 ml Erlenmeyer flasks, filled with 50 ml ASW-NB. Sorting was terminated at 300,000 sorted
events in ‘Ultra purity’ sort mode of the SH800S software. Gating was applied as
indicated previously (204) to filter out non-vital cells and background noise, with an
additional final gate for high-NL cells (Fig. 6.10). Sorted cultures were recovered
under LL conditions for 10 days (d). New cultures were inoculated to an OD750 of 0.1
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and acclimated to ML conditions for 3 d. Finally, cultures were diluted to an OD750 of
0.1, incubated for 2 more days under ML conditions and subjected to the next round
of sorting. ML conditions were employed during HLM enrichment and isolation by
FACS, because they are sufficient to induce NL accumulation, but less stressful for
cells than HL conditions. Therefore, using ML conditions prevented loss of high-light
sensitive mutant strains during the library enrichment for HLMs.

Strain isolation from enriched libraries using FACS
After 4 rounds of sorting, HLM-enriched libraries were recovered under LL conditions,
set to an OD750 of 0.1 and acclimated to ML conditions for 3 d. New cultures were
inoculated to an OD750 of 0.1 and grown under ML conditions for an additional 2 d
before strains were isolated from the pooled libraries by depositing single cells onto
agar plates using a high-NL gate as described above, and the ‘Single cell’ sort mode of
the SH800S software.
6

Characterization of isolated HLM strains
Four weeks after HLM strain isolation by FACS, all colonies showed identical morphology and comparable colony diameter on agar. Therefore, the first 17 viable colonies
were picked from agar plates and expanded to shake flasks, which were incubated
at LL conditions in duplicates. After ~1 week, fresh cultures were inoculated to an
OD750 of 0.07, and incubated in an Algem HT24 photobioreactor (Algenuity, UK)
operated at 350 μmol m−2 s−1 for 3 d. Subsequently, cultures were diluted to an OD750
of 0.07 and incubated at 600 μmol m−2 s−1 for 14 d. Growth curves were obtained
by measuring the OD750 daily, 1 h before onset of the dark phase of the diurnal light
cycle. Maximum specific growth rate μmax was obtained as the slope of a linear model
that was fitted on logarithmically-transformed OD750 values, obtained within the first
72 h of the cultivation. For biochemical characterization, cultures were harvested 1 h
before onset of the dark phase on the second day of cultivation at 600 μmol m−2 s−1 .
Microalgal suspensions were centrifuged (4,000 x g, 10 min) and resuspended in 2 ml
of ASW and 600 μl of the suspension was subjected to lipid quantification as described
below. The dry cell weight (DCW) concentration of the suspension was measured as
previously described (349) with 0.5 M ammonium formate as wash buffer. Cell count
of the suspension was determined using a Beckman Coulter Multisizer 3 (Beckman
Coulter Inc., USA, 50 μm orifice).
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Assessment of photosynthetic performance
The maximum efficiency of photosystem II photochemistry was assessed using in vivo
chlorophyll fluorescence with an AquaPen AP 100-C (Photon System Instruments,
Czech Republic) handheld fluorometer. Samples were dark adapted for 20 min prior
to analysis according to the manufacturer’s protocol.

6

Identification of cassette insertion sites
Cassette PCR was carried out employing a modified version of procedures reported
by Goodman and co-workers (271) and Zhang and co-workers (268). As described
above, the IC carried terminal recognition sites for the type IIS restriction enzyme
MmeI. MmeI induces a 2 nucleotide staggered-end cut 20-21 nucleotides outside of its
recognition site. The recognition sites were oriented in a way that the MmeI would cut
in the flanking genomic DNA of transformant strains, facilitating ‘excision’ of the ends
of the IC together with 20-21 nucleotides of flanking sequences. For this, genomic
DNA was extracted from exponentially growing cultures. Briefly, ~6×107 cells were
pelleted (5000 × g, 3 min) and resuspended in 150 μl of lysis buffer as described by
Daboussi and colleagues (350). The suspension was vortexed for 60 s at high speed,
incubated overnight at 22 °C, again vortexed for 60 s and pelleted (5000 × g, 5 min).
The supernatant was purified using the FavorPrep column purification kit (Bio-Connect
B.V. #FAGDC001) according to the manufacturer’s instructions, except that NF H2 O
was used for eluting DNA from the column. DNA concentration was determined using a
NanoDrop device, and 350 ng was digested with 0.16 μl MmeI (NEB #R0637) at 37 °C
for 10 min according to the manufacturer’s instructions. Integrity of genomic DNA
and successful digestion were verified by agarose gel electrophoresis. Double strand
DNA adapters were assembled by mixing 100 μM stock solutions of oligonucleotides
5'-TAGGCAGGCGGGCACCTCGCGTTAGTGGCTGGGTCTAGGCGCTCTGGGCGGGTAACGTGGA
GNN-3' and 5’-P-CTCCACGTTACCC-NH3 -3’ (5’-phosphate-modified, 3’-amine
modified), heating the mixture for 5 min at 93 °C followed by slow cooling to 22 °C
(~1 h). The bottom strand of the adapter was designed with a 5’-phosphate and 3’-NH3
modification to increase ligation efficiency and to prevent unspecific amplification
during the PCR steps. The top strand was designed to have a NN-3’ overhang after
adapter formation to facilitate annealing to the NN-3’ overhang of MmeI-digested
DNA fragments. Roughly 13 μg of MmeI-digested DNA was mixed with 4.8 μl of
50 μM adapters and subjected to ligation using 2.5 U of T4 DNA ligase (Thermo Fisher
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Scientific #EL0014) in an 8 μl reaction for 60 min at 22 °C. The reaction was stopped
by heat inactivation of the enzyme and the solution was diluted 1:5 with NF H2 O. To
amplify the target sequence over the genomic background, 1 μl of the mixture was
used as template for nested PCR (2 rounds total) with Taq polymerase (Thermo Fisher
Scientific #K1081) using 0.25 μM of primers specific for the adapter and for either
the 5’-end or the 3’-end of the IC respectively (two separate nested PCRs per strain).
The first PCR iteration was carried out using oligonucleotide 5'-TAGGCAGGCGGGCA
CCTCGCGTTAGTG-3' together with either 5'-CGGAGATGCGTACCGTAAGGTGGCATTAG
C-3' or 5'-CTCGGCTGGTATCTGAGGAGTAGCCCACAC-3' in the reactions specific for
the 5’- and 3’-end of the IC respectively. For increased specificity, PCRs were run
with touchdown settings, as follows: 5 min at 95 °C, 7 cycles (30 s at 95 °C, 45 s at
72 °C), 32 cycles (30 s at 95 °C, 15 s at Ta , 30 s at 72 °C), 10 min at 72 °C. Ta was 69.2
and 70.6 °C for the 5’- and 3’-end specific reactions respectively. PCR products were
diluted 1:50 with NF H2 O and subjected to a second round of PCR with nested primers,
namely 5'-GTTAGTGGCTGGGTCTAGGCGCTCTGG-3' together with either 5'-AGCCAG
ACATCATCCATCGCCTCTGATCG-3' or 5'-CGAGGAAGTAGACTGTTGCACGTTGGCGAT-3
' for the 5’- and 3’-end specific reactions respectively. Cycling schemes were similar
to the first round of PCR, but cycle number was 28 instead of 32. Ta during these
28 cycles was 70.3 and 68.9 °C for the 5’- and 3’-end specific reactions respectively.
PCR products were purified and sequenced in order to reveal the nucleotide sequence
surrounding the IC. The genomic position of IC integration was then determined by
using the flanking genomic nucleotide sequences in BLASTn queries against the N.
oceanica IMET1 genome version 2 (218), using standard settings, except changing
the E value to 0.01. The overall procedure is summarized in figure 6.12.

Quantification of neutral and polar lipids via GC-FID
Neutral and polar lipid contents were determined using a modified version of the protocol described by Remmers et al. (87). 600 μl of an algal suspension with known cell
concentration and DCW concentration was subjected to fatty acid extraction, separation into neutral and polar acyl lipids, methylation and quantification. The suspension
was freeze-dried in a lysing matrix (#116914050-CF, MP Biomedicals) and subjected
to mechanical cell disruption and lipid extraction with a chloroform:methanol (1:1.25)
solution containing the 2 internal standards tripentadecanoin (T4257; Sigma-Aldrich)
and 1,2-didecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (840434, Avanti Polar
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Lipids Inc.) at a known concentration. Polar and apolar lipids were separated using
Sep-Pak Vac silica cartridges (6 cc, 1000 mg; Waters). Neutral lipids were eluted
with a hexane:diethylether (7:1 v/v) solution, and polar lipids using methanol:acetone:hexane (2:2:1 v/v). Solvents were evaporated under N2 gas and lipid fractions
were methylated in 5% (v/v) H2 SO4 -containing MeOH (1 h, 100 °C), extracted with
hexane and analyzed by gas chromatography (GC-FID). Fatty acids were quantified
based on the relative responses of individual fatty acids compared to the signal of the
internal standard and normalized to the DCW or cell concentration.

6

Targeted knockout of NO06G03670
Targeted gene knockouts were produced using CRISPR-Cas technology as previously
described (212, Mihris Naduthodi, personal communication). Three plasmids pTKOsp1, pTKO-sp2 and pTKO-sp3 were generated that encode an FnCas12a variant
(128) and three different CRISPR RNAs (crRNAs) crRNA1, crRNA2 and crRNA3,
containing three different protospacer sequences (sp1, sp2 and sp3, respectively),
targeting the first exon of the gene NO06G03670 (Fig. 6.6A). The FnCas12a was
obtained from plasmid pY004 (pcDNA3.1-hFnCpf1) which was a gift from Feng Zhang
(Addgene plasmid #69976; http://n2t.net/addgene:69976 ; RRID:Addgene_69976).
The protospacers were designed using CHOPCHOP v3 (351), selecting the software
options CRISPR/Cpf1 or CasX, and sgRNA length without PAM: 25, and the 5’-PAM
sequence TTTN. Targets that were predicted as highly efficient were curated to select
an appropriately positioned 5’-PAM sequence TTTV (V = A/C/G), and restrictioncloned into the vector pNAD_BaeI as follows. The vector (2 μg) was digested for
60 min using 10 U BaeI (NEB #R0613) according to the manufacturer’s instructions,
and the linear product was purified from a 0.5% (w/v) agarose gel after 90 min of
electrophoresis at 100 V (Thermo Fisher Scientific #K0832). Inserts containing sp1,
sp2 and sp3 sequences were synthesized as single-stranded oligonucleotides and
annealed by mixing 100 μM solutions in equal volumes, heating at 95 °C for 5 min,
and slowly cooling the suspension to 22 °C (~1 h). The pTKO-sp1 insert was created
by annealing 5'-ACCACCCTCCCCCTTGACGTTACTTGGCCG-3' and 5'-AAGTAACGTCA
AGGGGGAGGGTGGTATCTA-3', the pTKO-sp2 insert was created by annealing 5'-CC
CTTCCATTTGACCAACCAAAAATGGCCG-3' and 5'-ATTTTTGGTTGGTCAAATGGAAGGGA
TCTA-3', and the pTKO-sp3 insert was created by annealing 5'-GTTGAGGCGCATCG
GGTGATTGCCTGGCCG-3' and 5'-AGGCAATCACCCGATGCGCCTCAACATCTA-3'. Then,
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40 ng of linearized vector was ligated with 50 pmol of double-stranded insert using
1.25 Weiss U of T4 DNA ligase (Thermo Fisher Scientific #EL0011) at 22 °C for
60 min. Correct assembly of recombinant plasmids was verified by sequencing.
The derived plasmids pTKO-sp1, pTKO-sp2 and pTKO-sp3 were transformed into
wild type N. oceanica as described above, but using 3 μg of circular plasmid instead of
linear DNA, and in the presence of 30 μg denatured salmon sperm DNA (Thermo Fisher
Scientific #AM9680) per transformation reaction before applying the electroporation
pulse. The electroporation mixture was plated on Zeocin-containing agar for 4 weeks,
after which transformants were re-streaked on fresh Zeocin-containing agar. After
1 week, colonies were transferred to 48 well microtiter plates with Zeocin-containing
ASW-NB medium. After 1 week at ML conditions, 1.5 μl of culture was used as
template in 30 μl PCR reactions, using Phire polymerase (Thermo Fisher Scientific
#F160) with the following thermocycling conditions: 5 min at 98 °C, 35 cycles (5 s at
98 °C, 5 s at 61.2 °C, 60 s at 72 °C), and 3 min at 72 °C. Oligonucleotides 5'-ACTTC
ACAAGGTATCTCACCTCATC-3' and 5'-CTAAGGGGAGTGGAAAGAAAAAG-3' were used
as PCR primers at 0.25 μM. PCR products were purified and analyzed using Sanger
sequencing at Macrogen Europe B.V. (Amsterdam, Netherlands).

mRNA sequencing
For transcriptomic analysis, microalgal cultures were inoculated in ASW-NB at an
OD750 of 0.1 and cultivated in 50 ml shake flasks at 600 μmolm−2 s−1 in an Algem HT24
photobioreactor (Algenuity, UK) operated as described in section 6. After 3 d, 22 ml
of culture was harvested (4,255 x g, 10 min, 4 °C) and cell pellets were snap-frozen.
RNA extraction, mRNA library preparation and sequencing, transcript mapping and
quantification were performed by Novogene (UK) Company Limited (N = 3). RNA
was extracted from cell pellets using the RNeasy Plus Universal Mini Kit (Qiagen
#73404) according to the manufacturer’s instructions. RNA purity was verified on 1%
agarose gels and using a NanoPhotometer spectrophotometer (IMPLEN, CA, USA).
RNA integrity and quantity was assessed using 1% agarose gels and the Bioanalyzer
2100 RNA 6000 Nano Kit (Agilent Technologies, CA, USA). A total of 1 μg RNA
was used for RNA-seq library preparation with NEBNext UltraTM RNA Library Prep
Kit for Illumina (NEB, USA) following manufacturer’s instructions. Briefly, poly-T
oligonucleotides attached to magnetic beads were used to purify mRNA from total
RNA samples. mRNA was fragmented at elevated temperatures in NEBNext First
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Strand Synthesis Reaction Buffer (5X) and first strand cDNA was reverse transcribed
using random hexamers and M-MuLV reverse transcriptase (RNase H-). Second
strand cDNA was synthesized using DNA Polymerase I and RNase H. Blunt ends were
created by exonuclease/polymerase treatment. 3’-DNA ends were adenylated to allow
for ligation of NEBNext adaptors, containing a hairpin loop structure. Fragments of
~150-200 nucleotides length were purified using the AMPure XP system (Beckman
Coulter, Beverly, USA). Hairpin loops were opened by treatment of size-selected
cDNA fragments with 3 μl USER enzyme (NEB, USA) at 37 °C for 15 min, followed
by heat inactivation of the enzyme at 95 °C for 5 min. Linear double-stranded cDNA
fragments were subjected to PCR using Phusion High-Fidelity DNA polymerase with
Index primers or Universal PCR primers provided for the NEBNext UltraTM RNA
Library Prep system. Barcoded PCR products were purified using the AMPure XP
system, and the library quality was checked using an Agilent Bioanalyzer 2100. Indexcoded samples were clustered using a cBot Cluster Generation System with the PE
Cluster Kit cBot-HS (Illumina) according to the manufacturer’s recommendations.
After this, libraries were sequenced on an Illumina Novaseq 6000 platform and pairedend reads were generated. FASTQ raw reads were preprocessed using fastp (352) to
remove reads of low quality and reads containing poly-N or adapter sequences.
The N. oceanica IMET1v2 reference genome and gene model annotation were retrieved
from ftp://nandesyn.single-cell.cn/pub/ (218). Cleaned paired-end reads were mapped
to the reference genome using HISAT2 (353). Mapped reads were quantified using
the featureCounts package (354) of R statistical software (93). FPKM values were
calculated for gene count comparisons within a sample. For differential expression
analysis, gene counts were normalized and compared for log2 fold change and statistical
significant difference between sample groups using the DESeq2 package (355) of the
R Bioconductor project (97). The false discovery rate was controlled by adjusting the
p-values using the Benjamini and Hochberg correction (356). Genes were considered
differentially expressed between sample groups for padjust ≤ 0.05.
Gene candidates associated with specific metabolic pathways were retrieved from
the Nannochloropsis biochemical pathway database NannoCyc (218). Functional
gene affiliations in this database are predicted using PathwayTools (357). Gene
candidates for different biochemical pathways were then pooled with non-redundant
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genes of the same functions identified in previous studies (7, 56, 215, 321, 336).
Gene sets were manually curated by analyzing the encoded amino acid sequences
for similarities with functionally annotated proteins in the Non-redundant protein
sequences database of the NCBI (358), using the protein-protein BLAST feature
operated with standard algorithm parameters. Proteins were further analyzed for
conserved domains and domain architecture using the NCBI’s conserved domain
database (359). Subcellular localization of encoded proteins was analyzed using the
in silico prediction tools HECTAR 1.3 (360), SignalP 5.0 (361), TargetP 2.0 (362),
ChloroP 1.1 (363), MitoFates 1.2 (364) and for certain genes using PredPlantPTS1
(365). Log2 fold changes, padjust values and localization predictions for genes from
different biochemical pathways are listed in tables 6.3–6.6.

Statistical data treatment
R statistical software (93) was used for all data processing and statistical tests. Twoway ANOVA was employed to test for significant main effects. In case of a significant
ANOVA outcome, Tukey’s HSD test was used to compare the means of multiple groups
with each other. Differences were considered significant in case of p<0.05. When only
two groups were compared, Welch’s two-tailed t-test was employed instead of Tukey’s
HSD test. For quantitative flow cytometry analyses, we considered the median of
the fluorescence distribution of gated events in a specific channel (FL1-A for measuring BODIPY fluorescence, FL5-A for measuring chlorophyll a autofluorescence) as
representative value for one sample.

Data availability
The RNA-Seq data produced in this study are available at the National Center for
Biotechnology Information Gene Expression Omnibus GSE167058.
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Figure 6.10: Sorting gate used for enrichment and isolation of HLM cells. A transitional sort gate
(red polygon) was constructed on a 2-dimensional hexagonally binned density plot of the FL1 and forward
scatter channels, capturing BODIPY fluorescence emission and cell size respectively. The gate was
re-positioned each sorting round, to always capture ~0.5% of the total events in the parental gate (living
cells, (204)). Hexagons are pseudo-colored according to the density of event counts.

144

Chapter 6

Table 6.2: Lipid content, growth rate and photosynthetic performance of selected HLMs.
Mean ± SD are given for N ≥ 3 biological replicates. NL: neutral lipids; PL: polar lipids. Significant differences compared to the wild type (WT) group were assessed by Tukey’s HSD test. (*): p<0.05;
(**): p<0.01; (***): p<0.001.

Strain

NL DCW−1

PL DCW−1

μmax

F v /F m

WT
HLM21
HLM9
HLM3
HLM23
HLM15

0.215±0.014
0.24±0.036
0.302±0.017***
0.24±0.005
0.302±0.016***
0.341±0.047***

0.088±0.011
0.086±0.007
0.087±0.002
0.095±0.01
0.082±0.009
0.089±0.018

0.934±0.048
0.992±0.065
0.843±0.022*
0.943±0.026
0.929±0.037
0.739±0.008***

0.667±0.012
0.684±0.007**
0.679±0.006
0.675±0.005
0.685±0.005**
0.665±0.008
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Figure 6.11: Physiological characterization of selected transformant lines. (A) Average cellular
biovolume of transformant strains measured by particle size analysis (N ≥ 3). The superimposed cross
and errobars denote the mean ± ; SD. All transformant strains had bigger cells than the wild type, ranging
from a relative 12% increase for HLM9 to 45% for HLM23. (B) Single cell chlorophyll (chl) fluorescence
emission measured by flow cytometry analysis. HLM21, HLM3, HLM23 and HLM15 show increases in
average chl content cell−1 . Significant changes relative to the wild type reference are given above each
group. Significance levels were assessed by Tukey’s HSD test following a significant ANOVA outcome.
p>0.05; (*): p<0.05; (**): p<0.01; (***): p<0.001.
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6

Figure 6.12: Genotyping procedure based on cassette PCR. (A) The IC with terminal MmeI recognition sequences is inserted into a double-strand break (DSB) at a random site of an algal chromosome (B)
via nonhomologous end joining (NHEJ). Genomic mutant DNA (C) is digested with MmeI, giving rise
to fragments containing the barcode sequences of the IC and 18-20 nucleotides flanking genomic DNA
(green/red). (D) Fragments are ligated to asymmetric adapters (blue) and amplified by PCR (D-E) using
barcode-specific primers (BPs) and adapter primers (APs). AP1 cannot anneal to the adapter but only
to a template strand that has to be synthesized through extension of BP1/BP2 in the first cycle of PCR.
(F) PCR with nested primers increases specificity of the procedure. (G) Sequencing of PCR products
together with BLAST analysis allows the identification of the IC insertion site.
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Figure 6.13: Visualization of differential gene expression in HLM23. The volcano plot illustrates
the statistical significance and magnitude of the changes in transcript abundance for HLM23 relative
to the wild type. Each dot represents a different gene, colored according to the log2 fold change for
transcripts with padjust ≤ 0.05. Genes with a high statistical significance and a high absolute log2 fold
change are labelled with name.

147

Chapter 6

B

2.0

*

***

1.0

*
0.70

Fv/Fm [−]

1.5

0.68
WT
HLM23
0.66

0.5

Illumination intensity [µmol m2 s−1]

60
0

35
0

15
0

60
0

0.64
35
0

0.0
15
0

6

NL fluorescence [−]

A

Illumination intensity [µmol m2 s−1]

Figure 6.14: Relative neutral lipid content and photosynthetic quantum yield of HLM23 grown
at different light intensities. Single cell neutral lipid content of exponentially growing cultures was
estimated by BODIPY staining and flow cytometry. Median single cell fluorescence of N = 3 replicate
cultures was normalized to the average wild type value. Increases are more pronounced for higher
illumination intensities. Fv /Fm values were evaluated for N = 12 cultures during exponential growth
phase. Statistical significance levels were assessed by two-tailed t-test and are given above each group.
p > 0.05; (*): p ≤ 0.05; (**): p < 0.01; (***): p < 0.001. Error bars denote the standard deviation of the
mean.
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SignalP
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Table 6.3: Differential expression and subcellular localization prediction of genes involved in fatty acid biosynthesis and transfer of fatty acyl
chains to glycerol-3-phosphate or coenzyme A in HLM23 relative to the wild type.
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-0.65
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-0.01
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NO03G03980
NO09G01310
NO24G01000
NO27G01060
NO02G01580
NO04G00380
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NO14G00130
NO18G00930
NO23G01140
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NO24G00960
NO25G00730
NO26G00150
NO28G01180
NO30G00460

3.1.2.14

6.2.1.3

thioesterase

LC-FACS

EC#

6

Gene
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1.95e-02
9.85e-01
8.47e-02
8.98e-03
6.78e-04
3.27e-04
6.23e-01
9.85e-01
2.55e-02
4.57e-01
4.52e-04
8.78e-01
3.96e-01

6.59e-01
3.37e-01
1.16e-06
9.24e-02

p adjust

other
mTP
other
other
other
cTP
other
SP
mTP
other
mTP
mTP
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other
mTP
other
other
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other
other
other
other
other
SP
other
SP
other
other
other
other
other

other
other
other
other

SignalP

other
mTP
other
other
other
SP
other
other
mTP
other
mTP
other
other

other
mTP
other
other

TargetP

cTP
cTP
cTP
cTP
cTP
cTP
-

cTP
cTP
-

ChloroP

mTP
mTP
mTP
mTP
-

mTP
-

Mitofates
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-0.36
0.00
0.62
0.48
1.02
1.77
NA
0.65
1.40
1.49
-0.07
-0.07
1.72
1.39
0.31
2.55
-0.43
0.34
1.94
0.04

NO01G03040
NO06G03510
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NO03G04590
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NO06G04120
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NO15G01120
NO17G02820
NO19G01730
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NO06G04510
NO11G01780
NO12G03140
NO19G01750

1.2.1.12

2.7.1.1
2.7.1.11

2.7.1.40

2.7.2.3

3.1.3.11

4.1.2.13

glyceraldehyde-3-phosphate dehydrogenase

glucokinase

6-phosphofructokinase

pyruvate kinase

phosphoglycerate kinase

fructose-bisphosphatase

fructose 1,6-bisphosphate aldolase

0.33
1.10
1.17
0.20

log2 fc

NO08G01560
NO09G03360
NO27G00910
NO27G00920

Gene ID

EC#

Gene

Hectar
mTP
mTP
cTP
other
other
SP
other
other
mTP
other
cTP
other
cTP
mTP
other
other
other
cTP
SP
cTP
mTP
other
cTP
other

p adjust
1.16e-01
9.52e-08
3.22e-08
3.13e-01
1.19e-01
9.92e-01
8.69e-02
1.08e-02
5.40e-04
1.86e-13
NA
3.41e-03
6.81e-08
1.93e-07
7.87e-01
8.74e-01
1.15e-13
2.11e-09
2.80e-01
4.50e-18
4.99e-02
2.19e-01
1.09e-19
8.75e-01

SP
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other
SP
other
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other
other
SP
SP
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SP
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other
other
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SP
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SP
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cTP
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cTP
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cTP
cTP
-

cTP
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cTP
-

cTP
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cTP
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-
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-
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-

-
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-
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-
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-
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Table 6.4: Differential expression and subcellular localization prediction of genes involved in glycolysis/gluconeogenesis and pyruvate
metabolism in HLM23 relative to the wild type.
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0.41
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0.08
-0.11
0.63
0.56
0.51
-0.31
1.14
0.19
0.29
0.07
-0.07
0.43
1.32
0.47
-0.07
1.30
0.27

NO03G03070
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NO09G03360
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NO02G03270
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NO26G00730

4.2.1.11

5.3.1.1

5.3.1.9

5.4.2.11
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1.8.1.4

triose-phosphate isomerase

glucose-6-phosphate isomerase

phosphoglycerate mutase

PDHC E1

PDHC E3

log2 fc

phosphopyruvate hydratase

Gene ID

EC#

7.36e-02
8.22e-01
3.47e-09
2.62e-01

3.90e-01
2.21e-01
7.88e-01
8.22e-01
1.06e-01
3.11e-14

1.29e-02
3.03e-02
1.83e-01
5.66e-02

8.10e-01
6.61e-01
8.37e-01

1.44e-01
9.52e-08
1.36e-11

6.53e-06
3.74e-21

p adjust

6
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other
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-
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-
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-
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log2 fc
0.33
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Table 6.5: Differential expression and subcellular localization prediction of genes involved in the Calvin–Benson–Bassham cycle in HLM23
relative to the wild type.
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1.93e-07

p adjust

6

Gene

Table 6.5, continued

SP

other
mTP
cTP

other
other
other

cTP
mTP
other
cTP
other

other
other
other
cTP
SP

other
cTP
mTP

Hectar

SP

other
other
SP

other
other
other

SP
other
other
SP
other

other
other
other
SP
SP

other
SP
other

SignalP

cTP

cTP
mTP
other

other
other
other

SP
mTP
other
SP
other

other
other
other
SP
SP

other
cTP
mTP

TargetP

cTP

cTP
cTP

-

cTP
cTP
-

cTP
cTP

cTP
-

ChloroP

mTP

mTP
mTP

-

mTP
-

-

mTP

Mitofates

Chapter 6

-0.40
-0.50
-0.50

NO04G01320
NO10G01570
NO12G01420
NO25G00510
NO02G01930
NO02G01510

1.1.1.44
1.1.1.49
3.1.1.31
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phosphogluconate dehydrogenase

glucose-6-phosphate dehydrogenase

6-phosphogluconolactonase

glucose-6-phosphate/Pi translocator

acyl-[acyl-carrier-protein] desaturase
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0.30
NA
-0.38
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SA
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SP
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SP
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3.55e-06
1.84e-01
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1.62e-01
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3.85e-06
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2.93e-06
4.29e-02
2.09e-07
3.07e-11
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6.56e-02
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-
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-
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Table 6.6: Differential expression and subcellular localization prediction of other relevant genes in HLM23 relative to the wild type.
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Abstract

7

Medium chain fatty acids (MCFAs) are compounds of considerable commercial interest that have applications in food, feed, and the production of industrially relevant
chemicals. Due to their antipathogenic and health-promoting effects, they are further
discussed as potential therapeutic agents for disease treatment and infection prevention
and control. Domesticated agricultural crops that can grow in temperate climates lack
MCFAs, and increased cultivation of tropical MCFA-rich species such as oil palm
is associated with deforestation and a decrease in biodiversity. Alternative sources
for more sustainably produced MCFAs are non-domesticated plants such as Cuphea
spp., as well as oil crops and oleaginous microalgae that can be genetically engineered
to accumulate MCFAs by expression of acyl-acyl carrier protein thioesterases (TEs)
from MCFA-producing plants. Here, we report the heterologous expression of a TE
from Cuphea palustris in the industrially relevant microalga Nannochloropsis oceanica. Using a recently developed gene expression system, we engineered transformant
strains that accumulated up to 2.84 and 4.15% of C8:0 and C10:0 in storage lipids,
respectively, and we observed no effect on growth. We further show that MCFA
accumulation was negatively correlated with total neutral lipid content, suggesting the
presence of regulatory mechanisms that limit MCFA accumulation in Nannochloropsis.

Introduction
The medium chain fatty acids (MCFAs) C8:0, C10:0 and C12:0 are versatile chemicals
with potential application in food (366–368), feed (369), and the production of various
compounds such as detergents (370), surfactants (371), antibiotics (372) and insect
pheromones (373). As part of the human diet, MCFAs are preferentially used for
beta-oxidation in the liver as a source for quick energy, whereas long chain fatty
acids (LCFAs) more readily trigger lipogenesis, making MCFAs a potential agent for
treatment of obesity (366, 374, 375). MCFAs further have potential for prevention of
neurological disorders, such as Alzheimer’s, due to their neuroprotective and cognitionenhancing properties, which may be linked to their hepatic metabolization and the
production of ketone bodies, or to the stimulation of antioxidant activity (376–378).
MCFAs, moreover, have antibacterial, anticoccidial and antiviral properties, making
them potential therapeutic agents for treatment and prevention of infections (369,
379–381). Due to their immune-health-promoting and antipathogenic effects, MCFAs
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and their monoglyceride derivatives have huge potential as feed additives to combat
feedborne pathogens and to replace in-feed antibiotics in animal industries (369).
Currently, commercial sources of MCFAs are the milk of some animals, including
cows, sheep and goats (382–384), and oils from tropical plant sources such as coconut
and palm kernel oil, which predominantly contain C12:0 and C14:0 (385, 386). Due
to the increasing interest in C8:0 and C10:0 over the past decades, and due to negative
environmental impacts of oil palm expansion (387–389), considerable efforts have
been undertaken to develop new agricultural sources for these MCFAs. Notably, the
temperate genus Cuphea accumulates high amounts of C8:0 and C10:0, exceeding
90% of total fatty acids (TFAs) in seed oils (390). However, Cuphea spp. are currently
almost irrelevant as an agricultural crop because of low harvest yields and the need
for specialized cultivation equipment (391). Efforts to improve crop performance of
Cuphea by breeding (392) have met with limited success, and the genus remains a
specialty crop that is currently studied mainly for use in crop rotation to improve the
performance of corn or soybean (393, 394). An alternative approach to agricultural
production of C8:0 and C10:0 is to confer the ability to produce these fatty acids
(FAs) upon agronomically more relevant plants by genetic engineering. Notably,
genetic engineering has allowed the generation of MCFA-accumulating varieties of
domesticated plants, including Arabidopsis thaliana (395), Brassica napus (396, 397),
Nicotiana benthamiana (398), and Camelina sativa (399), with promising results. All
of these studies were based on heterologous expression of acyl-acyl carrier protein
(ACP) thioesterase (TE) genes from MCFA-producing plants such as Cuphea, as this
type of enzyme is essential for chain termination during de novo fatty acid synthesis,
and therefore determines FA chain length (400).
A relatively novel and particularly promising oil crop are oleaginous microalgae. These
plant-like aquatic organisms can achieve areal biomass and lipid productivities that
significantly exceed those of current oil crops (4), and they can be cultivated independent of freshwater supply and on non-arable land. Therefore, microalgae have
attracted considerable attention as a source for sustainably produced oils with application in food and feed, and moreover for the production of oleochemicals and biofuels
(16). Similar to most higher plants, most microalgae do not produce relevant levels
of MCFAs, because they usually contain a general-purpose substrate-promiscuous
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TE that drives production of predominantly LCFAs and very long chain fatty acids
(401). Generation of strains that are able to accumulate MCFAs would substantially
increase the commercial potential of microalgae and widen the range of applications
for microalgal oils. Several studies have been devoted to this goal, and heterologous
expression of MCFA-biased TEs from higher plants in different microalgae has produced mixed results. Whereas expression of TEs from Umbellularia californica and
Cuphea hookeriana in the model microalga Chlamydomonas reinhardtii did not affect
FA composition (401), expression of U. californica and Cinnamomum camphora TEs
in the diatom Phaeodactylum tricornutum (402) and in the chlorophyte Dunaliella tertiolecta (403) resulted in increased contents of C12:0 and C14:0 among other MCFAs.
C12:0 contents of transgenic strains were less than 0.4% of TFAs in D. tertiolecta and
between ~1 to 6.2% in P. tricornutum, which is substantially lower compared with
45% found in coconut and palm kernel oil (386).

7

The marine microalga Nannochloropsis oceanica is an emerging model organism for
research on the sustainable production of high-value lipids and bulk commodities,
i.a. due to its comparably high growth rates and exceptional lipid contents, which can
exceed 60% per dry cell weight (DCW) (19, 254, 404, 405). Widespread research
has generated a versatile toolbox for genetic engineering of Nannochloropsis (209),
including high quality genomic and transcriptomic datasets. Despite this, the economic potential of this genus has yet to be exploited. To this end, transforming N.
oceanica into a platform for MCFA production may improve its current application in
aquaculture hatcheries (406), and moreover help to unlock its potential as a fishmeal
substitute (207, 407) and as feed for industrial livestock production in general, as
well as for the production of nutraceuticals, therapeutic agents and biodiesel feedstocks (408, 409). Recently, expression of a Cuphea palustris TE was reported for
N. oceanica (410), which has delivered the proof of concept for MCFA production in
this species. However, MCFA contents of transgenic strains were low compared to
those obtained for transgenic plants overexpressing MCFA-biased TEs, suggesting
room for improvement. Radakovits and co-workers have shown that MCFA contents
of transgenic P. tricornutum strains were tightly linked to expression levels of the
heterologous TE (402), which highlights the importance of gene expression levels for
improving MCFA contents in microalgae.
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We have recently reported the development of a novel system for gene overexpression
in N. oceanica (411), which facilitates expression levels that are several-fold higher
compared to conventional expression systems. Here, we compare the effects of
heterologously expressing C. palustris TE in N. oceanica using either the novel system
or a strong benchmark promoter. We show that the production of heterologous protein
and MCFA contents are significantly enhanced when using the novel expression system,
and we show that transformant strains are not impaired in growth. We further report
a negative correlation between high levels of MCFA accumulation and neutral lipid
contents in N. oceanica, and we suggest potential strategies to remedy this phenotype
in future genetic engineering studies.

Results
Generation of N. oceanica mutants expressing a Cuphea palustris TE gene
The thioesterase (TE) FatB1 from C. palustris (CpTE) contains two domains, an
N-terminal Acyl-thio_N domain (pfam12590) and a C-terminal Acyl-ACP-TE domain
(pfam01643) (Fig. 7.1a). The C-terminal domain is highly conserved among different
classes of TEs, and it is responsible for substrate specificity of the enzyme (412). The Nterminal domain is less conserved and only found in association with pfam01643. The
C-terminal Acyl-ACP-TE domain contains a region of high similarity to a conserved
domain (cd00586) of 4-hydroxybenozyl-CoA thioesterase (4HBT) proteins, including
7/7 conserved residues of the active site. The N-terminal domain contains a disordered
region, comprising a target peptide that directs localization of CpTE to the chloroplast
in C. palustris. A previous study revealed that this domain is not essential for enzyme
activity and may interfere with heterologous gene expression (413). The study of
Lozada and colleagues (413) has shown that an N-terminal 94 amino acid truncation
improved enzyme performance upon heterologous expression in Escherichia coli,
suggesting interference of the disordered domain or the chloroplast target peptide
with protein solubility or activity. Therefore, we codon-harmonized the truncated
CpTE variant (CpTENo ), and added an endogenous N. oceanica chloroplast target
peptide and a myc tag to allow protein detection (Fig. 7.1a). The modified CpTENo was
inserted into two different expression constructs (ECs, Fig. 7.1b). The first construct,
EC-CpTE-Pvcp, comprised the strong endogenous promoter of the VCP1 gene and
the transcriptional terminator of the α-tubulin gene, driving expression of CpTE No ,
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together with an antibiotic resistance cassette. The second construct, EC-CpTE-PpolI
was designed based on a recently developed expression system (411) and comprised
an RNA polymerase I (Pol I) promoter, artificial IRES and the α-tubulin terminator to
drive CpTE No expression, together with an antibiotic resistance cassette and homology
arms. The homology arms were complementary to the sequence surrounding the
rDNA cistron on chromosome 3 of N. oceanica because this locus was previously
identified as a genomic safe harbor for gene expression using Pol I. EC-CpTE-Pvcp
was used to transform wild type N. oceanica, whereas EC-CpTE-PpolI was used to
transform a previously constructed landing pad strain (411). The landing pad strain
contains and expresses the fluorescent reporter gene tdTomato at the safe harbor locus
on chromosome 3, which causes cells to emit high levels of yellow fluorescence upon
excitation with green light. Using this strain as a parental strain for transformation
with EC-CpTE-PpolI, allowed simple selection of transformants with EC integration
at the safe harbor locus, by screening transformant colonies for loss of tdTomato
fluorescence, which indicated replacement of the tdTomato gene by the new construct.

7

After transformation and antibiotic selection, we selected 23 colonies per construct,
either randomly (CpTE-Pvcp), or by screening for low tdTomato fluorescence emission
on agar plates (CpTE-PpolI). Presence of the ECs was confirmed by genotyping PCR
(Fig. 7.1c, ctrl rxn). The CpTENo gene was present in 22/23 CpTE-Pvcp transformants
(hereafter referred to as mutants) and in 23/23 CpTE-PpolI mutants. Integration of
CpTE-PpolI at the target site was confirmed using two primer pairs specific for the
safe harbor locus (Fig. 7.1c, 5’ rxn and 3’ rxn). CpTE-PpolI was likely integrated at
the safe harbor locus in 23/23 mutants, indicated by a successful 3’ reaction for 23/23
mutants, and a successful 5’ reaction in 20/23 mutants.

Screening of mutants for medium chain fatty acid production
Based on genotyping PCR results, 13 (CpTE-PpolI) and 14 (CpTE-Pvcp) mutants were
chosen for MCFA content screening. C8:0 and C10:0 FAs were quantified per total
fatty acids (TFA) using gas chromatography (Fig. 7.2a-b). Mutants of both constructs
contained significantly higher fractions of C8:0 and C10:0 per TFA compared with the
wild type and the landing pad strain (i.e. the parental strain of CpTE-PpolI mutants),
confirming successful expression and activity of CpTENo . On average, CpTE-PpolI
mutants showed higher average MCFA contents compared to CpTE-Pvcp1 mutants.
These differences are likely due to stronger CpTENo gene expression in CpTE-PpolI
162

Chapter 7
a

4HBT
Acyl-ACP-TE

Acyl-thio_N
95

1

CpTE
cTP
disordered region
myc tag
CpTENo
No-cTPVCP1

b

EC-CpTE-PpolI

EC-CpTE-Pvcp
zeoR

HF

PVCP1 CpTENo Tα-tub

PPol I

I CpTENo Tα-tub

blastR

HF

566 bp

Integration target site in LP strain genome
chr3

random doublestrand break

PPol I

I tdTomato

2A

zeoR Tα-tub

chr3

Target site upon correct integration
chr3

PPol I

5' rxn (3546 bp)

I CpTENo Tα-tub

blastR

chr3

3' rxn (4311 bp)

7

ctrl rxn (2469 bp)

c
ctrl rxn

M
9*
M
10
*
M
11
*
M
12
*
M
13
*
M
14
M
15
*
M
16
M
17
M
18
M
19
M
20
M
21
M
22
M
23

M
7*

M
8*

M
5*

M
6*

M
3

M
4*

M
2*

m

M
1*

CpTE-Pvcp
kb

WT m

0.6

3' rxn

5.0
4.0

ctrl rxn

2.5

M
9
M
10
*
M
11
*
M
12
*
M
13
M
14
*
M
15
M
16
*
M
17
*
M
18
*
M
19
M
20
*
M
21
*
M
22
M
23

M
8

M
7*

M
5

M
6*

M
4*

M
3

m

M
2

kb
4.0
5' rxn 3.5

M
1*

CpTE-PolI
WT m

Figure 7.1: Design and generation of N. oceanica strains expressing a TE gene from C. palustris .
(a) Schematic of the C. palustris FatB1 TE (CpTE). The C-terminal Acyl-ACP-TE domain (pfam01643) is
highly conserved among TEs and responsible for substrate specificity. This domain in CpTE has similarity
with 4-hydroxybenzoyl-CoA thioesterase proteins, and shows 7/7 conserved residues (inverted triangles)
of the active site (cd00586). The N-terminal domain (pfam12590) is less conserved, but sometimes
found in association with pfam01643. It contains a disordered domain and the chloroplast target peptide
responsible for subcellular localization of CpTE in C. palustris. CpTE was codon-harmonized for N.
oceanica, the coding sequence for the N-terminal part was removed, and replaced with a sequence
encoding the chloroplast target peptide of an endogenous N. oceanica gene (No-cTPVCP1 ), and a myc tag
coding sequence (highlighted yellow), forming CpTENo . Caption continued on next page.
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Figure 7.1 (previous page): (b) Production of transformant strains using two different CpTENo expression
constructs. In EC-CpTE-Pvcp, CpTENo (yellow) was inserted between the VCP1 promoter (PVCP1 ) and
α-tubulin terminator (Tα−tub ), and fused to an antibiotic resistance cassette (zeoR ). The construct contained
no homology arms and therefore inserted into the genome of N. oceanica by non-homologous end joining.
In EC-CpTE-PpolI, CpTENo was inserted into a recently reported expression system (411), utilizing an
RNA polymerase I promoter (PPolI ) and artificial IRES (I), together with Tα−tub as an expression enhancer.
EC-CpTE-PpolI contained homology arms, directing the construct to the rDNA cistron on chromosome 3.
This construct was used to transform a landing pad (LP) strain of N. oceanica, which contains a tdTomato
gene (red) at the safe harbor locus. Primer pairs that were used for genotyping PCR are displayed as solid
horizontal arrows. (c) Genotyping PCR for 23 mutants (M1-23) per construct, using the primer pairs
depicted in (b). Mutants that were selected for MCFA screening are marked with an asterisk. Arrows on
the right side of the gel images denote the expected size, based on comparison with the marker (m) bands.

7

mutants, which was suggested by Western blot analysis, conducted for the six best
MCFA producers per construct (Fig. 7.2b). CpTENo protein levels were highly similar
between different CpTE-PpolI strains, while all CpTE-Pvcp mutants, except for CpTEPvcp-M11, produced only faint signals. We confirmed these results by an additional
Western blot analysis, using the two best MCFA producers per construct in triplicates
(Fig. 7.2c). These observations are in agreement with our previous study (411), which
has shown that gene expression using Pol I at the genomic safe harbor locus is highly
consistent among different transformants, and stronger compared to expression using
Pol II.

Physiologic characterization of selected mutants
Subsequently, we characterized the growth and photosynthetic performance of selected
mutants. We chose the two best performers, per construct, based on the MCFA screening results and Western blot analysis (Fig. 7.2), namely CpTE-Pvcp-M6 and 11, and
CpTE-PpolI-M7 and 26. We found no significant difference in growth performance
during N-replete and N-depleted cultivation. All strains displayed comparable and exponential growth over a 4-day N-replete cultivation (Fig. 7.3a), with similar maximum
specific growth rates (Fig. 7.3c), and similar maximum efficiency of photosystem II
photochemistry (Fv /Fm , Fig. 7.3d). To test growth performance under stress conditions,
cultures were harvested after 4 days of N-replete cultivation, washed and resuspended
in N-depleted media (-N, Fig. 7.3b). After 2 days of cultivation under N-depleted
conditions, Fv /Fm values were comparable between mutant strains and the wild type
(Fig. 7.3e).
164

Chapter 7

a

20

b

1.5

20

12
4

lI
E
−P
po

E
pT
C

C
pT

T

0.5

W

lI
E
−P
po
C
pT

C

pT

E

−P
v

cp

LP

0.5

5

cp

12
4

6
15

−P
v

5

4
1
21
12

11

1.0

LP

6

15

W

c

1
4
12
21

11

T

mole% C8:0 [% TFA]

1.0

mole% C10:0 [% TFA]

7
7

d

7
Figure 7.2: Screening of mutants for MCFA contents and gene expression. (a-b) Mole fractions of
C8:0 (a) or C10:0 (b) per TFA for mutants that were selected by genotyping PCR (Fig. 7.1c). MCFA
contents of 13 (CpTE-PpolI) and 14 (CpTE-Pvcp) mutants (N=1), the wild type (WT, N=6) and the landing
pad strain (LP, N=3) are shown as a box-and-whiskers plot, juxtaposed with the values of individual
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CpTE-Pvcp mutants had increased amounts of C8:0 and C10:0 per TFA, compared to the wild type (WT)
and the landing pad strain (LP). CpTE-PpolI mutants had higher amounts of both MCFAs compared to
both controls and further compared to the average contents of CpTE-Pvcp mutants. Mutants that were
selected for Western blot analysis are highlighted and labeled. (c) Western blot analysis for six mutants
per construct, selected based on MCFA screening. The immunodetection signal (I) was highly consistent
among different CpTE-PpolI mutants, and considerably stronger compared to CpTE-Pvcp mutants. The
RuBisCO-band of the Coomassie-stained membrane (C) is shown as loading control. (d) Western blot
for the two best MCFA producers per construct with biological triplicates (R1-3) confirmed the results
shown in (c).
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Figure 7.3: Physiologic characterization of selected CpTE mutants. (a-b) Growth curves of the best
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Lipid analysis for selected mutants
We analyzed MCFA contents in different lipid classes for selected mutants during
exponential growth and after exposure to N-depletion stress (Fig. 7.4). Cultures
were harvested after 4 days of cultivation in N-replete media (N+) or after 2 days of
cultivation in N-depleted media (N-). Lipids were separated into neutral lipids (NL) and
polar lipids (PL) and analyzed by gas chromatography. Interestingly, C8:0 and C10:0
accumulated in NLs of mutants under N+ conditions, whereas MCFA contents in PLs
were unchanged compared to the wild type (Fig. 7.4a). Under N- conditions, MCFAs
were substantially enriched in NLs, and further increased by 55% (C8:0) and 58%
(C10:0) in PLs of CpTE-PpolI mutants. Whereas C8:0 was undetectable in NLs of the
wild type, CpTE-Pvcp mutants on average accumulated 1.68 and 1.32% per NLs under
N+ and N- conditions, respectively. In CpTE-PpolI mutants, average C8:0 contents per
NLs were 2.84 and 1.97%, for N+ and N- conditions, respectively, increases of 69 and
49% compared with average contents of CpTE-Pvcp mutants. C10:0 accounted for
0.26 and 0.07% of NLs in the wild type under N+ and N- conditions, respectively. For
N+ conditions, these values were increased by >9 fold and >14 fold for CpTE-Pvcp and
CpTE-PpolI mutants, respectively. Under N- conditions, increases were >17 fold and
>29 fold for CpTE-Pvcp and CpTE-PpolI, respectively. The highest fraction of C10:0
in NLs was found for CpTE-PpolI mutants grown under N+ conditions, accounting
for 4.15%.
Quantification of total NL and PL contents per dry cell weight (DCW) revealed that
CpTE overexpression had a marked effect on NL contents (Fig. 7.5a,c). NL contents
of mutant strains were up to 50 and 51% decreased in N+ and N- cultures, respectively,
compared to the wild type. PL contents were similar for all strains (Fig. 7.5b,d).
We further analyzed the profile of individual FA species present in the different lipid
classes and in total fatty acids (TFA) for the selected strains (Figs. 7.6, 7.8). Compared
with the wild type, mutant strains showed differences in FA composition, which were
more pronounced in NLs, rather than PLs. Changes were more pronounced for N(Fig. 7.6, 7.9b) compared to N+ (Fig. 7.8, 7.9a) cultures. Along with the increases
in C8:0 and C10:0, the abundance of C12:0 was increased in NLs of CpTE mutants,
which is consistent with a substrate preference of CpTE for C12:0, compared to longer
chain FAs (408, 410). The total fraction of saturated fatty acids (SFA) per NLs was
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instead decreased in CpTE mutants, with a prominent reduction in C14:0, C16:0 and
C18:0. C16:0 accounts for the bulk of NLs (almost 50% under N- conditions) in
wild type N. oceanica (Fig. 7.9). Early chain termination of FA synthesis at the level
of MCFAs, catalyzed by CpTE, reduces the size of the substrate pool available for
synthesis of LCFAs, which explains decreased levels of C14:0, C16:0 and C18:0 in
CpTE mutants. In contrast to contents of long chain SFAs and long chain MUFAs,
long chain polyunsaturated fatty acid (LC-PUFA, i.e. C16:2, C18:2, C20:4, C20:5)
contents DCW−1 were comparable in all strains (Fig. 7.6).
WT

CpTE−Pvcp

CpTE−PpolI

20

** −30%

** −36%

** −27%
*** −63%
*** −56%
*** −63%

*** −46%
*** −57%
*** −64%

** −37%
*** −69%
*** −68%
*** −75%

** 67%
** 71%

** 64%

*** 1,158%
*** 1,097%
*** 1,448%
*** 1,541%

*** 9,910%
*** 8,933%
*** 10,557%
*** 11,316%

5

NL

10

*** −39%
** −32%
*** −38%

*** −52%
*** −54%
*** −62%

15

3

7
2

−41%
−33%

PL

*

*

*

97%

93%

1

*

FA content in lipid class [%DCW]

0

0

15

TFA

** −35%
** −28%
** −31%

*** −47%
*** −49%
*** −54%

20

* −24%
*** −61%
*** −54%
*** −60%

*** −35%
*** −45%
*** −45%

** −32%
*** −64%
*** −65%
*** −69%

* 53%
** 59%

** 56%

***
***
***
***

784%
744%
977%
1,059%

5

*** 1,779%
*** 1,584%
*** 1,891%
*** 2,072%

10

:5
C

20

:4
C

20

:2
C

18

:1
C

18

:0
C

18

:2
C

16

:1
C

16

:0
C

16

:0
C

14

:0
C

12

:0
10
C

C

8:
0

0

Figure 7.6: FA contents in different lipid classes of CpTE mutants and wild type grown under Nconditions. Individual FA contents present in either NLs, PLs, or TFAs are normalized to the DCW.
Changes are indicated relative to the wild type for significantly different samples. Significance levels,
calculated using Tukey’s HSD test, are indicated by asterisks. (*): p < 0.05; (**): p < 0.01; (***):
p < 0.001

169

Chapter 7
We also performed a correlation analysis (Fig. 7.7). We found a strong correlation
between C8:0 and C10:0 fractions in NLs and NL content DCW−1 for cultures exposed
to N-depletion (Fig. 7.7a, 7.10a). No correlation was found for these MCFA fractions
in PLs and PL contents DCW−1 (Fig. 7.7b, 7.10b). Fractions of C8:0 and C10:0 in
NLs were strongly positively correlated with fractions of C16:1, C16:2, C20:4 and
C20:5, and negatively correlated with fractions of C14:0, C16:0, and C18:0 (Fig. 7.7c).
In PLs, fractions of C8:0, C10:0 and C16:1 were positively correlated with each other,
and negatively with the fraction of C14:0 (Fig. 7.7d).

7

Positive correlations between different FA species suggest that their abundance may be
modulated via shared regulatory mechanisms. It is known that C16:0, C16:1, C14:0 and
C18:1 constitute the bulk of FAs found in storage TAGs of N. oceanica, while PUFAs
are enriched in membrane lipids of Nannochloropsis (254). Specifically, the final
product of LCFA desaturation in this genus, C20:5, is found in the thylakoid membrane
lipid MGDG (280). Sustained LC-PUFA synthesis (Fig. 7.6) under conditions of
reduced TFA accumulation (Fig. 7.5a) in CpTE mutants suggests prioritization of
LC-PUFA synthesis compared to other LCFAs. This is in agreement with decreased
fractions of LC-PUFA synthesis precursors, namely C16:0, C18:0 and C18:1 (54, 414),
in NLs of these strains (Fig. 7.9b), and an enrichment of LCFAs that do not serve as
substrate in LC-PUFA synthesis, such as C16:1 (280).

Discussion
Heterologous expression of a TE gene from C. palustris in N. oceanica resulted in the
accumulation of C8:0 and C10:0 MCFAs, which are naturally present only in trace
amounts in this microalga. Despite this, MCFA contents in N. oceanica mutants (C8:0
and C10:0 combined up to 3.6% TFA−1 ) were low compared with natural MCFAproducing plants like coconut (>10% TFA−1 ) or Cuphea (>90% TFA−1 ), indicating
room for improvement. Interestingly, we observed changes in the overall FA profiles
of mutant strains, together with a decrease in NL contents. The reason for the decreased NL contents of CpTE mutants (Fig. 7.5a) requires further investigation. It
is widely accepted that MCFA accumulation can have negative physiological effects
on microorganisms (415–417). Toxicity of MCFAs may be related to their ability
to accumulate in cell membranes, which increases membrane fluidity and decreases
membrane integrity (416). Genetically engineered MCFA-producing strains of E. coli,
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7

e.g., displayed up to 85% reduction in viability and a loss of inner membrane integrity
(418). Further, Saccharomyces cerevisiae shows a substantial accumulation of reactive
oxygen species and almost complete growth inhibition when media is supplemented
with C8:0 or C10:0 (417). Transgenic A. thaliana plants, expressing an MCFA-biased
TE, accumulated MCFAs in the membrane lipid phosphatidylcholine, and they showed
severe chlorosis and cell death (398, 419). To prevent intracellular MCFA accumulation, organisms have developed coping mechanisms including downregulation of
FA synthesis (420), activation of FA beta-oxidation (417), and active MCFA secretion
via membrane transporters (421). In S. cerevisiae, C8:0 is actively exported by ATP
binding cassette proteins such as Pdr12 or Tpo1 (417). Using BLAST analysis we
identified several ATP binding cassette proteins in N. oceanica that may be potential
orthologues of Pdr12 such as NO20G00560 (34.11% identity and 53.68% positives on
557/1511 amino acids, 37% query coverage) and NO25G00490 (24.18% identity and
43.14% positives on 1282/1511 amino acids, 37% query coverage), indicating that
Nannochloropsis may be able to export MCFAs. Therefore, to test this hypothesis,
future studies on CpTE mutants could investigate the presence of extracellular FAs, to
examine the possibility of MCFA secretion.
Increased MCFA contents in CpTE mutants may also trigger metabolic response mechanisms that prevent the buildup of unusual FAs, in order to circumvent toxic effects.
It was previously observed that transgenic expression of a C14-biased TE in the green
microalga Dunaliella tertiolecta induced transcriptional upregulation of C14-specific
beta-oxidation genes, downregulation of FA synthesis and adjustment of central carbon
metabolism to limit the supply of FA synthesis precursors (422). In their study, Lin and
co-workers observed that increased C14:0 synthesis did not affect growth performance,
but NL accumulation of transgenic D. tertiolecta strains was substantially reduced
(422), matching our observations for CpTE mutants. Moreover, transgenic Brassica
napus plants, expressing a C12-biased TE, were able to synthesize, but not accumulate
C12:0 in seeds, likely due to a regulatory response that increased levels of C12-specific
beta-oxidation activity, resulting in a futile cycle of MCFA synthesis and breakdown
(396, 423). In Cuphea seeds, MCFAs are naturally present up to 90 mole% of TAGs
(390), which may limit the accumulation of MCFAs in membranes. In agreement with
this, a chlorosis phenotype observed in transgenic Nicotiana benthamiana plants overexpressing an MCFA-biased TE, was alleviated by co-expression of an MCFA-biased
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diacylglycerol acyltransferase from palm kernel, which redirected MCFA flux from
membrane lipids to TAGs (419). Similarly, transgenic lines of A. thaliana producing
unusual hydroxylated FAs showed a ~50% decrease in lipid content compared to
the wild type, but this phenotype was alleviated by co-expression of acyltransferases
that improved hydroxylated FA flux to TAGs (420). Moreover, the expression of an
MCFA-biased diacylglycerol acyltransferase from Cuphea pulcherrima in S. cerevisiae
prevented lipotoxicity of exogenous C8:0 and C10:0 (399). Consequently, specialized
acyltransferases that facilitate efficient sequestration of MCFAs in TAGs may be the
key to improve MCFA accumulation (424). Therefore, a promising strategy to further
increase MCFA contents in N. oceanica might be co-expression of CpTE together
with MCFA-biased acyltransferase enzymes from Cuphea spp. (e.g CpuDGAT1 from
Cuphea avigera), to improve the microalga’s ability to channel MCFAs into storage
lipids.
Downregulation of genes involved in beta-oxidation, such as MCFA-specific acyl-CoA
oxidase genes, could be another strategy to enhance MCFA content. In this context,
disruption of an MCFA-biased acyl-CoA oxidase was recently shown to increase
MCFA contents in the fungus Mucor circinelloides, when an MCFA-biased TE was
expressed at the same time (425). MCFA synthesis may be improved by increasing the
rates of the corresponding condensation reactions of FA synthesis, which is catalyzed
by 3-ketoacyl-ACP synthase. Analogously, efficient MCFA production in Cuphea
is achieved not only through the MCFA-biased TE, but moreover by a specialized
3-ketoacyl-ACP synthase (KAS IV) gene that acts preferentially on C4-C10-ACPs
(397, 426). Co-expression of a KAS IV gene from Cuphea hookeriana together with an
MCFA-specific TE strongly enhanced MCFA production in B. napus seeds compared
to TE expression alone (397), and similar results were obtained for the microalga
D. tertiolecta (403). In the long run, it may be possible to turn N. oceanica into a
viable MCFA overproduction platform using a combination of strategies, including
redirection of MCFA flux to NLs, expression of MCFA-specific KAS IV proteins,
and down-regulation of MCFA-specific beta-oxidation. It might further be possible
to improve MCFA contents by applying genetic engineering strategies that improve
overall lipid production, which was demonstrated for Nannochloropsis in several
studies (118, 245, 252). Another interesting strategy for improved MCFA production
would be engineering of a reversal of beta-oxidation, which has thus far only been
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achieved in bacteria and yeast (427–429). Establishing a reversed beta-oxidation pathway in the Nannochloropsis chloroplast could uncouple MCFA production from the
endogenous FA synthesis machinery, which might allow improved product formation,
with limited metabolic burden. In the short term, investigating the transcriptomic
response of N. oceanica CpTE mutants to increased levels of MCFAs, using e.g. RNA
sequencing technology, in combination with detailed lipidomic analyses, may improve our understanding of regulatory mechanisms involved in MCFA metabolism of
Nannochloropsis.

Conclusion

7

In this study we successfully engineered N. oceanica strains to heterologously express a
thioesterase enzyme gene from C. palustris using two different expression systems. We
showed that the engineered strains were able to accumulate MCFAs that are normally
present in only trace amounts in the wild type. When the heterologous gene was
expressed under the control of a strong Pol II promoter, mutant strains accumulated up
to 1.6 and 1.57% of C8:0 and C10:0, respectively, in NLs. When using a novel Pol I
expression system, contents were increased up to 2.16 and 2.3% for C8:0 and C10:0,
respectively. We also observed that MCFA overproduction was negatively correlated
with NL accumulation, suggesting a metabolic response of N. oceanica to increased
MCFA production. Lipid profile analysis showed that PUFA contents per biomass
were similar to those of the wild type, whereas SFAs and MUFAs were reduced. Future
work could focus on the elucidation of the underlying metabolic mechanisms and on
channeling of MCFAs into storage lipids in order to reduce potentially toxic effects of
MCFA accumulation in membrane lipids.

Materials and Methods
Microalgal strains and cultivation
N. oceanica IMET1 was a kind gift of prof. Jian Xu (Qingdao Institute for Bioenergy and Bioprocess Technology, Chinese Academy of Sciences). Cultivation was
done in artificial seawater (ASW, 419.23 mM NaCl, 22.53 mM Na2 SO4 , 5.42 mM
CaCl2 , 4.88 mM K2 SO4 , 48.21 mM MgCl2 and 20 mM HEPES, pH 8), which was
supplemented with 2 ml l−1 Nutribloom plus (Necton, Portugal), at 25 °C with a 16:8 h
diurnal light cycle. N-replete cultivation was done in an HT Multitron Pro (Infors
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Benelux, Netherlands) orbital shaker, operated at 150 μmol m−2 s−1 light intensity,
120 rpm shaking frequency and 0.2% CO2 -enriched air.
Cultivation on solid medium was done by supplementing ASW with 1% (w/v) of agar
prior to autoclaving. For selection of antibiotic-resistant transformants, media was
supplemented with either 5 μg ml−1 Zeocin, or 100 μg ml−1 Blasticidin S, in addition
to 2 ml l−1 of nutribloom plus. Microalgal transformant plates were incubated at an
illumination intensity of 60–80 μmol m−2 s−1 at 25 °C in ambient air.

Assembly of transformation constructs
The Zeocin resistance gene was cloned between the N. oceanica IMET1 elongation
factor promoter and Cauliflower mosaic virus 35S terminator using Gibson assembly. The elongation factor promoter was amplified from genomic DNA, zeoR was
amplified from pNIM21 (252), and the CaMV35S terminator was amplified from
pUC-AcobLPAT (430). Genomic DNA was extracted as previously described (252).
The truncated CpTE gene was codon-harmonized for N. oceanica (180), and synthesized as a gene fragment at Integrated DNA Technologies (USA). The gene was
cloned between the endogenous VCP1 promoter and α-tubulin terminator, which were
amplified from pNIM21, and assembled together with the zeoR cassette to form pCpTEPvcp. For assembly of pCpTE-PpolI, the CpTE gene was inserted into the previously
reported construct pCS-EC-VHH between a Pol I promoter, artificial IRES and the
α-tubulin terminator (411). All plasmids were assembled using either Gibson Assembly
technique (NEBuilder HiFi DNA Assembly Master Mix, NEB #E2621) according
to manufacturer instructions, or by BsaI-mediated cloning (Thermo Fisher Scientific
#FD0293). PCRs for cloning and amplification of linear expression constructs from
plasmid templates were carried out using Q5 DNA polymerase (NEB #M0492). Phire
DNA polymerase (Thermo Fisher Scientific #F160) was used for genotyping PCRs.
Transformation of N. oceanica
N. oceanica IMET1 was transformed using electroporation as described previously
(7). Briefly, microalgae were cultivated at 150 μmol m−2 s−1 illumination for 2–3 days,
harvested during mid-exponential growth stage (2,500 x g, 5 min, 4 °C) and pellets
were washed thrice with 375 mM sorbitol (4 °C), before resuspending at 2.5 x 109
cells ml−1 . 200 μl of the suspension was mixed with 1–2 μg of expression construct in
pre-chilled 2 mm electroporation cuvettes, and pulsed using a Bio-Rad GenePulser II
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(exponential pulse decay protocol; 11 kV cm−1 ; 50 μF; 600 Ω). Cells were immediately
transferred to 5 ml of media, recovered for 24 h at dim light, and plated on solid media
containing an antibiotic agent. After 4-5 weeks, colonies were selected either randomly
(EC-CpTE-Pvcp1), or for loss of on-plate tdTomato fluorescence. Selected colonies
were transferred to liquid media containing antibiotic, and cultivated for 2 weeks,
before streaking cultures on fresh agar plates and proceeding with genotyping.

On-plate fluorescence screening
On-plate fluorescence of tdTomato was visualized using PathoScreen (PhenoVation
Life Sciences, The Netherlands) fluorescence imager. The RFP channel was used
together with the dedicated Data Analysis (Version 5.4.7 beta-64b) software (PhenoVation Life Sciences, The Netherlands) to identify colonies without tdTomato
fluorescence.

7

Physiological and biochemical characterization of transformants
For physiological and biochemical characterization, microalgal cultures were inoculated from agar plates and cultivated for 2 weeks in liquid media at 150 μmol m−2 s−1
light intensity. Subsequently, cultures were set to an OD750 of 0.1 and incubated for an
additional 3 days before inoculation of experimental cultures. For all experiments under N-replete conditions, cultures were inoculated to an OD750 of 0.085 and incubated
for 4 days at 150 μmol m−2 s−1 before harvesting for biochemical characterization. For
N-depleted experiments, pre-cultures were prepared as above at 150 μmol m−2 s−1 .
Then, experimental cultures were inoculated to an OD750 of 0.085 and incubated for
4 days in an Algem HT24 screening photobioreactor (Algenuity, UK), which was
placed inside the same HT Multitron Pro shaker, using 0.2% CO2 -enriched air and
light intensity of 600 μmol m−2 s−1 . After 4 days, cultures were harvested, pellets were
washed with ASW, and new cultures were inoculated to an OD750 of 0.37 in nitrogenfree media. After 2 days at 600 μmol m−2 s−1 , cultures were harvested and processed for
biochemical characterization. In all experiments, samples for physiological characterization were taken 1.5 h before dusk. Maximum specific growth rates were calculated
by daily OD750 measurements and linear regression of logarithmically-transformed
OD values. Cellular biovolume was measured using a Beckman Coulter Multisizer 3
(Beckman Coulter Inc., USA), equipped with a 50 μm orifice.
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Photosynthetic performance assessment
The maximum efficiency of photosystem II photochemistry was quantified on darkadapted samples by in vivo chlorophyll fluorescence analysis using an AquaPen AP
100-C (Photon System Instruments, Czech Republic) fluorometer, according to the
manufacturer’s instructions.
Quantification of neutral and polar lipids via GC-FID
Neutral and polar lipid content and FA profiles were determined as described previously (252). Briefly, 650 μl of microalgal suspension was freeze-dried in a lysing
matrix (#116914050-CF, MP Biomedicals), subjected to mechanical cell disruption
and lipid extraction using chloroform:methanol (1:1.25) containing either one or two
internal standards. For quantification of TFA profile, tripentadecanoin (T4257; SigmaAldrich) was added at a known concentration. For quantification of FA profiles per
lipid class, tripentadecanoin and 1,2-dipentadecanoyl-sn-glycero-3-phospho-(1’-racglycerol) (#840446P, Avanti Polar Lipids Inc.) were added at known concentrations.
For TFA determination, lipids were directly resuspended in H2 SO4 -containing MeOH
after evaporation of the extraction solvent using N2 gas. For FA profile and content
determination per lipid class, polar and apolar lipids were separated with Sep-Pak
Vac silica cartridges (6 cc, 1000 mg; Waters). Then, NLs were eluted with hexane:diethylether (7:1 v/v), and PLs were eluted with methanol:acetone:hexane (2:2:1 v/v).
Solvents were evaporated using N2 gas, before adding H2 SO4 -containing MeOH. FAs
were transesterified for 1 h at 100 °C, extracted with hexane, and analyzed by gas
chromatography (GC-FID). FA quantification was based on the relative response of
individual FAs compared with the peak area of the internal standards. For lipid content
quantification per biomass, the DCW of microalgal suspensions was determined as
described elsewhere (349).
Western blot
Western blotting was carried out as described previously (411) with the following
modifications. Soluble protein was extracted from ~3x109 N. oceanica cells harvested
during exponential growth phase. Pellets were resuspended in 400 μl 0.075 mM Tris
buffer (pH 8) and the suspension was bead beat thrice for 20 s at 2500 rpm, with
120 s pauses, in a Lysing Matrix E (#116914500, MP Biomedicals) on a Precellys 24
homogenizer (Bertin Technologies). Tubes were frozen twice at -20 °C for 90 min and
thawed at 20 °C, and pelleted (15000 × g, 5 min). The supernatants containing proteins
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were transferred to fresh tubes, and the protein content was quantified by modified
Lowry procedure (DC Protein Assay, Biorad #5000116) using a BSA calibration
standard. 45 μg of soluble protein was mixed with 5 × Laemmli reagent and boiled
at 95 °C for 5 min, before separation by SDS-PAGE on either 8-16% or 12% TGX
protein gels (Biorad), using TGS as running buffer for 40-50 min at 200 V. Proteins
were blotted onto PVDF membranes (Thermo Fisher Scientific #PB5310) by Power
Blotter XL system (Thermo Fisher Scientific #PB0013). Then, membranes were
blocked using TBS-T containing 1% (w/v) skim milk powder (Biorad #170-6404),
prior to incubation with anti myc antibody (500 × diluted, BioXcell #RT0263) for 2 h
at 22 °C, and overnight at 4 °C. After three washes with TBS-T, membranes were
incubated with HRP-conjugated secondary antibody (2000 × diluted, Thermo Fisher
Scientific #A10551) for 2 h, and washed three more times before protein detection.
Chemiluminescence detection was carried out on an iBright CL1500 Imaging system
(Thermo Fisher Scientific #A44114), using clarity Western ECL substrate (Biorad
#170-5061). After immunodetection, membranes were stained with Coomassie R-250
(Biorad #161-0436) and destained with several changes of destaining solution (7% v/v
acetic acid, 50% v/v methanol), followed by H2 O, to confirm equal blotting efficiencies
across samples.

Bioinformatical protein analysis
The gene model of CpTE was analyzed by querying the conserved domain database of
the NCBI (359). Identification of potential orthologues of S. cerevisiae Pdr12 in the N.
oceanica genome was done by BLASTp analysis, using the N. oceanica IMET1v2
reference genome and NanDeSyn database (218), with an E value cutoff of 1 × 10−60 .
Statistical data treatment
All data processing and statistical tests were done using R statistical software (93).
Significant main effects were tested for by two-way ANOVA, followed by Tukey’s
HSD test (α = 0.05) for comparison of individual groups. Statistical tests including
Spearman correlations were carried out using the R stats package. Correlation matrices
were visualized using the R corrplot package (431).

Acknowledgements
This work was part of the Netherlands Organisation of Scientific Research (NWO)
Building Blocks of Life programme (grant number 737.016.007).
178

5

20
:

C

4

20
:

C

2

18
:

C

1

18
:

C

0

18
:
−31%
−27%
−37%
−29%

** −27%
* −21%

** −33%

***
***
***
***

*** 111%
** 73%

*
103%

** −49%
* −31%
** −47%
** −39%

−50%
−45%
−68%
−61%

*
*
*

−30%

−77%
−78%

** −40%
* −35%

**
**
***
***

*** −69%
*** −65%
*** −76%
*** −71%

** 105%

*
*

−39%

−44%

** −63%
* −49%
** −67%
** −56%

CpTE−Pvcp

C

2

* 24%
* 25%
* 25%

3

16
:

** −30%
* −21%
** −34%
* −25%

*** −28%
*** −35%
*** −43%
*** −42%

−30%
−33%
−38%
−32%

WT

C

1

16
:

C

0

4

16
:

*** −39%
*** −43%
*** −52%
*** −50%

***
***
***
***

** 758%
** 690%
*** 890%

1.0

C

0

14
:

C

0

1

12
:

** 267%
** 296%
** 340%

**
**
***

0.5

C

0

10
:

** 171%
** 162%
*** 234%

1

C

0

2
TFA

8:

2
PL

C

1.5

NL

FA content in lipid class [%DCW]

Chapter 7

Supplementary material
N+

2.0
CpTE−PpolI

0.0

4

0

3

7

0

Figure 7.8: FA contents in different lipid classes of CpTE mutants and wild type grown under N+
conditions. Individual FA contents present in either NLs, PLs, or TFAs are normalized to the DCW.
Changes are indicated relative to the wild type for significantly different samples. Significance levels,
calculated using Tukey’s HSD test, are indicated by asterisks. (*): p < 0.05; (**): p < 0.01; (***):
p < 0.001

179

Chapter 7
WT

a

CpTE−Pvcp

CpTE−PpolI

*

p<0.05

p<0.01

*

p<0.001

*

60

**

**

**
*

40

*

*

*

*

NL

**

*

**

20

mole% of FA [%]

*
*
***

****

****

****

***

**

*

*

0

40

PL

*

*
20

****
****

*

b

*
*

40

*

**
*

**
**

*

FA

**

NL

7

PU

U
M

60

*

FA

A
SF

5
20
:
C

4
20
:
C

2
18
:
C

1
18
:

0
C

18
:
C

2
C

16
:

1
C

16
:

0
16
:
C

0
14
:

0
C

12
:
C

C

C

10
:

0

8:
0

0

mole% of FA [%]

20

****

****

****

****

****

**

***

****

**
**

*
***

****

0

****
40

*

*

*
*

**

PL

*

**

20

****
**

*

*

PU
FA

M

U

FA

A
SF

:5
20
C

:4
20
C

:2
18
C

:1
18
C

:0
18
C

:2
16
C

:1
16
C

:0
16
C

:0
14
C

:0
12
C

:0
10
C

C

8:

0

0

Figure 7.9: FA profile for different lipid classes of selected CpTE mutants. (a) FA profiles for
cultures grown under N+ conditions. Increases in C8:0 and C10:0 content were accompanied by significant
changes of other FA species in both lipid classes. In NLs, increased fractions of C12:0 and C16:1 were
concomitant with decreases in C14:0 and C16:0. (b) FA profiles for cultures grown under N- conditions.
In addition to the differences that were observed for N+ cultures, N- cultures further showed differences
in C18:1 and polyunsaturated FAs in NLs. (a-b) Significance levels were calculated using Tukey’s HSD
test, and are indicated by asterisks. SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids;
PUFA: Polyunsaturated fatty acids.
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Figure 7.10: Correlation analysis for C8:0 fraction and TFA content of CpTE mutants and wild
type grown under N- conditions. NL (a) and PL (b) contents plotted against the fraction of C8:0 in
NLs (a) and PLs (b). Strong negative association was found between the NL content and the fraction
of C8:0 per NLs, whereas no association was seen for PLs, similar to results obtained for correlation
analysis between C10:0 and TFA content.

181

CHAPTER 8

Expression of glycerol-3-phosphate acyltransferase
improves neutral lipid accumulation in
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Abstract

8

Microalgae are considered a suitable production platform for high-value lipids and
oleochemicals. Several species including Nannochloropsis oceanica produce large
amounts of essential ω-3 polyunsaturated fatty acids (PUFAs) which are integral components of food and feed and have been associated with health-promoting effects. N.
oceanica can further accumulate high contents of neutral lipids with chemical properties that render them a potential replacement for plant oils such as palm oil. However,
biomass and lipid productivities obtained with microalgae need to be improved to
reach commercial feasibility. Genetic engineering can improve biomass and lipid
productivities, for instance by increasing carbon flux to lipids. Here, we report the
overexpression of glycerol-3-phosphate acyltransferase (GPAT) in N. oceanica during
favorable growth conditions as a strategy to increase neutral lipid content. Transformants overproducing either an endogenous (NoGPAT) or a heterologous (AoGPAT)
GPAT enzyme targeted to the endoplasmic reticulum, had up to 42% and 51% increased
neutral lipid contents, respectively, compared to the wild type. Biomass productivities
of transformant strains were not substantially impaired, resulting in lipid productivities
that were increased by up to 37% and 42% for NoGPAT and AoGPAT transformants,
respectively. When exposed to nutrient stress, transformants and wild type had similar
lipid contents, suggesting that GPAT enzyme availability is a rate-limiting factor for
lipid synthesis in N. oceanica under favorable growth conditions. NoGPAT transformants further accumulated PUFAs in neutral lipids, reaching a total of 6.8% PUFAs
per biomass, an increase of 24% relative to the wild type. Overall, our results indicate
that GPAT is an interesting target for engineering of lipid metabolism in microalgae,
in order to improve neutral lipid and PUFA accumulation in microalgae.

Introduction
Photosynthesis is the process of capturing and using sunlight energy to assimilate CO2
into biomass. The ability of microalgae to grow photoautotrophically allows microalgal
biomass production independent of energy-rich carbon-sources, which is a substantial
advantage over production processes that use heterotrophic organisms. Microalgae
can reach higher biomass productivities than traditional agricultural crops (4), and
their production does not compete with food supply because they can be cultivated on
non-arable land. Moreover, the ability of marine microalgal species to grow in salt184
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water uncouples photoautotrophic biomass production from fresh water supply, which
will help to mitigate fresh water shortages in the future (432). Oleaginous microalgal
species can accumulate lipids to up to 60% on a dry cell weight (DCW) basis, and
some species produce substantial amounts of high-value ω3-polyunsaturated fatty
acids (PUFAs) that are relevant for application in food and feed (19, 433). Therefore,
microalgal oil has the potential to supplement agricultural production of food and
feed, by replacing less sustainable oil sources such as palm and fish oils. Moreover,
microalgal oils are readily converted into biodiesel, and microalgal biodiesel has been
hailed as a potential replacement for fossil fuels (4, 16).
The marine stramenopile microalga Nannochloropsis oceanica is a promising candidate
for both, production of high-value lipids, and bulk commodities (19). Upon nitrogen
(N) deprivation, lipid contents of this species can reach up to 60% DCW−1 . However,
productivities remain too low to allow for economically feasible lipid production
(12, 348), partly because N deprivation reduces biomass production rates. Lipid
productivities can be improved by genetic engineering, for instance, by uncoupling
lipid accumulation from stress exposure (118, 245, 252). To achieve this, a thorough
understanding of the microalga’s lipid metabolism and its regulation are of pivotal
importance.
The presence of the chloroplast in plants and microalgae has decisively influenced the
compartmentalization of metabolic pathways, including lipid metabolism. Unlike other
eukaryotic organisms, which synthesize lipid building blocks, i.e. fatty acids (FAs), in
the cytosol, photosynthetic organisms synthesize FAs in the chloroplast stroma (328).
In oleaginous organisms such as Nannochloropsis, FAs are stored in triacylglycerides
(TAGs), which are the main energy storage compound, and present in cytosolic lipid
droplets (434). TAG synthesis in Nannochloropsis likely happens at the ER, consistent
with upregulation of ER-localized Kennedy pathway enzymes, and downregulation
of their plastidic counterparts during nitrogen (N) starvation conditions (215, 435).
Incorporation of FAs into glycerolipids occurs via the Kennedy pathway, which begins
with acylation of glycerol-3-phosphate by action of glycerol-3-phosphate acyltransferase (GPAT), using acyl-CoA as an acyl donor to produce lysophosphatidic acid
(LPA). LPA is subsequently used as substrate of lysophosphatidic acid acyltransferase
(LPAAT) together with a second acyl-CoA, producing phosphatidic acid. PA can either
185
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be used for synthesis of anionic phosphoglycerides such as phosphatidylinositol, or it
can be dephosphorylated by action of phosphatidic acid phosphatase (PAP), producing
diacylglycerol (DAG). DAG is a crucial branching point of the Kennedy pathway, as it
serves as substrate for the synthesis of glycosylglycerides such as MGDG and DGDG,
zwitterionic phosphoglycerides such as PC and PE, and the neutral lipid (NL) TAG.

8

The final step of TAG assembly can occur through the acyl-CoA-dependent or independent pathway. The former involves diacylglycerol acyltransferase (DGAT) enzyme,
which acylates DAG at the sn-3 position using acyl-CoA as acyl donor (436). The
acyl-CoA-independent pathway utilizes phospholipids as an acyl donor, and is catalyzed by phospholipid:diacylglycerol acyltransferase (PDAT). PDAT can transfer an
acyl-moiety from the sn-2 position of e.g. PC to the sn-3 position of DAG, forming
TAG and lyso-PC. Whereas PDAT is implicated in TAG synthesis mainly during favorable growth conditions, the bulk of TAG formation under N-depletion is catalyzed by
DGAT in Chlamydomonas (437). The Nannochloropsis genome contains 11 DGAT2
and two DGAT1 genes (258), four of which are predicted as ER-localized isoforms
(215). This substantial enrichment for DGAT genes compared to other organisms, was
considered to be a potential explanation for the oleaginousness of this genus (7, 258).
Consequently, several studies have been conducted over the last few years, to evaluate
the role of DGAT in lipid metabolism of Nannochloropsis by genetic engineering
(438–442). This research has shown that DGAT overexpression can lead to substantially increased TAG contents of transgenic strains, consistent with the central role of
the Kennedy pathway in glycerolipid metabolism. Despite this, the role of GPAT in
lipid metabolism of Nannochloropsis, has so far been neglected. As GPAT catalyzes
the first committed and potentially rate-limiting step of the Kennedy pathway (443),
this enzyme may be a suitable target for genetically engineering Nannochloropsis
strains with improved lipid content and productivity.
The aim of this study was to investigate the effect of GPAT overexpression on lipid
accumulation in N. oceanica. For such purpose, we engineered N. oceanica to overexpress either the endogenous ER-localized GPAT isoform or a heterologous GPAT
from the oleaginous microalga Acutodesmus obliquus. Physiological and biochemical
characterization of transformant strains showed that GPAT is an important control
point for lipid biosynthesis in N. oceanica.
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Results
Design of GPAT expression constructs
The N. oceanica IMET1 genome contains two genes that are predicted to encode
GPAT proteins, NO03G04130 and NO12G00610. We analyzed both encoded proteins for similarities to known GPAT enzymes using BLASTp and we analyzed their
domain architecture by querying the conserved domain database (444) and by using in silico protein analysis tools. NO12G00610 is a homologue of plastidic GPAT
proteins of higher plants (38.02% identity on 56% coverage with Squash plastidic
GPAT, E value = 7×10−52 ; 36.75% identity on 63% coverage with soybean plastidic
GPAT, E value = 3×10−56 ) and the protein is predicted to localize to the chloroplast
in N. oceanica. NO03G04130 is a homologue of ER-localized GPAT enzymes of
other stramenopile organisms and fungi, including SCT1 proteins from Saccharomyces
cerevisiae (34.77% identity on 76% coverage, E value = 9×10−94 ) and Schizosaccharomyces pombe (33.21% identity on 76% coverage, E value = 4×10−81 ), as well as
GPT2 protein from S. cerevisiae (29.71% identity on 77% coverage, E value = 6×10−69 ).
The enzyme was previously shown to localize to the ER (435). Analogous to its yeast
counterparts, NO03G04130 contains a 1-acyl-sn-glycerol-3-phosphate acyltransferase
domain (Fig. 8.1a) with high sequence similarity to LPLAT_AAK14816-like domains
(domain subfamily cd07992). This kind of domain is involved in transfer of acyl groups
from acyl-CoA or acyl-ACP to glycerol 3-phosphate, dihydroxyacetone phosphate or
lyso-phosphatidic acid and it contains 4 conserved sequence motifs I, II, III, and IV
(445, 446). Based on the crystal structure of a chloroplastic GPAT from Cucurbita
moschata (acyltransferase family cd07985), motifs I, II and III are predicted to form
a surface pocket that binds G3P or other substrates (447, 448). All ten conserved
residues of motifs I-III are present in NO03G04130, whereas motif IV is absent, which
is frequently the case for proteins containing domain cd07992. NO03G04130 is predicted to contain between four and six transmembrane helices, which likely orient the
conserved acyltransferase domain to the ER lumen (445).
Li et al. reported that the majority of ER-localized Kennedy pathway enzymes including
NO03G04130 are upregulated in N. oceanica during N stress, whereas most of the
plastidic isoforms (including NO12G00610) are downregulated (215). NO03G04130
is thus far the only identified extraplastidic GPAT of N. oceanica and a previous
187
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attempt to generate NO03G04130 knockout transformants failed, indicating that this
enzyme is non-redundant and essential for cell survival (435). We, therefore, decided
to focus our investigations on the ER isoform NO03G04130, hereafter referred to as
NoGPAT. ER-localized GPAT enzymes are reported to be subjected to transcriptional,
post-transcriptional and post-translational regulation (443, 446, 449). To overcome the
possibility of negative endogenous regulation, we decided to heterologously express a
GPAT gene (AoGPAT ) from the oleaginous green microalga A. obliquus. This enzyme
was recently heterologously expressed in the microalga Neochloris oleoabundans,
which resulted in elevated TAG and PUFA contents (430). AoGPAT is a homologue of
the chloroplastic C. reinhardtii GPAT CrGPATcl (71.43% identity on 68% coverage,
E value = 3×10−123 ) and it contains an N-terminal domain (GPAT_N, Fig. 8.1a) typical
for soluble chloroplastic GPATs. To facilitate localization of AoGPAT to the ER, the
gene was modified to encode the signal peptide of the endogenous ER-localized protein
disulphide isomerase (SPPDI , Fig. 8.1a), and a C-terminal ER retention signal (450).

8

We integrated the intron-free coding sequences of NoGPAT and the modified AoGPAT
into an expression vector that utilizes a recently developed gene expression system
(411) (Fig. 8.1b). This gene expression system uses an RNA polymerase I (Pol I)
promoter, an internal ribosome entry site (I) and a 3’-expression enhancer sequence
(Tα−tub ) to facilitate strong transgene expression. The human influenza hemagglutinin
(HA) tag coding sequence was added to the 3’-ends of NoGPAT and AoGPAT, and
the genes were inserted into the expression vector between the internal ribosome
entry site coding sequence and the fluorescent reporter gene tdTomato. Expression of
separate GPAT and tdTomato proteins was safeguarded by inserting a self-cleaving
2A peptide coding sequence between the genes (179). A second 2A peptide coding
sequence further allowed expression of the zeocin antibiotic resistance gene zeoR from
the same cistron. The Pol I promoter and terminator sequences acted as homology
arms that directed the construct to the rDNA cistron of chromosome 3, which we
recently identified as a genomic safe harbor, conferring high gene expression (411).

Engineering Nannochloropsis oceanica strains overexpressing either GPAT gene
N. oceanica was transformed with both constructs separately, and mutant colonies
were grown on antibiotic containing agar plates. We then selected two colonies per
construct that showed strong tdTomato fluorescence on agar plates, for further analysis.
Genotyping PCR (Fig. 8.1c) revealed that the construct had been integrated at the
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Figure 8.1: Design and production of GPAT-expressing N. oceanica strains. (a) Schematic of the
ER-localized N. oceanica GPAT isoform NO03G04130 (NoGPAT) and the A. obliquus chloroplastic
GPAT (AoGPAT). NoGPAT contains an LPLAT_AAK14816 acyltransferase domain that is frequently
found in eukaryotic ER-localized GPATs. All ten conserved residues of this domain type are present
in the three conserved motifs I, II and II. A signal peptide (SP) directs the enzyme to the ER, and
four-six transmembrane helices (TMH) anchor the enzyme in the ER membrane, likely orienting the
acyltransferase domain to the ER lumen. The C-terminal domain contains a disordered region, which
likely faces the cytoplasm. Putative orientations of the different NoGPAT parts are indicated by ER
or C. AoGPAT contains an acyltransferase domain in its C-terminal region and an N-terminal domain
frequently found in chloroplastic GPAT enzymes of plants. For expression in N. oceanica, coding
sequences for an endogenous SP and ER retention signal were added to the 5’ and 3’ end of the AoGPAT
gene, respectively. Both genes were further equipped with a C-terminal coding sequence for an HA tag,
to allow immunodetection of proteins. Artificially added elements are colored yellow (b) Construction of
N. oceanica strains overexpressing GPAT genes using a recently developed gene expression system (411).
GPAT genes were inserted into an expression construct containing a Pol I promoter and terminator, internal
ribosome entry site (I) element, fluorescent reporter (tdTomato) and antibiotic resistance gene (zeoR ). The
three genes were separated by coding sequences for self-cleaving 2A peptides. The endogenous α-tubulin
transcriptional terminator sequence was added downstream of the coding sequence as an expression
enhancer. The expression construct was targeted to the ribosomal DNA cistron on chromosome 3, which
is a genomic safe harbor for strong Pol I expression. Successful insertion at this locus was confirmed by
PCR (c) using primers depicted as solid horizontal arrows. The elements are not drawn to scale to aid
visualization. (c) Genotyping PCR to confirm correct construct insertion in transgenic strains. Using
primers depicted in (b), the PCR revealed correct insertion in all mutants, which had been selected for
strong tdTomato fluorescence on agar plates. The control reaction (ctrl rxn) PCR product for NoGPATM2 was shorter than expected, due to a partial deletion of the tdTomato coding sequence (revealed
by sequencing). NoGPAT-M1 was inserted at the target locus but showed no amplification for the 5’
reaction and a longer band for the 3’ reaction. Additional PCRs (Fig. 8.6) revealed that in this strain the
homologous recombination events during construct insertion had left most of the rDNA cistron intact.
This does not interfere with gene expression (411).
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safe harbor site of chromosome 3 in all mutants. In line with this, we found increased
reporter fluorescence levels compared to the wild type for all strains (Fig. 8.2a). Sequencing of PCR products further revealed a partial deletion in the tdTomato sequence
of NoGPAT-M2. This deletion caused a removal of 242/476 amino acids of full-length
tdTomato in NoGPAT-M2, which roughly corresponds to one monomer of the tandem
dimer protein. Consequently, fluorescence of NoGPAT-M2 cells was substantially
decreased compared to NoGPAT-M1 (Fig. 8.2a), but still higher than autofluorescence
of the wild type. Interestingly, AoGPAT mutants showed lower levels of tdTomato
fluorescence than NoGPAT mutants. Similarly, AoGPAT protein from AoGPAT-M1
was detectable by immunoblotting only after substantially longer chemiluminescence
exposure compared to NoGPAT protein from NoGPAT-M1 (Fig. 8.2b). These results
suggest that expression of the A. obliquus GPAT gene may be reduced in N. oceanica
compared to expression of the endogenous gene, which could be linked to sub-optimal
codon usage of the heterologous gene, or to regulatory mechanisms that affect transcript processing, transcript translation, or protein stability. In this context, a recent
study has shown that expression of a heterologous reporter gene was greatly enhanced
in N. oceanica, when the 42 5’-terminal bases of the endogenous nitrate reductase
coding sequence were added to the 5’-terminus of the heterologous gene, to facilitate
formation of a fusion protein of the heterologous reporter with an endogenous leader
sequence (214). Expression of AoGPAT might be improved using a similar approach.

Physiological characterization of GPAT-overexpressing strains
We compared the growth of the three NoGPAT and AoGPAT mutants in a batch
cultivation, using a parallel screening photobioreactor operated with diurnal light
cycles and 600 μmol m−2 s−1 light intensity. Growth of all mutants was comparable
to the wild type (WT) and an empty vector (EV) strain (only expressing tdTomato
and zeoR at the safe harbor locus), and growth was exponential over a 3 d cultivation
period (Fig. 8.3a, N≥ 3). No mutant showed a significant difference in maximum
specific growth rate compared to the wild type (Fig. 8.3b). Average cellular biovolume
after 3 days of cultivation was 21-36% increased for NoGPAT and 51-59% increased
for AoGPAT mutants (Fig. 8.3c), relative to the wild type. Moreover, AoGPAT-M1
and M2 showed 6 and 4% increased maximum quantum efficiency of photosystem II
photochemistry (Fv/Fm), respectively (Fig. 8.3d). Compared to the wild type, these
transformants further showed decreased non-photochemical quenching, concomitant
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Figure 8.2: Analysis of gene expression in overexpression mutants. (a) Quantification of reporter
fluorescence by flow cytometry. Yellow fluorescence levels, corresponding to tdTomato fluorescence
emission, were increased in all mutant strains. Fluorescence levels of NoGPAT-M1 and M2 were higher
than for AoGPAT mutants, which suggests stronger expression of the endogenous GPAT compared to the
heterologous gene. TdTomato fluorescence of NoGPAT-M2 was substantially decreased compared to
NoGPAT-M1, likely due to the partial tdTomato gene sequence deletion found for this mutant (Fig. 8.1c).
(b) Western blot analysis of GPAT gene expression for NoGPAT-M1 and AoGPAT-M1. Protein extract
was separated by SDS-PAGE, and recombinant GPAT was detected by immunoblotting for two biological
replicates (R1 and R2) of NoGPAT-M1 and AoGPAT-M1 with 1 min and 15 min exposure times during
chemiluminescence detection, on a single membrane. In line with the results of flow cytometry analysis, chemiluminescence signals were substantially higher for NoGPAT-M1 compared to AoGPAT-M1,
suggesting more efficient expression of the endogenous gene compared to the heterologous one. The
RuBisCO large subunit band of the Coomassie-stained membrane (C) is shown as a loading control.

with increased photochemical quenching and effective quantum yield of photosystem
II during exposure to actinic light stress (Fig. 8.7).

Analysis of lipid contents and fatty acid compositions
Next, we quantified total neutral lipid (NL) and total polar lipid (PL) content of mutant
strains grown under N-replete and N-depleted conditions. No substantial differences
were observed for NL content of N-depleted cultures (Fig. 8.4c), whereas PL content
of NoGPAT-mutants was increased by 16-25% (Fig. 8.4d).
During replete conditions, NL content was increased by 36-42% for NoGPAT-M1 and
M2, and by 49-51% for AoGPAT-M1 and M2 (Fig. 8.4a). Total PL contents were
not significantly different between wild type and NoGPAT mutants (Fig. 8.4b), but
decreased by 11-15% in AoGPAT-M1 and M2.
We further analyzed the FA profile of both lipid classes. AoGPAT mutants did not
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Figure 8.3: Physiological characterisation of mutant strains. (a) Growth curves of N. oceania NoGPAT and AoGPAT mutants. Growth of mutant strains was comparable to each other, to the wild type,
and an empty vector (EV) strain. All strains grew exponentially for 3 days and reached comparable
biomass densities. (b) Maximum specific growth rate of mutant strains, calculated using data shown
in (a). Despite a significant ANOVA, a post-hoc test revealed no significant difference between the
wild type (WT) and any mutant. (c) Maximum quantum efficiency of photosystem II photochemistry
of microalgal cultures, averaged over 3 days of exponential growth. (d) Average cellular biovolume of
mutant strains after 3 days of exponential growth. (a-d) Data shown are the mean±SD of N=3 biological
replicates (N=5 for WT). (c-d) Relative differences compared to the WT are indicated above groups.
Statistically significant differences between all groups were assessed using two-way ANOVA. In case of
a significant ANOVA outcome, significant differences between means of individual groups and the wild
type control were calculated using Tukey’s HSD test, and are indicated by asterisks. (*): p < 0.05; (**):
p < 0.01; (***): p < 0.001
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Figure 8.4: Lipid contents of mutant strains during exponential growth and after exposure to Ndepletion stress. (a-b) Neutral lipid (NL, a) and polar lipid (PL, b) contents of mutant strains during
exponential growth phase. NoGPAT and AoGPAT mutants had markedly increased NL content, whereas
PL contents were similar to the wild type (NoGPAT) or slightly decreased (AoGPAT). (c-d) NL and PL
contents after exposure to 2 days of N-depletion stress. No mutant had significantly different NL content
compared to the wild type. PL contents were slightly higher for NoGPAT-M1 and M2, compared to
the wild type, but substantially decreased compared to N-replete cultivation. (a-d) Relative differences
compared to the WT are indicated above groups. Statistical significance was assessed by Tukey’s HSD
test, in case of a significant ANOVA outcome. (*): p < 0.05; (**): p < 0.01; (***): p < 0.001

show relevant changes in fatty acid composition under either condition (Fig. 8.8). By
contrast, NoGPAT, M1 and M2 showed a 3-11% decrease in saturated FAs (SFAs)
in the NL fraction, together with a 108-125% increase in PUFAs. The decreased
fraction of SFAs in NLs was mainly due to decreased fractions of C16:0 and C18:0,
whereas abundance of C14:0 was increased in both NLs and PLs. All detected species
of C18 and C20 PUFAs were increased in NLs of NoGPAT-M1 and M2, and C18
PUFAs were further increased in PLs. C20:5 was increased by 155-184% in the NL
fraction for these mutants, but it was depleted in the PL fraction. The fraction of C20:4
was increased by 340-349% in NLs and unchanged in PLs. Abundance of C18:2 was
increased by 119-121% in total lipids, compared to the wild type. Similarly, abundance
of C18:3 was increased by 453-703% in total lipids. These observations suggest
that NoGPAT may have a substrate preference for PUFAs or that its overexpression
increases PUFA synthesis in the ER. Notably, a substantial amount of excess C18:2
and C18:3 synthesized in NoGPAT mutants appeared to be utilized for membrane
lipid assembly, whereas excess C20:4 and C20:5 were deposited in storage lipids in
NoGPAT-M1 and M2.
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Figure 8.5: Fatty acid profiles of NLs and PLs for N. oceanica NoGPAT expression mutants. (a)
FA compositions of NLs and PLs for exponentially growing cultures. FA contents are normalized to the
total FA content per lipid class. NoGPAT-M1 and M2 showed a decrease in SFAs and an increase in
PUFAs in the NLs. C18 PUFAs were further increased in PLs for these mutants, whereas C20:5 was
depleted in PLs. (b) FA compositions for cultures after exposure to 2 days of N-depletion. NoGPAT-M1
and M2 showed an increased fraction of PUFAs and decreased fraction of SFAs, similarly to non-stressed
conditions. Moreover, these mutants showed an enrichment of MUFAs in PLs, which was not seen for
unstressed cultures. (a-b) Statistical significance was assessed by Tukey’s HSD test. (*): p < 0.001
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Relative changes in FA composition of NoGPAT-M1 and M2, compared with the wild
type, were similar for N-replete and N-depleted cultures (Fig. 8.5b). This includes
an increased fraction of PUFAs and decreased fraction of SFAs in NLs, concomitant
with an increase in C18 PUFAs in both lipid fractions and a decrease of C20:5 in PLs.
N-depleted NoGPAT mutants additionally showed an increase in C18:1 in PLs, which
was not observed for N-replete conditions.
Due to the increased NL contents and the altered FA compositions, NoGPAT mutants
had substantially higher PUFA contents DCW−1 during exponential growth phase,
compared to the wild type (Fig. 8.9e). Total PUFAs accounted for 6.8 ± 0.18% in
NoGPAT-M1 and M2, a 24% increase. The most substantial increases were seen
for C18:3 and C18:2, followed by C20:4 and C20:5. Overall, NoGPAT mutants had
increased lipid and PUFA productivities compared to the wild type, whereas AoGPAT
mutants had an increased lipid productivity (Tab. 8.1).

Discussion
Despite the considerable research into LPAAT and DGAT enzymes (435, 438–442),
the role of GPAT enzymes in lipid metabolism of Nannochloropsis is understudied.
Here we have shown that GPAT overexpression can improve growth-associated NL
accumulation in N. oceanica. NL content was increased in overexpression mutants
only under replete conditions, and not after exposure to N-depletion. This suggests,
that GPAT availability or regulation can be rate-limiting for NL synthesis during
exponential growth, but not after exposure to nutrient stress. This is in accordance
with the transcriptional upregulation of endogenous ER-localized GPAT in N. oceanica
during N-depletion (215), which may increase GPAT availability or activity to levels
that allow increased carbon flux towards TAGs. Our findings are in line with previous
findings, showing increased TAG accumulation in GPAT-overexpressing transformants
of other microalgal species (430, 451–455). Our results show that growth-associated
lipid accumulation in N. oceanica can be enhanced by expression of a single ratelimiting enzyme. Accordingly, lipid production processes in continuous operation
might become feasible by optimizing this microalga through metabolic engineering.
Continuous operation circumvents the negative impacts of nutrient starvation on
biomass and lipid productivities, and can therefore be desirable compared to 2-step
processes (456, 457).
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Interestingly, overexpression of the endogenous GPAT NO03G04130 and heterologous
expression of a GPAT gene from A. obliquus had similar effects on NL contents and
productivities of transformants in our experiments (Tab. 8.1), suggesting that heterologous enzymes might be able to functionally complement or substitute endogenous
counterparts in Nannochloropsis. This opens up avenues for sophisticated synthetic
biology strategies in this organism, in order to manufacture microalgal strains with FA
and lipid metabolism geared towards production of “designer lipids”. The differences
that were observed between NoGPAT and AoGPAT mutants in terms of FA profile,
photosynthetic performance, and PL content during N-depletion, may be related to differences in enzyme characteristics such as membrane integration, substrate preference,
and kinetic parameters, or to different expression levels.
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It was previously shown that overexpression of endogenous GPAT genes increased
PUFA contents in the diatom P. tricornutum (451, 453). Similarly, overexpression
of NoGPAT in this study shifted the FA composition especially of neutral lipids to
higher fractions of different long chain (LC) and very long chain PUFAs (VLCPUFAs, Fig. 8.5). VLC-PUFAs such as C20:5 (EPA) are considered high-value
compounds that are associated with health benefits in humans, and they are an essential
component of aquaculture feed (433, 458, 459). LC-PUFAs such as C18:3 further
have potential for treatment and prevention of inflammatory disorders, cardiovascular
disorders, cancer, and diabetes (460–462). Therefore, the increased PUFA content
of NoGPAT-M1 and M2 is intriguing (Tab. 8.1). The substantially increased fraction
of C18:2, C18:3, C20:4 and C20:5 in NLs of these mutants suggests that increased
NoGPAT activity stimulates PUFA synthesis. In eukaryotes, PUFAs are synthesized
in the ER by enzymatic action of elongases and FA desaturases (FADs) that use
different glycerolipid species as substrates (463). In Nannochloropsis, an ER-localized
pool of the glycerophospholipid phosphatidylcholine (PC) is likely the carrier for
desaturation reactions of C18, whereas phosphatidylethanolamine (PE) and/or the
betaine lipid diacylglyceryltrimethylhomoserine (DGTS) were suggested as carriers
for C20 desaturation reactions (54, 464). In a model proposed by Han and colleagues
(54), PUFA synthesis in N. oceanica begins with the desaturation of C18:1Δ9 bound
to the sn-2 position of PC by action of Δ12-FAD, producing C18:2Δ9,12 , which is
subsequently desaturated by Δ6-FAD, yielding C18:3Δ6,9,12 . C18:3 is released from PC
by phospholipase PLA2, and the free FA is activated to C18:3-CoA by LACS. Δ6-FA
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elongase catalyzes the elongation of C18:3-CoA to C20:3-CoA, which is incorporated
into DAG via the Kennedy pathway. DAG is a branching point for de novo synthesis
of glycerolipids like PC, PE, DGTS and for TAG. The central role of DAG illustrates
the significance of GPAT in lipid and PUFA metabolism, as GPAT initiates the de
novo synthesis of DAG. An increased level of DAG synthesis through action of GPAT
might increase synthesis of other ER-located glycerolipids such as PC and PE, and
thereby the availability of substrate for FAD enzymes. In this context, a previous
study has shown that PUFA synthesis in N. oceanica is not limited by abundance of
Δ12-FAD, which catalyzes the desaturation of PC-bound C18:1 to C18:2, exemplified
by similar FA compositions of Δ12-FAD overexpression transformants and the wild
type under N-replete conditions (414). This suggests that C18:1 desaturation could be
increased either by improving the allocation of Δ12-FA substrate (PC-bound C18:1)
or by removal of its product C18:2. Accordingly, increased C18 desaturation in
NoGPAT-M1 and M2 may be the result of either increased synthesis of PC-bound
C18:1, or due to improved removal of C18:2/C18:3 from the PC pool. Therefore,
further studies should focus on quantification of different lipid classes, analysis of the
glycerolipid-specific FA composition and their stereochemical distribution, to elucidate
which lipid classes are enriched for PUFAs in NoGPAT-M1 and M2. The increased
abundance of PUFAs in NoGPAT-M1 and M2 may further be due to a preference of
NoGPAT for these FA species, which could be investigated by heterologous expression
studies in yeast, or by in vitro assays, although in vitro enzyme specificity does not
necessarily reflect in vivo FA compositions (465). Notably, C18:2, C18:3 and C20:4
were increased in both, NLs and PLs of NoGPAT-M1 and M2, but the fraction of
C20:5 per TLs was unchanged (Fig. 8.5a, Tab. 8.1). Similarly, a recent study by
Poliner and colleagues (108) has shown that simultaneous overexpression of Δ5, Δ9
and Δ12-FAD in N. oceanica increased fractions of C18:2 and C20:4 in TLs by 125%
and 73%, respectively, whereas C20:5 was increased by only 25% compared to the
wild type. The authors hypothesize that this may be connected to a biological limit of
the C20:5 fraction in PLs, which cannot be exceeded without compromising membrane
functionality. Assuming this model, sequestration of C20:5 into NLs of NoGPAT-M1
and M2 may serve like a valve that prevents excessive incorporation of VLC-PUFAs
into chloroplast membrane lipids.
It should further be noted that a growing body of evidence suggests a role of Kennedy
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pathway intermediates in intracellular signaling cascades (466, 467). Consequently,
NoGPAT overexpression may results in differential expression of other FA or lipid
metabolism-related genes, similarly to what was recently reported for a GPAT and
LPAAT overexpression transformant of the diatom Phaeodactylum tricornutum (468).
Transcriptomic analyses of NoGPAT-M1 and M2 may help to unravel the mechanism
behind the altered PUFA synthesis in these transformants.
AoGPAT-M1 and M2 showed significantly increased photosynthetic efficiency compared to all other strains (Fig. 8.3c). This was accompanied by increases in NL
contents (Fig. 8.4a) and average cell size (Fig. 8.3d), whereas PL contents were decreased (Fig. 8.4b). Future studies should investigate a possible connection between
the decreased PL content and the increased photosynthetic efficiency and NL contents
of AoGPAT mutants. These kind of studies may include quantification of PL classes
and detailed characterization of photosynthetic parameters. In this context, a recent
study has shown that a Nannochloropsis gaditana mutant that was likely impaired in
synthesis of the main photosynthetic PLs MGDG and DGDG, displayed an increased
proton motif force across the thylakoid membrane and an increased TL content under
N-replete, but not N-depleted conditions (311).

Conclusion
8

In this study we genetically engineered N. oceanica transformant strains to express ERtargeted GPAT enzymes. Transformants showed marked increases in NL contents and
productivities under replete conditions, with little effect on growth. The endogenous
GPAT NO03G04130 and a heterologous GPAT gene from A. obliquus were both
successfully expressed, and expression of both enzymes had similar effects on lipid
contents of transgenic strains. Overexpression of NO03G04130 further resulted in
an increase in PUFA content, especially of C18 species and C20:4. Expression of
the GPAT gene from A. obliquus instead resulted in an increase in photosynthetic
performance and a concomitant decrease in PLs. Concluding, we have shown that
ER-localized GPAT enzyme is an interesting target for genetic engineering of improved
NL and PUFA production in N. oceanica, and potentially also in other oleaginous
microalgae. These insights will help to transform Nannochloropsis into a viable
production platform for lipids and value-added fatty acids. However, further studies
are needed to elucidate the role of GPAT in lipid accumulation in Nannochloropsis,
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and to identify additional metabolic bottlenecks that limit carbon flux to lipids under
favorable growth conditions.

Materials and Methods
Microalgal strains and cultivation
The microalga used in this study was N. oceanica IMET1, which was a kind gift by
prof. Jian Xu (Qingdao Institute for Bioenergy and Bioprocess Technology, Chinese
Academy of Sciences). Microalgae were cultivated in artificial sea water (ASW,
419.23 mM NaCl, 22.53 mM Na2 SO4 , 5.42 mM CaCl2 , 4.88 mM K2 SO4 , 48.21 mM
MgCl2 and 20 mM HEPES, pH 8), supplemented with 2 ml l−1 of Nutribloom plus
(Necton, Portugal), at 25 °C. For physiological and biochemical characterization,
we used an Algem HT24 photobioreactor (Algenuity, UK) that was placed inside an
HT Multitron Pro (Infors Benelux, Netherlands) orbital shaker unit with 0.2% CO2 enriched air at 120 rpm shaking frequency. All experiments were carried out with a
16:8 h diurnal light cycle. Sampling was carried out 1.5 h before dusk.
For cultivation on solid medium, ASW was supplemented with 1% (w/v) of agar
and mixed with 2 ml l−1 of nutribloom plus and 5 μg ml−1 zeocin after autoclaving.
Microalgal transformant plates were incubated at 25 °C in ambient air using warmwhite fluorescent light bulbs and an illumination intensity of 60–80 μmol m−2 s−1 .

Construction of transformation constructs
The two GPAT genes were cloned into a previously reported vector pCS-EC6 (411)
using Gibson assembly technique (NEBuilder HiFi DNA Assembly Master Mix, NEB
#E2621). NoGPAT fragments were amplified from N. oceanica genomic DNA that was
extracted as previously described (252). AoGPAT was amplified from pUC-AcobLPAT
(430). Linear expression constructs were amplified from restriction-linearized plasmids
pCS-EC6-NoGPAT and pCS-EC6-AoGPAT. All PCRs for cloning purposes were
carried out using Q5 DNA polymerase (NEB #M0492). Genotyping PCRs were
carried out using Phire DNA polymerase (Thermo Fisher Scientific #F160).
Transformation of N. oceanica
N. oceanica IMET1 was transformed using electroporation as previously reported
(7). Briefly, microalgal cells were cultivated at 150 μmol m−2 s−1 illumination for at
least 3 days, and harvested during mid-exponential growth stage by centrifugation
(2,500 x g, 5 min, 4 °C). Pellets were washed thrice with 375 mM sorbitol (4 °C) and
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resuspended at 2.5 x 109 cells ml−1 . 200 μl of this suspension was mixed with 1 μg of
expression construct DNA in chilled 2 mm electroporation cuvettes, and rapidly pulsed
using a Bio-Rad GenePulser II (exponential pulse decay; 11 kV cm−1 electric field
strength; 50 μF capacitance; 600 Ω resistance). After the pulse, cells were immediately
transferred to 5 ml of media and recovered for 24 h at dim light and 25 °C. Cells were
pelleted (2,500 x g, 10 min), resuspended in a small volume of supernatant and plated
on ASW plates containing media and 5 μg ml−1 zeocin. Colonies were screened after
4-5 weeks for high on-plate tdTomato fluorescence using a PathoScreen (PhenoVation
Life Sciences, The Netherlands), via the RFP channel, transferred to liquid media
containing zeocin and cultivated for 2 weeks to ensure complete removal of cells
without resistance to zeocin, before streaking cultures on fresh agar plates.
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Flow cytometry analysis
Reporter fluorescence of tdTomato was quantified by flow cytometry analysis using
an SH800S (Sony Biotechnology, USA) cell sorter, equipped with 488 nm and 561 nm
lasers and a 70 or 100 μm nozzle microfluidic chip. Detector wavelengths for different
channels were 488 nm for forward (gain 2) and side (gain 22%) scatter; 585 ± 15
nm for tdTomato (gain 45%) and 720 ± 30 nm for chlorophyll a (gain 40%). A
minimum of 30,000 events were screened per sample. Gating was applied as previously
described (204) to remove background noise. Only events in the gate “living cells”
were considered for statistical evaluation.
Western blot
Soluble protein was extracted from N. oceanica cultures during exponential growth
phase. Approximately 3E9 cells were harvested (2500 × g, 5 min), resuspended in
400 μl 0.075 mM Tris buffer (pH 8) and the microalgal suspension was bead beat
for 3 cycles of 20 s at 2500 rpm, with 120 s pauses between cycles in a Lysing
Matrix E (#116914500, MP Biomedicals) with a Precellys 24 homogenizer (Bertin
Technologies). Then, tubes were frozen at -20 °C for 90 min, thawed at 20 °C, frozen
and thawed again, and pelleted (15000 × g, 5 min). The supernatant was transferred
to a fresh tube, and protein content was quantified by modified Lowry assay (DC
Protein Assay, Biorad #5000116) with a BSA calibration standard. 45 μg of soluble
protein was mixed with 5 × Laemmli reagent, boiled at 95 °C for 5 min and separated
by SDS-PAGE on 8-16% TGX protein gels (Biorad) with TGS running buffer for
40-50 min at 200 V. Subsequently, proteins were blotted onto PVDF membranes
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(Thermo Fisher Scientific #PB5310) using a Power Blotter XL system (Thermo Fisher
Scientific #PB0013). Membranes were blocked with TBS-T containing 1% (w/v)
skim milk powder (Biorad #170-6404), and incubated with anti HA antibody (500 ×
diluted, Thermo Fisher Scientific #26183) on a rocking shaker for 2 h at 22 °C, and
then overnight at 4 °C. Then, membranes were washed thrice with TBS-T, incubated
with an HRP-conjugated secondary antibody (2000 × diluted, Thermo Fisher Scientific
#A10551) for 2 h, and washed thrice again. Chemiluminescence detection was done
using an iBright CL1500 Imaging system (Thermo Fisher Scientific #A44114), with
clarity Western ECL substrate (Biorad #170-5061) for 1 and 15 min. After detection,
gels and membranes were Coomassie-stained using Coomassie G-250 (Biorad #1610787) and Coomassie R-250 (Biorad #161-0436), respectively, and destained with
H2 O or several changes of a destaining solution (7% v/v acetic acid, 50% v/v methanol)
followed by H2 O, respectively, to confirm appropriate equal blotting efficiencies across
samples.

Physiological and biochemical characterization of transformants
For biochemical characterization, microalgae were grown as follows. Individual
colonies were picked from agar plates, and cultivated for 2 weeks in liquid media at
150 μmol m−2 s−1 light intensity. Subsequently, cultures were set to an OD750 of 0.1
and incubated in an Algem HT24 photobioreactor (Algenuity, UK) which was placed
inside an HT Multitron Pro shaker, using 0.2% CO2 -enriched air and light intensity of
600 μmol m−2 s−1 . After 3 days, cultures were diluted to OD750 of 0.1 and grown for an
additional 3 days at the same conditions, before being used to inoculate experimental
cultures (data shown in Figs. 8.3-8.5). Experimental cultures were set to a starting
OD750 of 0.085, and incubated using the same cultivation conditions as for previous
cultures. Growth curves were obtained by daily measuring of OD750 and cell count,
1.5 h before onset of the dark phase of the 16:8 diurnal cycle. A linear model was fitted
to logarithmically-transformed OD750 values to obtain the maximum specific growth
rate μmax as the slope of the regression line. Photosynthetic performance was measured
daily as described above, and averaged over the entire exponential growth phase for
each flask. Cellular biovolume was measured using a Beckman Coulter Multisizer
3 (Beckman Coulter Inc., USA, with 50 μm orifice). Data shown in Fig. 8.3d are
for the final day of the cultivation. After 3 days, microalgal cultures were harvested
by centrifugation (4,000 x g, 10 min) and resuspended in 2 ml of ASW. 650 μl of
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the suspension was subjected to lipid quantification as described below. DCW of
the suspension was measured as described before (349), using 0.5 M ammonium
formate for washing. For N-starvation experiments, cultures were grown as described
above, but harvested after 3 days of cultivation at 600 μmol m−2 s−1 by centrifugation
(2500× g, 5 min), washed with ASW and resuspended in ASW supplemented with
regular concentrations of all nutribloom ingredients, except for NO3 . Cultures were
set to an OD750 of 0.4, and cultivated for 2 additional days at 600 μmol m−2 s−1 , before
harvesting and processing as described above.

8

Assessment of photosynthetic performance
The maximum efficiency of photosystem II photochemistry was quantified on 25 min
dark-adapted samples using in vivo chlorophyll fluorescence analysis with an AquaPen
AP 100-C (Photon System Instruments, Czech Republic) handheld fluorometer, according to the manufacturer’s protocol. Non-photochemical quenching, coefficient of
photochemical quenching and development of quantum yield of photosystem II were
measured using the NPQII protocol of AquaPen AP 100-C, with actinic and saturating
light intensities of 1,000 and 3,000 μmol m−2 s−1 , respectively. For NPQ/qP/QY measurements, microalgal cultures were analyzed after 2 days of incubation in N-replete
media at 600 μmol m−2 s−1 illumination, and after 1 h of dark adaptation. Parameters were calculated by AquaPen AP 100-C software according to equations reported
elsewhere (469).
Quantification of neutral and polar lipids via GC-FID
Neutral and polar lipid content and FA profiles were determined using a modified version of the protocol described by Remmers and colleagues (87). 650 μl of a microalgae
suspension with known DCW concentration was subjected to FA extraction, separation
into neutral and polar lipids, methylation and quantification. After freeze-drying in
a lysing matrix (#116914050-CF, MP Biomedicals), the biomass was subjected to
mechanical cell disruption and lipid extraction using chloroform:methanol (1:1.25)
containing the 2 internal standards tripentadecanoin (T4257; Sigma-Aldrich) and 1,2didecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (840434, Avanti Polar Lipids Inc.)
at known concentrations. Polar and apolar lipids were separated with Sep-Pak Vac
silica cartridges (6 cc, 1000 mg; Waters). NLs were eluted with hexane:diethylether
(7:1 v/v), and PLs with methanol:acetone:hexane (2:2:1 v/v). Solvents were evaporated under N2 gas and lipids were methylated in 5% (v/v) H2 SO4 -containing MeOH
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(1 h, 100 °C), extracted with hexane, and analyzed by gas chromatography (GC-FID).
Quantification of FAs was done based on the relative responses of individual FAs
compared to the peak area of internal standards, and ultimately normalized to the DCW
of the sample.

Bioinformatical protein analysis
The N. oceanica GPAT gene model annotations of NO03G04130 and NO12G00610
and their amino acid sequences were retrieved from the current reference genome
for N. oceanica IMET1v2 (218). The two encoded proteins and the AoGPAT protein
were analyzed for homologues in other organisms and for conserved domains using
protein-protein BLAST on Non-redundant protein sequences with standard algorithm
parameters, and by querying the conserved domain database of the NCBI (359). Protein secondary structure and related features, as well as subcellular localization were
predicted using the in silico prediction tool PredictProtein (470). Transmembrane
helices in NO03G04130 were analyzed by PredictProtein using the TMSEG algorithm
(471), and further by MEMSAT-SVM (472), CCTOP (473), SPLIT4 (474) and TMPRED (475). Prediction of the disordered domain in NO03G04130 by PredictProtein
was confirmed by DISOPRED3 (476) and IUPred2A (477).
Statistical data treatment
R statistical software (93) was employed for all data processing and statistical evaluation. Two-way ANOVA was used to test for significant main effects. In case of a
significant ANOVA, means of multiple groups were compared using Tukey’s HSD
test. Differences were considered significant in case of p<0.05. For quantitative flow
cytometry analyses, the median of the fluorescence distribution of (at least 30,000)
gated events in the FL2-A channel was taken as representative value for a single
sample.
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Figure 8.6: Additional genotyping PCR for NoGPAT-M1. (a) Insertion scheme for NoGPAT-M1.
Homologous recombination occurred between 25S elements of the expression construct and the corresponding sequences at the target site, leaving most of the rDNA cistron sequence intact. The PCR
product of the previous 5’ reaction (Fig. 8.1b-c) was too long for amplification. An additional primer
was designed that annealed in the ITS2 of the rDNA cistron, to test for insertion by DNA crossovers at
the 25S elements. (b) PCR products for the additional 5’ reaction shown under (a). NoGPAT-M1 showed
amplification at the expected position for homologous recombination with DNA crossovers at the 25S
elements.
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Figure 8.7: Evaluation of photosynthetic characteristics of AoGPAT mutants. Cultures were dark
adapted for 1 h prior to chlorophyll fluorescence analysis. After an initial saturating light pulse to
measure QYmax , samples were illuminated with actinic light for 200 s (yellow shaded area) to monitor the
development of photosynthetic parameters during high light stress and subsequent dark recovery. Nonphotochemical quenching (NPQ), coefficient of photochemical quenching (qP) and effective quantum
yield of photosystem II (QY) are given as mean±SD of N=3 biological replicates. AoGPAT-M1 and M2
display substantially lower NPQ on average, and a faster recovery of qP and QY upon exposure to actinic
light.
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Figure 8.8: Fatty acid profiles of NLs and PLs for N. oceanica AoGPAT expression mutants. (a)
FA compositions for exponentially growing cultures. No relevant differences are visible for any of
the mutants compared to the wild type and empty vector strain. (b) FA composition for cultures after
exposure to 2 days of N-depletion. (a-b) Statistical significance was assessed by Tukey’s HSD test. (*):
p < 0.01
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Figure 8.9: PUFA contents of GPAT transformants during exponential growth phase, normalized
to the DCW. (a) C18:2 was substantially enriched in biomass of NoGPAT and AoGPAT mutants M1 and
M2. (a) Among all FA species, C18:3 showed the highest relative increase per DCW in NoGPAT M1
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0.79 ± 0.03
0.85 ± 0.04

Strain

WT
NoGPAT-M1
NoGPAT-M2
AoGPAT-M1
AoGPAT-M2

12.4 ± 1.9
17.6 ± 1.1
16.9 ± 0.9
18.7 ± 0.2
18.5 ± 1.1

NL DCW−1
0%
42% (**)
36% (**)
51% (***)
49% (***)

ΔNL

0%
26%
37% (*)
34% (*)
42% (**)

ΔNLproductivity

23.4 ± 1.7
29.4 ± 1.1
28.6 ± 0.8
28.0 ± 0.5
28.3 ± 0.6

TL DCW−1
0%
26% (***)
22% (***)
20% (**)
21% (***)

ΔTL

0%
12%
23% (*)
7%
16%

ΔTLproductivity

5.5 ± 0.3
6.8 ± 0.2
6.8 ± 0.2
5.1 ± 0.1
5.6 ± 0.2
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0%
24% (***)
24% (***)
-7%
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Table 8.1: Maximum specific growth rates, neutral lipid (NL), total lipid (TL) and PUFA contents (mean ± SD), and productivities of NoGPAT
and AoGPAT transformants. Relative changes compared to the wild type (WT) and statistical significance levels are given (highlighted in italics).
Statistical significance was assessed by Tukey’s HSD test. (*): p < 0.05; (**): p < 0.01; (***): p < 0.001
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General Discussion
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Introduction
Establishing a sustainable bioeconomy will be critical to mitigate the anthropogenic
impact on the environment. Microalgae, namely eukaryotic microalgae and cyanobacteria, hold promise to contribute to this goal, because they are suitable platforms for
production of sustainable food, feed, and bioproducts. Microalgae grow rapidly, they
use resources efficiently, and they are genetically accessible. Compared to plants,
microalgae offer advantages including higher biomass productivities, and fresh waterindependent cultivation on non-arable land (4). Although industrial production of
microalgae is expanding around the globe, the variety of microalgal products in the
market is still limited to compounds that are naturally produced by wild type strains,
such as omega-3 fatty acids, vitamins and pigments (478). Expanding the palette of
microalgal bioproducts requires effective tools for genetic manipulation of industrially
relevant strains.

9

Nannochloropsis oceanica is a particularly promising candidate for production of a
variety of bioproducts. It is a fast-growing, marine species that can be a rich source of
proteins or lipids, depending on cultivation conditions. N. oceanica produces valuable
omega-3 fatty acids including eicosapentaenoic acid (EPA), which is associated with
numerous health benefits for humans, such as reduced risk of coronary heart disease,
thrombosis and hypertension (479). Nannochloropsis spp. further produce high-value
pigments, including β-carotene, violaxanthin and zeaxanthin, and they are robust to
high cell density culture and cultivation in outdoor bioreactors (10, 11, 480). Due
to its attractive characteristics for large-scale production of valuable compounds, N.
oceanica has received ever-increasing scientific attention and it is emerging as a
model microalga for industrial purposes. Numerous studies have brought us closer
to unlock this microalga’s biotechnological potential by providing vital insights into
its complex metabolic network (7, 54, 258, 299, 441, 442, 481) and the toolset for
genetic manipulation of the microalga is expanding.
Currently, the commercial applications of Nannochloropsis are limited to use as
aquaculture feed and production of neutraceuticals. However, in the following pages
we will argue that Nannochloropsis has the potential to become an adaptable microalgal
chassis for production of an array of bioproducts. We suggest strategies to address the
need for a better understanding of this microalgal’s metabolism, we discuss missing
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pieces en route to a cutting-edge genetic engineering toolbox, and we highlight potential
stepping stones towards novel industrial applications.

Strategies for studying microalgal metabolism
Despite recent advancements, our understanding of the metabolism of Nannochloropsis spp. is still limited, partly due to the large phylogenetic distance between this
eustigmatophyte and well-known model organisms. Consequently, a large fraction of
genes do not display sufficient sequence similarity with known entities and cannot be
assigned a metabolic function (7). Uncertainties regarding protein localization, compartmentalization of metabolite pools and metabolite trafficking between organelles
further complicate the generation of comprehensive metabolic models. These issues
are important to address because in-depth understanding of microalgae and their
metabolism is quintessential to guide strain engineering designs. In absence of highquality metabolic models, genetic engineering strategies are restricted to educated
guesses, usually based on knowledge obtained for other organisms. Exemplary for
the pitfalls of this approach, we attempted strategies that had led to improved lipid
accumulation in other microalgae – namely overexpression of malic enzyme (482,
483), ATP citrate lyase (484) and NAD kinase (485) – but found that these had no
effect on lipid accumulation of N. oceancia (results not shown).
Forward genetics are a well-established approach for determining gene functions and
for identifying genes that are relevant to a desired trait. As demonstrated in chapter
6 and previous studies (43, 277, 283), this strategy holds promise for advancing
our knowledge about gene functions in N. oceanica. The development of efficient
genotyping procedures is critical for forward genetics, and the insertional mutagenesis
strategy that we present in chapter 6 will be instrumental in identifying novel genes in
future studies due to its robustness and simplicity.
Development of robust high-throughput screening procedures is another success criterion for forward genetics screens. In order to use high-throughput screening methodologies such as FACS, phenotypes need to be selectible by fluorescence. The genes
that we identified in chapter 6 are linked to a high lipid phenotype due to the nature of
the screening procedure developed in chapter 2. The library of traceable insertional
mutants that we constructed for this screening can further be used to identify genes
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linked to other phenotypes in follow-up studies. To this end, a range of fluorescent dyes
are commercially available that can stain different cellular compounds. For instance,
selecting cells that show an altered cellulose content may lead to identification of
genes related to carbohydrate and cell wall metabolism. Changes in levels of nonstainable metabolites can also be detected, when using more sophisticated screenings
involving biosensors. Biosensors are recombinant transcription factors containing
a signal-sensing domain specific for the metabolite of interest (486). In cells that
constitutively express a biosensor, metabolite concentration will be translated into transcriptional activation of a fluorescent reporter gene, which can be detected by FACS.
Genetic sensors were already successfully applied for screening intracellular malonylCoA levels of Saccharomyces cerevisiae (487) and the redox state of NAD(P)(H) of
Escherichia coli (488) and S. cerevisiae (489), but they have yet to be established in
microalgae. Although the merit of forward genetics screens is undeniable, it should be
pointed out that - thus far - only a few genes of Nannochloropsis have been linked to a
phenotype using random mutagenesis strategies. Moreover, most of these genes still
await thorough functional characterization.

9

Another strategy to improve our understanding of microalgal metabolism is by modifying certain metabolic network functions, and quantifying the elicited response. For
instance, modulating expression of a certain gene can affect metabolite levels in a way
that we can use to derive knowledge about the metabolic network itself, e.g. about
bottlenecks of specific pathways, as demonstrated in chapter 8. Improved genetic
tools and omics-technologies have greatly accelerated the pace of this kind of studies
in Nannochloropsis spp., which is reflected in a rapidly growing database of transcriptomic responses to different stimuli (chapter 6) (218). These datasets are invaluable for
inception and refinement of metabolic models, which will be instrumental in guiding
metabolic engineering. To understand lipid metabolism, specifically, future challenges
pertain to mapping and modeling intracellular pools and fluxes of lipids, fatty acids
and carbon precursors. In this context, the results obtained in chapter 8 illustrate
at the same time the need for an improved understanding of lipid metabolism and
trafficking, and the potential of genetic manipulation for increasing product formation
in N. oceanica.
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Expanding the genetic toolset for Nannochloropsis
A crucial requirement for metabolic engineering is a sufficiently advanced genetic
manipulation toolbox. A challenge in genetic manipulation of microalgae is the evolutionary divergence of this group, which limits the application of existing technologies
from plants and microbes, such as transformation protocols or selectable markers.
Consequently, developing genome editing methods for microalgal species such as
Nannochloropsis is time-consuming, but it is of the utmost importance. Since the
biotechnological potential of Nannochloropsis was recognized only recently, its genetic toolbox is lacking behind compared with other microbes, but it is expanding. The
inception of transformation protocols and the identification of selectible markers for
this genus (7, 490), was followed by implementation of techniques that allow modulation of gene expression (211), genome editing through CRISPR-Cas technology (118,
119), and gene overexpression (214, 491). Despite this, sophisticated metabolic engineering will require a more complete molecular toolbox, which should contain several
transcriptional promoter elements of varying strengths including inducible promoters, transcriptional terminators, selection markers, genetic switches, and translational
elements such as internal ribosome entry sites (IRES) and riboswitches. Only then
can Nannochloropsis be manipulated into producing optimal quantities of a desired
product.

Gene knockout tools
CRISPR-Cas technology is widely applied for precise genome engineering, and it has
greatly accelerated the generation of knock-out and knock-in mutations in a variety
of organisms. The first attempt at CRISPR-Cas genome editing in microalgae was
reported for Chlamydomonas reinhardtii (140), and the first successful report for
Nannochloropsis followed suit (119). Poliner et al. (108) have developed an episomal
system for CRISPR-Cas genome editing in N. oceanica, which allows transient nuclease expression and generation of marker-free knock-out mutants. While all previous
studies employed the widely-used Cas9 nuclease, we reported genome editing systems
that utilize Cas12a in chapters 3-4. The development of Cas12a-based genome editing tools presents a substantial advancement due to the simplified features and high
versatility of Cas12a protein compared with Cas9 (128, 492). Moreover, the ability
to cleave several different target sites simultaneously (chapter 4) will be important
for generating strains with multiple genetic knockouts. The multiplexing system will
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further accelerate the development of a “minimal genome” strain, by precise deletion
of chromosomal regions containing non-essential DNA. This approach was recently
demonstrated to be feasible for N. oceanica using an episomal CRISPR-Cas9 system
(173).

9

Marker-free gene disruption
In chapter 4, we reported different methods for marker-free gene disruption. Since removal of antibiotic resistance genes from genetically manipulated organisms prevents
horizontal gene transfer, these methods will be invaluable for generating industrial
production strains. Moreover, they allow recycling of marker genes, which is pivotal for complex metabolic engineering strategies. Another approach for markerless
genome editing and marker recycling in Nannochloropsis relies on Cre recombinase
for removal of marker genes (107), which is a good alternative, although it leaves a
genetic scar at the target site. The spread of antibiotic resistance genes can also be
prevented by establishing auxotrophic selection systems. So far, nitrate reductase is
the only gene available as an auxotrophic marker for Nannochloropsis. These markers
are tremendous assets in a molecular toolbox, and additional candidates should be
investigated for N. oceanica. Genes encoding enzymes of nucleic acids or amino
acids biosynthetic pathways have proven immensely useful as suitable markers for
genetic manipulation of yeast. An ideal system not only allows for selection, but also
for counterselection (like the URA3 gene of S. cerevisiae) to facilitate marker gene
recycling (493). A prerequisite for auxotrophic marker systems is permeability of
the cell barrier for chemicals complementing the auxotrophy, which remains to be
explored for Nannochloropsis.
Gene silencing
Optimizing accumulation of a desired product by genetic engineering engineering
oftentimes requires downregulation of gene expression, which is preferable to gene
knockout e.g. when the target is a non-redundant, essential enzyme. Therefore, effective tools for transcriptional silencing are important assets in a molecular toolbox.
The CRISPR interference system that we have developed for gene silencing in N.
oceanica (chapter 4) complements the previously reported RNA interference silencing
method (211), and it expands the targetable sequence space from exons to promoters
and introns.
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Gene overexpression
Efficient metabolic engineering requires a library of transcriptional elements, including
promoters, terminators and regulatory elements, to enable multi-gene expression and
finetuning of constitutive and inducible expression. Despite a decade of molecular
research for Nannochloropsis spp., only a few transcriptional elements are routinely
used for genetic engineering. Only recently, researchers have begun to reinforce
efforts for improving gene expression in this microalga, by testing transcriptional
promoters (214, 494), and developing a CRISPR activation system (491). While
these developments are encouraging, additional elements will have to be identified to
enable efficient metabolic engineering and synthetic biology in Nannochloropsis. An
important milestone would be to establish a modular cloning toolkit including a variety
of validated promoters, UTRs, introns, target peptide sequences, tags, terminators,
antibiotic resistance genes and reporters. As modular cloning toolkits substantially
simplify the assembly of expression vectors, they are already available for most
industrially relevant organisms and model species, including C. reinhardtii (495).

Thus far, gene overexpression in Nannochloropsis spp. mostly relied on episomal
gene expression or on insertion of transgenes into the genome at random. However,
random insertion results in inconsistent gene expression among transformants because
transgene expression depends on chromatin state and presence of transcriptional
regulators at the insertion locus. Accordingly, previous studies have shown strong
variations in transcript and protein abundance between different transformant strains
carrying the same construct (214, 410, 494). In chapter 5, we have reported a new
type of gene expression system based on RNA polymerase I (Pol I), which will be
instrumental in metabolic engineering of N. oceanica because it allows consistent,
strong and adjustable expression of endogenous and heterologous genes. Hence, it has
already proven as an invaluable tool for construction of transformants with increased
lipid productivity (chapter 8) or altered fatty acid composition (chapter 7). In addition
to accelerating transformant construction, the new expression system achieves gene
expression efficiencies that are unprecedented for this organism. This opens the door
to transform N. oceanica into a platform for production of recombinant protein, which
greatly expands the potential areas of application, as discussed below. Further studies
are necessary to explore the capacity of this novel system for multi-gene expression.
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The avail of the Pol I-based expression system for genetic engineering may be harnessed
also for other microalgae, such as species of Chlorella, Schizochytrium, Picochlorum
or Chlamydomonas. Future research could devise a similar expression system for these
microalgae, provided that a functional IRES can be found for a target species. To test
whether gene expression based on Pol I and an IRES is generally possible in eukaryotes
other than N. oceanica, we attempted to establish a nucleolar expression system in
the model yeast Komagataella phaffii. We integrated a promoterless GFP cassette
containing the tobacco etch virus IRES coding sequence into the 25S rDNA of the
K. phaffii genome, and we obtained mutants with strong GFP fluorescence (Fig. 9.1).
These results are encouraging and lay the foundation for establishing a nucleolar gene
expression system in other microalgae and eukaryotic organisms in general. Moreover,
we found that the artificial IRES that was discovered for N. oceanica in chapter 5, was
capable of driving GFP expression in K. phaffii, albeit at lower efficiency compared
to the viral IRES (results not shown). Hypothetically, the artificial N. oceanica IRES
could serve as a blueprint for construction of artificial IRESes in other microalgae.

9
Figure 9.1: Reporter gene expression based on an adapted Pol I-based gene expression system in
K. phaffii. (a) Schematic of expression construct. The cassette was designed to integrate into the 25S
rDNA by homologous recombination with homology flanks (25S). A GFP-2A-zeoR cassette was flanked
by the coding sequence for the tobacco etch virus (TEV) IRES and the transcriptional terminator of the
AOX1 gene (TPolII ). (b) Fluorescence microscopy images for wild type and transgenic K. phaffii carrying
the construct presented in (a) inside a 25S rRNA gene.

Nannochloropis as an industrial multipurpose chassis
Nannochloropsis - designer feed and health food?
Currently, Nannochloropsis spp. are commercially used as feed in marine fish
hatcheries and as a source of EPA-rich oils for neutraceutical production (11). In
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fish hatcheries, Nannochloropsis is employed as feed for phytophagous zooplankton
such as rotifers (496–498). These zooplankton are required to feed marine fish
during the larval stage, whereas the more feed-intensive nursing and grow-out stages
of aquaculture rely on artificial feedstuffs. Traditionally, artificial feedstuffs were
predominantly fishmeal and ω-3 fatty acid-rich fish oil, but these have to be obtained
from forage fishery. Because the intensification of capture fisheries began to exceed
the carrying capacity of local ecosystems, aquafeed based on fishmeal and fish oil has
become unsustainable (499, 500). Over the last decades, the aquaculture sector has
made considerable progress in reducing the “fish-in–fish-out” ratios mainly through
feed optimization. However, while increased substitution of fishmeal and fish oil with
plant-based ingredients such as soy bean meal and palm oil has decreased the impact of
aquaculture on marine ecosystems, it has raised a new set of controversies surrounding
the environmental impacts of agricultural aquafeed production (501). Additionally,
replacement of fishmeal and fish oil with ω-3 fatty acid-poor plant-sourced products is
limited by nutrient utilization and other physiological challenges including alterations
in gut microbiome, modified immune functions and interference with the endocrine
system, affecting animal development and increasing the risk of disease (502). A lack
of ω-3 fatty acids in entirely plant-based aquafeeds, moreover, decreases the contents
of these fatty acids in fish fillet, which implies a significant decrease in nutritional
quality (503, 504).
The challenge to meet the feed requirements of the rapidly growing aquaculture industry
with a finite amount of arable land, is a unique opportunity for industrial application of
microalgae to contribute to global food security. Several microalgal species including
Nannochloropsis spp. have a suitable biomass composition to be used as aquafeed
for not only larval, but also post-larval aquaculture stages (19, 505). Additionally,
EPA-rich Nannochloropsis meal obviates the need for fish oil, for instance in diets of
larval and post-larval kuruma shrimp and post-larval Nile tilapia (207, 407), which is
a major advantage compared to plant-based diets. Therefore, Nannochloropsis has the
potential to replace plant-sourced products and fish oil in aquafeed.
The high EPA content of Nannochloropsis also makes this microalga interesting for
the terrestrial animal industry. Although the main sources of EPA and DHA in human
nutrition are marine animals (because they feed on ω-3 fatty acid-rich microalgae and
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their predators), these fatty acids can be enriched in terrestrial animal products by
addition of microalgae feed supplements (506, 507). Moreover, animal performance
and quality of animal products can be improved by supplementing feed with other
compounds that are naturally abundant in microalgae, including pigments and vitamins.
High protein contents and favorable fatty acid compositions further make microalgal
biomass a potential replacement for protein sources such as soy bean in animal feed
(205).

9

Despite the prospects of microalgae for production of sustainable animal feed, a
major challenge for industrial application is the high cost associated with biomass
production compared with agricultural crops (12). Additionally, palatability of microalgal biomass in terrestrial livestock may be reduced for some species compared
to agricultural products (205). Therefore, entirely replacing current feedstuffs with
microalgal biomass will i.a. require substantial reductions in production cost that are
only realizable through concerted developments in the areas of strain improvement,
reactor design, reactor production cost, downstream processing, and production scale.
While this is a long-term goal, using microalgal biomass as a feed additive is more
realistic in the short-term perspective. For this, microalgal feed additives have to
be cost-competitive with alternative additives such as fish oil, or they have to be
associated with economic advantages for the farmer, to justify an increased price
compared to alternatives. The genetic tools discussed above serve as an excellent
starting point to transform Nannochloropsis into a cost-competitive replacement for
fish oil and, moreover, into a multipurpose general feed additive for improved animal
performance, animal welfare and product quality (Fig. 9.2). In the following, we
will discuss potential strain improvement strategies to reach this goal. Some of these
strategies could also be used to enhance the quality of Nannochloropsis-sourced oils for
human nutrition, improving the economic potential of this microalga in an established
and booming market.

Optimizing Nannochloropsis lipid productivity and quality
Wild type Nannochloropsis accumulates lipid predominantly under conditions that
cause a cessation of cell proliferation. However, these conditions impair biomass
productivity, limiting overall lipid productivity. Previous studies have shown that lipid
contents of Nannochloropsis during exponential growth can be improved by genetic
engineering (118, 245), and we confirmed this in chapters 6 and 8. Model-assisted
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metabolic engineering might further improve carbon partitioning to storage lipids.
Additionally, biomass productivity could be improved by enhancing photosynthetic
efficiency of the microalga under outdoor conditions, which would significantly contribute to cost-effectiveness (12). This may be achieved by manipulating components
of e.g. the light reaction machinery and the CBB cycle, building upon knowledge
obtained through decades of fundamental research on photosynthetic model organisms (203). To improve photosynthetic performance and biomass productivity of
outdoor systems, specifically, energy losses caused by non-photochemical quenching
at high-irradiance conditions have to be prevented. In this context, we have seen that
an N. oceanica transcription factor knockout mutant that showed overexpression of
CBB cycle and fatty acid biosynthesis genes (HLM23, chapter 6), as well as mutants
expressing a Kennedy pathway gene (AoGPAT, chapter 8) displayed concomitant
increases in Fv /Fm values and storage lipid contents under light-saturated conditions
(600 μmol m−2 s−1 ). Understanding the metabolic mechanisms underlying these photosynthetic improvements might open up avenues to improve lipid productivity of
microalgae in outdoor cultivation systems, where illumination intensities of more than
2000 μmol m−2 s−1 can result in substantial losses of sunlight energy and reductions in
biomass productivity due to photoinhibition (508).
The cost-effectiveness of Nannochloropsis-based food and feed depends not only on
biomass and lipid productivity, but also on the nutritional quality. For most food and
feed applications, higher contents of ω-3 fatty acids such as EPA would be beneficial.
Different studies have shown that EPA contents of Nannochloropsis can be improved
by genetic engineering (179, 254) (chapter 8), but it is becoming increasingly clear
that incorporation of this molecule into membrane lipids is heavily regulated. Storage
lipids, on the other hand, appear not to be constrained by the same biological limitations
as membranes, suggesting that EPA content of Nannochloropsis could be improved
by channeling this fatty acid to TAGs. To achieve this, more research is needed to
advance our understanding of lipid metabolism in this alga, specifically regarding
regulation of lipid assembly and trafficking. As shown in chapter 8 and previous
studies, the Kennedy pathway enzymes play an important role in determining the
fatty acid composition of neutral lipids in Nannochloropsis. Consequently, EPA flux
to TAGs may be improved by increasing the affinity of Kennedy pathway enzymes
for EPA either through protein engineering, or through heterologous expression of
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suitable enzymes. Suitable heterologous enzymes may be found in ω-3 fatty acid-rich
organisms such as deep sea shrimp, which can accumulate up to 89% polyunsaturated
fatty acids in neutral lipids (509). Another strategy to improve the nutritional quality
of Nannochloropsis oils would be to expand the portfolio of dietary relevant ω-3 fatty
acids by engineering strains to produce DHA. The genes involved in DHA synthesis
have been identified and were already used to successfully confer DHA production
upon Arabidopsis and the diatom Phaeodactylum tricornutum (510, 511).

Nannochloropsis as a multipurpose designer feed
Due to genetic engineering, N. oceanica has the potential to outgrow its role as a source
of ω-3 fatty acids, and become a tailored designer feed that produces and accumulates
different functional feed additives (i.e. compounds that e.g. enhance nutrient utilization,
disease resistance or growth performance of animals). Several types of functional
biomolecules are currently being researched for use as aquafeed additives and are
already in use for terrestrial animal husbandry.

9

Palatability enhancers are substances that improve feed conversion ratios, for instance
by breaking down antinutritive structural components of plant-derived feedstuffs.
Examples for these types of enhancers are phytase and carbohydrase enzymes, which
have been recognized for their potential to improve feed utilization in livestock, and
are now commonly incorporated as exogenous feed additives (512). Recently, PerazaEcheverria and co-workers suggested that C. reinhardtii-produced phytase could
replace supplemental phytase in animal feed, if the phytase content in the microalgal
biomass was improved (513). Moreover, phytase expression was recently achieved
for P. tricornutum, and animal studies are underway to evaluate the merit of these
phytase-expressing strains as aquafeed additive (514).
A different class of functional feed additives are immunostimulating agents. In view
of the rapid intensification of animal husbandry, animal welfare is of the utmost importance, not only for public perception, but also for production efficiency and product
quality. High packing densities can compromise animal health and necessitate medicated feed formulations to avoid disease outbreaks and mass mortality (515–518).
However, use of prophylactic “in-feed” antibiotics has accelerated emergence of
drug-resistant pathogens, and it can negatively effect product quality through bioaccumulation. Hence, the injudicious use of antibiotics is now recognized as untenable
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(519). A promising alternative to in-feed antibiotics are feed additives that stimulate
the immunological response of animals upon ingestion by activating natural killer cells,
phagocytic cells, the complement system, and production of antimicrobial enzymes
(520). A broad variety of molecules has been identified to possess immunostimulatory properties, including immunosaccharides (e.g. β-glucan) (521), peptidoglycans
(522), anthelmintics (523) and vitamins C and E (524, 525). While several of these
compounds, including β-glucan and vitamins, are naturally present in N. oceanica,
production of others could improve the microalga’s immunostimulatory properties.
Another attractive substitute for antibiotics are antimicrobial enzymes and peptides.
These biomolecules are part of the natural defense of animals and plants against
pathogens including bacteria, viruses and fungi. Antimicrobials inactivate pathogens by
various mechanisms such as degradation of bacterial cell wall polymers, or membranedepolarization (526, 527) and they are widely applied for disease-prevention and
improved animal performance in livestock and aquaculture industries (517, 527–530).
Li and colleagues have shown that feeding medaka fish with transgenic Nannochloropsis oculata, producing the antimicrobial peptide bovine lactoferricin, protected the
animal against bacterial infection (531). Another class of antimicrobial compounds
are medium chain fatty acids, discussed in chapter 7. Their high antipathogenic activity and their nutritional value make them potent agents for pathogen mitigation and
improved animal performance (369, 532, 533).
Genetically engineered N. oceanica strains that accumulate EPA, DHA, and multiple
functional biomolecules such as phytase, antimicrobials and immunostimulants could
become a next generation of bioactive feed additive that would obviate the need for
in-feed antibiotics and enzyme additives, improve product quality, animal health and
animal performance. Several of the biomolecules discussed here are already used as
feed additives. Some of them are non-peptide metabolites that have to be synthesized
by dedicated enzymes. Others are peptides or proteins, and these are convenient targets
for incorporation into Nannochloropsis designer feed because their production requires
expression of only a single gene. We have shown in chapter 5 that the novel N. oceanica
gene expression system enables accumulation of high levels of recombinant protein in
transgenic strains, which will be immensely useful for this purpose. Accumulation
of bioactive non-peptide molecules can be introduced by expression of appropriate
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biosynthetic enzymes, as demonstrated for medium chain fatty acids in chapter 7.

9

Figure 9.2: Nannochloropsis as a multipurpose chassis. Depending on the desired application, Nannochloropsis can be genetically engineered to accumulate either lipids, proteins or both. High lipidproducing strains could find application in production of oil for food, feed and oleochemical purposes.
For using Nannochloropsis as animal feed, cells can be engineered to produce sufficient lipids with a
desired fatty acid profile, among bioactive proteins, such as phytase and antimicrobial peptides. To
develop a Nannochloropsis-based oral vaccine, cells can be manipulated into producing antigen of
relevant pathogens, alongside adjuvents to improve immunogenicity. Recombinant protein from Nannochloropsis could be relevant for the pharmaceutical sector or as sustainably produced enzymes for
industrial purposes. C: chloroplast; N: nucleus; ER: endoplasmic reticulum; G: golgi apparatus; M:
mitochondrion; V: vacuole; LD: lipid droplet. Created with BioRender.com.

Nannochloropsis as an oral vaccine
The rising population densities, intensification of livestock production, global travel
and changing climate have contributed to an increased risk of catastrophic disease outbreaks, and the need for proper disease control is apparent now more than ever. In this
context, the discovery of vaccines was undoubtedly one of the major biotechnological
breakthroughs. Subunit vaccines, consisting of e.g. partial pathogen proteins, are a
safe alternative to variants consisting of attenuated or inactivated pathogens (534).
Whereas traditional vaccines are administered parenterally, there is a rapidly mount224
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ing interest in orally delivered vaccines, particularly in oral subunit vaccines (535,
536). Oral vaccination has several socio-economic benefits, including reduced need
for trained personnel, lower risk of blood-borne disease transmission, and increased
patient compliance. One of the most important benefits of oral vaccines is their ability
to cause both systemic and mucosal immunity, which is paramount for protection
against enteropathogens.
A challenge for oral subunit vaccination is to find antigen delivery systems that can withstand the low pH and proteases of the gastrointestinal tract en route to the gut-associated
lymphoid tissue, where they are taken up through cytosis by antigen-presenting immune cells. Current antigen delivery systems include attenuated antigen-expressing
bacteria (536), and yeast cell wall shells filled with recombinant antigen and adjuvent
(535). A particularly interesting delivery system are plant cells because their recalcitrant cell walls provide excellent antigen protection compared with other delivery
methods. However, stable antigen production in crop plants has been limited by low
contents, which are typically less than 1% of total soluble protein (537). This is a
major drawback because a high antigen content is critical to ensure immunogenicity of
oral vaccines. Moreover, the usefulness of terrestrial crops for production of biologics
is debatable due to limited containment options (538).
By contrast, containment is of no concern for cultivation of microalgae because
they can be grown in closed systems. Microalgae possess rigid cell walls similar to
plants, which protect from harsh stomach conditions. Chloroplast-based expression of
transgenes in the model microalga C. reinhardtii can yield protein contents above 5%
of total soluble protein (539), which is substantially higher than for typical plant-based
systems. Therefore, microalgae have recently received much attention as a potential
oral subunit vaccine (540, 541). So far, studies have investigated the immunogenicity
of microalgal oral vaccines on fish and shrimp, with promising results (542–546).
Moreover, they may also be interesting for terrestrial animal farming and human
medicine. Microalgal oral vaccines can be produced cheaply, they can be administered
without training and they are readily lyophilized, which can protect the antigen payload
from degradation for over 1.5 years at room temperature (547). Accordingly, they are
a promising alternative to traditional vaccines especially in developing regions with
less access to trained personnel and infrastructure to ensure refrigerated distribution
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chains. Up to know, most research on microalgal oral vaccines has focused on C.
reinhardtii. However, the new gene expression system developed in chapter 5 has
revealed an untapped potential of N. oceanica for production of recombinant protein,
and makes this microalga a viable candidate for production of oral subunit vaccines.
Therefore, future studies could investigate the immunogenicity of antigen-expressing
N. oceanica in the gut of industrially relevant animals and humans, and the ability of
transgenic cells to protect antigen payload from degradation during stomach passage.
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Nannochloropsis as a production platform for pharmaceutical protein
Biologics (i.e pharmaceuticals produced by cells) dominate the list of largest selling
pharmaceutical products, and their market is expanding rapidly (548–550). Protein
biologics are indispensable therapeutics that are necessary for diagnosis, treatment and
prevention of diseases including cancer and infectious diseases. Currently, they are
predominantly produced using microbial fermentors or cell culture systems with mammalian or insect cells, although alternative options include fungi and plants (551–554).
The choice of production system depends mostly on the complexity of the product,
but every system has distinct advantageous and disadvantages (Tab. 9.1). Simple
biosimilars such as insulin can be produced in prokaryotic systems, but most protein
biologics require a dedicated folding machinery or post-translational modifications,
which are only possible in eukaryotic systems. Other disadvantages of prokaryotic
systems include presence of proteases and endotoxins. Mammalian cell culture systems offer high quality product, but they are difficult to scale, and they are time- and
cost-expensive due to complex media and cultivation requirements, slow growth and
low product titers. Moreover, genetic manipulation of mammalian cells is difficult,
which has led to a search for more readily transfectable production systems. While
insect cells fulfill this requirement, they share the high production costs with mammalian cell systems and they produce non-mammalian N-glycosylation patterns, which
is an important quality criterion for the majority of products. More cost-effective
eukaryotic production systems include yeast and filamentous fungi, but these are
limited in product quality for complex proteins due to folding and hypermannosidic
N-glycosylations, which are undesirable in human therapeutics.
Transgenic plants have several advantages compared to other production systems,
including inexpensive cultivation, possibility for scaling-up, and the ability to produce
correctly folded proteins with complex N-glycoslyation patterns that are similar to
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Table 9.1: Rough comparison of advantages (+) and disadvantages (-) of different systems for
production of protein therapeutics.

Genetic accessibility
Growth rate
Resource efficiency
Scalability
Endotoxin or pathogen contamination
Protein folding
N-glycosylation

Bacteria

Fungi

Microalgae

Plants

Insect cells

Mammalian cells

+++
+++
+
+++
----

+++
++
+
+++
+
+
-

++
+
+++
++
+++
++
+

-++
+
+++
++
+

---+++
+

-----+++
+++

those of mammalian cells, although not identical (554, 555). Importantly, plantderived biologics have no risk of contamination with human viruses, which is a
major safety concern and cost factor for animal cell systems (556). However, genetic
manipulation of plants is cumbersome and time-consuming, and product titers are
often low. Furthermore, downstream processing is costly because proteins cannot be
secreted, and biocontainment is difficult due to pollen. Microalgae share the benefits of
transgenic plants for production of biologics, including high resource efficiency, easy
scale-up, complex protein folding, and the potential for plant-like N-glycosylation,
and they have further advantages (555). These include simple biocontainment, higher
growth rates, ability to secrete proteins and rapid genetic engineering. Therefore,
microalgae have gathered increasing interest as potential cell factories for production
of protein therapeutics.
Although microalgae-derived protein biologics are not yet produced on an industrial
scale, they are intensively researched. Several protein therapeutics have been expressed in microalgae, including monoclonal antibodies, growth hormones, cytokines,
and cytotoxins (557–564). C. reinhardtii is by far the most common microalga used
for expression of recombinant protein, and product titers of 0.1-5% per total soluble protein are typically obtained by chloroplastic transgene expression. However,
chloroplastic gene expression results in non-glycosylated proteins. Nuclear transgene
expression produces glycoslyated proteins, but it is inefficient and prone to transcriptional silencing in C. reinhardtii. By contrast, efficient nuclear transgene expression
is possible in other microalgae such as N. oceanica and Phaeodactylum tricornutum
(561). An additional drawback of C. reinhardtii is absence of the GnT I-dependent
N-glycosylation pathway, which is required for mammalian cell-like glycosylation.
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GnT I is present in other microalgae including P. tricornutum and Botryococcus braunii, suggesting that production of high quality N-glycans may be simpler in these
species (565, 566).

9

The potential of Nannochloropsis for production of protein biologics is understudied.
No experimental evidence exists for post-translational modification mechanisms in
this microalga, and no therapeutically relevant proteins have been produced. However,
the favorable characteristics of N. oceanica for large-scale cultivation and the genetic
accessibility make it an interesting candidate for production of protein biologics.
Additionally, we have shown that functional recombinant anti-GFP VH H antibody
can be produced with high efficiency in N. oceanica (chapter 5). Despite this, Nglycosylation patterns and other post-translational modifications are not identical in
microalgae and mammalian cells, which suggests that treatment of animals or humans
with N. oceanica-derived biologics would have adverse effects. Therefore, to allow
production of high quality glycoproteins, especially N-glycosylation patterns of N.
oceanica proteins need to be characterized, and adjusted by glycoengineering, to reflect
N-glycosylation produced by mammalian cells. Glycoengineering (i.e. modifying an
organism’s glycoslyation pathways) entails inactivation of enzymes that introduce nonmammalian type glyco-epitopes and replacement with correct glycosyltransferases for
the desired glycosylation, as well as introduction of biosynthetic pathways that ensure
presence of corresponding nucleotide-activated sugar substrates in the Golgi apparatus.
Although glycoengineering can be demanding, it was already successfully applied
to change N-glycosylation in plants (567–569). In addition to glycoengineering,
future studies will have to identify suitable target peptides for efficient secretion of
recombinant protein in N. oceanica, as this will be essential to reduce downstream
processing costs. Production of complex biologics with mammalian cell-like posttranslational modifications in any microalga would be a milestone achievement. It is
an ambitious goal, and N. oceanica is a promising candidate to realize it, thanks to its
newly expanded genetic toolbox.
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Microalgae hold promise for sustainable production of commodities including food,
feed, and green chemicals. They have attracted scientific and industrial interest as
a rich source of valuable compounds including proteins, lipids, essential fatty acids
and amino acids, vitamins, pigments and sterols. Nannochloropsis oceanica is a
particularly interesting candidate for industrial purposes and an emerging model organism for oleaginous microalgae due to its simple genome architecture, robust and
fast growth, and high lipid content. Although production of bulk commodities from N.
oceanica is not yet economically feasible, strain improvement strategies – together
with technological developments in microalgal cultivation and downstream processing
– could transform this microalga into a cell factory for cost-effective production of
designer food, feed and bioproducts. Strain improvement comprises untargeted, random mutagenesis methods relying on e.g. spontaneous genetic mutations, and targeted
mutagenesis using genetic engineering. To unlock the full biotechnological potential
of an organism we require a comprehensive framework for metabolic engineering and
synthetic biology, which are cornerstones to maximization of yields and productivities.
Because these practices rely on a proper genome annotation, on an in-depth understanding of metabolic fluxes and their regulations, and on a highly developed genetic
manipulation toolset, they are not yet feasible for N. oceanica. Therefore, advancing
our understanding of this microalga’s metabolic network and expanding the toolbox
for genetic engineering are of the utmost importance to establish N. oceanica as a
microalgal commodity production platform.

S

A forward genetic screen is an approach to identify genes that are associated with a
certain phenotype in an organism of interest. Therefore, it can be used to advance
our understanding of regulation of metabolic processes, and to unravel novel gene
functions. Forward genetic screens rely on random mutagenesis, which necessitates a
sophisticated high-throughput screening procedure for the trait of choice. To improve
the available tools for conducting forward genetic screens with N. oceanica, we developed a high-throughput single cell screening for altered cellular neutral lipid content
in chapter 2. For this, fluorescence activated cell sorting (FACS) was employed as
one of the most powerful single cell methodologies that is widely used in microbial
screenings. Because FACS requires a chosen trait to be selectable by fluorescent
properties, a robust and efficient neutral lipid staining procedure for N. oceanica
was devised utilizing the lipophilic fluorophore BODIPY505/515 . We systematically
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optimized solvent concentration, dye concentration and staining duration, to maximize
staining efficiency for microalgal cultures grown in either nutrient-depleted or replete
media. It was found that 6% DMSO, 1.2 μg ml−1 and 15 min staining duration are
ideal for staining neutral lipids in exponentially growing N. oceanica cultures. For
cultures that were stressed by nutrient deprivation, 10% DMSO, 1.2-1.6 μg ml−1 and
36 min duration were required for full staining efficiency, which may be related to the
increased cell wall thickness of nutrient-starved N. oceanica cells. Using BODIPY
concentrations higher than 2 μg ml−1 in conjunction with cell sorting negatively affected cell viability for nutrient-starved N. oceanica cultures, but not for exponentially
growing samples. When using the optimized in vivo lipid staining protocol together
with FACS, cell viabilities greater than 90 and 80% were observed for replete and
nutrient-depleted cultures, respectively. Lastly, we showed that the method allows
quantitative prediction of cellular neutral lipid contents, which was determined through
comparison with results obtained through a reference procedure.

Chapters 3-4 were focused on developing novel tools for genetic manipulation of N.
oceanica using CRISPR-Cas technology. Previous research on CRISPR-Cas genome
editing of Nannochloropsis exclusively relied on Cas9 as endonuclease. Cas12a is an
interesting alternative Cas protein and a significant asset in a CRISPR toolbox due to
several differences and advantages compared with Cas9. Therefore, we established
a CRISPR-Cas12a-based genome editing procedure for N. oceanica using a ribonucleoprotein (RNP) transformation strategy in chapter 3. It was demonstrated that
site-specific integration of an exogenous DNA cassette into the microalgal genome
is relatively inefficient when relying on the homologous recombination machinery
of N. oceanica alone. Subsequently, it was shown that efficiency of faithful cassette
integration is substantially improved by co-transformation of the cassette together with
in vitro-assembled Cas RNPs, to introduce double-strand breaks at the integration site
and trigger homology directed repair. Efficiency strongly depended on the chosen Cas
protein, with Cas12a from Francisella novicida (FnCas12a) being the most efficient
(up to 93%), and Cas12a from Acidaminococcus sp. being the least. Cas12a from
Lachnospiraceae bacterium and Cas9 from Streptococcus pyogenes (SpCas9) showed
good efficiencies and are suitable alternatives to FnCas12a for CRISPR gene editing
in N. oceanica.
263

S

Summary
In chapter 4 we demonstrated that the Cas12a RNP-based CRISPR strategy from
chapter 3 can be used to generate scarless and markerless deletion mutants of N.
oceanica. To this end, a cassette carrying an antibiotic resistance and fluorescent
reporter gene was introduced at the nitrate reductase locus in a first transformation.
A transformant with faithful cassette insertion was selected and co-transformed with
Cas12a RNP, targeting the fluorescence gene, and an editing template designed to
precisely remove the marker cassette. Markerless and scarless mutants were then
obtained by isolating cells that had lost marker fluorescence using FACS. Chapter 4
further shows the development of other CRISPR-related genome editing strategies for
markerless gene editing. The nitrate reductase gene was edited with high efficiency (up
to 95%) by transforming N. oceanica with an episomal plasmid driving simultaneous
expression of an FnCas12a-luciferase fusion protein and a pre-crRNA. We showed that
Cas12a is able to efficiently process pre-crRNA into mature crRNAs in N. oceanica,
and it was demonstrated that this ability can be exploited for multiplexed CRISPR
gene editing, by expressing a CRISPR array from the episomal plasmid. Multiplexing
efficiencies were as high as 37% for inducing double-strand breaks at two target sites
simultaneously, and 14% for three loci. Lastly, chapter 4 shows the development
of a CRISPR interference system for gene silencing in N. oceanica. It was found
that efficient gene silencing was possible by using the previously developed episomal
system when express catalytically inactive versions of SpCas9 and FnCas12a as genetic
fusions with a sequence encoding a human KRAB transcription repressor domain.
Highest repression efficiencies were observed when crRNA sequences were targeting
the beginning of the silenced gene, with up to 85% reduction in transcript levels for
dCas9-KRAB.

S

In addition to strategies for targeted gene knockouts and knockdowns, a sophisticated
genetic manipulation toolbox requires means for gene overexpression. One of the most
important factors for gene expression is the choice of transcriptional promoter as a key
regulator of expression efficiency. A dearth of knowledge about this kind of element
in N. oceanica prompted us to search for novel transcriptional promoters in order to
expand the palette of genetic elements suitable for metabolic engineering in chapter
5. We constructed a “promoter-trapped” random insertional mutant library using a
promoterless GFP cassette, and screened the library for GFP fluorescence emission.
The insertion site in a mutant with particularly strong GFP fluorescence was traced to
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a 25S rRNA gene. It was discovered that transgene expression at the rDNA locus was
rendered possible by transcription through RNA polymerase I (Pol I), in conjunction
with activity of an artificial internal ribosome entry site (IRES), which lifted the
translational block of the uncapped chimeric rRNA-GFP transcript. The artificial
IRES had serendipitously formed upstream of GFP as a fusion of a 25S rRNA domain
with conserved function in ribosomal subunit interaction, and a polypyrimidine tractcontaining splice acceptor element. Through deletion mutation experiments we defined
the minimum genetic elements required for gene expression using RNA polymerase
I and this novel IRES, and it was observed that the nucleolar organizer region of
the genome acts as a safe harbor for gene expression with these elements. Based
on these insights a pipeline for constructing transformant strains with consistent and
exceptionally strong transgene expression was devised. Finally, we demonstrated
the potential of the new gene expression system for high-efficiency production of
recombinant protein in N. oceanica, by constructing strains that expressed an active
VH H antibody at up to 8.5% of total extract protein.

In chapter 6 a forward genetic screen was conducted to identify new genes related to
lipid metabolism in N. oceanica. We implemented an efficient and robust procedure for
genotyping of insertional mutants, employing the type IIS restriction enzyme MmeI.
Next, an insertional mutagenesis library of N. oceanica was constructed and screened
for increased neutral lipid contents using the high-throughput screening methodology
reported in chapter 2. Upon five rounds of cell sorting, several mutants were isolated
and characterized by biochemical and physiological analyses. Using the newly implemented genotyping procedure, the insertion sites in the five most interesting candidates
were traced, and disrupted genes were analyzed in silico. Through this, we identified
a transcription factor (NO06G03670) with similarity to APETALA2-like proteins of
higher plants, which functions as a negative regulator of neutral lipid accumulation in
N. oceanica. This was confirmed by targeted genetic knockout of the corresponding
gene using the episomal gene knockout strategy reported in chapter 4. Moreover, the
transcriptome of NO06G03670 knockout mutants was analyzed, revealing transcriptional upregulation of genes inter alia related to chloroplastic fatty acid biosynthesis
and the Calvin–Benson–Bassham cycle. These insights provide potential targets for
metabolic engineering of high lipid-accumulating Nannochloropsis strains.
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Medium chain fatty acids (MCFAs) are desirable compounds for food and feed, but
they are produced at marginal levels in most microalgae. To improve the potential of
N. oceanica for food and feed applications, we engineered transformant strains with
increased MCFA contents by heterologous expression of an MCFA-biased acyl-CoA
thioesterase from the eudicot Cuphea palustris in chapter 7. Transformants with
strong expression of the chloroplast-targeted thioesterase were constructed using the
novel gene expression system from chapter 5. Furthermore, we constructed transformants that expressed the transgene from a conventional but strong RNA polymeras
II promoter, and we compared the two genetic manipulation strategies. Biochemical
analysis revealed that C. palustris thioesterase activity was higher in transformants
that had been constructed with the Pol I system. The recombinant enzyme effectively
terminated fatty acid biosynthesis at the level of MCFAs, which affected fatty acid
and lipid metabolism. While synthesis of polyunsaturated fatty acids was retained in
transformants, contents of long chain saturated fatty acids and monounsaturated fatty
acids were decreased concomitantly with neutral lipid content. This may be linked to
a modulation of fatty acid metabolic pathways due to possible cytotoxicity of MCFAs.
By evaluating studies reported for other organisms, we proposed strategies to remedy
this side effect in future research.

S

In chapter 8, N. oceanica was genetically engineered to accumulate more neutral
lipids by expression of glycerol-3-phosphate acyltransferase (GPAT), using the gene
expression system from chapter 5. We compared the effects of overexpressing an
endogenous GPAT and a heterologous GPAT derived from the oleaginous microalga
Acutodesmus obliquus. Both enzymes were targeted to the endoplasmic reticulum and
expression of both increased neutral lipid accumulation in transformants by up to 51%.
Compared to the wild type, mutants showed increased lipid contents during exponential
growth phase, but not after exposure to nitrogen-depletion stress, suggesting that GPAT
is rate-limiting for neutral lipid synthesis only under favorable growth conditions. It
was observed that overexpressing the endogenous GPAT results in an altered fatty acid
profile, with substantial increases in polyunsaturated fatty acids especially in neutral
lipids. Growth rates of GPAT -overexpressing transformants were not significantly
lower compared to the wild type, making this enzyme a promising target for genetic
engineering strategies aiming to uncouple lipid accumulation from stress exposure in
oleaginous microalgae.
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Chapter 9 is the general thesis discussion, which evaluated the main findings of
the previous chapters and provides context with recent developments reported in
literature. Key advancements of the genetic manipulation toolbox for Nannochloropsis
were highlighted and suitable targets for additional improvements were suggested.
Moreover, strategies were proposed that could further enhance our understanding of
this microalga’s metabolism, as this will be essential to provide a sound basis for
metabolic modeling and metabolic engineering in future studies. We painted a vision
of N. oceanica as a multifunctional chassis with diverse industrial applications, which
was inspired by this microalga’s innate industrial potential and the recent improvements
in genetic manipulation techniques discussed before. The need for novel sources of
food, feed and feed additives was outlined, and N. oceanica was suggested as source
of designer oils and bioactive compounds, to enhance animal performance through
improved feed palatability, animal health and gut immune functions. We further
delineated the need for cheap and effective novel vaccines and we suggested a role
of N. oceanica as an oral subunit vaccine for humans and animals. Lastly, different
commercial platforms for production of recombinant proteins were compared and it
was argued that glycoengineering might help to unlock the potential of N. oceanica as
a cell factory for production of protein pharmaceuticals.
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