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Abstract

Microbial rhodopsins have been identified in bacteria, archaea, viruses, and
eukaryotic phytoplankton, but their in-vivo function in the latter group has largely
remained elusive. The discovery of two variants (FR1/FR2) of xanthorhodopsin in
2008, as part of the Fragilariopsis cylindrus genome project, initiated focused
research to explore the role of these proton-pumping and retinal-binding membrane
proteins in key oceanic primary producers. This thesis is one such project, aimed at
uncovering how microbial rhodopsins in the polar diatom Fragilariopsis cylindrus
contribute to the success of these primary producers, particularly in polar regions like

the Southern Ocean.

Using a combination of bioinformatics, molecular biology, and physiological
experiments, this thesis reveals how rhodopsins in F. cylindrus enhance diatom
growth, especially in the iron-limited Southern Ocean, a high-nutrient, low-
chlorophyll (HNLC) region. The findings indicate that the xanthorhodopsin variant
FR1 acts as a light-driven proton pump with significant activity in cold, iron-limited
environments, typical of the Southern Ocean. This suggests that microbial rhodopsins
provide an additional energy acquisition pathway, supplementing photosynthesis

when iron is scarce.

Furthermore, a genetically modified Thalassiosira pseudonana strain expressing FR1
exhibited enhanced growth and photosynthetic efficiency under iron-limited
conditions, highlighting the adaptive advantage provided by these microbial
rhodopsins. The expression of FR1 in the heterotrophic diatom Nitzschia putrida
further demonstrated that, even in the absence of photosynthetic electron transport,
FR1 can function as an alternative “photosystem,” allowing heterotrophic organisms
to harness light for proton generation, supporting ATP synthesis or aiding in nutrient

acquisition for growth.
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Preface

This statement confirms that the work contained in this thesis was conceived, planned,
conducted, interpreted, and written by Longji Deng. Apart from the experiments
mentioned below, all the results were completed and analysed by Longj Deng,
including the lab work and bioinformatic analysis. Prof. Thomas Mock, my primary
supervisor, was involved throughout all stages of this PhD, including reviewing the
five chapters contained within this thesis. Involvement of other members of the Mock

lab and collaborators is outlined below.

Chapter 2 lays the foundation by investigating the structural and functional
characteristics of two rhodopsin variants, FR1 and FR2, identified in the polar diatom
Fragilariopsis cylindrus. Some of the data presented in this chapter were contributed
by my co-authors on articles where | am the second author, including physiological
characterisation responses of diatom rhodopsin FR1 and FR2 were provided by Jan
Strauss during his job at German Maritime Centre and Shiqiang Gao from the
Department of Neurophysiology, Institute of Physiology, University of Wiirzburg; The
RT-qPCR results and part of the fluorescence microscope images were provided by

Jan Strauss during his PhD in Thomas Mock’s lab.

Chapter 3 details the builds on this foundation by examining the phenotypic effects of
rhodopsin expression in the model diatom Thalassiosira pseudonana. Plasmids used
in setting up the transformation were provided by Jan Strauss. Rapid light curve
experiments data were collected with the help of Sayanya Acharya when she was a
Master student working in Thomas Mock’s lab guided by me. Cell slicing and
immunogold labelling were carried out with the help of Prof. Junrong Liang and her

PhD student Lu Huang from Xiamen University.
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Chapter 4 starts with setting up a transformation protocol for heterotrophic diatoms
Nitzschia putrida and then expands the scope of rhodopsin research to help the
heterotrophic diatom N. putrida to regain the ability to use light by rhodopsin. Ryoma
Kamikawa and his students Yasuhiro Tanizawa and Yasukazu Nakamura contributed
to providing the highest gene expression data. Amanda Hopes, during her post-doc in
Thomas Mock’s lab, gave advice on Golden-Gate cloning. She also provides the
plasmids containing domesticated eGFP and nourseothricin resistance gene. Golden-
gate vector backbones were provided by Vladimir Nekrasov and Oleg Raitskin from
the repository at the Sainsbury Laboratory. Cell slicing and immunogold labelling
were carried out with the help of Prof. Junrong Liang and her PhD student Lu Huang
from Xiamen University. Lulu Wang, Yixuan Li, and Shunan Fu, PhD students in

Thomas Mock’s lab, helped cultivate the algae.
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Chapter 1

Introduction

Introduction to marine photosynthesis and iron limitation
Phytoplankton and marine primary production

The evolutionary history of photosynthetic organisms traces back to approximately
3.8 billion years ago. It was around 200 million years ago that these organisms began
to significantly shape the structure of marine ecosystems (Cardona, 2018; Hull, 2017).
The oceans, covering more than 70% of the Earth’s surface, are not only the cradle of
life but also contribute nearly as much to global primary productivity as terrestrial
environments (Field et al., 1998). This significant contribution is largely due to
phytoplankton, the principal primary producers in the euphotic zone where sunlight

penetrates the ocean.

These tiny organisms, despite constituting only about 1% of total global plant
biomass, contribute to over 40% of the world’s total primary productivity (Falkowski,
1994; Field et al., 1998). This disproportionate impact highlights their crucial role in
marine ecosystems and global biogeochemical cycles. They convert inorganic
materials into organic matter through photosynthesis, driving the flow of energy
through the marine food web and influencing the health of the entire planet (Basu &

Mackey, 2018).

In the global carbon cycle, phytoplankton function as biological carbon pumps. They
transform atmospheric COz into particulate organic carbon, which can be sequestered
deep in the ocean when these organisms die and their remains sink to the seafloor
(Claustre et al., 2021). A significant portion of this exported carbon is facilitated by
diatoms as their silicate shell makes them sink faster. Faster sinking reduces the time

POC spends in the upper ocean where decomposition occurs, significantly increasing
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the amount of carbon transported to, and sequestered in, the deep ocean. (Basu &
Mackey, 2018; Claustre et al., 2021). This process is critical for regulating the Earth’s
climate, as it temporarily removes CO> from the atmosphere and helps mitigate the

impacts of climate change (Hofmann & Schellnhuber, 2009).

The productivity of phytoplankton not only supports the vast array of marine life but
also plays a pivotal role in global food security. Regions with higher primary
productivity, driven by phytoplankton, often support larger fisheries, which are crucial
for feeding the global population (Bunt, 1973). Therefore, understanding the
dynamics of phytoplankton productivity is essential for managing marine resources

and developing sustainable strategies to cope with environmental changes.

Given their central role in ecological and climate frameworks, studying phytoplankton
is crucial for advancing our understanding of marine biology and addressing broader
environmental challenges. This makes research into specific adaptations and
functions, such as how rhodopsin influences phytoplankton’s response to
environmental variables like light and nutrient availability, particularly relevant. Such
studies not only enhance our understanding of ecological and evolutionary processes

but also have implications for biotechnology and climate change mitigation.

Sources and ecological effects of iron in the ocean

Sources and forms of iron in the ocean
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The biogeochemical cycling of iron in marine ecosystems exhibits pronounced spatial
and temporal heterogeneity, primarily dictated by a multitude of abiotic and biotic
factors. As depicted in Figure 1.1, in the euphotic zone—where solar irradiance
facilitates photosynthetic activities—iron predominantly originates from terrestrial
runoff, atmospheric deposition both dry and wet, upwelled deep oceanic waters,
hydrothermal vent emissions, anthropogenic inputs, and the thawing of polar glaciers

(Hutchins & Boyd, 2016; Tagliabue et al., 2017).

Southern Fe limitation N/P limitation _ North
Ocean " Atlantic
Co, N, CO,
Sea-ice
glaciers

Phytoplankton Zooplankton and bacteria
-  FeAN - —=f, e

Dust and
Particulate g organic flux

organic flux \ /
Scavenging set by a variable

ligand concentration

Transport

Upwelling

Figure 1.1 The integral role of iron in ocean biogeochemistry a present model (Tagliabue et al.,

2017).
The pivotal role of iron cannot be overstated in the ocean; it acts as a crucial limiting
micronutrient for phytoplankton, whose capacity for primary production is often
limited by the availability of this trace element. Rapid assimilation of iron by
phytoplankton, coupled with its adsorption onto biogenic particles, precipitates a
marked depletion of iron in the euphotic zone, constraining biomass productivity
(Bruland et al., 1994). Beyond this sunlit zone, iron concentrations increase towards
the mesopelagic and bathypelagic layers. This gradient is established as iron-
containing particulates undergo remineralisation, releasing iron back into the water

during their descent through the water column (Bressac et al., 2019).

In littoral zones, fluvial systems dominate iron transport, with riverine discharge
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acting as a substantial vector for iron transport to marine basins (Klunder et al., 2012;
Wetz et al., 2006). Contrarily, in pelagic realms far from terrestrial influence, aeolian
processes predominate, with dust from arid regions serving as a significant source of
iron, further augmented by anthropogenic emissions which can modify the natural

iron inputs (Mahowald et al., 2005).

Iron in marine environments exists in various forms, including dissolved inorganic
states, dissolved organic complexes, colloidal materials, and mineral particles
(Kappler et al., 2021). Predominantly, dissolved Fe(Ill) exists as organic complexes,
accounting for 99.9% of dissolved iron in seawater (Rue & Bruland, 1995). Common
organic carriers of iron include siderophores, ferroporphyrins, extracellular
polysaccharides (EPS), and humic substances (Albelda-Berenguer et al., 2019; Feng
et al., 2019; Hunter et al., 2011; Yamashita et al., 2020). Among them, siderophores
are particularly noteworthy. They are high-affinity, specific biological chelators with
small molecular weights and thermodynamic stability constants ranging from 10% to
10°° M1, demonstrating exceptional chelating strength (Kraemer, 2004). In iron-
deficient environments, genes related to siderophores in bacteria and fungi are highly
expressed, leading to the secretion of siderophores that enhance the affinity for
environmental iron (Winkelmann, 1992) (Winkelmann, 1992; (Boukhalfa &
Crumbliss, 2002). These siderophores are taken up by cells via efficient transport
systems, and iron is subsequently released at specific locations and times to satisfy

cellular iron requirements (Boukhalfa & Crumbliss, 2002; Winkelmann, 1992).

Marine siderophores are primarily synthesised by various marine bacteria (Hider &
Kong, 2010), and although their production is species-specific, bacteria do not
selectively absorb siderophores from different sources (Stintzi et al., 2000). At
present, more than 200 marine siderophores have been isolated and identified from the
marine environment, mainly divided into hydroxamates, catecholates, and

carboxylates, essential for iron chelation (Kramer et al., 2020; Zhang et al., 2022).
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Another major organic complex is porphyrin, which includes chlorophyll and its
degradation products, such as ferroheme and vitamin B12, a potential iron ligand
(Gledhill & Buck, 2012). Recent studies have also revealed that humic substances and
extracellular polysaccharides participate in iron chelation, with stability constants

similar to those of natural organic ligands (Gledhill & Buck, 2012).

Ecological effects of iron

Iron is an essential element for nearly all organisms, playing a critical role in various
cellular processes and maintaining normal cellular functions (Gledhill & Buck, 2012).
In marine environments, iron is a major factor influencing plankton population
dynamics and driving global biogeochemical cycles and climate change (Figure 1.2)
(Hutchins & Boyd, 2016; Jiang et al., 2024; Martin et al., 1994). Recent studies
highlight iron's significant role in mitigating the greenhouse effect and promoting the

carbon cycle, effectively contributing to the Earth's cooling (Martin, 1990).

Approximately 3 billion years ago, photosynthetic oxygen-producing organisms
emerged on Earth. The oxygen released by photosynthesis increases both atmospheric

oxygen and dissolved oxygen in seawater. This rise in oxygen levels facilitated the
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Figure 1.2 Global change and the interactive effects of Fe on Southern Ocean diatoms and
subtropical N2-fixing Trichodesmium (Hutchins & Boyd, 2016). a) Schematic of warming,
increased irradiance, acidification, deoxygenation, reduced nutrient supply (NOs", Si, PO+"), and
aeolian Fe inputs affecting diatom and Trichodesmium physiology. Arrows denote positive (+) or
negative (—) impacts on growth and Fe demand from nutrient imbalances (Fe:Si, Fe:P). b)
Diatom response to warming and Fe. c¢) Diazotroph adaptation to Fe/P supply.

conversion of the unstable Fe?" ion to the more stable Fe3+ ion in seawater (Anbar &
Knoll, 2002). Unlike Fe**, Fe** has extremely low solubility, forming insoluble iron

oxides that settle on the seafloor. This process significantly reduced the concentration

of soluble iron in seawater(Anbar & Knoll, 2002).

As biological evolution progressed, photosynthetic organisms' demand for iron grew.

However, the concentration of dissolved iron in the ocean ranges from 0.02 to 1.0 nM,
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barely sufficient to meet the minimum iron requirements of phytoplankton, which is
typically around 0.3 nM (Moore & Braucher, 2008; Rijkenberg et al., 2014; Wells et
al., 1995). This concentration is below the iron needed to sustain maximum growth
rates, usually around 1.0 nM (Sunda & Huntsman, 1997; Wells et al., 1995) (Wells et
al., 1995; Huntsman and Sunda, 1997). Thus, increasing the concentration of iron ions

in the ocean is crucial for the growth and reproduction of phytoplankton.

Approximately 30% of the surface ocean, known as high nutrient low chlorophyll
(HNLC) regions, have abundant nutrients but low biomass (Moore et al., 2013). The
persistence of these nutrients despite favourable light conditions remained a
significant puzzle until Martin and Fitzwater (1988) discovered very low dissolved
iron concentrations in HNLC waters. They proposed that iron deficiency limits
phytoplankton growth in these regions through limiting the uptake of macronutrients
such as nitrate and silicate (Martin & Fitzwater, 1988; Martin et al., 1989).
Subsequent experiments confirmed that adding iron to seawater from HNLC regions
stimulates nitrate consumption and therefore significantly increases phytoplankton

growth and biomass accumulation (Martin & Fitzwater, 1988).

There are three main HNLC regions in the oceans (Figure 1.3b): the Southern Ocean,
parts of the equatorial Pacific, and parts of the subarctic Pacific (Boyd et al., 2007; de
Baar et al., 2005), where low iron availability constrains diatom blooms despite
abundant macronutrients. This iron limitation extends beyond HNLC zones:
phytoplankton in tropical/subtropical upwelling regions also experience periodic iron
scarcity (Firme et al., 2003; Hutchins & Bruland, 1998). Crucially, when iron is
supplied (e.g., via natural deposition or experiments), diatoms rapidly bloom—
demonstrating their physiological potential is unlocked by iron repletion (Boyd et al.,
2007; Martin et al., 1994). Collectively, these dynamics explain why iron limits 30-

40% of global phytoplankton primary productivity (Moore et al., 2001).

The "Iron Hypothesis" mentioned by Martin has greatly advanced the study of iron
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and phytoplankton physiological ecology (Martin, 1990). Given the abundance of iron
on land and the relatively small amount required by marine phytoplankton, scientists
have proposed the "iron fertilisation" strategy in the oceans, bringing broader
attention to the impact of iron limitation. This involves artificially adding iron to
HNLC regions to promote phytoplankton growth, consume atmospheric carbon
dioxide, mitigate the greenhouse effect, and cool the Earth. Several large-scale in-situ
iron fertilisation experiments in HNLC regions have successfully induced diatom-
dominated phytoplankton blooms (Buesseler et al., 2005; Lemaitre et al., 2016;
Smetacek et al., 2012). These blooms are accompanied by decreased surface seawater
CO2 concentrations and increased deposition of particulate organic carbon into the
deep sea (Buesseler et al., 2005; Lemaitre et al., 2016; Smetacek et al., 2012). During
these processes, diatoms have demonstrated strong adaptability to both iron limitation
and iron input. Investigating the complex physiological mechanisms behind this
adaptability has become a prominent research topic in phytoplankton physiological
ecology. Enhanced comprehension of these processes is essential for elucidating the
past, present, and future states of marine ecosystems. Particularly, it allows for a
refined understanding of how climatic variability and anthropogenic influences might

shift the paradigms of iron availability and, thus, the global carbon cycle.
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Introduction of diatom
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Figure 1.3 a) Global distribution of surface ocean diatom biomass (log scale, mmol C m™)

during (a) April-June and (b) October-December 2000 (Falciatore et al., 2019). Simulated
using the MIT Darwin Model. (b) Map of High Nutrient—-Low Chlorophyll (HNLC) regions
around the world. Measurement in map is of nitrate, with the scale as a gradient of colour

pictured on the bottom (Mock & Thomas, 2008)
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Diatoms are a diverse class of photosynthetic, autotrophic single-celled algae that are
extensively distributed across a variety of habitats, ranging from oceans, lakes, and
rivers to moist soils (Petersen, 1928) and subterranean environments (Falasco et al.,
2014; Falciatore et al., 2019) In the global oceans, they dominate phytoplankton
communities across diverse biogeochemical provinces, with their highest
concentrations occurring in nutrient-rich high-latitude and upwelling regions
(Marafion et al., 2013) (Figure 1.3). They represent the most diverse phytoplankton
class in the contemporary ocean, with an estimated 100,000 species globally (Malviya

et al., 2016; Mann & Vanormelingen, 2013).

The origin of diatoms could be traced back to a significant symbiotic event
approximately 1.5 billion years ago, when a heterotrophic eukaryotic cell captured the

green alga and red alga (Figure 1.4), an event that profoundly shaped their
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Figure 1.4 Diagram of diatom evolution through primary and secondary endosymbiosis

(Falciatore et al., 2019).

evolutionary trajectory (Falciatore et al., 2019; Falkowski et al., 2004). This
endosymbiotic relationship gave rise to the complex plastids that are a hallmark of
diatoms today, eventually diversifying into an extensive array of forms now
categorized into two primary morphological classes: the centric diatoms
(Coscinodiscophyceae), the pennate without raphe (Fragilariophyceae), and pennate

with a raphe (Bacillariophyceae) (Fu et al., 2022). Approximately 100 million years



31

ago, diatoms quickly rose to prominence in marine environments due to their unique
evolutionary status and distinctive adaptation mechanisms (Armbrust, 2009).
Throughout their evolutionary history, diatoms have continuously adapted to new
ecological niches, making them one of the most successful phytoplankton in the
ocean. Their ability to efficiently harness solar energy for photosynthesis, coupled
with their specialised siliceous cell walls and nutrient uptake strategies have enabled
them to thrive in diverse marine settings and dominate the phytoplankton community

(Behrenfeld et al., 2021; Litchman et al., 2007).

Diatoms primarily reproduce asexually, dividing into two cells where the original
silicified cell walls split to form one larger and one smaller daughter cell (Figure
1.5a). After several cycles of such divisions, the size of the daughter cells becomes
significantly smaller than the original parent cell. At this point, diatoms switch to
sexual reproduction to restore the size of the original mother cell (Figure 1.5b)

(Poulickova et al., 2019). In environments with limited resources, diatoms can enter a
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Figure 1.5 Images demonstrate the (a) asexual reproduction and (b) sexual reproduction of
diatom Corethron criophilum from Southern Ocean (Vernet, 2009). Images were taken by an

optical microscope.
dormant state, forming resting spores or cells that can survive even thousands of years
of adverse conditions (Sanyal et al., 2022; Sugie & Kuma, 2008; Wang et al., 2024).

When environmental conditions become favourable again, these dormant spores or
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cells can germinate, reverting to active vegetative cells (Davis & Hildebrand, 2008).
This adaptive strategy allows diatoms to efficiently manage their life cycles in
response to fluctuating environmental conditions, ensuring their survival and

continued success in diverse habitats.

Diatoms exhibit a remarkable size range, spanning almost nine orders of magnitude,
from a few micrometres to several millimetres in cell diameter (Litchman et al.,
2009). Most diatoms are planktonic, floating freely in the water column, while others
are benthic, adhering to various substrates (Fu et al., 2022). As one of the most
abundant and ecologically significant groups in marine environments, diatoms play a
crucial role in the global carbon cycle. They convert inorganic carbon into organic
carbon through photosynthesis, a process powered by solar energy. (Sethi et al.,
2020). Diatoms are responsible for more than 20% of the global primary productivity
and up to 40% of the marine primary productivity, significantly influencing the
biogeochemical dynamics of the world's oceans (Granum et al., 2005; Roberts et al.,
2007). They contribute approximately half of the organic carbon to the oceanic carbon
pool, an essential process for the regulation of atmospheric CO2 and global climate

(Jin et al., 2006; Smetacek, 1999).

Furthermore, diatoms are central to the production of biogenic silica, utilising silicic

acid from their environment to construct their characteristic siliceous cell walls. This
not only provides them with structural integrity but also facilitates their role in the
silica cycle, which is crucial for maintaining marine ecosystem function (Yool &
Tyrrell, 2003). Critically, their dense silicate shells enhance carbon export efficiency
via the ballast effect — accelerating particle sinking rates and reducing organic carbon
remineralization in surface waters (Armstrong et al., 2001; Tréguer et al., 2018).
Diatoms also participate actively in the broader geochemical cycles of phosphorus,
and nitrogen (Paytan & McLaughlin, 2007; Zehr & Ward, 2002) . The ecological

importance of diatoms extends beyond all these geochemical cycling as they are a
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fundamental component of the marine food web, serving as a primary food source for
marine zooplankton and forming a significant part of the diet for many fish and
shellfish species (Russo et al., 2018). Considering that diatom cells are rich in fatty
acids, proteins, amino acids, and various bioactive substances (Li et al., 2014),
making them valuable as aquaculture feed, pharmaceutical resources, and bioenergy
materials (Bhattacharjya et al., 2024; Savio et al., 2020; Sharma et al., 2021). Thus,
diatoms hold significant fisheries and economic value and play a pivotal role in the
biogeochemical cycling of elements and energy transfer globally, which is essential in

mitigating climate change (Fu et al., 2022) .

Overall, by understanding the broad ecological roles and evolutionary history of
diatoms, we can better appreciate their significance in marine ecosystems and their
potential applications in addressing environmental and economic challenges. This
expanded understanding also sets the stage for exploring specific physiological and
biochemical mechanisms within diatoms, which may hold the key to unlocking new

technologies and strategies for environmental sustainability.

Photosynthetic processes

Photosynthesis stands as one of the most crucial biochemical processes on Earth,
fundamentally defined as the light-driven synthesis of ATP and reducing power
(NADPH) required for carbon fixation. This process transforms solar energy into

chemical energy, thus fuelling a vast array of life forms.

This process, primarily oxygenic in nature, harnesses solar energy to synthesise
glucose and oxygen, indispensable for marine and terrestrial ecosystems. By using
water as an electron donor, photosynthesis not only sustains individual organisms but

also supports complex ecological networks (Fleming & Grondelle, 1994).

In contrast, photoheterotrophy describes a metabolic strategy where organisms use

light to generate ATP but cannot fix CO-, instead requiring organic carbon sources for
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biosynthesis (Béja et al., 2000).

The initiation of light reactions occurs when photons are harvested by the
photosynthetic apparatus within the thylakoid membranes of chloroplasts. Specialised
molecules such as chlorophylls and accessory pigments like carotenes and phycobilins
absorb the photons (Simkin et al., 2022). The absorbed energy is then transferred to
reaction centres containing P680 and P700 chlorophyll molecules. This excitation
triggers a cascade of electron transfers crucial for subsequent biochemical reactions.
The organisation of these reactions into photosystem I (PSI) and photosystem II
(PSII), exemplifies the Z-scheme, which efficiently converts light energy into
chemical energy stored as adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH) (Johnson, 2016) (Figure 1.6). In PSII, photon
energy excites P680, which oxidises water into oxygen, protons, and electrons.
Plastoquinone (PQ) and the cytochrome b6/f complex (Cyt) transfer these electrons to
plastocyanin (PC), the direct electron donor to PSI. PQ also transfers protons from the

stromal side of the thylakoid to the lumen (Arnon, 1971; Zehr & Kudela, 2009).
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In PSI, P700 is excited either by resonance energy transfer through photosynthetic
antenna pigments or direct photon energy. P700 then draws electrons from
plastocyanin and passes them to ferredoxin, a strong reductant that reduces NADP+ to
NADPH on the stromal side of the thylakoid(Brettel, 1997). The breakdown of water

and proton transport by PQ creates a higher proton concentration in the thylakoid
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Figure 1.6 The process of photosynthesis and PMF production. (Armbruster et al., 2017)

lumen than in the stroma, inducing a proton motive force (PMF) (Armbruster et al.,
2017). This PMF drives protons through ATP synthase to synthesize ATP outside the

thylakoid membrane as part of cellular respiration (Figure 1.6).

In summary, photosynthesis provides essential energy (ATP) and reductants (NADPH)
for autotrophic carbon fixation. Cellular respiration subsequently utilises these
products to maintain metabolic functions. Photoheterotrophs supplement this process
by using light-derived ATP to metabolise organic carbon. Limitations in

photosynthesis directly constrain primary production and ecosystem function.
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The use of iron by diatoms

Diatoms are significantly affected by iron availability in the ocean. Large-scale in-situ
iron fertilisation experiments in High Nutrient, Low Chlorophyll (HNLC) regions
have demonstrated that introducing iron can rapidly induce phytoplankton blooms
with a shift in the phytoplankton community composition from cyanobacteria and
dinoflagellates to diatoms (Martin & Fitzwater, 1988; Martin et al., 1989). This shift
suggests that diatoms possess unique physiological mechanisms allowing them to
efficiently utilise environmental iron, a trait they have developed through long-term
evolution adaptation to low-iron conditions. Consequently, the relationship between

diatoms and iron has become a prominent research focus in phytoplankton evolution.

Iron is an essential metal element for most organisms due to its property to oxidise
and reduce easily. In various metalloproteins, iron exists as heme or iron-sulfur
clusters and participates in numerous metabolic pathways (Galaris et al., 2019). It is
the most abundant metal element in the photosynthetic system, particularly crucial for
oxygen-producing photosynthetic organisms: there are twelve and three iron
complexes or proteins in the two photosynthetic reaction centres PSI and PSI|,
respectively (Figure 1.7) (Raven, 1990). Meanwhile, the cytochrome (Cyt) b6f
complex contains five iron ions and the chloroplast electron transport chain protein,

ferredoxin, contains two iron ions (Raven, 1990).

Therefore, under the iron limitation, the photosynthetic system of phytoplankton is the
first to be influenced, shown by reduced synthesis of photosynthetic pigments and
pigment-binding proteins, decreased chlorophyll content, damage to photosystem
reaction centres, and reduced photosynthetic electron transport efficiency (Behrenfeld
& Milligan, 2013). Consequently, the limitation of the light reaction caused by iron
limitation will further restrict the carbon fixation process. Compared to iron-sufficient

cells, the carbon fixation rate of iron-limited diatom cells can decrease by 14-fold
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(Allen et al., 2008).

Besides, iron also plays a key role in nutrient metabolism (Figure 1.8). As for nitrogen
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Figure 1.7 Diatom Thylakoid membrane architecture, iron requirements, and primary
electron/proton transport pathways in photosynthesis (Behrenfeld & Milligan, 2013).
assimilation, nitrate reductase (NR) and nitrite reductase (NiR) are required to
assimilate the nitrate and nitrite into ammonium in diatom and phytoplankton, which
contain one iron atom and 5-6 iron atoms, respectively (Milligan & Harrison, 2000;
Raven, 1990). Under iron deficiency, the enzyme activity of NiR in diatoms can
decrease by as much as 50 times, severely inhibiting the assimilation of NO2
(Milligan & Harrison, 2000). Under iron-limited conditions, cells grow faster with
NO;3™ than NH4", contrary to theoretical calculations that cell NO3™ should require
more iron than those on NHs" (Raven, 1988). This difference may arise from iron
limitation severely influencing photosynthesis, resulting in insufficient energy for
growth and masking nitrogen source differences caused by nitrogen sources
(Maldonado & Price, 1996; Price et al., 1991). This suggests that the photosystem is

the most severely impacted component under iron-limited conditions, even though
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nitrogen assimilation is also affected, leading to the influences on cell growth.

Additionally, iron plays a critical role in the nitrogen fixation process, essential for
converting atmospheric nitrogen into biologically available ammonium. The enzyme
nitrogenase complex, which catalyses this conversion, is the most iron-rich enzyme
(Whittaker et al., 2011). It comprises two iron-containing proteins, each having a 4Fe-
4S cluster and a larger dimeric MoFe protein that contains 30 iron atoms, bringing the
total to 38 iron atoms in each complex (Whittaker et al., 2011). Nitrogen fixation is
also energy intensive, requiring substantial amounts of ATP and NADPH (Kustka et
al., 2003). These energy molecules are largely provided by photosynthesis, which is

heavily dependent on iron, thus linking the demand for iron in photosynthesis and
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39

nitrogen fixation. Thus, in many marine environments, even if iron availability does
not directly limit the growth rate of nitrogen-fixing organisms, it can still influence
the overall nitrogen fixation rate. This reduces the supply of newly fixed nitrogen
(primarily bioavailable ammonium, NH4"), ultimately limiting the availability of
inorganic nitrogen substrates (nitrate, NOs~ and ammonium, NHa") for phytoplankton

communities (Capone et al., 2005; Moore et al., 2009; Zehr & Ward, 2002).

Iron also has a close relationship with silicon metabolisms in diatom cells. Research
by Mock et al. (2008) shows that a quarter of the genes upregulated in Thalassiosira
pseudonana under silicon limitation are also induced by iron limitation, suggesting
co-regulation of these nutrient pathways. Critically, under iron-deficient conditions,
diatoms exhibit significant shifts in elemental stoichiometry, characterized by
decreased cellular iron quotas and increased silicon assimilation efficiency. This
results in a higher Si : Fe ratio (2000:1) in Fe-limited zones where the ratio is only
about 200:1 in replete conditions, and enhanced biogenic silica production per cell
(Pichevin et al., 2014). Field and laboratory experiments confirm that iron limitation
reduces diatom growth rates but simultaneously upregulates silicification genes,
leading to morphological variations and higher Si : C and Si : N ratios (Meyerink et
al., 2017). Although definitive evidence of a relationship between genes involved in
iron and silicon metabolism is still lacking, the complexity of their interaction

suggests a positive correlation between these pathways (Mock et al., 2008).

Iron is critical for properly functioning mitochondrial respiration through its role in
key components such as alternative oxidase (AOX). It helps maintain redox balance,
supports photosynthetic activity, and mitigates oxidative stress (Murik et al., 2019).
Iron limitation leads to increased reactive oxygen species (ROS) and reduced
efficiency in photosynthetic and respiratory processes, it also reduces the expression
of genes associated with mitochondrial respiration, thereby inhibiting the activity of

the respiratory electron transport chain in diatom P. tricornutum (Allen et al., 2008;
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Murik et al., 2019). These results demonstrate the interconnectedness of iron
availability, mitochondrial function, and overall cellular health in diatoms.
Additionally, in cells, iron is involved in several other important processes, including
the synthesis of vitamins and fatty acids. These roles indicate that iron plays a crucial

role in maintaining cellular health and functionality (Wolfe-Simon et al., 2005).

Overall, iron, as an essential element, is involved in many physiological processes,
such as photosynthesis, respiration, nitrogen assimilation, nitrogen fixation, and
silicon metabolisms, making it an important metal element for diatoms. As the main
phytoplankton widely distributed in HNLC regions, diatoms have unique adaptation

mechanisms to low-iron environments.

Diatoms often adapt to low light and various nutrient limitations by reducing their cell
size (Sunda & Huntsman, 1997). A reduction in cell volume is particularly
advantageous for cells living in a low Fe environment because it not only reduces
sinking rates but also reduces cellular requirements for N, C, and Fe (Muggli et al.,
1996). Smaller cells possess a higher surface-area-to-volume ratio, which maximises
the exchange rate on the membrane. In iron-deficient regions, species with smaller
cell volumes often dominate(Sunda & Huntsman, 1997). Research has shown that the
cell volume of some microalgae can decrease by 20-46% under such conditions
(Muggli et al., 1996). These findings suggest that smaller cells have a competitive
advantage in securing iron (Marchetti & Harrison, 2007; Sunda & Huntsman, 1997).
However, the structure of cell walls in some cells may limit this change, allowing a
small number of larger cells to persist in iron-limited regions over the long term.
Interestingly, certain diatoms, such as Proboscia inermis and Eucampia antarctica,
respond to iron limitation by increasing their size rather than becoming more heavily
silicified (Meyerink et al., 2017). This adaptation strategy may be related to factors
like nutrient storage and robust periodic vertical migration capabilities, indicating that

large cell volumes can also adapt to environments with low iron availability
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(Smetacek et al., 2004).

Another strategy that diatoms have developed is adjusting the relative content of
photosystem complexes. Under iron limitation, diatom tends to downregulate the PSI
concentration (Strzepek et al., 2019). The oceanic diatoms have five times lower
photosystem I and up to seven times lower Cyt b6f complex concentrations than
coastal diatoms, such as Thalassiosira oceanica, a diatom that thrives in long-term
iron-limited region, has evolved to maintain its PSII:PSI ratio at around 10:1 while
also reducing the concentration of the Cyt b6f complex (Figure 1.9) (Strzepek &
Harrison, 2004). This adjustment allows 7. oceanica to significantly reduce its iron
requirement while maintaining an efficient photosynthetic rate, making 7. oceanica
grow better than coastal diatoms under iron-deficient conditions. Besides, researchers

compared the transcriptomes and proteomes of Pseudo-nitzschia granii and
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Fragilariopsis cylindrus from the Southern Ocean (Cohen, Gong, et al., 2018). Their
findings revealed similar phenomena, indicating that diatoms inhabiting long-term

iron-limited environments adapt by restructuring their photosystems.

Another important mechanism of diatoms respond to iron limitation is replacing iron-
rich essential proteins with functional similar proteins that do not require iron as a
cofactor or substituting iron-containing proteins with others that incorporate more
readily available redox-active trace metals (Gao et al., 2021). Such as iron-free
flavodoxin (FLDA), which replaces iron-rich ferredoxin (PETF) for a similar function
in the chloroplast electron transport chain (Sétif, 2001). Another effective substitution
strategy diatoms under iron limitation use is replacing iron-rich Cyt c6 protein with
copper-containing protein plastocyanin (PETE). Plastocyanin and cytochrome c6
perform similar roles in electron transport within the chloroplast, facilitating the
transfer of electrons between the Cyt b6/ and PSI. However, plastocyanin uses copper
as its central metal cofactor instead of iron to reduce the iron demand (Peers & Price,

2006).

Diatoms' ability to dominate in HNLC regions is also supported by their effective
mechanisms for iron storage and regulation of intracellular iron concentrations.
Currently, two methods of iron storage have been discovered in diatoms: storing iron
in a mineralised form within ferritin (FTN) and storing it in vacuoles (Theil, 1987).
The FTN can store up to 4,500 insoluble oxidised iron to release Fe** when the cell
needs it (Liu & Theil, 2005). Marine diatoms living in long-term iron-deficient
conditions will upregulate ferritin expression in iron-rich environments to increase
iron storage. Once iron deficiency occurs, diatoms use the iron stored in ferritin to
sustain cell growth and reproduction (Cohen, Mann, et al., 2018; Marchetti et al.,
2009). Additionally, the function of ferritin in diatoms is not only to store long-term
iron but also to play a crucial role in rapidly buffering intracellular free iron. This

capability is vital for photosynthetic organisms, as it helps to prevent the potential
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toxicity of free iron while ensuring an immediate supply of iron for essential
metabolic processes (Pfaffen et al., 2015). Additionally, recent research suggests that
iron starvation-induced proteins (ISIPs) may also function in intracellular iron storage
(Behnke & LaRoche, 2020; Kazamia et al., 2018). The expression of ISIPs are

significantly upregulated under iron-deficient conditions (Allen et al., 2008).

A proposed alternative mechanism for long-term iron storage is the vacuole. The
process of loading and releasing iron into and from vacuoles was first identified in
yeast and is mediated by natural resistance-associated macrophage proteins
(NRAMPs) in Arabidopsis (Curie et al., 2000; Lanquar et al., 2005). In synchrotron
X-ray fluorescence elemental mapping experiments, intracellular iron pockets
indicative of storage characteristics were identified in 7. pseudonana and T.
weissflogii (Nuester et al., 2012). These studies suggest that vacuoles may play a
significant role in iron storage and regulation, further illustrating the complex

mechanisms diatoms employ to cope with iron limitation.

Overall, iron is an essential nutrient for diatom growth and plays a critical role in
various metabolic processes. Although iron is limited in most diatoms' living regions,
substantial evidence suggests that diatoms, as a group, can successfully compete for
iron and often dominate phytoplankton blooms stimulated by iron. Studies show that
diatoms employ various strategies to acquire different forms of iron in the ocean.
These strategies collectively give diatoms a significant survival and competitive
advantage in iron-limited environments, explaining their dominance in HNLC
regions. Through these complex and efficient iron acquisition and utilisation
mechanisms, diatoms can not only cope with environmental iron limitations but also

maintain their crucial role in the phytoplankton ecosystem.

Rhodopsin

Introduction
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Rhodopsins are a diverse group of light-absorbing pigment proteins integral to various
organisms' membranes with about 26 kDA (Oesterhelt & Stoeckenius, 1973).
Rhodopsins consist of seven transmembrane a-helices, which form the structural

framework necessary for their function in light detection and energy conversion

(Pechkova et al., 2014).

These proteins covalently bind to a chromophore called retinal through a protonated
Schiff base linked to a lysine residue (Lys) located on the G helix (Bayley et al.,
1981). This binding is crucial for the protein's ability to perform its light-related
functions. As an unsaturated aldehyde, retinal plays a key role as it can absorb specific
wavelengths of light, which initiates the photochemical reaction necessary for
rhodopsins function. When photons are absorbed, retinal undergoes isomerisation,

triggering a series of conformational changes in the opsin protein, ultimately leading
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Figure 1.10 Four different type I microbial rhodopsins (Zhang et al., 2011). This schematic
illustrates four major subtypes of Type I (microbial) rhodopsins, each embedded in the cell
membrane and containing a covalently bound all-trans retinal chromophore (shown in the center

of each protein). These rhodopsins use light energy to drive various physiological functions.
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to ion transport or the transmission of optical signals (Man et al., 2003).

Name / Term

Definition / Function

When and Why to Use This Term

Rhodopsin

Microbial Rhodopsin

Type I Rhodopsin

Type II Rhodopsin

Bacteriorhodopsin (BR)

Halorhodopsin (HR)

Sensory Rhodopsin (SR)

Channelrhodopsin (ChR)

Proteorhodopsin (PR)

Proton-pump rhodopsins

Xanthorhodopsin (XR)

FR1/FR2

Diatom Rhodopsin

Microbial Rhodopsin FR1

Eukaryotic Microbial
Rhodopsin

General term for light-sensitive membrane proteins with
seven a-helices and aretinal chromophore.

Tvpe I rhodopsins found in prokaryotes and some
eukaryotes, involved in light-driven ion transport or signal
transduction.

Also called microbial rhodopsin; includes
bacteriorhodopsin, halorhodopsin. channelrhodopsin,
sensory rhodopsin, proteorhodopsin, etc.

Rhodopsins found in animals (e.g.. vertebrate visual
pigments); G-protein-coupled receptors (GPCRs).

Classic light-driven proton pump from Halobacterium
salinarum; creates a proton gradient for ATP synthesis.

Chloride pump from halophilic archaea.

Rhodopsins coupled with transducers to mediate light-
based behavior changes.

Light-gated cation channels found in algae; allow passive
ion flow (e.g.. H™, Na", K*, Ca*).

Marine bacterial proton pump; absorbs blue or green light;
ecologically widespread.

General term for rhodopsins with the ability to undergo
light-driven proton transmembrane.

Proton-pumping rhodopsin with a carotenoid antenna (e.g..
salinixanthin) that enhances light capture. First discovered
in Salinibacter ruber.

Diatom xanthorhodopsin variants found in Fragilariopsis
cviindrus; light-driven proton pumps.

General term for rhodopsins found in diatoms; may include
xanthorhodopsin and other vet-to-be-classified variants.

Specific proton-pumping diatom xanthorhodopsin variant
characterised in this study.

Microbial rhodopsins found in eukaryotic phytoplankton,
such as diatoms and dinoflagellates.

Use when referring broadly to all retinal-binding. light-
sensitive proteins, without distinguishing between types.

Use when discussing the evolutionary or ecological role of
light-driven energy systems in marine microbes or
phytoplankton and before determining the FR1/FR2
classification.

Use in comparative structural/functional discussions
between Type I and Type II rhodopsins.

Use only for contrast with Type I rhodopsins, especially
when explaining classification and evolutionary divergence.

Use when comparing with FR1/FR2 proton pump activity
or discussing model systems for microbial rhodopsin
function.

Mention when describing diversity of microbial rhodopsin
ion transport modes.

Use when discussing rhodopsins with non-ion-pumping
signaling functions. especially in prokarvotes.

Mention as contrast to active pumps; useful in optogenetics,
also for function comparison with diatom rhodopsins.

Use when discussing marine microbial light-utilizing
mechanisms in bacteria or comparison to algal rhodopsins.

Used to explain their energy conversion mechanism and
before determining the FR1/FR2 classification (refer to
FR1/FR2).

Use when referring to rhodopsins with dual chromophores
and enhanced light-harvesting ability; crucial term in the
context of FR1/FR2 characterisation.

Use throughout the thesis when discussing your core
research targets; preferred for experiments and functional
studies involving engineered diatoms.

Use when referring to the diversity or presence of
rhodopsins in diatoms in a general or evolutionary context.

Use when highlighting specific findings and physiological
implications of FR1 expression in I. pseudonana or N.
putrida.

Use when distinguishing from bacterial/archaeal rhodopsins
and highlighting rhodopsin function in eukaryotic
photosynthetic lineages.

Table 1.1 Overview of rhodopsin types mentioned in this thesis and their recommended usage context.

They are typically divided into two categories: Type I and Type II (Table 1.1). Type I
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rhodopsins were initially identified in the halophilic archaea Halobacterium
salinarum. Four different rhodopsins were found in H. salinarum including
bacteriorhodopsin (BR as proton pump) and halorhodopsin (HR as chloride pump),
along with two types of sensory rhodopsins (SR I and SR II) (Grigorieff et al., 1996;
Hoff et al., 1997) (Figure 1.10). On the other hand, Type II rhodopsins, also known as
animal-type rhodopsins, are common in higher eukaryotes. These include the visual
pigments found in the eyes of animals, specifically in the rod and cone cells of
humans, and are also present in the pineal gland and thalamus of some lower

vertebrates (Spudich et al., 2000).

Among the diverse types of functional rhodopsins, proton pump rhodopsins are
particularly notable. These proteins create a proton gradient across cellular
membranes, a process that is crucial for several biological metabolisms, including the
production of ATP, the energy currency of the cell, which supports numerous

metabolic activities (H&hner et al., 2016).

Besides the BR proton pump, recent studies have unveiled significant findings about
rhodopsins, particularly the discovery of a gene encoding a protein similar to
bacteriorhodopsin in marine microbial DNA, later named proteorhodopsin (PR). This
protein, identified by B&aet al. (2000), shares about 30% homology with
bacteriorhodopsin and is predominantly found in a-Proteobacteria, y-Proteobacteria,
and Bacteroidetes (Bgaet al., 2000; de la Torre et al., 2003). Further research has
categorised PR into two types based on their light absorption properties: blue-light-
absorbing and green-light-absorbing PR, each having distinct ecological roles (Wang
et al., 2003). PR exhibits high genetic mobility and is prevalent in diverse aquatic
environments, from freshwater to marine settings. PR has been detected in locations
such as the Pacific's Hawaiian HOT station, the Red Sea, and the Mediterranean (Bga
et al., 2001; Sabehi et al., 2003). Moreover, recent findings highlight the presence of

PR or BR-like rhodopsin in various eukaryotic species, including diatoms,
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dinoflagellates, and cryptomonads, where it directly converts light energy into
chemical energy, supplying essential energy for cellular functions (Marchetti et al.,

2015; Slamovits et al., 2011).

Another homologous rhodopsin, xanthorhodopsin, is an intriguing retinal protein-
carotenoid complex identified in the extreme halophile Salinibacter ruber (Balashov
et al., 2005). Like bacteriorhodopsin, xanthorhodopsin functions as a light-driven
proton pump; however, it is uniquely characterised by the presence of a carotenoid
antenna, specifically salinixanthin, which plays a critical role in enhancing its
photochemical efficiency (Balashov et al., 2005). This complex enhances light
absorption and energy transfer efficiencies, significantly broadening the operational
wavelength spectrum for more effective proton transport across cell membranes
(Lanyi & Balashov, 2008). The unique architecture of xanthorhodopsin allows for a
high degree of interaction between salinixanthin and retinal, facilitating efficient
energy transfer, which is critical for its function in the highly saline environments
where S. ruber thrives (Balashov et al., 2005). Recent studies found that the
xanthorhodopsin family is not only in the bacteria and archaea but also widely
distributed across diverse marine algae, including dinoflagellates, haptophytes, and
diatoms (Lin et al., 2010; Marchetti et al., 2012; Mock et al., 2017; Slamovits et al.,
2011; Strauss et al., 2023). In summary, microbial rhodopsins are prevalent across a
wide range of organisms, and their light-driven proton pump mechanisms have
significant potential impacts on marine ecosystems. However, accurately estimating
the contribution of microbial rhodopsins to these ecosystems is challenging.
Consequently, further research is essential to explore various aspects of microbial

rhodopsins, including their ecological roles and functional mechanisms.

The role of microbial rhodopsins in the marine ecosystem

When marine microbial rhodopsins were first discovered, it was hypothesised that

they might support a photoheterotrophic lifestyle or represent an unrecognised form of
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marine photoautotroph (B¢ja et al., 2000). Both possibilities suggest an unrecognized
phototrophic pathway that could significantly impact global carbon and energy fluxes
in marine ecosystems. Rhodopsins have numerous potential roles in growth strategies
and energy acquisition for various microbial groups (Martinez et al., 2007). By acting
as outward cation pumps or inward anion pumps, rhodopsins convert light energy into
a proton motive force, synthesising ATP via ATP synthase, providing essential energy

for cellular processes (Matsuno-Yagi & Mukohata, 1977; Yoshizawa et al., 2012).

In addition to ATP production, the transmembrane ion gradients generated by proton
pumps can drive flagellar rotation or facilitate active ion transport through secondary
transport systems (Walter et al., 2007). While the overall contribution of proton pump
rhodopsins to energy dynamics in marine ecosystems remains difficult to quantify,
many studies suggest they enhance organisms growth, improve starvation survival
rates, adjust intercellular pH homeostasis, and increase inorganic carbon fixation
(Gomez-Consarnau et al., 2010; Gémez-Consarnau et al., 2007; Lin, 2023; Yoshizawa
et al., 2022). These findings suggest that rhodopsins represent an alternative light-
driven energy acquisition mechanism, supplementing the long-held assumption that
chlorophyll-based photosynthesis is the dominant or exclusive gateway for light
energy in marine ecosystems. Thus, this kind of microbial rhodopsin is considered to
play an important role in carbon fixation which has important implications for the
marine plankton community and the carbon cycle (Giovannoni et al., 2005; Sabehi et

al., 2003).

In marine eukaryotic phytoplankton, which has a high demand for iron in
photosynthesis, although the detailed mechanisms of how rhodopsins help them thrive
have still not been resolved, rhodopsins are suggested to provide an alternative
pathway for light energy absorption that does not require trace metal elements such as
iron (Raven, 2009). Thus, under low iron conditions, when photosynthesis and ATP

production are limited, eukaryotic rhodopsins might supplement or replace the proton
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motive force typically generated by ATPase hydrolysis (Slamovits et al., 2011).
Although this pathway has not yet been confirmed, some researchers propose that
proton-pump rhodopsins might also interact with iron transport or carbon

concentrating mechanisms (CCM) (Strauss et al., 2023; Yoshizawa et al., 2022).

Despite these advantages, rhodopsins, compared to chlorophyll-based systems,
typically possess a much smaller antenna structure. In chlorophyll-based systems,
these antenna complexes significantly increase the effective absorption cross-section
of each photosynthetic reaction centre, allowing a single reaction centre to utilise
energy from many absorbed photons (Lokstein et al., 2021). In contrast, rhodopsin is a
structurally simple light-harvesting protein, composed of a single polypeptide and one
retinal chromophore, and typically lacks accessory light-harvesting pigments (Bryant
& Frigaard, 2006). As a result, the light-harvesting capacity of rhodopsin is effectively
limited to capturing a single photon per molecule. At the level of a single cell or
photochemical unit, its photon capture efficiency might be much lower than that of
chlorophyll systems. A further limitation of rhodopsin is its narrow absorption
spectrum. The absorption wavelengths of most retinal chromophores are concentrated
in the blue-green region, typically not exceeding 600 nm (Karasuyama et al., 2018;
Lanyi & Balashov, 2008). In contrast, chlorophyll systems can absorb both blue and
red light effectively and, with the help of accessory pigments such as chlorophyll b,
carotenoids, and phycobilins, extend absorption across the full visible spectrum
(Mirkovic et al., 2017). Therefore, the spectral coverage of the chlorophyll system is

broader than that of rhodopsin.

These limitations of thodopsins raise critical questions about their actual contributions
to light energy acquisition, especially in complex eukaryotic systems. However,
despite growing interest, our understanding of rhodopsins in eukaryotic phytoplankton
remains limited. For instance, Guo et al. (2014) found that the expression of

rhodopsins in marine dinoflagellates increased under nutrient starvation and light
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conditions, leading to higher survival rates than those cultivated without light—
similarly, Shi et al. Shi et al. (2015) observed that the expression of thodopsin genes
in the dinoflagellate Prorocentrum donghaiense was higher under light conditions
than in the dark, indicating a light-dependent regulation of these genes, providing a
potential function that similar natural environments such as the surface ocean, the
rhodopsin could compensate for the light-harvesting process in case the cells are

impaired due to stress conditions such as iron limitation.

As for rhodopsins in diatoms, Marchetti et al. (2012) used comparative
metatranscriptome analyses to study gene expression related to iron limitation in
diatoms and other eukaryotic plankton from the northeastern Pacific Ocean. Their
results showed differential expression of PR genes in diatoms under iron-rich and
iron-limited conditions. Additionally, Marchetti et al. (2015) found that rhodopsin
gene and protein expressions significantly increased in the marine diatom Pseudo-
nitzschia granii under iron-limited conditions. These findings suggest that proton-
pump rhodopsins in diatoms might produce ATP under iron limitation, indicating a

potential adaptive mechanism.

In 2017, genome sequencing of Fragilariopsis cylindrus revealed the presence of a
bacteria-like rhodopsin, a gene not found in P. tricornutum and Thalassiosira
pseudonana (Mock et al., 2017). According to the research, the F. cylindrus rhodopsin
(FR) clusters closely with PR in the phylogenetic tree, suggesting it functions as a
proton pump. However, like other eukaryotic rhodopsins, the detailed mechanism of

diatom rhodopsins remains unclear (Strauss et al., 2023).

Overall, microbial rhodopsins facilitate solar energy conversion and photosensitive
transduction in various prokaryotic and eukaryotic microorganisms. They perform
multiple functions, including acting as photoreceptors, photo-switches for gene
expression, photo-activators, light-driven ion pumps, and light-activated ion channels.

Among these, proton pump rhodopsins are particularly significant as they absorb light
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and drive the movement of protons across membranes, creating an outward proton
gradient that generates a proton motive force for ATP synthesis. Given their crucial
role in light energy fixation and energy synthesis, understanding the specific functions
of thodopsins in different phytoplankton is essential. Studying rhodopsins in diatoms
could provide valuable insights into the mechanisms behind diatom adaptation to

specific environmental conditions.

Aim of thesis

To date, little is known about rhodopsins in eukaryotes, especially in diatoms. The
recently discovered rhodopsin in the diatom Fragilariopsis cylindrus presents an ideal
subject for studying its mechanism (Strauss, 2012). Therefore, this thesis aims to use
the rhodopsin from F. cylindrus to investigate the functional role of rhodopsins in
diatoms, focusing on their contribution to energy metabolism and adaptation under
nutrient-limited, especially iron-deficient, marine environments. By integrating
bioinformatic analyses, molecular biology techniques, and physiological experiments,
the research seeks to uncover how rhodopsins, particularly those found in
Fragilariopsis cylindrus and Thalassiosira pseudonana, enhance diatom fitness,

growth, and survival.

This thesis aims to clarify the function of microbial rhodopsins in diatoms by utilising
several species that do not naturally encode rhodopsin genes, thereby providing an
appropriate genetic background for functional characterisation. By employing gene
editing techniques, [ have knocked in FR derived from F. cylindrus into these diatoms,
enabling heterologous expression of the FR. I have then investigated the physiological
responses of these diatoms under both iron-sufficient and iron-limited conditions.
Furthermore, I have employed subcellular-localisation techniques to obtain high-
resolution protein localisation images using transmission electron microscope
combined with immunogold labelling Finally, to clarify the specific physiological in-

vivo functions of rhodopsins independent of photosynthesis in eukaryotes, I have
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conducted heterologous expression experiments in the heterotrophic diatom Nitzschia
putrida, focusing on light-driven proton pumping activity and growth performance

under nutrient-limited conditions.

Outline of PhD thesis

The work presented in this thesis is divided into three major parts:

Chapter 2, Characterisation of diatom rhodopsins genes: This part investigates
rhodopsin genes in diatoms, with a special emphasis on FR from Fragilariopsis
cylindrus. This chapter presents how in silico structural simulations and multiple
sequence alignments have been performed to investigate the evolutionary
conservation and potential functional properties of FR-type rhodopsins. In addition,
physiological assays have been conducted to examine rhodopsin gene expression
levels under various environmental conditions and to evaluate their putative
physiological effects. This integrated approach lays the groundwork for understanding
the role of rhodopsins in diatom physiology, particularly under environmental stress

such as iron limitation.

Chapter 3, Characterisation of diatom microbial rhodopsins and testing the

biological role of a selected variant in vivo: This part involves the characterisation
and analysis of T. pseudonana strains that have been genetically modified to express
rhodopsin. The experiments assess these strains' physiological and growth responses
under various conditions, particularly focusing on the effects of iron sufficiency and

limitation.

Chapter 4, Testing the role of microbial rhodopsins in a heterotrophic eukaryote
that possesses a non-photosynthetic plastid: This part aims to establish a reliable
transformation protocol for Nitzschia putrida, a newly sequenced heterotrophic

diatom. Following successful transformation, an exogenous rhodopsin was introduced
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to enable the cells to use light as an additional energy source alongside their native
heterotrophic (osmotrophic) metabolism. The success and functionality of the
transformation are assessed through a series of molecular and physiological

experiments.

Together, these three parts provide insights into the role of rhodopsins in diatom
growth and adaptation, contributing to a broader understanding of their functions

under different environmental conditions and metabolic modes.

In the final part chapter 5, I conclude with a summary of the major findings of the
project and a general discussion of all results. Additionally, I outline future research
perspectives, highlighting potential directions and areas for further investigation to

advance our understanding of rhodopsin's role in diatom adaptation and evolution.



54

Chapter 2

Characterisation of diatom microbial rhodopsin genes

Introduction

Microbial rthodopsins were initially discovered only in some bacteria and archaea
(Béja et al., 2000; de la Torre et al., 2003; Ma et al., 2023; Oesterhelt & Stoeckenius,
1971). However, more recently, they have been identified in several marine
eukaryotes, including dinoflagellates, haptophytes, and cryptophytes. In 2008, Mock
et al. discovered the presence of microbial rhodopsin genes in the diatom
Fragilariopsis cylindrus, where two divergent microbial rhodopsin gene copies, FR1
and FR2, were found (Mock T, 2008). Since then, microbial rhodopsin genes have
also been identified in other diatom genomes, such as Pseudo-nitzschia subcurvata,
Chaetoceros cf. sociale, and Synedra hyperborea (Andrew et al., 2023). Earlier
studies produced by Jan Straus (2012), conducted in silico structural comparisons of
FR1 with bacterial rhodopsins (BR) and proteorhodopsins (PR), demonstrating a high
degree of homology. This suggests that the microbial rthodopsin in F. cylindrus may
function as a proton pump. However, the exact mechanism and functional role of
microbial rhodopsins in £ cylindrus remain unclear. Furthermore, as previously
mentioned, research on microbial rhodopsins in eukaryotes, particularly diatoms, is
still in its infancy. There is a lack of understanding regarding their prevalence in

diatoms, as well as the protein's structure and functional roles in these organisms.

In this chapter, I first performed a comprehensive search and analysis of potential
microbial rhodopsins in diatoms using the Tara Ocean database. Following this, I
analysed the structure and characteristics of microbial rhodopsins in the diatom
Fragilariopsis cylindrus to establish a theoretical foundation for future research on
their specific mechanisms and functional roles. Part of the results in this chapter were

generated and helped by cooperators Jan Strauss and Shigiang Guo, such as the RT-
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gPCR, two-electrode voltage clamp, etc. (mentioned in methods part).

Methods

Sequence and structure analysis of microbial rhodopsins from Fragilariopsis

cylindrus

The DNA and protein sequences of rhodopsin FR1 and FR2 were obtained from the
JGI Fragilariopsis cylindrus CCMP 1102 database (Protein ID: 271123 and 267528
for FR1 and FR2 separately) (Mock et al., 2017). The secondary structure of the
protein was predicted using the [-TASSER server, while the tertiary structure was

modelled and predicted using AlphaFold2 and Foldseek.

Collection and comparison of diatom microbial rhodopsin sequences

Raw data were retrieved from the Ocean Gene Atlas (OGA) platform and the Global
Ocean Survey project (Vernette et al., 2022; Villar et al., 2018). The search was
conducted using the microbial rhodopsin FR1 protein sequence from Fragilariopsis
cylindrus within the eukaryotic metagenome (MATOU metaQG) of the Marine Atlas of
Tara Ocean Unigenes (MATOU) database, focusing on eukaryotic organisms within
the size range of 0.8-2000 pm. Based on the 2850 alignment sequence, the maximum
likelihood (ML) tree is constructed with igtree using parameter ‘igtree -s sequence.fa -
m MFP -bb 1000 -nt 4 -pre sequence.iqtree’. The ML tree is then annotated using
1TOL (Letunic & Bork, 2024).

Additionally, representative microbial rhodopsin sequences were also collected from
UniProt, Pfam and NCBI databases for further analysis. Sequence conservation and
Neighbor-Joining tree were visualised using the Uniprot website

(https://www.uniprot.org/blast).

Two-electrode voltage clamp (TEVC) measurement


https://www.uniprot.org/blast
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To investigate whether of the variants FR1 and FR2 function as proton pumps, we
expressed each gene individually in Xenopus oocytes and performed

electrophysiological characterisation using TEVC measurements.

Photocurrents were observed in some Xenopus oocytes expressing wild-type FcR1
when illuminated with a 532 nm diode-pumped solid-state (DPSS) laser.
Photocurrents were measured 2 to 3 days after injection using either a 530 nm LED
(Thorlabs) or a 532 nm DPSS laser (Changchun New Industries Optoelectronics).
Light intensities were measured with a PLUS 2 power and energy meter (LaserPoint
Srl). All electrophysiological recordings were conducted at room temperature (20—
23°C) using a TEVC amplifier (TURBO TEC-05, npi electronic). Details of the bath
solutions used during the measurements are provided in the figure legends. Glass
electrodes (1.599 mm diameter, 0.178 mm wall thickness, Hilgenberg) filled with 3 M
KCI and having tip resistances between 0.2—1 MQ were used. Data acquisition was
performed using a USB-6221 DAQ device (National Instruments) and WinWCP
software (v.5.5.3, University of Strathclyde, UK).

Shigiang Gao did the TEVC experiments at the University of Wiirzburg with Jan
Strauss when he was Postdoc at University of East Anglia. Their electrophysiological
characterisation results were used in this thesis to demonstrate the ion transport

activity of FR-type rhodopsins.

Real-time (RT)-qPCR analysis for microbial rhodopsin expressing level under

different growth conditions.

To investigate the F. cylindrus microbial rhodopsin gene expression level under
different environmental conditions, a two-step RT-qPCR protocol was applied in this

project.

First-step cDNA synthesis was performed using a Superscript II reverse transcriptase

kit (Invitrogen, US). A total of 500 ng of RNA was reverse transcribed in a 50 pl
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reaction at 42°C for 50 minutes, followed by enzyme inactivation at 70°C for 15
minutes. As a control for potential DNA contamination, RNA samples from each
biological replicate were pooled and processed in parallel with using water to replace
the reverse transcriptase from the reaction. Primers used to amplify target fragments

were listed as follows:

Primer Sequence Size
FcR_555F GTTACCGTTCCTCTACATTGTCC

111
FcR 665R GTCCACCATTGAACACCCTTA

For the qPCR reactions, 5 pl of a 10-fold diluted reverse transcription reaction was
mixed with 20 pl of 2x SensiMix SYBR Green NoROX master mix (Bioline, UK).
Forward and reverse primers were used at a final concentration of 200 nM.
Amplifications were conducted in white 96-well plates using the CFX96 real-time
system (Bio-Rad, US), with the following thermocycling conditions: an initial
denaturation at 95°C for 10 minutes, followed by 40 cycles of amplification
consisting of 15 seconds at 95°C, 15 seconds at 59°C, and 10 seconds at 72°C. To
verify the specificity of the amplification, a melting curve analysis was performed
from 65°C to 95°C in 0.5°C increments, with a 5-second dwell time at each step.The
absolute cDNA quantity in each experimental sample was determined using the
equation derived from the logarithmic regression of the standard curve, ensuring
accurate quantification of gene expression. The RT-qPCR data presented in this
chapter were generated by Jan Strauss during his PhD studentship at University of
East Anglia. These results are included here to support the analysis of rhodopsin gene
expression under different environmental conditions and to provide a broader context

for the physiological characterisation carried out in this PhD thesis.

Subcellular localisation of FR1 in diatoms Phaeodactylum tricornutum and

Thalassiosira pseudonana
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The microbial rhodopsin gene from Fragilariopsis cylindrus (FR1/FcR1) was cloned
into Phaeodactylum tricornutum using the expression vector pPha-T1, and into
Thalassiosira pseudonana using the pTpFCP-GFP/fcpNat vector. Nuclear
transformation in both P. tricornutum and T. pseudonana was carried out following a
previously established protocol (Hopes et al., 2017; Poulsen et al., 2006) , utilising a
Biolistic PDS-1000/He particle delivery system (Bio-Rad) equipped with 1,350 psi
rupture discs. Transformed P. tricornutum cells were selected on a 1.2% agar medium
containing 75 pg/ml Zeocin, while 7. pseudonana transformants were selected using

100 pg/ml nourseothricin.

To confirm GFP expression and analyse cell morphology, wide-field fluorescence
microscopy was performed using an Axioplan 2 IE imaging microscope (Zeiss)
equipped with a CCD Axiocam camera. Chloroplasts were visualized by their natural
red autofluorescence of chlorophyll a/c, excited at 562 + 20 nm using the Alexa568

filter set.

Plasmid construction, transformation, and the initial microscopy work were performed

by Jan Strauss. I contributed to the microscopy analysis.

Action Spectrum Analysis

A range of light wavelengths was produced using a PhotoFluor II light source (89
North, US) paired with narrowband interference filters (Edmund Optics, US), each

providing a distinct wavelength for the experiment.

Results and discussion

Whole sequences and structure of microbial rhodopsin FR1 and FR2

Two variants of microbial rhodopsin genes, FR1 and FR2, were identified in the
diatom Fragilariopsis cylindrus. FR1 consists of four exons interrupted by three

introns, with a transcript length of 1119 bp, including a 774 bp coding region. In
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contrast, FR2 is composed of five exons and four introns, with a transcript length of
1177 bp, also encoding a 774 bp protein. Although FR1 features an additional 30
amino acids at the N-terminal, including a potential signal peptide cleaved in the
mature protein, the nucleotide sequence differences between the two variants account

for only 5.44% (Figure 2.1). Notably, their amino acid sequences are identical.

The secondary structures of FR1 and FR2 were predicted using the I-TASSER server

(I-TASSER server for protein structure and function prediction (zhanggroup.org) )
(Yang & Zhang, 2015; Zhang et al., 2017; Zheng et al., 2021). Both peptides display a
core region of seven a-helices (H1-H7), characteristic of microbial rhodopsin proteins
(Figure 2.2). These a-helices are predominantly located in the central and near-
terminal regions of the sequences. The length of these helices suggests they play a
role in maintaining protein stability. No B-sheet regions were predicted in either
protein. Random coils were prevalent, particularly at the N- and C-terminal regions,
contributing to the proteins' structural flexibility, which may be important for their

dynamic properties.

In addition, full-length alignments of FR1 and FR2 with the characterised microbial
rhodopsins, bacteriorhodopsin and proteorhodopsin, revealed conserved residues
essential for a green light-absorbing proton pump (Figure 2.3). The characteristic
lysine residue (K261) provides the retinal Schiff base linkage, while acidic residues at
positions corresponding to proton acceptor (D121) and donor (E132) sites are
homologous to K216, D85, and D96 in the archaeal proton-pump microbial rhodopsin
bacteriorhodopsin (BR) (Brown et al., 1994; Facciotti et al., 2004; Wang et al., 2013).
Furthermore, the presence of L129 indicates that FR1 and FR2 function as green
light-absorbing microbial rhodopsin (Man et al., 2003). A retinal binding pocket was
also identified by mapping 18 conserved positions from bacteriorhodopsin onto the

FR sequences, in line with previous findings (Adamian et al., 2006; Strauss, 2012)

Subsequenty, the 3D structure of FR was predicted (Figure 2.4) utilised AlphaFold 2


https://zhanggroup.org/I-TASSER/
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and subsequently compared with the structures of several well-characterised microbial
rhodopsins (Figure 2.5) utilised Foldseek (Barrio-Hernandez et al., 2023; Jumper et
al., 2021; Kim et al., 2024; van Kempen et al., 2024; Varadi et al., 2021; Varadi et al.,
2023). The structural alignment reveals that the core regions of FR rhodopsin are
highly conserved and show significant similarity to other microbial rhodopsins,
including xanthorhodopsin from Tessaracoccus antarcticus, bacteriorhodopsin from
Haloarcula marismortui, and proteorhodopsin from uncultured gamma
proteobacterium EBAC31AO08. This high degree of structural conservation,
particularly in the transmembrane helices, supports the notion that FR rhodopsins
likely share functional characteristics with these proton-pumping microbial
rhodopsins (Todd et al., 2001). Further phylogenetic analysis focusing on eukaryotic
microbial rhodopsins also confirmed that FcR1/2 belongs to the xanthorhodopsin

family (Strauss et al., 2023).

In particular, the alignment highlights the previously mentioned conserved regions
responsible for the proton transport mechanism, such as the retinal binding pocket and
the key residues involved in proton transfer. The presence of these conserved features
further indicates that FR rhodopsins may function as light-driven proton pumps,
similar to their bacterial homologs. Moreover, the comparison also reveals slight
variations in the extracellular loop regions and the N-terminal extension of FR
rhodopsins, which may reflect the evolution pathway from bacteria to eukaryote
organisms and adaptations to the unique polar environmental conditions faced by

influence protein stability and flexibility (Fields et al., 2015; Sikosek & Chan, 2014).

Overall, these structural similarities, combined with the conserved functional motifs,
suggest that FR rhodopsins play a critical role in light absorption and energy
conversion, contributing to the photophysiology of diatoms, particularly under
varying light and nutrient conditions. Further experimental studies are needed to

validate the functional role of these structural features in FR rhodopsins.
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Figure 2.1 Nucleotide and protein sequence alignment of FR1 and FR2. Nucleotide sequences are

represented by green lines, with FR1 on the top and FR2 on the bottom. Variations between the two

sequences are highlighted in light blue. Protein sequences are depicted in yellow lines, with FR1 shown

above FR2. Gaps at the first 30 and last two amino acids are marked in deep blue for nucleotides and

orange for proteins. https://en.vectorbuilder.com/tool/sequence-alignment.html
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N.marinusproteorhodopsin = - - - - - - - = - - - - - - = - - - - MNNLLLNIEVVRLAAD- - - - - - DYVGFTFFVGCM
H.halobiumbacteriorhodopsin - - = = = = = = = = = - - MLEL - - - - - - - LPTAV - - - - - - o 0 o oo oo - EGVS----QA
FragilariopsiscylindrusFR1 MLWSKTRTTFGHSFISQITFKNKKKKKAVKMISGTQFTIVYDVLSFS----FA
FragilariopsiscylindrusFR2 =~ = - = - - - - - & o 4 4 44 C oo hhm e hm e e oo MISGTQFTIVYDVLSFS----FA
N.marinusproteorhodopsin = AMMAASAFFFL - - - - - - - - - - - - - - - -~ SMSSFERKWRTSILVSGE I TFIAAV
H.halobiumbacteriorhodopsin Q | TGRPEW IWLALGTALMGLGTLYFLVKGMGVSDPDAKKFYAITTLVPALAFT
FragilariopsiscylindrusFR1 TMMATTIFLWMRVPSV - - - - - - - - - - - - - - - - - HEKYKSALI ISGEVTFASY
FragilariopsiscylindrusFr2 TMMATTIFLWMRVPSV - - - - - - - - - 0 o oo 0o o - HEKYKSALI ISGEVTFHASY
* [ ] [ ]
N.marinusproteorhodopsin = HYWYMRDYWSGFA - - - - - - - - - - - - - - - ESPVFFRYEVDWVLEVPEMCVEFYRI
H.halobiumbacteriorhodopsin MY LSMLLGYGLTM- - - - - - - - VPFGGEQNP I YWARYADWLFTFTPELLLDLAREL
FragilariopsiscylindrusFR1 HYLRMFNSWTEAYEWTGEGELAKTGSPFN- -DAYRYMDWLLTVPELLIEI BV
FragilariopsiscylindrusFR2 HY¥YLRMFNSWTEAYEWTGEGELAKTGSPFN- -DAYR¥MBWLLEVRPELLIE!I IEV
N.marinusproteorhodopsin L KVAGA - KKSLMWKLL I FLSVVMLVTGYFGEA- - - -VDRGNAWLWGLFSGVAYF
H.halobiumbacteriothodopsin VD ADQGT | - - - - LALVGADGIMIGTGLVGAL---TKVYSYRFVWWA ISTAAML
FragilariopsiscylindrusFR1 MKLPADESKSKATTLEGIASAAMIAIGYPGELFMSEDNLGGRWVYWIGAMLPFL
FragilariopsiscylindrusFR2 MKLPADESKSKATTEGIASAAMIAIGYPGELFMSEDNLGGRWVYWIGAMLPFL
N.marinusproteorhodopsin WV | EI WFGKAKKLAVAAGGDMLAAHKTLCWFVLVGWAIXPIGYMAGTPGWYD
H.halobiumbacteriorhodopsin Y L YVLFFGFTSKAES - MRPEMASTFKVLRNVTVVLWSAXYXPVVWL IGSEGAG I
FragilariopsiscylindrusFR1 YPEVQTLLVGLNDATQSEADPAMRKL I KGVQWWTV | AWCTYPVVY I FPMMGI SG
FragilariopsiscylindrusFR2 YEVQTLLVGLNDATQSEADPAMRKL I KGVQWWTV | AWCTYRPRVVYIFPMMGI SG
*

N.marinusproteorhodopsin S | FGGWDLNV I YNIGDAINKIGFGLV I YNLAVQATNK-KDGLVN- - - - - - - - -
H.halobiumbacteriorhodopsin VP - - LN | ETLLFMVLDVSAKVGFGLILLRSRAIl - - - - - - FGEAEAPEPSAGDG
FragilariopsiscylindrusFR1 SN-AIVGIQLGYSVSDI ISKCGVGLL I YQITIAKSLALKNGNEETPLL - - - - -
FragilariopsiscylindrusFR2 SN-AIVGIQLGYSVSDI ISKCGVGLL I YQITIAKSLALKNGNEETPLL - - - - -
N.marinusproteorhodopsin - - - - - - Molecular switch to proton channel R118H
H.halobiumbacteriorhedopsin AAATSD Retinal binding pockets

FragilariopsiscylindrusfR1 - - - - - -

@ Proton acceptor D121 and donor E132
FragilariopsiscylindrusfFR2 - - - - - -

@ Green spectral tuning L129
@ Retinal Schiff base K261

Figure 2.3 Protein sequence alignment of bacteriorhodopsin and proteorhodopsin with FR1 and
FR2. The alignment includes bacteriorhodopsin from Halobacterium salinarum (Uniprot: P02945) and
proteorhodopsin from Nonlabens marinus (Uniprot ID: W8VZ92 9FLAO). Key residues are
highlighted with colored circles: proton acceptor D121 and donor E132 are marked in black, Retinal
Schiff base K261 in purple, green spectral tuning residue L129 in green, proton channel residue R118H
in light blue, and retinal binding pocket residues Y119, W122, V126, L129, A160, U161, G165, W181,
A184, M185, F188, W226, Y229, P230, Y233, Y253, and S260 are marked in grey.

Multiple sequence alignment and conservative analysis

To gain a comprehensive understanding of diatom microbial rhodopsins in the natural
environment and their distribution across various organisms, we performed a
sequence similarity search based on the FR protein sequences. Microbial rhodopsins
sequences were retrieved from the Pfam, NCBI, and UniProt databases, focusing on
diatom microbial rhodopsins. A multiple sequence alignment (MSA) was then
conducted using these collected sequences. Additionally, homologous sequences from

the Tara Ocean metagenomic dataset were used to construct a phylogenetic tree. The
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results are shown in Figures 2.6 and 2.7.

Figure 2.4 Three-dimensional structural representation of microbial rhodopsin FR1. Panels (a)
through (c) show different views of the 3D structure from various angles.

The MSA results in Figure 2.6 illustrate the high conservation of microbial rhodopsin
sequences across various diatom species, particularly within the domain regions
associated with the Archaeal/bacterial/fungal rhodopsin superfamily (IPR001425).
Key functional residues, such as the proton acceptor D121 and donor E132, are highly
conserved, indicating that these microbial rhodopsins likely function as proton pumps,
similar to FR1. The alignment also highlights the conservation of the L129 residue,
which plays a critical role in tuning the microbial rhodopsins for green light
absorption. This conservation suggests that a majority of diatom microbial rhodopsins
are adapted to absorb green light, a feature possibly linked to the depth-dependent
distribution of light in aquatic environments, where green light predominates in

surface waters and blue light dominates in deeper layers (Bgaet al., 2001).
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Figure 2.5 Structural comparison of FR rhodopsin with three proton-pumping rhodopsins. Panels

(a) to (f) display the protein structure comparison of FR1 (blue) to three different proton-pump
rhodopsins (yellow). (a) and (b) display comparison to xanthorhodopsin from Tessaracoccus
antarcticus, (c) and (d) display the comparison to green-light absorbing proteorhodopsin from
uncultured gamma proteobacterium EBAC31A08; (e) and (f) display the comparison to

bacteriorhodopsin from Haloarcula marismortui. Key differences are highlight with red arrows.
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Interestingly, some sequences exhibit extended protein lengths compared to FR1, with
fewer conserved regions. However, these extended sequences align well with one
another, indicating that they may represent a different subfamily or functional
variation of microbial rhodopsins in diatoms. The Neighbor-Joining tree (Figure 2.7)
further supports these observations. The phylogenetic analysis shows that diatom
microbial rhodopsins are grouped into two distinct clusters. One cluster contains
highly conserved sequences closely related to FR rhodopsins, while the second cluster
exhibits significant divergence from FR, except for the microbial rhodopsin from
Ditylum brightwellii (ID: UPI0016F67D94), which shares key conserved residues

with FR rhodopsins.

The high degree of conservation within the FR-like cluster indicates that these
microbial rhodopsins likely share similar functions, potentially as green light-
absorbing proton pumps, as suggested by the conserved residues involved in proton
transfer (D121, E132, K261). In contrast, the second cluster may represent a more
diverse group of microbial rhodopsins with different functions or adaptations. Despite
this divergence, the conserved functional residues in Ditylum brightwellii suggest it

may still perform similar proton-pumping functions to FR rhodopsins.

This phylogenetic separation implies that while some diatom microbial rhodopsins
have retained functional conservation, others have diverged, possibly in response to
different environmental pressures or ecological niches. Future studies could focus on
the functional characterisation of these divergent microbial rhodopsins to explore
potential novel mechanisms of light-driven energy conversion in diatoms. These
divergent sequences, while still containing the essential motifs for proton pumping,
could represent novel functions or adaptations in diatom microbial rhodopsins that
remain to be fully explored. Future research could focus on characterising the
functional differences of these extended microbial rhodopsins and their potential roles

in diatom physiology, especially under varying light conditions and environmental
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stresses.

Consequently, the multiple sequence alignment and phylogenetic analysis revealed
that diatom microbial rhodopsins exhibit a complex evolutionary pattern. While some
microbial rhodopsins, such as FR1, have retained high conservation of functional
residues, suggesting a role as proton-pumping, green light-absorbing proteins, others
show signs of diversification. The identification of both conserved and divergent
microbial rhodopsins points to potential functional diversification within diatom
species, opening avenues for future studies to investigate novel mechanisms of light-
driven energy conversion and environmental adaptation in these ecologically

important organisms.
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FragilariopsiscylindrusAOATE7EXA4_9STRA
EucampiaantarcticaAOA7S2RIV1_SSTRA
SynedrahyperboreaA0AA49QE36_9STRA
PrymnesiumPolylepisAOAGTEE9A7 IEUKA
ProbosciainermisAOA7S0GLOD 9STRA
ProbosciainermisAOA7S0GLZO_9STRA
PhacocystisglobosaG4XT38 SEUKA
FragilariopsiscylindrusAOATE7GOS7_9STRA
ChaetocerossocialisAOAA49KST1_SSTRA
Pseudo-nitzschiagraniiAOAOATRPOZ 9STRA

Pseudo-nitzschiasubcurvataAOAA49KAI1_9STRA

ProbosciainermisA0A7S0CHU7_9STRA
ProbosciainermisAOA7SOCID1 9STRA
ProbosciainermisAOA6TSNQP7_9STRA
ProbosciainermisAOA7S0CI15_9STRA
ProbosciainermisAOA7SOCIM7 9STRA
ProbosciainermisAOA7SO0GHCS SSTRA
ChrysochromulinatobiniiA0AOM0J902 SEUKA

ProrocentrumdonghaienseAOAOHSVWAQ 9DINO
ProrocentrumdonghaienseA0A 122R388_9DINO

PhacocystisglobosaGAXT37 9EUKA
FragilariopsiscylindrusUPI000326690E
ThalassiosiraoceanicaUPI00028CDIEF
NitzschiainconspicuaUPI001C4250F2
NitzschiainconspicuaUPI001C412E40

CyclophoratenuisUPI0016D432E6
AmphiprorapaludosaUPI00170FSE29
ThalassionemanitzschioidesUPI0016CEBF79
AmphiprorapaludosaUPI0016F5F73E
GrammatophorasceanicaUPI00170CESB6

Pseud

OdontellaauritaUPI0017271248
OdontellaauritaUPI001 6CAE1D6

OdontellaauritaUPI00172DD708
ThalassiothrixantarcticaUPI0016E84AF4.
ProbosciaalataUPI0017171727
CorethronpennatumUPI00170AD361
CorethronpennatumUPI001 6FBE525
CorethronpennatumUPI001710411F
CorethronpennatumUPI0016BF0839
ProboesciainermisAOA7S0BXGO_9STRA
ProbosciainermisAOA7S0GITS 9STRA

FragilariopsiscylindrusAOATE7EXA4_SSTRA
EucampiaantarcticaAOA7S2RIV1_SSTRA
SynedrahyperboreaAOAA49QE 36 9STRA
PrymnesiumPolylepisAOA6TSBIAT_IEUKA
ProbosciainermisAOA7SOGL9S_9STRA
ProbosciainermisAOA7SOGLZO_9STRA
PhacocystisglobosaG4XT38_9EUKA
FragilariopsiscylindrusAOATE7GO37_SSTRA
ChaetocerossocialisAOAA4SK3T1_9STRA
Pseudo-nitzschiagraniiAOAOATRPOZ_9STRA

Pseudo-nitzschiasubcurvataAOAA49K4I1_9STRA

ProbosciainermisAOA7SOCHU7 9STRA
ProbosciainermisAQA7SOCID1_9STRA
ProbosciainermisAOASTENQPT 9STRA
ProbosciainermisAQA7SOCI 15_9STRA
ProbosciainermisAOA7SOCIM7_SSTRA
ProbosciainermisAOA7SOGHCS 9STRA
ChrysochromulinatobiniiADAOM0J902_SEUKA

ProrocentrumdonghaienseAOAOH3VWAO_9DINO
ProrocentrumdonghaienseA0A1Z2R988 9DING

PhacocystisglobosaGAXT37_SEUKA
FragilariopsiscylindrusUPI000326690F
ThalassiosiraoceanicaUPI00028CDOEF
NitzschiainconspicuaUPI001C4250F2
NitzschiainconspicuaUP1001€412E40
DitylumbrightwelliiUPI0016F67D94
DitylumbrightwelliiUPI0017042DFA
CyclophoratenuisUPI0016D432E6
AmphiprorapaludosaUPI00170F5E29
ThalassionemanitzschioidesUPI0016CEBF79
AmphiprorapaludosaUPI0016F5F73E
‘GrammatophoraoceanicaUPI00170CB8E6
e

OdontellaauritaUPI0017271248
OdontellaauritaUPI0016CAE1D6
DitylumbrightwelliUPI0016EBSECO
DitylumbrightwelliUPI0017117CEB
OdontellaauritaUPI00172DD708
ThalassiothrixantarcticaUPI001 6EB4AF4.
ProbosciaalataUPI0017171727
CorethronpennatumUPI00170AD861
CorethronpennatumUPI0016FBE525.
CorethronpennatumUPI001710411F
CorethronpennatumUPI0016BF0839
ProbosciainermisAOA7SOBXGO_SSTRA
ProbosciainermisAOA7SOGITS_9STRA
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FragilariopsiscylindrusAOA1E7EXA4 95TRA
EucampiaantarcticaAOA7S2RIV1 9STRA
synedrahyperboreaA0AA49QB36 SSTRA
PrymnesiumPolylepisAOASTSEOA7 9EUKA
ProbosciainermisAOA7SOGLOD_OSTRA
ProbosciainermisAOA7S0GLZ0_9STRA
isglobosaGAXT38 9EUKA
psiscylindrusAOATE7GO37_9STRA
ChactocerossocialisAOAA4SKST1_9STRA
Pseudo-nitzschiagraniiADAOA7RPO2 9STRA
Pseudo-nitzschiasubcurvataAOAA49KAI1_9STRA
ProbosciainermisAOA7SOCHU7 95TRA
ProbosciainermisAOA7SOCID1 9STRA
ProbosciainermisAOASTENQP7 SSTRA
ProbosciainermisAOA7SOCI15_9STRA
ProbosciainermisAOA7SOCIMZ_9STRA
ProbosciainermisAOA7SOGHCS_SSTRA
ChrysechromulinatobiniiAOAOM0J902 SEVKA

ProrocentrumdonghaienseAOAOH3VWAO_SDING

ProrocentrumdonghaienseA0A1Z2R988_SDINO
PhaeocystisglobosaG4XT37 SEUKA
FragilariopsiscylindrusUPI000326690E
ThalassiosiraoceanicaUPI000286CDIEF
NitzschiainconspicuaUPI001C4250F2
NitzschiainconspicuaUPI001C412E40
DitylumbrightwelliUPI0016F67D94
DitylumbrightwelliUPIO017042DFA
CyclophoratenuisUPI0016D452E6
AmphiprorapaludosaUPI00170F5E29
ThalassionemanitzschioidesUPIO016CEBF79
AmphiprorapaludosaUPI0016F5F73E
GrammatophoraoceanicaUPI00170CESE6
eoudo. nitecchiadalicaticei

OdontellaauritaUPI0017271248
OdontellaauritaUPI0016CAE1D6
DitylumbrightwelliUPI0016EB3ECO
DitylumbrightwelliuPI0017117CES
OdontellaauritaUPI00172DD708
ThalassiothrixantarcticaUP1001 6EB4AFd.
ProbosciaalataUPI0017171727
CorethronpennatumUPI00170AD861
CorethronpennatumUPI0016F8E525
CorethronpennatumUPI001710411F
CorethronpennatumUPI0016BF0839
ProbosciainermisA0A7S0BXGO_9STRA
ProbosciainermisAOA7S0GITS 9STRA

FragilariopsiscylindrusAOATE7EXA4 9STRA
EucampiaantarcticaAOA7S2RIV1_SSTRA
SynedrahyperboreaAOAA49QB36 9STRA
PrymnesiumPolyle pisAOA6TBBIA7 IEUKA
ProbosciainermisAOA7SOGLI9 9STRA
ProbosciainermisAOA7SOGLZ0 9STRA
PhaeocystisglobosaGAXT38 SEUKA
FragilariopsiscylindrusAOA1E7GO37 9STRA
ChaetocerossocialisADAA49K3T1_9STRA
Pseudo-nitzschiagranilAQAOA7RPO2 9STRA
Pseudo-nitzschiasubeurvataAOAA49K4I1_9STRA
ProbosciainermisA0A7SOCHU7_9STRA
ProbosciainermisA0A7S0CID_9STRA
ProbosciainermisAOAGTENQP7_9STRA
ProbosciainermisA0A7S0CI 15 9STRA
ProbosciainermisA0A7SOCIM7_9STRA
ProbosciainermisAOA7SOGHCS 9STRA
ChrysechromulinatobiniiAOAOMO0J902 9EUKA

ProrocentrumdonghaienseAOAOH3VWAQ_9DINO

ProrocentrumdonghaienseAOA122R988 9DINO
PhaeocystisglobosaGAXT37_9EUKA
FragilariopsiscylindrusUPI000326690E
ThalassiosiracceanicaUPI00028CDOEF
NitzschiainconspicuaUPI001C4250F2
NitzschiainconspicuaUPI001C412E40
DitylumbrightwelliiUPI0016F67D94
DityiumbrightwelliiUPI0017042DFA
CyclophoratenuisUPI0016D432E6
AmphiprorapaludosaUPI00170F5E29

AmphiprorapaludosaUPI0016FSF73E
GrammatophorasceanicaUP100170CB86
e

OdontellaauritaUPI0017271248
OdontellaauritaUPI0016CAE1 D6
Ditylumbrightwelliiu PI0016EB3ECO
DitylumbrightwelliiuPI0017117CEB
QdontellaauritaUPI00172DD708B
ThalassiothrixantarcticaUPIO016E84AF4
ProbosciaalataUPI0017171727
CorethronpennatumUPI00170ADS61
CorethronpennatumUPI0016F8ES25
CorethronpennatumUPI001710411F
CorethronpennatumUPI0016EF0839
ProbosciainermisAOA7SOBXGO_SSTRA
ProbosciainermisAOA7S0GITS_ 9STRA
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FragilariopsiscylindrusAOATE7EXA4_9STRA
EucampiaantarcticaADA7S2RIV1_9STRA
SynedrahyperboreaA0AA49QB36_SSTRA
PrymnesiumPolylepisAOA6TEE9AT SEUKA
ProbosciainermisAOA7SOGLID 9STRA
ProbosciainermisAOATSOGLZO_9STRA
PhacocystisglobosaG4XT38 9EUKA
FragilariopsiscylindrusAOA1E7GO37_SSTRA
ChatocerossocialisAOAA49KST1_9STRA
Pseudo-nitzschiagranilADAOA7RPO2 9STRA
Pseudo-nitzschiasubcurvataA0AA4IKAI1_SSTRA
ProbosciainermisAOA7SOCHU7_SSTRA
ProbosciainermisA0A7SOCID1_SSTRA
ProbosciainermisAOAGTBNQP7_9STRA
ProbosciainermisAOA7SOCI15_9STRA
ProbosciainermisAOATSOCIM7_9STRA
ProbosciainermisAOA7SOGHCS SSTRA
ChrysochromulinatobiniiA0AOM0J902_SEUKA

ProrocentrumdonghaienseAOAOHIVWAQ_SDINO

ProrocentrumdonghaienseAOA1Z2R988 9DINO
PhaeocystisglobosaG4XT37 SEUKA
FragilariopsiscylindrusUPI000326690E
ThalassiosiraoceanicaUPI00028CDIEF
NitzschiainconspicuaUPI001¢4250F2
NitzschiainconspicuaUPI001C 41240
umbrightwelliiUPIO016F67D94
DitylumbrightwelliUPI0017042DFA
CyclophoratenuisUPI0016D432E6
AmphiprorapaludosaUPI00170FSE29
ThalassionemanitzschioidesUPI0016CEBF79
AmphiprorapaludosaUPI0016F5F73E
GrammatophoraoceanicaUPI00170CESE6
Peoudo. nitec hiadalicaticei

OdontellaauritaUPI0017271248
OdontellaauritaUPI0016CAE1D6

OdontellaauritaUPI00172DD708
ThalassiothrixantarcticaUPI0016E84AF4.
ProbosciaalataUPI0017171727
CorethronpennatumUPI00170AD861
CorethronpennatumUPI001 6FSE525.
CorethronpennatumUPI001710411F
CorethronpennatumUPI001 6BF0839
ProbosciainermisAOA7SOBXGO 9STRA

FragilariopsiscylindrusADAE7EXA4 SSTRA
EucampiaantarcticaAOA7SZRIV1_9STRA
SynedrahyperboreaA0AA49QB36 9STRA
PrymnesiumPolylepisAOA6TBBIAT_SEUKA
ProbosciainermisAOA7SOGLO9 9STRA
ProbosciainermisAOATSOGLZO 9STRA
PhacocystisglobosaGAXTS8_ 9EUKA
FragilariopsiscylindrusAOA1E7GO37 9STRA
ChaetocerossocialisAOAA49KST1_SSTRA
Pseudo-nitzschiagraniiAOAOA7RPO2_ 9STRA
Pseudo-nitzschiasubcurvataA0AA49KAIT_9STRA
ProbosciainermisAOASOCHU? 9STRA
ProbosciainermisAOA7SOCID1_9STRA
ProbosciainermisAOAGTENQP7 9STRA
ProbosciainermisAOA7SOCI1S_9STRA
ProbosciainermisAOA7SOCIM7_9STRA
ProbosciainermisAOATSOGHCE_9STRA
ChrysochromulinatobiniiAOAOMOJ902_9EUKA

ProrocentrumdonghaienseAOAOH3VWAQ_SDINO

ProrocentrumdonghaienseA0A122R988_SDINO
PhaeocystisglobosaG4XT37 SEUKA
FragilariopsiscylindrusUPI000326630E
ThalassiosiraoceanicaUPI00028CDIEF
Nitzschi
NitzschiainconspicuaUPI001C412E40
DitylumbrightwelliluPI0016F67D94
DitylumbrightwelliUPIO017042DFA
<CyclopheratenuisUPI0016D432E6
AmphiprorapaludosaUPI00170FSE23
ThalassionemanitzschioidesUPI0016CEBF79
AmphiprorapaludosaUPI0016F5F73E
GrammatophoraoceanicaUPI00170CB3E6

e e i

OdontellaauritaUPI0017271248
OdontellaauritaUPI0016CAE1DE
DitylumbrightwelliiUPI0016EB3ECO
DitylumbrightwelliiUPI0017117CEB
OdontellaauritaUPI00172DD708
ThalassiothrixantarcticaUPI0016EB4AF4
ProbosciaalataUPI0017171727
CorethronpennatumUPI00170AD861
CorethronpennatumUPI0016F8E525
CorethronpennatumUPI001710411F
CorethronpennatumUPI001 66F0839
ProbosciainermisAOATSOBXGO_9STRA
ProbosciainermisAOA7SOGITS 9STRA
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FragilariopsiscylindrusADATE7EXA4_9STRA
EucampiaantarcticaAOA7S2RIV1_9STRA
SynedrahyperboreaA0AA49QB36_SSTRA
PrymnesiumPolylepisAOA6TSE9A7 SEUKA
ProbosciainermisAOATSOGL99_9STRA
ProbosciainermisAOATSOGLZO 9STRA
PhaeocystisglobosaG4XT38_9EUKA
FragilariopsiscylindrusAOA1E7G037_9STRA
ChaetocerossocialisAOAA49KST1 9STRA
Pseudo-nitzschiagraniiAOAOATRP02 9STRA

Pseudo-nitzschiasubeurvataAOAA49KAI1 9STRA

ProbosciainermisA0A7SOCHU7_SSTRA

o
ProbosciainermisAOA7SOCIM7_9STRA
ProbosciainermisAOA7SOGHCS SSTRA
‘ChrysochromulinatobiniiAOAOM0J902_SEUKA

ProrocentrumdonghaienseAOAOH3VWAO 9DINO =
ProrocentrumdonghaienseAOA1Z2R988 9DING

PhaeocystisglobosaG4XT57_SEUKA
FragilariopsiseylindrusUPI000326690E
ThalassiosiraoceanicaUPI00028CDSEF
NitzschiaineonspicuaUPIOD1C4250F2
NitzschiainconspicuaUPI001C412E40
DitylumbrightwelliiUPI0016F67D94
DitylumbrightwelliiUPIO017042DFA
<CyslopheratenuisUPI0016D432E6
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Figure 2.6 Multiple sequence alignment of diatom microbial rhodopsin protein sequences, using

FR1 as the reference sequence. The left-side labels correspond to species information and protein
IDs. The color gradient indicates the degree of conservation, with darker shades representing more

conserved amino acid residues.
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rhodopsins sequences. The tree was constructed using diatom microbial rhodopsin protein sequences,

with Fragilariopsis cylindrus FR1 and FR2 highlighted in red. The tree illustrates the evolutionary

relationships between diatom microbial rhodopsins, dividing them into two

lengths represent the evolutionary distance between the sequences.

distinct clusters. Branch
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Analysis of phylogenetic characteristics

Based on 2850 homologous of FR1 rhodopsin protein sequences obtained from the
Tara Ocean dataset, a Maximum Likelihood (ML) phylogenetic tree was constructed
to visualise and compare the evolutionary history and phylogenetic relationships of
diatom microbial rhodopsins in the natural marine environment (Figure 2.8).
According to the ML tree, the diatom branch (highlighted in red) reveals the
evolutionary relationships of diatom microbial rhodopsins within their broader
taxonomic context. Diatom microbial rhodopsins form a distinct group closely related
to other eukaryotic algae, such as those in the Haptophyta and Pyrrophyta lineages,
indicating that microbial rhodopsins in these photosynthetic organisms likely share a
common evolutionary origin. This finding is consistent with the observations of
Marchetti et al. (2015; 2012). The close phylogenetic relationship among eukaryotic
organisms suggests potential functional similarities, particularly in the roles microbial
rhodopsins play in light absorption and energy conversion. Additionally, a large
number of microbial rhodopsin sequences of unlabelled species have been detected in
environmental samples of diatoms, suggesting that the abundance of microbial
rhodopsin in eukaryotic algae, especially diatoms, is higher than has been found so
far, and there may still be potential species of microbial rhodopsin that have not yet

been discovered.

In contrast, the prokaryotic branch, shown in green, displays an evolutionary distance
from the eukaryotic microbial rhodopsins. This suggests that although prokaryotic
microbial rhodopsins, such as those found in bacteria, perform similar functions (e.g.,
light-driven proton pumps), their evolutionary history and structural characteristics
are significantly different. These differences may stem from the ancient origin of
microbial rhodopsins in prokaryotes or their early divergence from the microbial
rhodopsins found in eukaryotic organisms by horizontal gene transfer (Marchetti et

al., 2015; Strauss et al., 2023).
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Figure 2.8 Maximum Likelihood phylogenetic tree based on 2850 homologous FR1 rhodopsin
protein sequences from the Tara Ocean dataset. The tree illustrates the evolutionary relationships
between microbial rhodopsins across different taxonomic groups, including Prokaryota (green),
Bacillariophyta (diatoms) (red), Haptophyta (pink), and Pyrrhophyta (blue). Bootstraps larger than 60%

on main branck are demonstrated as light blue circle (n=2850).
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Physiological characterisation of diatom xanthorhodopsin FR1 and FR2

As described before (Figure 2.1), FR1 and FR2 microbial rhodopsins share identical
amino acid sequences. Despite this, it remains unclear whether these two microbial
rhodopsins perform identical functions, particularly in terms of ion specificity and
environmental adaptation. To investigate this, we conducted membrane potential
experiments and real-time quantitative PCR (qPCR) to shed light on their function as

proton pumps and assess their expression under various environmental conditions.

The membrane potential experiments were performed by Shigiang Gao et al. at the
University of Wiirzburg, Germany. These results are illustrated in Figures 2.9 and
2.10. Initially, we tested the absorption spectrum of FR1, which indicated that its peak

activity is within the green light spectrum, around 516 nm (Figure 2.9). This aligns
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Figure 2.9 Action spectrum of FR1. Photocurrents of FcR1 were measured in NMG buffer at

pH 7.5 with a membrane potential of =20 mV. Normalised data were obtained from Shigiang Gao

and Jan Strauss et al. (Strauss et al., 2023).
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with the typical absorption range of microbial rhodopsins, which often exhibit
maximum photocurrent responses in the blue-green light range, supporting its

potential role in light-driven proton transport.

Following this, Two-Electrode Voltage Clamp (TEVC) measurements were carried
out under green light illumination (530 nm) to explore the ion transport properties of
both FR1 and FR2 (Figure 2.10). The results clearly showed that both rhodopsins
generated typical ion pump signals, confirming their function as ion transporters. To
further determine the ion specificity of FR1, we conducted additional TEVC
measurements in various buffer solutions containing different ions, including sodium
(Na"), chloride (CI"), and potassium (K"). Surprisingly, there was no significant
variation in the photocurrent intensities across these buffer conditions (Figure 2.10c).
This suggests that FR1 functions as a proton-specific pump, consistent with other

microbial rhodopsins that act as light-driven proton pumps.

Considering that Fragilariopsis cylindrus is a polar diatom that thrives in cold marine
environments, we further explored whether FR1 might have evolved cold-adaptive
features. To test this hypothesis, we compared the activity of FR1 with that of
bacteriorhodopsin (BR), a well-characterised microbial rhodopsin that typically
functions at moderate temperatures. Both FR1 and BR were subjected to activity tests
at three different temperatures: 10°C, 20°C, and 30°C to simulate ecologically
relevant conditions encountered by Fragilariopsis cylindrus and Halobacterium
halobium (Figure 2.11) (Nakayama, 1998). Temperatures below 10°C were not tested
due to technical limitations of the oocyte system and signal stability in TEVC
measurements. However, the selected range (10-30°C) still effectively captures the
differential thermal responses of cold-adapted rhodopsins under ecologically relevant
conditions. The results showed a stark difference in temperature sensitivity between
FR1 and BR. While BR displayed a significant decline in activity at lower

temperatures, FR1 maintained robust photocurrent responses even at 10°C. In fact,



83

FR1's activity at ten °C was markedly higher than BR’s, suggesting that FR1 has
undergone evolutionary adaptations to function efficiently in cold environments, such

as the polar waters where F. cylindrus is found.

These findings prove that FR microbial rhodopsin could work as a proton pump in
organisms similar to their homologs bacteriorhodopsin, proteorhodopsin and
xanthorhodopsin. In addition, the cold resilience of FR1 highlights its potential role in
supporting F. cylindrus's survival in extreme polar conditions, where temperatures are

highly variable.

Subsequently, to verify the expression of the FR genes, absolute quantification RT-
qPCR for FR gene and relative quantification RT-qPCR for FR1/FR2 were conducted
with the assistance of Jan Strauss. Fragilariopsis cylindrus was cultivated under
various environmental conditions to assess its gene expression response to different
stress factors and growth environments. These conditions included polar summer
growth conditions (nutrient-replete, +4°C, 35 pmol photons m2 s™"), freezing
temperatures (—2°C), elevated temperatures (+10°C), elevated carbon dioxide levels
(1000 ppm CO:s), iron starvation (—Fe), prolonged darkness (1 week), half-saturation
with silicate (0.32 uM Si), and exposure to specific light conditions, including red
light (550-700 nm) and blue light (480-540 nm). RNA was extracted from these
cultures and subsequently used for cDNA synthesis to evaluate the gene expression
levels of FR1 and FR2 under these diverse environmental conditions. Results are
shown in Figure 2.12. Interestingly, although FR1 and FR2 are 100% identical at the
amino acid level, they exhibit differential expression under various environmental
conditions. The expression of FR1 is particularly influenced by iron availability, a
critical factor in the nutrient-limited waters of the Southern Ocean (Strauss et al.,
2023), whereas FR2 have high expression level all the time. The absolute RT-qPCR
results also indicate that under the iron limitation, significant increased cDNA of FR

gene were obtained (Figure 2.12b). This finding is significant as it demonstrates the
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potential of these microbial rhodopsins to contribute to cellular energy metabolism
through another phototrophic pathway, especially under conditions where traditional
photosynthetic pathways may be limited (Marchetti et al., 2015). Additionally, to the
best of our knowledge, this is the first time that two proteins with the same amino acid
sequence have been found to have completely different gene expressions. This
observation suggests that their regulatory regions may have undergone divergent
evolutionary trajectories, potentially due to differences in cis-regulatory elements
within their promoter sequences or chromosomal positioning. This phenomenon may
represent a case of regulatory sub-functionalisation arising under conditions of
functional redundancy—a mechanism previously reported primarily in core genes of
animals and plants. For example, the H3F3A and H3F3B genes in animals encode the
same H3.3 histone protein despite showing notable nucleotide-level differences across
both intron and exon (Mubhire et al., 2019). Similarly, in Lycopersicon esculentum, the
Cab-6A and Cab-6B genes differ by only eight base pairs but encode the same

photosynthesis-associated protein (Pichersky et al., 1987).

However, such cases typically occur in highly conserved housekeeping genes and
involve only minor DNA sequence differences. In contrast, the FR1 and FR2 gene
pair identified in this study not only encodes completely identical protein sequences
but also shows substantial divergence at the DNA level and displays distinct
regulatory behaviours. Notably, this represents the first known case of such regulatory
divergence in microalgae, particularly in rhodopsin-like light-responsive proteins with

ecological relevance.

Therefore, the differential expression of FR1 and FR2 provides a rare and illustrative
example of how regulatory sequences can evolve independently of protein function,
allowing organisms to adapt to complex environmental conditions. This discovery
offers a novel perspective on the regulation of light-responsive genes and opens new

avenues for exploring the adaptive mechanisms of polar diatoms under iron limitation



and other environmental stresses.
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Figure 2.10 Ion pump characterisation of FR1 and FR2 measured using Two-Electrode Voltage Clamp
(TEVC). Figure(a) and (b) show the photocurrent traces of FR1 and FcR2, respectively, under green light
illumination (530 nm). The currents were recorded with membrane potential steps ranging from —100 mV (gray)
to +20 mV (orange) in 20 mV increments. Figure (c) displays the normalized photocurrent response of FcR1/2
under three different buffer conditions: Na* and K* (yellow), NMG-CI" (blue), and NMG-Asp (green). NMG
stands for N-Methyl-D-glucamine. Data obtained from Jan Strauss and Shigiang Gao (Strauss et al., 2023).
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Figure 2.11 Activity tests of FR1 rhodopsin and bacteriorhodopsin (BR) under different
temperatures. The photocurrent responses were measured at 10°C (purple), 20°C (cyan), and 30°C
(yellow) under varying light intensities (532 nm) for FR1 (top panel) and BR (bottom panel). Figure

edited from Jan Strauss’s data (Strauss et al., 2023).
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Figure 2.12 Gene expression levels of two variants FR1 and FR2 under nine different cultivation
conditions. (a) Relative qPCR results depicting the expression of FR1 (blue) and FR2 (red) across
various conditions. (b) Absolute qPCR results displaying the total cDNA concentration of FR1 and FR2
combined (FR1+FR2) under the same nine conditions. Values are represented in femtograms (fg) of

cDNA. Data obtained from Jan Strauss.
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Subcellular localisation of FR1 in other model diatoms

Through our investigations, we confirmed that both FR1 and FR2 are proton-pump
rhodopsins. Notably, FR1 is specifically expressed under iron-limited conditions,
suggesting a potential role in supporting diatom survival in such environments.
However, the detailed mechanisms underlying FR1's contribution to diatom
adaptation to iron limitation remain unclear. To begin addressing this, we attempted to
overexpress FR1 in two model diatoms, Phaeodactylum tricornutum and
Thalassiosira pseudonana, tagging FR1 with a GFP signal at the C-terminal to aid in

localising the protein.

Our results demonstrated strong GFP signals in both transformed strains of P.
tricornutum and T. pseudonana, while no GFP signals were detected in the wild-type
strains under identical imaging conditions (Figure 2.13). In both transformed strains,
the GFP signals co-localized with chlorophyll fluorescence in plastids, suggesting that

the subcellular localisation of FR1 is likely within the plastid.

Based on these localisation results, we developed a schematic model to hypothesise
the potential roles that FR1 rhodopsins might play in diatoms under iron-limited
conditions (Figure 2.14). In hypothesis 1, we propose that microbial thodopsin FR1
localises to the outer plastid membrane, where it could facilitate iron co-transport by
generating a proton gradient, thereby aiding in iron uptake under limiting conditions.
In hypothesis 2, microbial rhodopsin FR1 could localise to the thylakoid membrane,
where it may support ATP synthesis during periods of limited photosynthesis,
functioning similarly to bacteriorhodopsins in bacteria (Bar-Shalom et al., 2023;
Davison et al., 2022). This would enable diatoms to maintain energy production even
when photosynthetic activity is compromised by environmental stresses such as iron

scarcity.

A more precise understanding of microbial rhodopsin's subcellular localisation is
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critical to elucidating its mechanisms and functions. However, due to the limitations
of current imaging resolution, we have been unable to confirm the exact membrane on
which FR1 is localised—whether it is the chloroplast membrane, the thylakoid
membrane, or another plastid membrane. Furthermore, previous work by Jan Strauss
suggests that the use of GFP may interfere with microbial rhodopsin expression or
function, making fluorescence targeting unreliable for accurately tracking microbial
rhodopsin localisation. Therefore, to address these challenges, in the next chapters, I
conducted cell-sliced Immunogold labelling using transmission electron microscopy
(TEM) to achieve high-resolution subcellular localisation of diatom microbial
rhodopsin. This approach will provide the necessary clarity to refine our hypotheses
and advance our understanding of the role of microbial rhodopsins in diatom

adaptation.
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Figure 2.13 Subcellular localisation of microbial rhodopsin in model diatom P. tricornutum and T
pseudonana. (a) Microscope images of rhodopsin knock-in P, tricornutum and wild-type P,
tricornutum strain. Images were shown in four channels for bright field, GFP channel for microbial
rhodopsin localisation, Alexa568 channel for chlorophyll, and merged image to visualise co-
localisation. (b) Microscope images of thodopsin knock-in 7. pseudonana and wild-type T. pseudonana
strain. Images were shown in four channels for bright field, GFP channel, Alexa568 channel, and

merged view. Data were collected by me and Jan Strauss.
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Figure 2.14 Schematic model for hypothesises of microbial rhodopsin FR1 mechanisms in
diatom. For hypothesis 1, FRI1 is localised at the outer plastid membrane and supported by the iron
cotransporter. In hypothesis 2, FR1 is localised at the thylakoid membrane and supports the ATP
synthesis. Model developed by Jan Strauss (2012).
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Conclusions

In this chapter, we conducted a comprehensive analysis of the microbial rhodopsin
genes FR1 and FR2 in Fragilariopsis cylindrus, focusing on their sequences and
predicted structures using publicly available databases. We revealed that while both
microbial rhodopsins share identical amino acid sequences, their regulatory and
functional characteristics differ under various environmental conditions, indicating

potential specialisation in their roles.

I also extended our investigation to explore the presence of microbial rhodopsins in
other diatom species in natural environments, providing valuable insights into the
evolutionary and ecological significance of these proteins. This broader analysis
suggests that microbial rhodopsins may play a pivotal role in the ecological success of
diatoms, particularly in adapting to varying light conditions and other environmental

stresses.

Through membrane potential experiments, we confirmed that both FR1 and FR2
function as proton pumps. FR1 exhibited its peak photocurrent activity under green
light (~516 nm), highlighting its potential role in light harvesting and energy
conversion. Notably, FR1 showed enhanced performance in colder temperatures,
suggesting that it has evolved cold-adaptive features, which may be critical for its

function in the polar marine environments where F. cylindrus thrives.

Our laboratory experiments further demonstrated that FR1 is highly responsive to
environmental changes, particularly under iron-limited conditions. This suggests that
FR1 may play a crucial role in supporting diatom growth under the iron-deficient
conditions prevalent in polar regions. However, although we investigated that the
microbial rhodopsin FR1 is localised at the plastid, the detailed mechanisms by which
a proton-pump rhodopsin, like FR1, contributes to diatom survival and adaptation

under iron limitation remain elusive. This raises important questions about the
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potential interactions between FR1 activity and iron metabolism, which could involve
complex regulatory networks yet to be fully explored. To better understand the FR1
functions, we developed a hypothesis of microbial rhodopsin based on its subcellular

localisation.

Given these findings, the subsequent chapters will focus on the detailed investigation
of FR1’s function and its potential mechanism in diatoms, particularly emphasising its
role in iron limitation. By narrowing the scope to FR1, we aim to uncover the
specifics of this unique adaptation strategy and understand how FR1 contributes to

diatom adaptation in challenging polar environments.
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Chapter 3
Characterisation of diatom microbial rhodopsins and testing

the biological role of a selected variant in vivo

Introduction

Thalassiosira pseudonana is a centric diatom with ancestry, but mainly found in
seawater (Figure 3.1) (Alverson et al., 2011). 7. pseudonana can tolerate an extensive
range of salinity and temperature (Baek et al., 2011). Due to its high growth rate and
relatively small genome size, 7. pseudonana has become a significant model organism
in the field of marine biology. It was selected as the first diatom to have its genome
fully sequenced and to have an established transformation method (Armbrust et al.,
2004). As a result, 7. pseudonana has served as a central platform for international

collaborative research, significantly advancing our understanding of diatom biology

Figure 3. 1 Cell images of 7. pseudonana under scanning electron microscopy (a-c, scale bar

1pm). Bright field microscope image of single cell (d-e, scale bar 2um). Cited from Poulsen and

Kroger (2023).
pseudonana, various gene editing methods, including overexpression (Poulsen et al.,
2006), RNA silencing (Cook & Hildebrand, 2016; Kirkham et al., 2017), and gene

knock-out (Hopes et al., 2016; Trentacoste et al., 2013), have been employed to
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investigate specific biological questions. These techniques have matured significantly,

making gene editing in 7. pseudonana a well-established and reliable approach.

Research utilising 7. pseudonana has provided valuable insights into the genetic and
molecular mechanisms underlying diatom biology. The availability of advanced
genetic tools has facilitated studies on various topics, from basic cellular processes to
complex interactions (Kirkham et al., 2017; Schaum et al., 2018). As a result, T.
pseudonana continues to be a pivotal organism in marine biological research, driving
forward our understanding of diatom physiology, adaptation, and their roles in marine
ecosystems. According to the whole genomic sequencing results, there is no microbial
rhodopsin gene in 7. pseudonana (Armbrust et al., 2004), making it an ideal model
organism for using a gene editing method to introduce and overexpress a foreign
xanthorhodopsin gene FR1 from diatom Fragilariopsis cylindrus to investigate its

function and potential mechanism in diatom (Strauss et al., 2023).

In this chapter, I analyse the function and mechanisms of xanthorhodopsin FR1 using
knock-in and heterologous expression in the model diatom Thalassiosira pseudonana.
Several advanced methods, including rapid light curve analysis, real-time fluorogenic
quantitative PCR, and immunogold staining, were employed to gain a comprehensive

understanding of FR1's function and mechanisms.

The primary aim of this chapter is to elucidate the functional mechanisms of FR1 and
its role in diatoms' adaptation to iron-limited environments. By integrating these
techniques, we can assess the physiological and molecular responses of 7.
pseudonana expressing FR1 under varying iron conditions, thereby providing insights
into how FR1 contributes to the diatom's survival and growth in nutrient-limited

waters.

This chapter will significantly contribute to our broader understanding of the

ecological significance of microbial rhodopsins. Additionally, the findings may have
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important applications in biotechnology and marine resource management, potentially
leading to new strategies for harnessing microbial rhodopsins for energy production

and environmental sustainability.
Materials and methods
Growth Media

Iron-free Aquil* medium was prepared according to the National Center for Marine
Algae and Microbiota (NCMA) protocol (Sunda et al., 2005). Basic synthetic ocean
water was eluted through a column containing Poly(styrene-divinylbenzene) 1%
cross-linked ion exchange resin (Alfa Aesar, USA) to remove iron contamination and
filter sterilised with 0.2 pum filter unit (Millipore) (Mori et al., 2011). Subsequently, all
trace metals were added except iron. [ron-free trace metals were mixed according to
the Aquil* protocol (Sunda et al., 2005). The iron stock was prepared separately at a
final concentration of 1 mmol L™ FeCls.6H>O with 100 umol L™
ethylenediaminetetraacetic acid (EDTA), to bind with metal ions to form
phytoplankton inaccessible chelates. The all-trans-retinal stock solution was prepared

at a concentration of 10 mmol L' retinal dissolved in 100% DMSO.
Strains, Culturing and growth rates

The diatom strain of 7. pseudonana (strain CCMP1335) was obtained from the
NCMA. All growth experiments were performed with the diatom strain Thalassiosira
pseudonana CCMP 1335. All cultures were grown in a 20 °C incubator at 38 pmol
photons m2s™! white light and 24-hours daylight (QSL-2101, Biospherical
Instruments Inc., USA). Cell cultures were added with a mixed-antibiotic treatment
using the following antibiotics according to Strauss (2012) to remove bacterial
contamination: ampicillin (50 pg mL™"), gentamycin (1 pg mL™"), streptomycin (25
png mL™"), chloramphenicol (1 pg mL™), and ciprofloxacin (10 pg mL™). This

comprehensive antibiotic regimen ensured the elimination of potential bacterial
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contaminants, thereby maintaining the purity and integrity of the diatom cultures for

subsequent experiments.

In control treatment and normal cultivation stock, cells were maintained and grown in
the iron-enriched Aquil* media (1000 nmol L™! iron). For iron-limitation experiments,
cells were transferred into an iron-free Aquil* medium and cultured for five days
under iron starvation before the start of the iron-limitation experiments. For the pre-
experiment, all diatom cultures were transferred into extremely iron-limited
conditions (2.50nM, 1.00nM, 0.25nM, 0.00nM) to simulate the natural western
Atlantic Ocean (Rijkenberg et al., 2014). Additionally, considering that the synthesis
of microbial rhodopsin in overexpressed strains requires additional retinal, the effect
of retinal and DMSO, which work as a solvent of retinal, concentrations on 7.

pseudonana were also tested.

In preparation for the formal experiments, iron-replete stock cultures were initially
transferred to an iron-free Aquil” medium and allowed to grow for approximately
three days. This step was to deplete any iron stored in cells to ensure iron starvation
conditions. After that, all pre-treated, iron-starved diatom cells were inoculated into
either iron-replete Aquil* medium as the control group (1000 nmol L-1 iron, 3 umol
L! retinal) or iron-limited Aquil* media as the treatment group (150nmol L-1 iron, 3
umol L retinal) at an initial concentration of approximately 8x 10° cells ml™!'. Lower
initial cell densities or prolonged periods of iron starvation may lead to cell mortality
and inhibit growth in later cultures under iron limitation. Five replicates each were
used for control and treatment groups. To estimate the cell fitness, one-millilitre
subsamples were taken from the experiment every 24 hours to measure the cell
density for specific growth rate and maximum quantum yield of PSII (Fv/Fm) as an
index for cell fitness (Parkhill et al., 2001). The cell density was estimated by a
Multisizer 4e Coulter Counter (Beckman, USA). Cell-specific growth rates (p) were

calculated according to the following equation:
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u = (In (Nt2) — In (Nt1))/ At

Where Ny and Ny, are the cell density (cells mL™') at sampling times t; and t, and At
represents the time between the two measurements (Guillard, 1973). Considering
differences in the lag time between wildtype (WT) and xanthorhodopsin (RHO)
knock-in 7. pseudonana cell lines, the specific growth rates were calculated from days
4 to 6 for WT and days 3 to 5 for the RHO knock-in cell lines. These days were
selected as they represent the exponential growth phase concerning differences in the

lag phase between WT and RHO knock-in cell lines.

The maximum quantum yield of PSII (Fv/Fm) was assessed every 24 hours using a
Phyto-pulse-amplitude-modulated (PAM) fluorometer (Heinz Walz, Germany). A dark
pre-treatment was applied to all samples before measuring. The quantum yields in
vivo were calculated for each culture using the PhytoWin software with the following

equation:
Fv/Fm = (Fm — F0)/Fm

Where Fm is the maximum fluorescence yield, and FO is the minimum fluorescence

yield (Maxwell & Johnson, 2000).

Student t-test was performed to evaluate the significance of the difference between the
growth of the two types. Data were considered statistically significant for p-

values <0.05.
Generate microbial rhodopsin knock-in cell lines
Bacterial transformation and plasmid preparation

Plasmids used for generating microbial thodopsin knock-in cell lines were constructed
by Jan Strauss (2012). Vector maps are shown in Figure 3.2. The endogenous fcp

promoter and terminator were used in these two plasmids (Poulsen et al., 2006).
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Plasmid pTp-FcpNAT contains selective gene nourseothricin (NAT), while the
plasmid pTpFcpFR1 contains full-length xanthorhodopsin FR1 sequences. Plasmids

were checked by enzyme digestion and sequenced by Eurofins Genomics UK.

To initiate the cloning process, one pl of plasmid stock was introduced into high-
efficiency NEB 5-alpha competent E. coli cells, adhering strictly to the transformation
protocol provided by New England Biolabs (NEB). Following transformation,
aliquots of 20 ul and 40 pl from the transformed cells suspended in SOC medium
were evenly spread onto separate Luria-Bertani (LB) agar plates. These plates were
fortified with 100 pg/ml ampicillin, ensuring that only cells that had successfully
incorporated the plasmid would proliferate. The plates were then incubated at 37°C

overnight, facilitating optimal growth and expression of the transformants.

The following day, individual colonies were picked and cultured in a 10 ml LB
medium containing 100 pg/ml ampicillin to expand the transformed cell amount.
These cultures were incubated overnight under constant shaking. Subsequently, cells
were harvested by centrifugation, and plasmids were extracted using the Monarch

Plasmid Miniprep Kit (NEB, UK).

To verify the integrity and size of the cloned plasmids, they underwent both single and
double restriction enzyme digestions, followed by electrophoresis to visualise full-size

linearisation of the plasmids.

Before utilising these plasmids for biolistic transformation, a rigorous precipitation
protocol was applied to eliminate any potential residual impurities. This involved
adding 1/10 volume of sodium acetate to the DNA solution, followed by pipette
thorough mixing. Then, two volumes of chilled 100% ethanol were added. The
mixture was left to precipitate overnight at -20°C. The next day, the solution was
centrifuged at maximum speed for 15 minutes at 4°C. The supernatant was discarded,

and the DNA pellet was washed with 1 ml of 70% ethanol, followed by another round
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of centrifugation for 5 minutes at maximum speed and 4°C. After carefully removing
the supernatant, the DNA pellet was air-dried and finally resuspended in an

appropriate volume of DNase-free water to prepare it for further experiments.

Heterologous expression of FR1 in Thalassiosira pseudonana
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Figure 3.2 Vector map of pTp-FcpFR1 and pTp-FcpNAT. Two plasmids were used for a co-

transformation to generate FR1 knock-in cell line.
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Shooting particles were prepared and coated according to the protocol outlined by
Kroth (2007). In this procedure, 50ul (3 mg) of 0.7um tungsten particles, known as
M10, were meticulously coated with 5pg of plasmid DNA. The coating process
occurred in a reaction mixture containing calcium chloride and spermidine, which are
crucial for facilitating DNA binding to the particles. This preparation yielded enough
material for five separate bombardments, with each shot comprising 600 ng of
tungsten particles and 1pg of plasmid DNA. A control experiment was included to
evaluate the transformation efficacy. In this control, water was used in place of
plasmid DNA to prepare the particles. This negative control served as a benchmark to
assess the background level of transformation success, thereby enabling a comparative

analysis of the transformation efficiency when plasmid DNA was used.

Before the transformation, two concentrations of agar plates, 1.5% and 0.8%, were
prepared. The non-selective 1.5% agar plate was used for particle shooting buffer,
while 0.8% Aquil* plates supplemented with 100pug/ml NAT were prepared for
selecting transformed cells. According to the previous study, NaCl concentration
could limit the efficiency of antibiotics (Muto et al., 2013). Therefore, all plates were
made as half-salinity Aquil* plates by mixing pre-heated full-salinity Aquil* medium
with the same volume of double-concentration agar solution. Additional non-selective

0.8% agar Aquil plates were also prepared to be a positive growth control.

Wild-type T. pseudonana cells (5 x 107 cells/ml) were collected using 0.22um
Isopore™ polycarbonate membrane filters (MilliporeSigma) from the exponential
growth phase (approximately 8x10° cells/ml) at room temperature. Filters were placed
on a 1.5% agar plate prepared for shooting. Biolistic transformation for generating the

FR1 strains followed the protocol of Hopes et al. (2017).

The PDS-1000/He biolistic microparticle delivery system (Bio-Rad) was used to
introduce plasmids into the cells based on the manufacturer’s instructions. The

transformation process uses a rapture disk at 1350 psi, with each shot being executed
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in a controlled vacuum environment of 25 mm Hg. To ensure the reproducibility and
reliability of results, all bombardments were performed in triplicate, including a
negative control where water substituted plasmid DNA to assess baseline

transformation efficiency.

After the transformation, the cells were immediately transferred to 15 mL of non-
selective, half-salinity Aquil* medium, where they were cultured under continuous

257! at a stable temperature of 20°C

white light at an intensity of 38 umol photons m™
and this cultivation period lasted 24 hours to allow for the recovery and expression of

the introduced genes.

The following day, 5 x 10°® incubated transformed cells were harvested by
centrifugation at 1500rpm. The supernatant was carefully discarded to ensure cell
retention. The cell pellet was then resuspended in 100 pL of fresh medium and
inoculated onto 0.8% selective agar plates added with 100 pg/ml NAT to select for
successfully transformed cells. For comparative analysis and to confirm the viability
of the cells post-shooting, 100 uL from the negative control treatment was also spread
onto non-selective agar plates, serving as a positive growth control. These plates were
then incubated under standard growth conditions. The environment was meticulously
maintained to promote the optimal growth of colonies, which were regularly
monitored until they became visually apparent. The plates were then cultured under
standard growth conditions. The plate lids were lifted every few days to remove
condensation and keep air flowing. This environment was meticulously maintained to
promote the optimal growth of colonies, which were regularly monitored until they
became visually apparent. Following the incubation period, visible colonies were
carefully picked from the agar plates using sterile techniques. Each selected colony
was then resuspended in 500ul of half-salinity Aquil* medium supplemented with 100
pg/ml NAT. The 12-well plates were maintained under standard laboratory

conditions, which include a constant temperature and light exposure, ensuring optimal
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growth and development of the diatom colonies. Once the colonies showed robust
growth and viability in the 12-well plates, they were transferred to larger flasks
containing 25 ml of the same half-salinity selective Aquil* medium for subsequent

experiment and storage.

Screening the transformed cells

Once cell density from liquid selection and colony cultures reached more than 1x10"6
cells/ml, the genomic DNA (gDNA) was extracted according to Hopes protocol
(Hopes et al., 2017). This involved resuspending cell pellets obtained from 5 ml of
culture in 10 pl of lysis buffer (10% Triton X-100, 20 mM Tris—HCl pH 8, 10 mM
EDTA). To ensure complete cell lysis, this mixture was subjected to a freeze-thaw
cycle, starting with incubation at -80°C for 15 minutes, followed by a rapid shift to

95°C for 10 minutes.

For PCR amplification, 2 pl of the lysed sample was used as a template in a 50 pl
reaction volume. The PCR reactions were prepared using REDTaq® ReadyMix PCR
Reaction Mix™ (Sigma-Aldrich, US). The target genomic region was amplified with

specific primers designed for the FR1 sequence:

Name Sequence
FR271123 F1 CGTTTGGCCATTCCTTCATATC
Rhodopsin screen R GAACCGGAGATTCCCATCATAG

PCR amplification was performed with denaturation at 95 °C for 1 min, followed by
35 cycles of 95 °C 30 seconds, 56 °C 30 seconds and 72 °C 1 min; then 72 °C 5 mins.
The amplified products were then verified through electrophoresis on a 1% agarose
gel, and the bands of interest were sent for sequencing to Eurofins to confirm the
specificity and accuracy of the amplification. Positive clones, identified as RHO

knock-in mutant cell lines, were thereafter maintained in half-salinity Aquil* medium
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supplemented with 100 pg/ml NAT.

RNA extraction and RT-PCR

A reverse transcript-PCR (RT-PCR) analysis was conducted to determine the target
gene's expression in FR1 knock-in 7. pseudonana cell lines. Initially, 80 mL of
exponential phase cell culture was harvested by centrifugation. These cells were
immediately frozen in liquid nitrogen for a rapid freeze-thaw cycle. For cell lysis, 1
ml of Trizol heated to 60°C was added to the cells, and the mixture was shaken using
a bead mill (Biospec Products) for 2 minutes at room temperature. Following milling,

the mixture was incubated on ice for 1 minute to stabilise the RNA.

Total RNA was subsequently extracted and purified using the Direct-zol RNA Kit and
the RNA Clean & Concentrator Kit from Zymo, following the manufacturer's detailed
protocols. To ensure the removal of any contaminating genomic DNA, RNase-free
DNase treatment was applied at 37°C for 60 minutes before the final RNA clean-up

step.

For reverse transcription, 0.2 pg of the purified RNA was used. The reverse
transcription was carried out using the SuperScript™ IV First-Strand Synthesis
System from Thermo Fisher, strictly according to the provided instructions. This step

is crucial for synthesising cDNA from the RNA template.

The RT-PCR amplification was prepared using a 50 ul reaction volume with
REDTaq® ReadyMix PCR Reaction Mix™ (Sigma-Aldrich), following the mix's
preparation guidelines. Amplification was performed in a PCR cycler (Bio-Rad,
USA), performed with denaturation at 95 °C for 1 min, followed by 35 cycles of

95 °C 30 seconds, 56 °C 30 seconds and 72 °C 1 min; then 72 °C 5 mins.

Rapid light curve measurements

Since the first discovery of the phenomenon of chlorophyll fluorescence induction in
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1931 (Kautsky & Hirsch, 1931), the technology of chlorophyll fluorescence induction
kinetics has emerged as a vital tool for studying photosynthetic organism growth and
photosynthesis. This technique monitors changes in chlorophyll fluorescence under
specific lighting conditions, providing scientists with deep insights into the
photosynthetic activity and health status of photosynthetic organisms. In this project,
the rapid light curve was used to analyse the photosynthesis efficiency difference
between FR1 knock-in strain and wild-type 7. pseudonana. As previously described, 8
x 10* cells/ml were cultured in iron-limited and iron-repleted conditions and cultured
until the exponential phase (approximately 8 x 10°). Cell amounts were determined by
Multisizer 4e and then diluted into 1ml 7 x 10° cells/ml stock with iron-free media.
All the stocks were dark-treated to remove light affection for at least 30 mins. The
rapid light curve was measured using a PhytoPAM; each sample was measured from 8
pmol photons m-2 s-1 to 2064 pmol photons m-2 s-1 in a total of 14 steps, with each
with the 20s illuminated. Positive sequence and negative sequence were used, and
each sequence was repeated three times, which was completed by three biological
replicate experiments. The parameters were expressed and calculated by the following

equation:
Yield = (Fs — Ft)/Fs

Where yield represents the effective quantum efficiency, Fs represents the maximal
fluorescence during actinic irradiation, and Ft represents the instantaneous

fluorescence.

The electron transport rate (ETR) was calculated according to the following equation

(Beer et al., 2000):
ETR = PAR X 0.84 X 0.5 X AF/Fs

Where PAR is the amount of incident light (umol photons m™ s!), 0.84 is the incident

light conversion efficiency in green plants, and 0.5 is two photons necessary to drive



107

both photosystems.

After obtaining the data from PhytoPAM measurements, ETR is curve-fitted using the

following formula, with various parameters derived from Eilers and Peeters (1988):

ETR = PAR/(a X PAR?> +b x PAR + ¢)

1

a=—

c
ETR = !

max b+ 2va-c

c
I = —————
b+ 2va-c

The initial slope of the rapid light curve, denoted as a (electrons/photons), is
indicative of the quantum efficiency of photosynthesis. This parameter represents how
efficiently plants convert light photons into chemical energy during the initial phase of
photosynthesis. The maximum electron transport rate, represented as ETRmax (umol
electrons/(m?:s)), reflects the highest rate at which electrons are transported during
photosynthesis under optimal light conditions. Additionally, Ix (umol photons/(m?:s))
defines the transition point in photosynthetically active radiation (PAR) between light-
limited and light-saturated conditions, marking the shift from predominantly light-

dependent to light-independent reactions in photosynthesis.

Real-time quantitative polymerase chain reaction (RT-qPCR) for retinal

synthetase beta-carotene monooxygenase (BCMO)

According to the research of Jan Straus (2012), the synthesis of retinal, a vital
component of xanthorhodopsin in the diatom F. cylindrus, follows a specific

biochemical pathway depicted in Figure 3.3

. This pathway involves the enzyme BCMO (beta-carotene monooxygenase), which

catalyses the conversion of B-carotene into retinal. Building on this knowledge, our
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project extended the investigation to the diatom Thalassiosira pseudonana, examining
the presence and expression levels of BCMO under both iron-replete and iron-limited
conditions. This was conducted in both wild-type and gene knock-in strains using

real-time quantitative fluorescence PCR (RT-qPCR).

To verify the identity and function of BCMO and its associated upstream genes in 7.
pseudonana, comparative genomic analysis was performed using NCBI and UniProt
BLAST tools. The RT-qPCR experiments were executed following the two-step
protocol outlined by Nolan et al. (2006), ensuring accurate quantification of gene

expression levels.

First-strand cDNA synthesis was conducted using Superscript IV Reverse
Transcriptase (Invitrogen, US). Oligo(dT)20 Primer was used to synthesise the cDNA
library. gDNA digestion was conducted as previously described. The reverse
transcription was performed with 200 ng of total RNA in a 50ul reaction volume. The
reaction conditions were set at 42 °C for 50 minutes, followed by a heat inactivation
step at 70 °C for 15 minutes to terminate the enzyme activity. To evaluate potential
gDNA contamination, control reactions were set up using water instead of reverse
transcriptase, with RNA from each biological replicate. The primers targeting the
BCMO gene were specifically designed using the NCBI primer design tool. Criteria
set for the primer design included a target amplicon size of 100-150 base pairs, a GC
content ranging from 30% to 50%, a primer length between 15 and 30 base pairs, and
a melting temperature of 65 degrees Celsius. These specifications are detailed in Table
3.1. The primers were synthesised by Eurofins Genomic, ensuring high quality and

specificity for the desired gene sequence.

In addition, the actin gene was selected as the internal reference gene for this
experiment due to its stable expression under iron-limited conditions in 7.
pseudonana. The design of the actin gene primers was based on a previous study by

Shi et al. (2013), which confirmed the reliability of these primers for accurate
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Name Sequence (5°-3) Annealing temp (°C)
BCMOI1 F GGAGAGGGTGCCAGTCATTC 6
BCMOI1 R GAAACCATCCTTCGGGTCGT 60
BCMO?2 F CAGGTGGTGTCAGAGCCAATGT 63
BCMO2 R TGACGCAGACTCCCACACAACT 64
BCMO3 F GGTACGGATGATGACGTGAAA 56
BCMO3 R GCTCATCGTCGTTCTCATAGAC 57
BCMO4 F AGGTGGTGTCAGAGCCAATG 59
BCMO4 R GGGCCATCAGAAAATGACGC 59
Actin F CCGTAGTGAACGCCTATCGTGGC | 64
Actin R CCATCGTCTCGCTGCGGCTG 67

Table 3. 1 Primers for amplification of BCMO and reference gene Actin used for RT-qPCR.
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Figure 3.3 Flow chats from Strauss et al. (2023) detail the genes involved in the putative biosynthetic
pathway of all-trans-retinal in Fragilariopsis cylindrus. The pathway illustrates a complex network of enzymes

and intermediates critical for retinal production:

BCMO (B-carotene 15,15’-monooxygenase): Converts B-carotene to retinal; CHYB (B-carotene 3-hydroxylase):
Hydroxylates p-carotene; DMAPP (dimethylallyl diphosphate) and IPP (isopentenyl diphosphate): Fundamental
building blocks in terpenoid synthesis; DMATT (dimethylallyltranstransferase): Catalyzes the transfer of
dimethylallyl groups; FAD (flavin adenine dinucleotide) and FMN (flavin mononucleotide): Coenzymes involved
in redox reactions; FPP (farnesyl diphosphate) and GGPP (geranylgeranyl diphosphate): Precursors in the
biosynthesis of diterpenes and other terpenoids; FPPS (farnesyl diphosphate synthase); GGPPS (geranylgeranyl
diphosphate synthase): Enzymes synthesizing farnesyl and geranylgeranyl diphosphate; GPP (geranyl
diphosphate): A precursor in monoterpene synthesis; IDI (IPP isomerase): Catalyzes the isomerization between
IPP and DMAPP; LCYB (lycopene B-cyclase): Converts lycopene to f-carotene; MEP (Methylerythritol
phosphate) and MEV (mevalonic acid): Pathways producing isoprenoid precursors; PDS (phytoene desaturase),
PSY (phytoene synthase), ZDS (-carotene desaturase), and Z-ISO ({-carotene isomerase): Enzymes involved in
carotenoid biosynthesis; FPKM (fragments per kilobase of exon per million mapped fragments): A measure used

to estimate gene expression levels.
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For the RT-qPCR second strand amplification, 2uL of the 4-fold diluted cDNA from
the reverse transcription reaction was used. This was supplemented with ten pL of 2x
SYBR® Green Reagents Master Mix (Applied Biosystems, US) to ensure sensitive
detection of the PCR products. To this mixture, 0.2puL each of forward and reverse
primers was added, with a final concentration of 200nM, to specifically amplify the
target sequences. The amplification was carried out in 96-well plates using the
StepOne™ Real-Time PCR System (Applied Biosystems, US). The cycling
conditions were as follows: an initial denaturation at 95 °C for 10 minutes, followed
by 40 cycles of 15 seconds at 95 °C for denaturation and 60 seconds at 60 °C for
annealing and extension. To ensure the specificity of the amplification, a melting
curve analysis was performed at the end of the cycles. This analysis ranged from

60 °C to 95 °C, with temperature increments of 0.3 °C, which helped identify any

primer-dimer formations or non-specific amplification products.

Primer efficiency was checked by generating a standard curve for each primer pair.
This curve was constructed using five points derived from 1:2 serial dilutions of the
initial reverse transcription reactions, providing a quantitative measure of primer

efficiency and reaction dynamics.

Data analysis was conducted using StepOneTM Software v2.3 (Applied Biosystems,
US), which automatically determined the cycle thresholds (Ct) for each reaction. The
efficiencies of the qPCR reactions were calculated based on the slope of the standard
curves. These efficiency calculations are crucial for accurate quantification of gene
expression levels, ensuring that the results reflect actual biological variations under

different experimental conditions.

E = a—l/slope -1

In the qPCR analysis, E represents the PCR efficiency, which varies between 0

(minimum value) and 1 (the theoretical maximum and optimum). The efficiency is
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calculated based on the slope of the linear regression of the logarithm of target
concentration against the cycle threshold (Ct). For optimal amplification, the
efficiency should ideally range between 90% and 110%. This corresponds to a slope
between -3.58 and -3.1 on the linear regression plot. In cases where PCR efficiencies
have not been empirically determined, a default optimal efficiency (E=1.0) is
assumed. This assumption facilitates the calculation and comparison of relative gene

expression levels, although actual efficiencies can vary.

Immunogold labelling under transmission electron microscope (TEM)

First, Sml each of 7. pseudonana wild-type and FR1 knock-in strain cultures were
centrifuged at 3000 g for 5 minutes to pellet the cells and discard the supernatant. The
cell pellets were then washed once with phosphate-buffered saline (PBS) and
resuspended in 1ml of fixative solution by pipette to ensure uniform distribution. After
3 hours of fixation at four °C, the cells were washed three times with PBS. Cells were
harvested again using the same method described from PBS and remove the
supernatant. The cell pellets were then resuspended in 10ul of PBS to create a high-
concentration suspension for further processing. This suspension was added to pre-
prepared 1.5% agar blocks. Excess supernatant was absorbed with filter paper before
sealing the samples with 1.5% hot agar. Once cooled, the agar was cut into 1.5mm x
1.5mm cubes, making three embedding blocks per sample, which were then fixed
overnight at four °C in a fixative solution. Every hundred millilitres fixative solution
was prepared according to the following formula: 50 ml 0.2 M PBS, 10 ml 40%
paraformaldehyde stock, 32 ml pure water, and 8 ml 2.5% glutaraldehyde.

The following day, the samples were soaked three times in PBS for 15 minutes each
to wash out the fixative. Dehydration was achieved through a graded series of pre-

chilled ethanol solutions: 30% ethanol for 30 minutes, followed by 50%, 70%, 90%,
and finally 100% ethanol, each step lasting 20 minutes, except the last, which lasted

15 minutes.
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For resin impregnation, the dehydrated gel blocks were transferred to 15 ml centrifuge
tubes. The blocks were first exposed to a 100% ethanol and resin mixture at a 3:1 ratio
for 45 minutes, then at a 1:1 ratio for 90 minutes, and finally at a 1:3 ratio for another
90 minutes. The blocks were then moved to new EP tubes, filled with pure LR resin,
and left to impregnate overnight. The next day, the LR resin was refreshed, and the

blocks soaked for an additional 2 hours.

Post-impregnation, the blocks were transferred to clear PCR tubes, filled with LR
resin, and polymerised under UV light at -20°C for 72 to 120 hours until fully
hardened. The hardened blocks were then silenced using an EM UC?7 ultramicrotome
(Leica, Germany) to a 90-100nm thickness and transferred onto nickel grids for

antibody labelling.

For antibody concentration selection, 4-6 slices from each sample were tested with
different primary and secondary antibodies. The samples underwent colloidal gold
labelling and antibody incubation in a humid chamber. The primary antibody was
diluted 1:20 with BSA and incubated overnight at 4°C. For the negative control, only
the secondary antibody was applied without the primary antibody. After primary
antibody application, the samples were rinsed 2 to 3 times in deionised water to
remove any residual antibodies. The secondary antibody, containing colloidal gold
and diluted in PBS, was then applied and incubated for 3 hours at room temperature in
the dark. Following this, the samples were rinsed three times in deionised water, 10

minutes each.

Finally, the samples were fixed with 2.5% glutaraldehyde for 15 minutes, rinsed three
times in deionised water to remove any excess fixative, and then subjected to 5
minutes of uranium staining followed by 5 minutes of lead staining to enhance
electron microscopy contrast. The prepared samples were observed using an HT-7800
transmission electron microscope (Hitachi, Japan) to assess FR1 subcellular

localisation.
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Result

Transformation, screen, and reverse transcript

Genomic DNA (gDNA) was extracted from the expanded cultures of 7. pseudonana
and was subjected to PCR screening to verify the integration of the target gene into
the colonies and the liquid selection cultures. Out of 10 colonies tested, all displayed a
positive result for the NAT gene, confirming its successful integration. However, only
one colony exhibited a positive response for the FR1 gene primer pair, as documented
in Figure 3.4a. This particular colony, 7pRHO, was subsequently selected for

expanded cultivation and continued lineage culture.

After six months of continuous culture, the FR1 gene's presence was screened again in
stain 7pRHO, the results of which are displayed in Figure 3.4b. Following 12 months
of continuous cultivation, RNA was extracted from the FR1 knock-in strain, and
reverse transcription was carried out as previously described. The resulting cDNA was
then analysed via reverse transcription PCR (RT-PCR). The RT-PCR results for the
FR1 knock-in strain showed distinct bands, in contrast to the negative control and the

wild-type (WT) control groups, which showed no bands, as illustrated in Figure 3.5.

These findings indicate that the FR1 gene was not only successfully expressed in the
knock-in strain but also stably inherited across multiple generations. This successful

integration and expression of the FR1 gene demonstrate the effectiveness of the gene
editing technique and provide a solid foundation for further functional studies and

gene expression analysis.
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Figure 3.4 Gel electrophoresis result of transformed 7. pseudonana screening PCR result. The marker is
100bp ladder. a) PCR screening of 10 NAT positive strains after biolistic shooting. Line 1 to 10 is ten different
colonies, where line 11 is the plasmid DNA positive control and line 13 is the water negative control. Target
length is 704bp. b) PCR amplifications of strain No.10 after months continuous cultivation. Line 1 to 15 is the

PCR product with rhodopsin primer; line 16 is the negative control reaction (water).
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This phase of the research not only confirmed the effectiveness of gene editing
techniques but also demonstrated the initial success in integrating the target gene
during the screening and cultivation processes, providing a foundation for further

functional studies and detailed gene expression analysis.

100bp ladder Tpiho ONA_NG____RNAPCR ___ PNA(MOtPCR) _ cDNANG (not PCR)100bp ladder

500bp S

80 V 300mA
1% Gel 45min
2021.10.13

Figure 3.5 Gel electrophoresis result of FR1 knock-in Z.pseudonana RT-PCR results. The marking is
100bp ladder, line 1 is the TpRHO cDNA, line 2 is negative control of reverse transcript reactions, line 4 is

negative control of PCR reaction by using water replacing cDNA. Target length 703bp.
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Testing optimal conditions for iron, retinal, and DMSO concentrations in

Thalassiosira pseudonana

After successfully completing the knock-in experiments, the study aimed to assess the
effects of iron limitation on diatoms, specifically examining the growth of the 7.
pseudonana wild type (TpWT) and knock-in strain (7pRHO) under conditions of
extreme iron deficiency (0~2.5nM). The findings, as illustrated in Figure 3.6,
indicated that growth of 7. pseudonana was significantly limited under these
conditions. Initially, there was a slight increase in cell density and photosynthetic
parameters within the first three to four days, likely due to the utilisation of stored
iron reserves. However, as these reserves were exhausted, both 7pWT and TpRHO
cells began to die off rapidly, with a corresponding sharp decline in photosynthetic
efficiency. No significant differences were observed in the physiological response of
both TpWT and TpRHO strains during these several different extreme iron-limited

conditions.

Further experiments were conducted to evaluate the physiological response of 7.
pseudonana under medium iron concentrations (80~150nM), comparing these results
with those from cultures grown under fully nutrient-rich conditions (1000nM iron
concentration) (Figure 3.7). These studies revealed that while growth was constrained
at 80~150nM iron concentrations, which was notably different from that under

nutrient-rich conditions, importantly, without resulting in complete cellular mortality.

This data provides crucial insights into the physiological adaptations of 7. pseudonana
under varying iron levels and establishes a foundational understanding for future
studies. Consequently, in subsequent experiments, all algal strains were subjected to a
3~4-day period of iron starvation as a pre-treatment to standardise conditions and
minimise initial variability. After this phase, the algae were transferred to
experimental culture mediums specified in the methods section, only proceeding when

the Fv/Fm photosynthetic efficiency metric fell below 0.15, indicating a significant



118

reduction in photosynthetic capacity and ensuring uniform stress conditions across all
test samples. This approach ensures a controlled environment to accurately gauge the

impact of gene knock-in on the algae's response to iron stress.

Additionally, considering that FR1 knock-in strain might request extra retinal to
synthesise and function xanthorhodopsin, a pre-experiment was carried out to the
optimal concentration needed for effective rhodopsin synthesis and functionality in
TpRHO by testing concentrations ranging from 1uM to 4uM of retinal (Figure 3.8).
The findings, as detailed in Figure 3.8, reveal that while the lowest concentration of
1uM supported basic growth, there was a notable enhancement in growth rate at the
2uM and 3uM concentrations (p<0.05). This improvement suggests that the FR1
knock-in strain requires a higher concentration of retinal for optimal growth and
rhodopsin functionality. Conversely, the highest tested concentration of 4uM had a
detrimental effect, resulting in the lowest growth rate and maximum biomass,
indicating that excessively high levels of retinal might inhibit cell growth. Based on
these observations, a concentration of 3uM retinal was selected for future
experiments. This concentration strikes a balance by providing sufficient retinal for
enhanced growth and rhodopsin function without the inhibitory effects observed at

higher concentrations.

The impact of the retinal solvent DMSO on Thalassiosira pseudonana was also
assessed to investigate whether it interfered with the growth conditions. According to
Figure 3.9, when comparing the growth of the 7pWT in a control setup without any
DMSO to a setup with a 1% concentration of DMSO (equivalent to 10uM retinal
solvent), no significant differences were observed. The data indicate that both the
maximum cell density and the growth rate were comparable between the two
conditions, indicating that low concentration of DMSO does not influence the growth
of T pseudonana. Given the preliminary findings and considerations around optimal

conditions for testing, the formal experiments were structured to investigate the
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physiological effects of xanthorhodopsin on diatoms using specific experimental

conditions.
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Figure 3.6 Growth curves of 7. pseudonana under extreme iron-limited conditions. The orange lines represent
T pseudonana knock-in strain (7pRHO), while the black lines depict wildtype strain (IpWT). Solid lines indicate
cell density, and dashed lines represent Fv/Fm values. The x-axis shows the culture dates. The primary y-axis
measures cell density, and the secondary y-axis measures Fv/Fm. Panel (a) displays growth curves at 2.50 nM iron
concentration, and panel (b) at 0 nM iron concentration. Each treatments have three replicates; error bars show

standard deviation.
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Figure 3.7 Growth response of 7. pseudonana wildtype strain (TpWT) to different iron
concentrations. a) The growth curve of 7pWT under varying iron concentrations. The cell density
(cells/ml) is plotted against time in days. The symbols represent different iron concentrations: circles
for 1000 nM (black), squares for 150 nM (blue), and triangles for 80 nM (yellow). b) The average
growth rate (divisions/day) for TpWT at the respective iron concentrations. Statistical significance is
indicated with asterisks above the comparison lines; ‘“***” and “****’ denote p-values less than 0.001

and 0.0001, respectively. Each treatment has three replicates, error bars show standard deviation.
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Retinal growth curve
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Figure 3.8 Response of 7. pseudonana mutant strain (7pRHO) to varying retinal concentrations.
a) The growth curve TpRHO over a period of six days, plotted against different retinal concentrations,
y-axis represent cell density (cells/.ml). Each symbol represents a concentration: circles for 1 uM
(black), squares for 2 uM (blue), triangles for 3 pM (yellow), and inverted triangles for 4 uM (green).
b) Growth Rate: The average growth rate (divisions/day) of TpRHO is plotted for each retinal
concentration. Data points are presented with error bars indicating variability within the measurements.

Each treatment has three replicates, error bars show standard deviation.
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DMSO Growth curve
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Figure 3.9 Effect of DMSO on Growth Dynamics of 7. pseudonana wildtype strain (TpWT). a) The
growth curve of TpWT with 1% DMSO and control group over a period of six days. The growth curves
compare untreated control group (black circles) and cells treated with 1% DMSO (blue squares), which is
equivalent to a 10 uM retinal solution. b) Growth rate (divisions/day) for untreated control 7pWT and
DMSO treated group. Statistical insignificance is indicated by "ns" (not significant), showing no
substantial difference in growth rates between the two conditions. Each treatment has three replicates,

error bars show standard deviation.
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Iron-limitation experiment

In the conducted experiments to assess the impact of microbial rhodopsin on
Thalassiosira pseudonana, both the wild type (TpWT) and the rhodopsin knock-in
strain (7pRHO) were subjected to conditions of 150nM iron limitation as well as iron-
replete conditions to gauge differences in physiological responses. Under iron-limited
conditions (150nM), although both strains showed reduced growth and photosynthetic
efficiency, the TpRHO strain was able to sustain significantly higher cell densities and
exhibited more stable rates of photosynthetic efficiency (Fv/Fm) from the third to the
seventh day than TpWT (Figure 3.10a). In environments where iron was abundant,
TpRHO still demonstrated an increased yield and elevated photosynthetic efficiency
relative to TpWT, especially evident in the period from the fourth to the sixth day
(Figure 3.10b), through analysis of growth rates indicated no significant differences

between the strains under nutrient-rich condition (Figure 3.10c).

The experimental results underscore the potential of xanthorhodopsin to offer a
competitive advantage under conditions of nutrient stress, particularly through
mechanisms that could enhance iron utilisation or mitigate the adverse effects of iron
deficiency. This capability implies that xanthorhodopsin could also enhance overall
cellular performance in environments where iron is abundant, demonstrating its
versatile role in diatom physiology. However, the precise mechanisms by which
proton-pump rhodopsin supports diatom growth remain unclear. Therefore, to further
elucidate the role of microbial rhodopsin in influencing photosynthesis, subsequent

experiments focused on assessing various photosynthetic parameters.
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Figure 3.10 Physiological responses of 7. pseudonana wildtype strain (TpWT) and
mutant strain (7pRHO) under iron-limited and iron-repleted conditions. 7pWT shown in

black and 7pRHO in red (n=5). Solid lines indicate cell density (cells/ml) (n=5), while dashed

lines represent the efficiency of photosystem II (Fv/Fm). a) The growth curve of

T .pseudonana in iron-limited condition. b) The growth curve in iron-repleted condition. c)
The growth rates of TpWT and TpRHO under iron-limited and iron-repleted conditions, with

'ns' indicating no significant differences between the treatments and “****” indicating

significant differences (p<0.001). Error bars show standard deviation.
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Rapid light curve

The rapid light curves and their parameters of rhodopsin knock-in and wildtype 7.
pseudonana strains under iron limitation treatments were measured as described, as
detailed in Figure 3.11. Four different light wavelengths ranging from blue light to
brown light were measured and analysed. Under these conditions, the alpha value,
indicative of the initial slope of photosynthetic efficiency, for the rhodopsin strain
ranged from 0.16 to 0.21 electrons/photons, while the maximum electron transport
rate (ETRmax) varied between 148.6 to 194.4 pmol electrons/(m?-s). In contrast, the
wildtype strain demonstrated alpha values from 0.12 to 0.14 electrons/photons and
ETRmax values from 108.3 to 131 pmol electrons/(m?-s). Statistical analysis using
the student t-test confirmed that both the alpha and ETRmax values were significantly
higher in the rhodopsin mutant strain compared to the wildtype, with p-values of

1.5x10°® and 3.4x107, separately.

Furthermore, measurements of the maximum quantum yield of photosystem II
(Fv/Fm), a critical indicator of potential photosynthetic efficiency in phytoplankton
(Zhang et al., 2008), revealed that the rhodopsin strains had Fv/Fm values ranging
from 0.560 to 0.596. This was notably higher than the wild-type strains, which ranged
from 0.441 to 0.515. The significant difference between the two groups, as supported
by a t-test analysis yielding a p-value of 1.43x10-9, indicates a markedly improved

photosynthetic potential in the rhodopsin strains (Figure 3.12).

The investigation into the photosynthetic performance of rhodopsin mutant strains of
Thalassiosira pseudonana demonstrates that these mutants not only maintain higher
light use efficiency but also exhibit increased photosynthetic productivity compared to
the wild-type strains under conditions of iron limitation. It is important to highlight
that those initial experiments lacked a comparative analysis with a control group
under iron-replete conditions. Subsequent experiments rectified this by incorporating

data from control groups under both iron-limited and iron-replete conditions, as
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illustrated in Figure 3.13. These findings confirm that the rhodopsin mutant strains
outperform the wild-type in terms of photosynthetic ability across both iron
conditions, with detailed parameters presented in Figure 3.14. Results demonstrate
that all parameters of the rhodopsin knock-in strain were significantly higher than the
wild-type T. pseudonana, indicating that the 7pRHO strain has better photosynthesis

efficiency and light utilisation at all iron conditions.

In conclusion, miacrobial rhodopsin significantly enhances diatom photosynthesis not
only under iron limitation but also when iron is plentiful, suggesting its broad utility
in improving diatom resilience and productivity across varying environmental
conditions. Further research is essential to fully unravel the complex role of microbial

rhodopsin in diatom physiology and its potential applications in biotechnology.
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colours demonstrate different light channels (blue = 470nm, green = 520nm, red = 645nm, brown =

665 nm). a) Rapid light curve of TpRHO (full lines & points, n=3) and TpWT (dashed lines & points,

n=3) strains. b) Rapid light curve parameter alpha of 7pRHO (circles, n=3) and TpWT (squares, n=3).

¢) Rapid light curve parameter maximum electron transport rate of 7pRHO (circles, n=3) and TpWT

(squares, n=3). Error bars show standard deviation.
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Figure 3.12 The maximum potential quantum yield of T7pRHO and TpWT. TpRHO shows in
purple while TpWT shows in yellow. Each group have four replicates. Statistical analysis t-test shows

significant difference. Error bars show standard deviation.
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repletion treatment rhodopsin mutant Thalassiosira pseudonana (full purple circle, n=4) strains, iron
repletion treatment non-rhodopsin wildtype Thalassiosira pseudonana (full yellow square, n=4) strains, iron
limitation treatment rhodopsin mutant Thalassiosira pseudonana (hollow purple circle, n=4) strains, and iron
limitation treatment non-rhodopsin wildtype Thalassiosira pseudonana (hollow yellow square, n=4) strains.

Error bars show standard deviation.
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statistical significance. P-values are shown in the figure. Error bars show standard deviation.
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qPCRs

Before embarking on detailed gene expression analysis, a preliminary experiment was
carried out to evaluate the performance of four different BCMO primer pairs in
comparison with primers for the actin gene, which is commonly used as a reference in
such studies. The results from this preliminary test indicated varying levels of
efficiency across the different primer sets. Based on these results, the BCMO4 primer
set was selected for further testing due to its comparative performance. The decision
was supported by the data illustrated in Figure 3.15, which presents the standard curve

used to assess primer efficiency.

The calculation of primer efficiency, derived from the fitting equation provided in the
methods section, showed that the amplification efficiency of the Actin primers was
slightly above the ideal 100%, at 104.87%, while the efficiency for the BCMO
primers was 97.19%. These values indicate that both primer sets are within an
acceptable range for quantitative PCR, affirming that minor discrepancies in
amplification efficiency are unlikely to significantly impact the overall experimental

outcomes.

Given the acceptable efficiency and the comparative analysis, the BCMO4 primer pair
was subsequently chosen to measure BCMO gene expression levels. This choice
ensures that the expression data obtained in subsequent analyses are both accurate and
reliable, enabling a thorough investigation into BCMO gene regulation under the

study conditions.

The expression level of BCMO was measured for two different iron conditions by
AACt analysis using actin as a reference gene. The result is shown in Figure 3.16.
According to the result, the expression levels of BCMO in the wild-type strains under
iron-replete (WT iron+) and iron-limited (WT iron-) conditions do not show a

statistically significant difference, indicating that BCMO expression in wild-type
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strains is relatively stable across varying iron availability. In contrast, the BCMO
expression in the rhodopsin mutant strain under iron-replete conditions (RHO iron+)
is significantly higher than in all other groups. Its BCMO expression level was 2.96
times that of 7pWT iron repletion treatment. This elevated expression suggests that the
presence of xanthorhodopsin might enhance the gene's activity, or its regulatory
mechanisms are different under iron-replete conditions. When comparing the same
iron treatment conditions, the rhodopsin mutant strains consistently show higher
BCMO expression than their wild-type counterparts. The RHO iron-treatment group
shows 1.56 times higher than the same treatment of 7pWT. This pattern is observed
both under iron-replete and iron-limited conditions, but the difference is particularly
pronounced under iron-replete conditions. These observations suggest that the
xanthorhodopsin mutation could influence BCMO gene regulation or the overall

metabolic pathway associated with BCMO.
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Figure 3.15 Primer efficiency tests for gene Actin and BCMO. Upper standard curve shows the
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of BCMO gene. Each primer pair has three replicates, error bars show the standard deviation. The fitted
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of the fitted lines. Error bars show standard deviation.
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Figure 3.16 Relative expression level of BCMO of TpWT and TpRHO. Each group has
three repletes, error bars show standard deviation. Expression levels in wild-type (WT) and
rhodopsin-expressing (RHO) strains are compared under iron-repleted (+) and depleted (-)
conditions. The expression level of WT under iron repletion is used as the control. Statistical
significance is denoted as follows: "ns" indicates no significant difference, "*" for p < 0.05,

and "**" for p <0.01.



134

Immunogold labelling for subcellular localisation

To obtain a high-resolution localisation of xanthorhodopsin within Thalassiosira
pseudonana cells, the TpRHO strain was processed according to previously described
methods, sectioned using an ultramicrotome, and subsequently labelled with
antibodies. These antibodies, validated by Jan Strauss via Western Blot, specifically
target the extramembrane segment of the microbial rhodopsin FR1. In order to better
distinguish the cell structure, Figure 3.17 shows the results of cell structure
discrimination based on the original cell section and the results of Wolfe-Simon et al.
(2006) as reference. The results, as shown in Figure 3.18, were analysed statistically

to determine the potential intracellular localisation of xanthorhodopsin.

The findings indicate that a substantial majority of the xanthorhodopsin labelling,
70.4%, was located within the thylakoids, with 64.8% on the thylakoids themselves
and 5.6% on their outer envelope. Additionally, 11.3% of the xanthorhodopsin was
localised to vacuoles, while the remainder was localised at unidentified places (Table
3.2). This distribution suggests that xanthorhodopsin predominantly resides on the

thylakoid membranes.

Localisation | Chloroplast Vacuole Unidentified
places
Envelope Lumen
membranes including
thylakoid
membrane
Number 4 (5.6%) 46 (64.8%) | 8(11.3%) | 13 (18%)
Total 71 TEM images analysed

Table 3. 2 Number of antibody signals found in cell images.

To ensure the specificity of the antibody binding and to validate the markers identified
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in the thylakoids as genuine indicators of xanthorhodopsin presence, a negative
control was incorporated into the experimental design. This control involved using
double-antibody treatments for the 7pWT and secondary antibody treatments for the
TpRHO, as presented in Figure 3.19. The purpose was to rule out non-specific binding
of the antibodies used in the study. The results from the negative control indicate that
no marker targets were observed within the thylakoid regions of the negative control
samples, which supports the conclusion that the observed markers within the
thylakoids in experimental samples are specific to xanthorhodopsin. The localisation
of xanthorhodopsin on the thylakoid membranes supports the hypothesis that

microbial rhodopsin plays a critical role in generating a proton gradient across the
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thylakoid membrane, thereby assisting in ATP synthesis.
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Figure 3.17 Cell structures of 1. pseudonana under transmission electron microscope (TEM). Key
organelles are annotated with different colours, where the chloroplast is outlined in green, the vacuole in
blue, and two unidentified regions are marked in black and orange. Reference images from Wolfe-Simon
et al. (2006) provide a comparison, with the labelled organelles including the chloroplast (c), pyrenoid

(p), mitochondrion (m), nucleus (n), nucleolus (nc), and vacuole (v).
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Figure 3.18 Immunogold staining slicing imaging of 7. pseudonana rhodopsin knock-in strains
using TEM. Each panel from a-d shows a different cell captured at from 8000x to 15000x
magnification. The red boxes highlight specific areas where immunogold labelling points are targeted

and visible.



139

1.0pum

2.0um

Figure 3.19 TEM immunogold staining slicing imaging of 7. pseudonana wild-type (a) and

rhodopsin knock-in strain negative control (b).
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Discussion

In this research, the construction of a Thalassiosira pseudonana strain overexpressing
the FR1 gene represents a significant advancement in understanding microbial
rhodopsin's role under iron-limited conditions. However, the transformation efficiency
in this study was notably lower than expected, achieving only a 10% success rate
compared to the 25% to 70% reported in prior research involving the introduction of
two transgenes, such as a selection marker and a reporter gene (Falciatore et al., 1999;
Ifuku et al., 2015; Moosburner et al., 2020). This discrepancy suggests a unique
challenge related to the specific growth conditions of the diatoms before the

transformation procedure.

The lower transformation efficiency significantly constrained the number of cell lines
available for subsequent functional analyses, limiting this study to a single FR1
overexpressing line. This limitation could impact the generalisability of the findings

and highlight the need for further optimisation of the pre-transformation conditions.

Biolistic transformation, while effective, has notable disadvantages, including the
potential for complex chromosomal rearrangements, multiple transgene integrations,
gene silencing, or altered gene expression, and genetic instability over generations
(Gheysen et al., 1987; Meyerink et al., 2017; Nacry et al., 1998; Travella et al., 2005).
Additionally, the use of microparticles can cause tissue and cellular damage. Metallic
particles entering the target cells can severely damage the nuclear membrane, leading
to the exposure of nuclear DNA to cytoplasmic components, thereby inducing DNA

breaks and other issues (Godinez-Hernandez et al., 2001).

Future studies should aim to generate more FR1 knock-in cell lines to minimise the
influence of biolistic transformation's drawbacks. By optimising pre-transformation
conditions and employing alternative transformation methods, researchers can

improve the efficiency and stability of transgene integration, leading to more robust
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and generalisable findings regarding the role of microbial rhodopsin in diatom

adaptation and evolution.

Preliminary research results indicate that Thalassiosira pseudonana is highly sensitive
to iron limitation, requiring substantial iron for growth compared to oceanic diatoms
like P. tricornutum and Pseudo-nitzschia (Cohen, Mann, et al., 2018; Marchetti et al.,
2006; Zhao et al., 2018). This makes 7. pseudonana an excellent species for studying
iron limitation. However, the rhodopsin knock-in strains appear to be limited by
retinal availability under iron-limited conditions. This limitation can be alleviated by
increasing iron concentration or adding extra-retinal (Figure 3.6). The retina is a
crucial component in rhodopsin synthesis, and its synthesis enzyme, BCMO, requires
iron to work. Therefore, FR1 knock-in strains face a dual limitation under extreme

iron restriction (Figure 3.3) (Strauss et al., 2023).

In the initial stages post-knock-in, even under sufficient iron conditions, the FR1
knock-in strains exhibit slight retinal limitation, which is alleviated after 12 months of
prolonged cultivation. This suggests an upregulation of internal synthetic pathways
over time, eventually making the strains less affected by retinal limitation, which was
proved by RT-qPCR results for measuring BCMO expression level. According to the
RT-qPCR results, the BCMO expression level was significantly upregulated to meet
the demand for extra retinal used for xanthorhodopsin synthesis. Even under the iron
limitation, the BCMO expression level in TpRHO was still significantly higher than in
TpWT. However, a decreased trend was observed compared to iron-repleted
treatments. Therefore, extra-retinal was added to the culture medium to minimise the
influence of retinal lacking. However, adding extra retinal at high concentrations
(4uM) was found to limit the growth of diatoms (Figure 3.8). After ruling out the
impact of the solvent DMSO on diatoms (Figure 3.9), it appears that the high
oxidative of retinal can damage metabolic processes and cellular structures, thereby

affecting diatom growth (Dal-Pizzol et al., 2000; Gimeno et al., 2004; Murata &
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Kawanishi, 2000).

The physiological experiment has highlighted the pivotal role of xanthorhodopsin in
knocked-in Thalassiosira pseudonana, particularly under iron-limited conditions. The
enhanced performance of FR1 knock-in strains compared to wild-type suggests that
xanthorhodopsin contributes significantly to the growth and biomass of diatom
species in iron-limited conditions. These findings support previous research indicating
that microbial rhodopsin is a novel adaptation strategy for diatoms in iron-limited

environments (Marchetti et al., 2015).

Xanthorhodopsins, functioning as light-driven proton pumps, appear to offer a
compensatory mechanism during iron limitation. However, the detailed functions
were not determined based on these data from physiological experiments. Combined
with our hypothesises and recent research, the xanthorhodopsins in diatoms might: (1)
localised at the thylakoid membrane, pumping protons from the plastid stroma into the
thylakoid lumen to generate the trans-thylakoidal proton gradient and support ATP
synthases; (2) localised at the vacuole membrane to support many functions including
supporting vacuole ATPase and pyrophosphatase and driving transporters and
inorganic ion exchangers. (3) localised in plastid outer membrane, supporting
facilitate C fixation by acidifying the intermembrane space or contributing to
generating a proton motive force facilitating the uptake of dissolved iron (Andrew et
al., 2023; Strauss et al., 2023; Yoshizawa et al., 2023). Both hypotheses could
increase the production of ATP under iron-limited growth if iron uptake is suboptimal
and contributes to photosynthesis. The significant differences in growth and
photosynthetic efficiency between the modified and wild-type strains under varying
iron concentrations further underscore the adaptive advantages conferred by
xanthorhodopsin expression. This is particularly evident from the rapid light curve
analysis, which shows superior performance in FR1-overexpressing strains (Figure

3.13).
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Interestingly, the photosynthetic parameters of the 7pRHO strains under iron-limited
conditions are significantly higher than those of the TpWT strains under iron-sufficient
conditions. Xanthohodopsin not only enhances the light utilisation efficiency of
TpRHO but also improves the overall electron transport efficiency and the maximum
electron transport rate (Figure 3.14). Notably, the 7pRHO strains exhibit a higher light
saturation point, indicating an enhanced capacity to adapt to high-light environments,
which is likely due to the presence of more or larger light reaction centres, as posited
by Melis(1999). These enhanced reaction centres could potentially boost electron
transport and photosynthetic capacity, thus mitigating light-induced damage (Melis,
1999). Furthermore, the connection between microbial thodopsin and ATP production
may also play a crucial role in these physiological improvements. Increased ATP
availability, as discussed by Murata et al. (2007), could accelerate the repair rate of
light reaction centres, thereby enhancing photosynthetic capacity. However, the
production of more light reaction centres, especially under iron limitation, where PSII
formation is reduced, still demands significant iron. The potential function of
microbial rhodopsin to assist in iron transport or utilisation could be a pivotal
mechanism in this context. For example, the action of H-ATPases might facilitate the
unbinding of Fe** within vesicles and its subsequent reduction to Fe**, enhancing iron
bioavailability within the cells. Additionally, the involvement of ATP-binding cassette
(ABC) superfamily transporters and iron-chelating and reducing proteins such as
FBP1 and FRE (Arstel & Hohmann-Marriott, 2019; Kosman, 2003; Kustka et al.,
2007; Sutak et al., 2020). Another possible explanation is that some diatoms, such as
Thalassiosira weissflogii and Thalassiosira pseudonana, have the ability to absorb
and store iron when it is abundant (Nuester et al., 2012; Sunda & Huntsman, 1995).
This capability allows TpRHO to synthesise more photoreactive centres when iron is
available, giving it an advantage. After the iron starvation treatment, 7pRHO still
maintained a significantly higher number and size of light reaction centres compared

to TpWT. It may be beneficial to include a long-term culture of iron-limited 7pRHO as
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a control in future experiments to observe if this has a sustained effect. This additional
control could help determine the long-term adaptability and resilience of 7pRHO
under chronic iron limitation and provide further insights into the role of iron storage

and utilisation in enhancing photosynthetic capacity and overall growth performance.

Overall, these observations suggest that the role of microbial rhodopsins play in
diatom might be multifaceted, producing synergistic effects that enhance various
aspects of diatom physiology. To further understand how microbial rhodopsin
supports diatoms and other microbes, investigating its high-resolution subcellular

localisation could be highly informative.

Therefore, the immunogold labelling was carried out to gain high-resolution imaging
of xanthorhodopsin subcellular localisation. According to the results, immunogold
labelling has demonstrated that xanthorhodopsin localises to the thylakoid membranes
(Figure 3.18). However, the immunogold-labelled cells were severely deformed
compared to standard TEM imaging. The structural integrity of the cells was
significantly impaired, and the abundance of markers was notably lower. This may be
due to the pre-treatment with chemical fixatives (Jiang et al., 2021; Li et al., 2017).
Therefore, a new protocol to optimise the chemical fixation process should be
developed to achieve a higher abundance of markers. These results prove our previous
hypothesis that the xanthorhodopsin is localised at thylakoid membranes and is
involved in a unique phototrophic pathway that contributes to ATP synthesis under

both iron-limited and iron-replete conditions.

Despite these challenges, the results support our hypothesis that microbial rhodopsin
is localised at the thylakoid membranes and involved in a unique phototrophic
pathway contributing to ATP synthesis under both iron-limited and iron-replete
conditions. This is very similar to the homologous proteins in prokaryotes in diatom,
the microbial thodopsins were localised thylakoid membranes instead of the

plasmalemma (Bar-Shalom et al., 2023; Hoffmann et al., 1994). Future work should
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focus on refining the fixation process to better preserve cell structure and enhance
marker visibility, providing more detailed insights into microbial rhodopsin's role in

diatom physiology.

In summary, this research is the first to provide unprecedented insight into
understanding the role of microbial rhodopsin under iron-limited conditions through
the construction of a Thalassiosira pseudonana strain overexpressing the
xanthorhodopsin FR1 gene. The physiological experiments demonstrate that
xanthorhodopsin enhances growth, biomass, and photosynthesis in diatoms under
iron-limited and iron-repleted conditions, indicating that FR1-expressing strains have
a significant adaptive advantage over wild-type. To our knowledge, the immunogold
labelling results are the first successful confirmation of the subcellular localisation of
a diatom’s microbial rhodopsin to the thylakoid membranes, revealing a unique light-
harvesting pathway in diatoms that is distinct from photosynthesis. Future studies
should aim to unravel the molecular mechanisms underlying these effects, including
direct ATP measurement to reveal if the xanthorhodopsin could provide a fitness
advantage and RNA-Sequencing to investigate the relevant gene expression level to
find out if any iron-connected gene was upregulated or downregulated by
xanthorhodopsin. Moreover, although FR1 and FR2 have the same amino acid
sequence and proton pump function, their expression conditions are strikingly
different. Investigating the relevant properties of FR2 in the future will be a crucial

step towards deepening our understanding of microbial rhodopsin in diatoms.

These observations propose a broader ecological and evolutionary significance for
microbial rhodopsin in diatoms, which not only enhances our understanding of diatom
physiology but also indicates the genetic tools in studying and harnessing the
capabilities of these microorganisms for applications in sustainability and
biotechnology. By deepening our knowledge of how microbial rhodopsin support

diatoms adapt to nutrient limitations, we can better appreciate their role in marine
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ecosystems and explore new avenues for utilising their unique properties. This
understanding could lead to innovative strategies for leveraging diatoms in
environmental management, bioenergy production, and other biotechnological

applications.
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Chapter 4
Testing the role of microbial rhodopsins in a heterotrophic

eukaryote that possesses a non-photosynthetic plastid.

Introduction

Diatoms are among the most species-rich groups of algae and play significant
ecological roles as primary producers in aquatic environments. However, the diversity
and significance of diatoms extend beyond their role in aquatic photosynthesis. A
notable example is the pennate marine diatom Nitzschia putrida (ID NIES-4239)
(Figure 4.1). Unlike most diatoms that are photosynthetic, N. putrida became a non-

photosynthetic, heterotrophic diatom during its evolution process, meaning it relies
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Figure 4.1 Electron micrographic cell image of Nitzschia putrida. Scale bar (black) = 10pm. Cited
from Lewin & Lewin(1967).

entirely on external organic carbon sources for its metabolic needs(Kamikawa et al.,

2015).

The evolutionary history of Nitzschia putrida is marked by a notable shift from a

photosynthetic to a heterotrophic lifestyle. This transition involves a secondary loss of
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photosynthesis, a phenomenon observed in various plastid-bearing branches of the
eukaryotic tree of life (Kamikawa et al., 2022; Kamikawa et al., 2015). Nitzschia
putrida has lost more than 50% of its photosynthetic relatives plastid proteins,
including essential proteins for light-harvesting antenna, PSI and PSII, cytochrome
b6/f complex, and carbon fixing (Kamikawa et al., 2022), but still retains many
plastid metabolic pathways typical of photosynthetic diatoms, including the synthesis

of ATP, essential amino acids, heme, and riboflavin (Kamikawa et al., 2022).

This transition in metabolic mode has occurred independently multiple times within
the genus Nitzschia, suggesting that it may have undergone several independent
events of photosynthesis loss(Kamikawa et al., 2015). The timing of photosynthesis
loss varies among species within the genus, indicating that this phenomenon did not
occur uniformly across evolutionary branches (Lewin & Lewin, 1967; Li & Volcani,
1987). The reason why this diatom genus is particularly prone to such major
evolutionary transitions remains unclear. While most research on the loss of
photosynthesis has focused on parasitic species, such as the red algal parasites
adelphoparasites and alloparasites (Freese & Lane, 2017), Helicosporidium sp of
green algae (de Koning & Keeling, 2006), mixotrophic algae (Janouskovec et al.,
2019), and etc. (Hadariova et al., 2018), N. putrida, as still a free-living heterotrophic
microalga instead of a parasite, provides not only a unique model for investigating the
genetic, metabolic, and physiological changes that occurred during the transition from
photoautotrophy to heterotrophy but also an ideal model for reverse-engineering
photosynthesis using microbial rhodopsin in a heterotrophic eukaryote. Therefore, the
establishment of a transformation system allows for more detailed analysis through

the direct manipulation of genes and pathways.

The significant ecological and evolutionary interest in diatoms increases the
development of molecular tools to advance research in diatom biology and ecology.

Since the first successful genetic transformation in the diatom Cyclotella
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cryptica and Navicula saprophila by biolistic, this method has rapidly become a
standard and most popular technique for various genetic modifications of diatoms
(Dunahay et al., 1995). Up to today, several species, including Thalassiosira
pseudonana (Poulsen et al., 2006), Phaeodactylum tricornutum (Apt et al., 1996),
Fragilariopsis cylindrus (Hopes, 2017), Pseudo-nitzschia multistriata and Pseudo-
nitzschia arenysensis (Sabatino et al., 2015), and Nitzschia captiva (Sprecher et al.,
2023), have been successfully genetically modified using these methods. Recently,
techniques for high-efficient, low-damaging transgene introduction into diatoms
through electroporation (Hu & Pan, 2020; Okada et al., 2023; Yin & Hu, 2021) and
bacterial conjugation (Karas et al., 2015) have also been applied in diatom
transformation system. However, each of these methods has its disadvantages.
Biolistic transformation, as described, could cause significant cellular damage, which
may affect gene expression and other cellular processes (Gheysen et al., 1987;
Godinez-Hernandez et al., 2001; Nacry et al., 1998). While for electroporation, carries
the risk of DNA damage (Batista Napotnik et al., 2021; Meaking et al., 1995) and can
be less effective in cells with thick cell walls, which can hinder delivery efficiency
(Azencott et al., 2007). Additionally, the optimisation process for electroporation is
more complex than that of biolistic methods. Bacterial conjugation, although has high
efficiency, typically results in the lowest yield efficiency (Karas et al., 2015). Given
these considerations, biolistic transformation is regarded as a safer and more efficient

method and was selected to establish the transformation system for Nitzschia putrida.

This chapter focuses on the development of a transformation system for N. putrida
and using microbial rhodopsin to reverse-engineered this heterotrophic diatom to
enable light-driven energy acquisition. Following physiological experiments were
tested to analyse the influence of a light-harvesting protein in N. putrida. This is the
first heterotrophic diatom to be transformed and reverse-engineered to regain the
ability of light harvest. This will not only contribute to diatom research but also offer

new insights into the implications of diatom diversity and adaptability.
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Method
Strains and growth conditions

Nitzschia putrida (NIES-4239) was collected from the National Institute for
Environmental Studies (NIES Collection, Japan). The standard culture medium
protocol provided by the NIES Collection was insufficient for the optimal growth of
N. putrida. Consequently, pre-experiments were conducted to optimise the culture

medium receipt.

The finalised growth medium consisted of 16 PSU (practical salinity units) artificial
seawater prepared by mixing 20g/L Tropic Marin® artificial sea salt (Germany) with
50% LB broth, containing 5g/L Tryptone, and 5g/L. Yeast extraction. Low nutrient
20% LB medium containing 2g/L Tryptone and 2g/L Yeast extraction. This medium
was supplemented with f/2 nutrients according to the National Center for Marine
Algae and Microbiota (NCMA) protocol (Guillard & Ryther, 1962; Guillard, 1975).
For solid media, 1.6% and 0.8 % agar were added before autoclaving. An optional
antibiotic mixture could be used to prevent potential bacterial contamination with 50
pg/ml ampicillin, 1 pg/ml gentamycin, 25 pg/ml streptomycin, 1 pg/ml
chloramphenicol, and 10 pg/ml ciprofloxacin. All cultures were grown at 20 °C with
200rpm shaker to achieve higher cell concentration (Lewin & Lewin, 1967). Light is

not essential for the growth of N. putrida.

Construct for enhanced green fluorescent protein (eGFP), nourseothricin

resistance protein (NAT) and xanthorhodopsin (FR1) expression
Antibiotic sensitivity test

To determine the suitable species and concentration of antibiotic used in selective
medium following the microparticle bombardment, two antibiotics, nourseothricin

and zeocin, which have been widely used in transformations of model diatoms 7.
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pseudonana and P. tricornutum, were tested (Karas et al., 2015; Poulsen et al., 2006;
Samukawa et al., 2014; Zaslavskaia et al., 2000; Zhang & Hu, 2014). N. putrida cells
were harvested at the exponential phase and exposed to nourseothricin and zeocin at
concentrations of 50, 100, and 150pg/ml in both liquid and solid medium to assess

their efficacy. Growth was assessed over a 10-day period.

Promoter and terminator selection

ID Transcripts per Number of Predicted functions
million reads
NAAT5P02220.m1 40,741.12 531,595.41 NADH-ubiquinone reductase

complex 1 MLRQ subunit

NAA02P08450.m1 13,828.98 129,286.20 Small subunit ribosomal protein
S28e

NAA41P00270.m1 12,104.54 279,594.59 Cytochrome ¢

NAAO3P04550.m1  10,733.23 205,861.61 Ribosomal protein L41

NAA18P02090.m1 7100.36 127,175.67 60S ribosomal protein L37

NAA1T4P02710.m1 6872.14 214,966.96 Ribosomal protein L44e

NAAO7P03020.m1  6236.76 19,5091.68 60s acidic ribosomal protein

NAA42P00920.m1  6027.24 222,393.81 Cytochrome c oxidase subunit 6B

NAAO3P01270.m1  5789.20 487,003.74 Acetate transporter

NAAO7P01730.m1  5782.82 141,314.63 40S ribosomal protein S30

Table 4.2 Ten highest expressed gene under different culture conditions provided by Kamikawa et

al. (Deng et al., 2025).

RNA sequencing data collected from different light treatments were produced by
Kamikawa (Kamikawa et al., 2022). To assess the highest heterologous gene
expression level, the optimal endogenous promoter and terminator were selected from

the upstream and downstream of the highest expression gene (Table 4.1). The 1000bp
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coding regions upstream and downstream of the NADH-ubiquinone reductase
complex 1 MLRQ subunit protein (NADH) (JGI ID 4914) were selected as the
promoter and terminator, respectively. Sequences were then synthesised by Azent
(US), with Bpil and Bsal sites subsequently removed by site-directed mutagenesis
(SDM) kit (NEB, UK).

Codon bias analysis

Codon bias was analysed by Emboss cusp tool (https://www.bioinformatics.nl/cgi-

bin/emboss/cusp) to calculate the usage fraction. The analysis was conducted by

comparing the codon usage of Nitzschia putrida with the codon usage of the FR1 and
eGFP genes. For this comparison, the ten highest expressed N. putrida genes, as

identified by Kamikawa et al. (2022) were utilised.

Plasmid construction using Golden Gate cloning

The construction of plasmids was done using the Golden Gate assembly method

B o o o e o e o o o o o o
NADH:NAT and NADH:eGFP level 1 assembly level 2 assembly
T M G SE 5
Level 0 NADH prom + Level 0 Clonat + Level 0 NADH term + Level 1 hackbane plCH47732 e PICHATT3Z:FCP:NAT
[ KAN | {awr] [Zur}
3
Hi gy FE EE Emmﬁ BE g B HE §
| Level 0 NADH prom —|— Level 0 eGFP —|— Level 0 NADH term —|— Level 1 backbone pICH47742 | —% PICHA7T42:FCP:eGFP
B IEHE) T  EL
e —_— — -]
.‘!
NADH:NAT NADH:eGFP [0 Linker L2E
@ Specific 4nt overhangs < ink 12 backbone
pNpNADH:NAT:eGFP < Linker L2E PAGMAT23
Antibiotic resistance
KAN

Figure 4.4 Overview flow chart of the Golden Gate Cloning system for N. putrida eGFP and NAT
overexpression constructs. This figure was generated as part of my original PhD research. Level 0
(LO) modules are created by PCR and then cloned into pCR8/GW/TOPO vectors. Key components include
the promoter (NADHpr) and terminator (NADHt) of the NADH-ubiquinone reductase complex 1 MLRQ
subunit, ampicillin resistance gene (AmpR), kanamycin resistance gene (KanR), and target gene fragment
eGFP/FR1 (eGFP). Specific 4nt overhangs are shown in different colors, while the same color indicates the

same overhang.
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according to the protocol by Weber et al. (2011). With the restriction enzymes of Bsal
and Bbsl (Bpil) and designed specifical four nucleotide overhangs, Golden Gate
Cloning could assemble target DNA fragments into pre-configured module. This
method enables a precise ligation of target DNA fragments with scarless assembly.
The assembly process has three construct levels from Level 0 (L0O), Level 1 (L1), to
Level 2 (L2). Individual DNA fragments such as promoter, antibiotic gene, target
gene, and terminator. These L0 cassettes were then introduced into the L1 backbones
for functional plasmid using Bsal restriction enzyme. Subsequently, the L1 modules
are combined within the final L2 backbone, resulting in a fully assembled construct
that includes all necessary genetic elements within the Bbsl (Bpil) restriction enzyme
(Figure 4.2). Golden Gate cloning reactions were optimised from the protocol by

Hopes et al. (2017).

To begin the L0 assembly, the Bsal restriction site in the RHO sequence was removed
using the Site-Directed Mutagenesis (SDM) kit (NEB, UK) with the following
primers: gaacttgcgaaAaccggcagtccg and cecttcgecggtccattcat. The mutation site is
indicated by the uppercase letter. Following the mutagenesis, LO modules were
created with specific 4-nucleotide overhangs using a standard PCR process. The
primers used for generating these LO modules are listed in Table 4.2. All PCR-
amplified LO modules were immediately cloned into the pCR8/GW/TOPO vector
(ThermoFisher, US). The reaction mixture was prepared by combining 4 ul of PCR
product with 1 pl of Salt Solution and 1 ul of TOPO vector, resulting in a total
volume of 6 ul. This mixture was incubated at room temperature for 5 minutes. The
LO plasmids were then transformed into NEB 5-alpha Competent E. coli (NEB, UK)
using the high-efficiency transformation protocol. Specifically, 3ul of the TOPO
mixture was added to 25ul of competent E. coli cells and incubated on ice for 30
minutes. This was followed by a 30-second heat shock at 42°C, after which the
mixture was immediately returned to ice for 5 minutes. Next, 950 ul of room-

temperature SOC medium was added, and the tube was incubated at 37°C for 60
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minutes with vigorous shaking at 250 rpm or rotation. Finally, an appropriate volume
of the transformed cells was spread onto selective LB agar plates and cultured
overnight at 37°C. L0 plasmids were extracted using the NEB Monarch Plasmid

Miniprep kit (NEB, UK) and using the Bsal enzyme to check the size of the insertion.

Based on the LO modules, three L1 modules, pICH47732:NADH:NAT,
pICH47742:NADH:RHO, and pICH47742:NADH:eGFP, were assembled (Figure
4.3). Each 20ul reaction were mixed with 40 fmol components, 100 units of Bsal

restriction enzyme, 100 units of T4 DNA ligase, and 1 x ligation buffer. The reaction

Target Sequence

RHOF ccggotetcafaccATGCTGTGGTCAAAAACAA
RHOR attgotctcagraf T TAGAGCAAAGGCGTTITIC
EGFPF goicicataec ATGGTGAGCAAGGGCGAGG
EGFPR gotctcagta T TACTTGTACAGCTCGTCC

NATF caaggicicafacc ATGACCACTCTTGACGACACG
NATR agtgotetcagfafI CAGGGGCAGGGCATGCTC

NADH prom F gotctcagoagC ACATAGTGGCGCAGTATCCA
NADH prom K gotcicagofa ATGTITTITGTTTTAGAA
NADH term F gotctcamfac AGTACAATACAATACAGTCC

NADH term R goictcangcgG GTATTTITICGTAGGAATAAG

Table 4.4 PCR primers for creating Golden gate cloning L0 modules. Bsal sites are shown in
underlined. 4nt specific overhangs are shown in italic and bold. Lowercase letters represent extra added

sequences, and uppercase letters indicate the part of primer combine with the initial template.

mixtures were incubated at 37°C for 5 hours, followed by 50°C for 5 mins and 80°C
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for 10 mins. Following the assembly, Sul of the reaction were added into 25ul
competent E. coli and cloned as described above. Cells were selected using a selective
medium containing ampicillin, 20ul 40mg/ml X-gal and 7ul 0.1mM IPTG. The
correct assembled L1 modules would remove the LacZ gene for blue colony, leading
to white colonies. These white E. coli colonies were picked up and used for

subsequent plasmid extraction.

The extracted L1 plasmids were then verified through double digestion to confirm the
presence of the correct inserts. Additionally, the integrity of the L1 module sequences

was confirmed by sequencing, performed by Eurofins Genomics (Germany).
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Figure 4.5 Vector map of three L1 assemblies. LO modules were constructed into level 1 backbone
pICH47732 and pICH47742.

The verified L1 modules were used to generate L2 plasmids pNpNADH:NAT:eGFP
and pNpNADH:NAT:RHO by combining the L1 modules pICH47732:NADH:NAT,
pICH47742:NADH:eGFP/ pICH47742:NADH:RHO with the L2E linker piCH41744,
assembled into the L2 backbone pAGM4723 (Figure 4.4). For the L2 assembly, the
same ligation and transformation steps were followed with Bpil (Bbsl) enzyme.
Transformed E. coli cells were plated on a kanamycin-resistant medium. The correct
assembly of L2 constructs disrupted the canthaxanthin biosynthesis gene, resulting in
white colonies instead of orange (pink) colonies. Only the white colonies were
selected for further analysis, ensuring the accuracy of the L2 plasmids. The plasmids

were then checked by at least two different double digestions and sent for whole
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plasmid sequencing (Eurofins Genomics, Germany).
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Figure 4.6 Vector map of two L2 assemblies. The top construct ()NpNADH:NAT:TeGFP) includes the eGFP
reporter gene driven by the NADH promoter, followed by the NAT (nourseothricin resistance) selection marker
under control of a separate promoter. The bottom construct (pNpNADH:NAT:RHO) is structurally similar but
contains the rthodopsin gene (RHO) instead of eGFP.



159

Transforming Nitzschia putrida

Transformation of N. putrida cells was carried out using the Biolistic PDS-1000/He
particle delivery system (BIO-RAD, USA), following the protocols outlined by
Poulsen et al., Hopes et al., and Sabatino et al. (Hopes et al., 2016; Poulsen et al.,

2006; Sabatino et al., 2015).

To prepare for the transformation, non-selective agar plates were created using half-
salinity LB with 1.5% agar, which served as the target surface for particle
bombardment. Post-transformation selection was carried out on 0.8% agar f/2 half-
salinity LB plates and /2 half-salinity LB liquid medium containing 100 pg/ml
nourseothricin to isolate successfully transformed cells. In parallel, non-selective
0.8% agar plates and liquid medium were prepared as growth controls to ensure the

viability of the cells throughout the experiment.

For the particle bombardment, 3 pg of plasmid DNA was coated onto 16 mg of M10
(0.7 um, Bio-Rad) tungsten particles in the presence of CaCl. and spermidine.
Approximately 5 x 107 cells in the exponential growth phase were concentrated onto a
0.22 pm Isopore™ polycarbonate membrane filter (MilliporeSigma) via vacuum
filtration and then placed on 1.6% agarose plates containing /2 medium immediately
at room temperature. The cells were bombarded using a rupture disc with pressures
ranging from 1350 to 1550 psi. The cells were placed at a flight distance of 7 cm from
the bombardment device, within a vacuum environment of 25 mmHg. All

bombardment procedures were performed in quadruplicate to ensure reproducibility.

Immediately after bombardment, the cells were resuspended in a non-selective culture
medium and allowed to recover for 24 hours. Following this recovery period, ten
million cells were transferred into a liquid medium containing 100 ug/ml
nourseothricin and incubated under optimal culture conditions. Additionally, 5 x 10°

incubated transformed cells were harvested by centrifugation at 1500rpm. The
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supernatant was removed and the cell pellet was then resuspended in 100 uL of fresh
medium and spread onto 0.8% selective agar plates added with 100 pg/ml NAT to
select for successfully transformed cells. Plates and liquids were incubated under

standard culture conditions.

Each bombardment was followed by culturing in five liquid mediums and on five
solid mediums, along with one positive and one negative control. The positive control
consisted of wild-type N. putrida in a non-selective medium, while the negative
control used the same wild-type in a selective medium. Liquid cultures were
incubated under standard conditions until turbidity was observed, indicating cell
growth, while solid cultures were monitored until visible colonies formed. Putatively

transformed strains were collected after approximately 14 days of incubation.
Screening

Once the cell density of the liquid cultures reached approximately 10¢ cells/ml, cells
were harvested for genomic DNA (gDNA) extraction. A 5 ml aliquot of the culture
was collected by centrifugation, and the supernatant was carefully removed. The cell
pellet was then resuspended in 20ul of lysis buffer, consisting of 10% Triton X-100,
20 mM Tris—HCI (pH 8), and 10 mM EDTA. To ensure complete cell lysis, the
suspension was stored at -80°C for 15 minutes, followed by incubation at 95°C for 10

minutes.

For PCR amplification, 2 pul of the lysed DNA was used as a template in a 50 pl
reaction system using REDTaq® ReadyMix PCR Reaction Mix™ (Sigma-Aldrich,

US). Target gene eGFP, RHO, and NAT were amplified using the following primers:

Name Sequence

FR271123 F1 CGTTTGGCCATTCCTTCATATC
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Rhodopsin screen R GAACCGGAGATTCCCATCATAG
eGFP screen F ATGGTGAGCAAGGGCGAG
eGFP screen R TTACTTGTACAGCTCGTCCAT
NAT screen F CTGGATGGGTCCTTCACCAC
NAT screen R TTGACGTTGGTGACCTCCAG

Amplification was performed with denaturation at 95 °C for 1 min, followed by 35
cycles of 95 °C 30 seconds, 56 °C 30 seconds and 72 °C 1 min; then 72 °C 5 mins.
The amplified products were then verified through electrophoresis on a 1% agarose
gel, and subsequently were sequenced by Eurofins Genomics (Germany) to confirm
the successful integration of the desired sequences. Succussed transformed cell lines
were then kept in a selective normal medium with 100 pg/ml NAT, waiting for further

sorting.

Flow cytometry

To isolate single cell lines from the resistance mixture for culture, fluorescence
activated cell sorting was carried out. Before initiating the sorting process, cell
suspension was prepared, ensuring that the cells were appropriately filtered by a 10
um filter and diluted to a concentration of approximately 100,000 cells/ml. The cell
sorting was performed using a BD FACSAria II Cell Sorter Brochure (Becton,
Dickinson and Company, US). Calibration of the machine was carried out prior to
each experiment using BD FACS Accudrop beads and standard calibration beads as

per the manufacturer’s instructions to ensure optimal performance and accuracy.

The prepared cell suspension was loaded onto the FACS machine's sample pedestal.
Initial data acquisition was conducted to verify that the cell population of interest was

correctly gated.



162

Cells were sorted based on a specific gating strategy tailored to the experiment. The
typical gating hierarchy included initial exclusion of doublets using FSC (Forward
Scatter) and SSC (Side Scatter) parameters, followed by selection based on
fluorescence marker eGFP or just size. Sorting was performed using a 130 pm nozzle
at a flow rate of less than 5 to ensure accuracy, leveraging hydrodynamic focusing.
Single cells were sorted in Single Cell Mode into the outer left side stream, which was
aligned to deposit cells directly into microtiter plates. A stable stream was maintained
throughout the process, with regular checks and adjustments to drop delay and stream

alignment to ensure precision.

Sorted cells were deposited into individual wells of a 96-well plate preadded with
medium and 300 pg/ml nourseothricin. The alignment of the plate was verified prior
to sorting to ensure correct deposition in the centre of each well. Post-sort verification
was conducted by inspecting the wells to confirm proper cell deposition and checking
by a microplate reader with Optical Density (OD) and eGFP fluorescence. Cells were
then transferred to SmL culture bottles for extended culture and verified by inverted

fluorescence microscopy and PCR.

Analysis of gene expression by reverse transcription (RT-PCR)

To analyse gene expression, 80 ml of Nitzschia putrida cells in the exponential growth
phase were harvested by centrifugation. Total RNA was initially extracted using the
Direct-zol RNA Kit (Zymo, USA), following the manufacturer's protocol. The RNA

was then eluted in 30 pl of RNase-free water.

To remove the gDNA contamination, the 30 pl of extracted RNA was transferred into
a PCR tube, added with 15 pul DNase I and 5 ul DNA Digestion Buffer (Zymo, USA).
The mixture was incubated at 37°C for 60 minutes to ensure the complete digestion of
any contaminating DNA. Subsequently, the RNA Clean & Concentrator Kit (Zymo,
USA) was used to purify the RNA, following the RNA clean-up protocols provided
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by the manufacturer.

For reverse transcription, 0.2 pug of the purified RNA was used to synthesise cDNA
using the SuperScript™ IV First-Strand Synthesis System (Thermo Fisher, USA), in
accordance with the manufacturer’s instructions. The expression of the eGFP and
NAT genes were then analysed using specific primer sets through reverse
transcription PCR (RT-PCR) as described above. RT-PCR amplification was prepared
using a 50 ul reaction volume with REDTaq® ReadyMix PCR Reaction Mix™
(Sigma-Aldrich), following the preparation guidelines. Amplification was performed

as screening PCR. The RT-PCR products were run on 1% agarose gels.
Microscopy

Cell fluorescence images were captured using an inverted Zeiss Observer 7
microscope equipped with a 63% oil immersion objective (Carl Zeiss AG, Jena). The
microscope was configured for multitrack and line acquisition, enabling the
simultaneous capture of both brightfield and eGFP fluorescence images. eGFP

fluorescence was specifically detected using a 550 nm bandpass filter.
Phenotyping experiments

To access the FR1 influence on diatom N. putrida, several growth conditions,
including dark and light comparison and low carbon source comparison, were carried
out. All assessment growth experiments were conducted with 3 pmol L™! retinal. For
light experiments, both wildtype N. putrida (NpWT) and xanthorhodopsin FR1
knocked-in N. putrida strain (NpRHO) were first treated with two weeks dark
treatment to remove the influence of light, then cultured under 50 umol photons m
s~! white light and 24-hours daylight (QSL-2101, Biospherical Instruments Inc.,
USA) with other culture conditions the same as described above. Dark control groups
were covered by an aluminium foil to avoid the influence of light. For low-nutrient

experiments, NpWT and NpRHO were cultured in 20%LB treatment conditions. All
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treatment groups at least three replicates at initial concentration of approximately
5,000 cells/ml. To estimate the cell fitness, 500ul culture were harvested every 6 to 8
hours to measure the cell density under a microscope with a 10x objective using
bright field. ell-specific growth rates (1) were calculated according to the following

equation:
1 = (In (Nt2) —In (Nt1))/ At

Where Ny and Ny, are the cell density (cells mL™!) at sampling times t; and t,, and At
represents the time between the two measurements (Guillard, 1973). Student t-test
was performed to evaluate the significance of the difference. Data were considered

statistically significant for p-values <0.05.
Cell viability measurements

To quantify the viability of cells, a 4',6-diamidino-2-phenylindole (DAPI) was applied
to detect the live and dead cell proportion in thodopsin knock-in and wild-type strains
progressed at the stationary phase. Cells were cultured in a standard medium added
with retinal for 14 days. 1ml of each population was harvested after well-mixed and
added with 1/10 volume of 100 ug/mL DAPI directly to the cultures. Cells were
incubated at room temperature for 15 minutes, following mixing thoroughly by gently
pipetting the medium up and down. The staining was observed by inverted Zeiss
Observer 7 microscope equipped with a 63 oil immersion objective (Carl Zeiss AG,

Jena).

Diatom slicing and immunogold labelling under transmission electron

microscope (TEM)

For TEM, N. putrida cells were treated the same as 7. pseudonana. Cultures of N.
putrida (wild-type and FR1 knock-in) were centrifuged at 3000 g for 5 minutes, and

cell pellets were washed with phosphate-buffered saline (PBS). After resuspension in
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1 ml of fixative, cells were fixed at 4°C for 3 hours, followed by three PBS washes.
Concentrated cell suspensions were prepared in 10ul PBS, added to 1.5% agar blocks,
and sealed with additional hot agar. After cooling, agar blocks (1.5 mm x 1.5 mm)
were fixed overnight at 4°C in fixative solution (50 ml 0.2 M PBS, 10 ml 40%

paraformaldehyde, 32 ml water, 8 ml 2.5% glutaraldehyde).

The following day, samples were washed in PBS and dehydrated through graded
ethanol series (30%-100%). Dehydrated blocks were impregnated with increasing
ratios of ethanol to LR resin and left overnight in pure LR resin. Polymerisation
occurred under UV light at -20°C for 72-120 hours. Hardened blocks were sectioned

to 90-100 nm thickness using an ultramicrotome and transferred to nickel grids.

For immunogold labelling, sections were incubated with primary antibody (1:20
dilution in BAS) overnight at 4°C. Negative controls received only secondary
antibodies. After rinsing, sections were incubated with colloidal gold-conjugated
secondary antibody for 3 hours at room temperature in the dark. Samples were rinsed
and fixed with 2.5% glutaraldehyde, followed by uranium and lead staining for

contrast enhancement.

Prepared samples were analysed using an HT-7800 transmission electron microscope

(Hitachi, Japan) to determine FR1 subcellular localisation.

Result

Optimise growth conditions of N. putrida

The growth conditions for the initial pre-experiment were established based on the
protocol described by Kamikawa et al. (2022) and the guidelines provided by the
National Institute for Environmental Studies (NIES). Nitzschia putrida was cultured
in full-salinity artificial seawater supplemented with 1% LB (Luria-Bertani) medium

and Aquil* nutrients. The resulting growth curves are presented in Figure 4.5, which
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illustrates the effects of two different initial cell densities—Iabelled as "Dense" and
"Less Dense". Contrary to expectations, the growth of N. putrida in this experiment
displayed significantly lower growth rates and overall yields compared to the results
reported by Kamikawa et al. (2022). This discrepancy suggests that differences in
nutrient availability or composition, such as carbon sources, oxygen levels, or trace

metals, might have played a critical role in influencing growth outcomes.

To investigate whether the concentration of LB medium was the limiting factor in the
previous experiment, the LB concentration was increased to 15%. The resulting
growth curves are presented in Figure 4.6. Both the growth rate and maximum cell
density were significantly higher compared to the first experiment (Figure 4.7),
indicating that the lower LB concentration had likely constrained growth. However,
even when the LB concentration was further increased to 30%, the maximum cell

density and growth rate remained below expected levels.

Subsequent experiments using an air pump to assess the influence of oxygen did not
yield significant changes in growth. Additionally, culturing Nitzschia putrida in half-
salinity Aquil* medium produced results comparable to those obtained with the full-
salinity medium, suggesting that salinity was not a limiting factor. Based on these
findings, it is hypothesised that the availability of specific nutrients—such as nitrate,
phosphate, silicate, and trace metals—might be the key factors that influence the

growth observed in these experiments.

Five different nutrient recipes were used to culture the cells to find out the nutrients
that limit N. putrida growth. Furthermore, since artificial seawater might lack some
microelements, sea salt was used to make the medium. The growth curves are shown
in Figure 4.8. Based on the result, the synthetic ocean water recipe from NCMA
cannot be used to culture the N. putrida strain. Culture in /2 is growing better than
the Aquil* medium. Notably, the cells in f/2 N, Si, and P nutrients with Aquil* trace

metal media are growing better than the full Aquil* media but worse than the cells in
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full /2 media.

The cultures in half-salinity sea salt based 50%LB full /2 media are similar to the
published result (Kamikawa et al., 2022). Thus, half-salinity sea salt 50%LB {/2

media is considered the suitable medium for culturing N. putrida (Figure 4.9).
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Figure 4.7 Growth Curves of Nitzschia putrida During the Initial Pre-Experiment. The growth
curves represent cell density (cells/mL) over time (hours) for N. putrida cultured under two different
initial cell concentrations: Dense (25,000 cells/mL) and Less Dense (10,000 cells/mL). Each
condition was tested in triplicate. The Y-axis indicates the cell density (cells/mL), and the X-axis

represents the culture time (hours).
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Figure 4.8 Growth curves of N. putrida second in 15% LB medium. The growth curves
depict cell density (cells/mL) over time (hours) for N. putrida cultured in a medium containing
15% LB. The Y-axis represents cell density (cells/mL), while the X-axis denotes culture time
(hours). The three curves correspond to replicate cultures, illustrating the growth dynamics

under the specified condition.
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Figure 4.11 Comparison of Growth Rates (divisions/day) Under Different LB
Concentrations. The graph compares the a) growth rates (divisions/day) and b) the maximum
cell density (cells/ml) of Nitzschia putrida cultured in different concentrations of LB medium:
1% LB Dense, 1% LB Less Dense, and 15% LB. No significant difference was observed
between the 1% LB Dense and 1% LB Less Dense groups. However, a significant increase in

growth rate was noted in the 15% LB group, as indicated by the asterisks (**).
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Figure 4.13 Growth Curves of Nitzschia putrida in Different Media. Growth curves of Nitzschia

putrida cultured under various media condition containing 50% LBs: (a) Half-salinity Synthetic Ocean

Water (SOW) with Aquil* medium, (b) Half-salinity Sea Salt with double Aquil* medium, (c) Half-

Salinity Sea Salt with full f/2 medium, (d) Half-Salinity Sea Salt with f/2 N, Si, and P stocks and

Aquil* trace metals, and (¢) Half-Salinity Sea Salt with K medium. The Y-axis represents cell density

(cells/mL), and the X-axis denotes culture time (hours). Cell density of each measurement point were

shown.
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Figure 4.14 Growth Curves of Nitzschia putrida in 50% LB Half-Salinity Sea Salt f/2 Medium with Different
Initial Concentrations. Growth curves of Nitzschia putrida cultured in 50% LB half-salinity sea salt f/2 medium with
different initial cell concentrations: (a) 30,000 cells/mL and (b) 2,000 cells/mL (n=3). The Y-axis represents cell density
(cells/mL), and the X-axis denotes culture time (hours). The Y-axis on the left graphs is shown in a standard linear scale,
while the right graphs are displayed on a logarithmic scale to better visualise growth dynamics across a wide range of

cell densities.
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Testing antibiotic resistance on plates and liquid medium

After approximately 10 days of cultivation, most treatment groups—whether on plates
or in liquid medium—showed no signs of growth. The medium remained clear, with
no colonies or flocculants observed (Table 4.3). In contrast, positive growth controls
without any antibiotics displayed a lawn of cells on plates and cell clumping in the
liquid medium after just five days (Figure 4.10). These results demonstrate that V.
putrida is highly sensitive to zeocin, with no growth observed even at low

concentrations (Figure 4.11).

In contrast, 100 pg/ml nourseothricin on 100% salinity plates successfully inhibited
the growth of wild-type N. putrida cells at both low and high cell concentrations
while permitting the growth of NAT transformants (Figure 4.10a). This suggests that
nourseothricin is a suitable antibiotic for selection in this species. Consequently, the
nourseothricin resistance gene was selected as the selective marker for establishing

the N. putrida transformation system.

antibiotics (pg/ml)

Cells
50 100 150
Nat 10° (liquid) +
Nat 10° (liquid) +
Nat 5 x 107 (solid) +

Zeocin 107 (Hquid)

Zeocin 10° (liquid)

Zeocin 5 X 107 (solid)

Table 4.5 Antibiotic sensitivity of Nitzschia putrida. The signs “+” denoting the observation of living

cells in flasks after 10 days of selection, and "-" indicating their absence.
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Figure 4.15 Growth of Nitzschia putrida Cells on Selective Plates. (a) Transformed N. putrida cells
growing on selective plates. A visible lawn of cells was observed on the surface of the plates. (b) Wild-
type N. putrida cells on antibiotic-selective plates. No cell growth was observed on the surface of the

plates.

1400000

Antibiotic resistant experiment 1045 cells/mL initial

1200000

1000000

800000 ——N.P Control
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Figure 4.16 Antibiotic resistance experiments for Nitzschia putrida under nourseothricin and
zeocin treatment. The graph demonstrates the growth curves of N. putrida under varying
concentrations of nourseothricin and zeocin. The Y-axis represents cell density (cells/ml), and the X-
axis represents culture time (days). The treatments include control (no antibiotic), nourseothricin at
50pg/ml, 100pg/ml, and 150pg/ml, and zeocin at 50pg/ml, 100pug/ml, and 150pug/ml. The results show
significant growth inhibition by zeocin across all concentrations, while 100pg/ml and 150pg/ml

nourseothricin could also inhibit the growth of N. putrida cells. Error bars show standard deviation.
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Plasmid design and construction

To ensure the efficient expression of the introduced exogenous genes eGFP, RHO, and
NAT in Nitzschia putrida cells, I analysed the transcriptome of N. putrida and
identified several endogenous genes that exhibit high expression across diverse
growth conditions. These genes' promoter sequences are likely to be useful for
constitutive transgene expression at sufficient levels. Among these highly expressed
genes, the gene encoding nicotinamide adenine dinucleotide hydride (NADH)-
ubiquinone reductase complex 1, a key component of the mitochondrial respiratory
chain, exhibited the highest expression(Almutairi, 2022; Cardol, 2011), indicating that

it likely possesses a strong promoter.

In addition to the previously mentioned analyses, a codon bias analysis was conducted
to ensure the efficient expression of the foreign genes eGFP and xanthorhodopsin
FRI in Nitzschia putrida. Codon usage patterns in the ten highest expressed genes in
N. putrida were examined and compared to those of the eGFP and FRI genes. The
results, presented in Figure 4.12, reveal that N. putrida exhibits a slightly different

codon bias compared to the codon usage in eGFP and FRI.

Despite these differences, most of the codons used by eGFP and FRI are reasonably
well represented in the transcriptomes of other diatoms, such as Fragilariopsis
cylindrus and Thalassiosira pseudonana (Hopes, 2017; Poulsen et al., 2006). This
suggests that while there may be some variation in codon preference, the codons
employed by eGFP and FR1 are generally compatible with the translational

machinery of N. putrida.

Although optimising the codon usage to better match N. putrida’s codon bias could
theoretically enhance the expression efficiency of these genes, the current expression
levels are considered sufficiently high to support their intended functions. This

conclusion is based on the successful detection of eGFP fluorescence and the
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demonstrated impact of FR1 on growth and viability in the engineered strains.

Golden Gate cloning assembly was used to construct all plasmids required for
establishing the N. putrida transformation system. The reason for choosing Golden
Gate cloning is twofold. First, it allows the introduction of multiple gene fragments in
a single reaction. By adding unique 4-base overhangs, fragments with matching
overhangs can be accurately spliced together while eliminating excess sequences,
achieving seamless ligation. Second, the modularity and versatility of the Golden
Gate cloning system, with components such as L0 and L1, allow for easy

modification and the assembly of new plasmids by simply altering specific fragments.

As shown in Figure 4.2, the initial L1 constructs aimed to combine the promoter,
terminator, and gene of interest with the vector backbone. Specifically, the NADH
promoter, NAT resistance gene, and NADH terminator were assembled as
pICH47732-NAT; the NADH promoter, eGFP gene, and NADH terminator as
pICH47742-eGFP; and the NADH promoter, xanthorhodopsin FR1, and NADH
terminator as pICH47742-RHO. The vector backbones pICH47732 and pICH47742,
used in these constructs, contain the LacZ gene for blue-white screening. Colonies
derived from unmodified, uncut templates should appear blue, whereas assembled
colonies should be white. The unique palindromic sequences designed into the system
minimise the likelihood of vector self-ligation or mismatch. For the three assembled
plasmids, pICH47732-NAT, pICH47742-RHO, and pICH47742-eGFP, a total of 36
samples were checked (Figure 4.13), and 35 were correctly assembled according to

PCR and sequencing results.

Subsequently, the L2 backbone pAGM4723, which contains a red colour selectable
marker (Cred), was used to assemble the completed L1 plasmids. The modular end
linker L2E pICH41744 was used to connect the L1 gene fragments with the L2
backbone, resulting in the assembly of pPNpNADH:NAT:eGFP and
pNpNADH:NAT:RHO. Colonies from unmodified, uncut templates containing the
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Cred gene appeared orange-red, while assembled colonies appeared white. Unlike L1
assembly, L2 assembly was prone to some mismatches. Among the assembled
plasmids, 28 pNpNADH:NAT:eGFP and seven pNpNADH:NAT:RHO were analysed.
The results showed that at least six plasmids were incorrectly assembled, while the
sequencing results of the other plasmids matched the expected sequences (Figure

4.14).
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\atss 1kb laddet

Line 1-6 pICH47732-NADH-Nat,6777bp
Line 7-14 pICH47742-NADH-eGFP,6927bp
If any L1 failed backbone should be 4968bp
2022-Sept-21

17:28

90V 300mA 55min

1% Gel

Figure 4.18 Restriction enzyme digestion analysis of L1 constructs. (a) Restriction digestion check
of pICH47742-RHO, with all products showing the correct length. (b) Lines 1-6 represent pICH47732-
NAT, and Lines 7-14 represent pICH47742-eGFP. Notably, Line 8 shows a product of incorrect size,

indicating a mispairing, while all other products are of the correct length.
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upper 28 is Nat-eGFP L2 cut with Sall, 7278bp+2425bp
0.8%gel 90V 300mA 50min

Rhol2-1. 2 3 4 5
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Figure 4.19 Restriction enzyme digestion analysis of L2 constructs. (a) Restriction digestion
analysis of pPNpNADH:NAT:eGFP using Sa/l-HF. Lane 1 to lane 28 shows 28 individual plasmids cut
by restriction enzyme, target length 7278bp and 2425bp. Incorrectly sized products are indicated by red
markers. (b) Restriction digestion analysis of pPNpNADH:NAT:RHO using Sa/l-HF. Lane 1 to 7 shows
individual plasmids cut by restriction enzyme, target length 2425bp and 7428bp. Incorrectly sized

products are indicated by red markers.
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Microparticle bombardment and screening

After approximately 14 days, the cells were observed under selective growth
conditions. These nourseothricin-resistant cells were collected from independent
flasks by centrifugation, and the presence of the resistant gene Nat, the reporter gene
encoding eGFP, and the rhodopsin gene were confirmed by PCR (Figure 4.15). For
the eGFP-overexpressing strain, six N. putrida strains exhibiting the nourseothricin
resistance phenotype were successfully recovered from six culture flasks. In contrast,
four of nine flasks yielded resistant strains under nourseothricin selection for the

RHO-overexpressing strain.

eGFPnewl eGFPnews

E1 E2 E3 E4 E5 EowTiwTzw  E! E2 E3 E4
~ ES EBWTAWTZ yy R1 R2 R3 RAWTIWT2 W  R1 R2 R3 RAWT1WTZ yy

Figure 4.20 Gel electrophoresis result of transformed N. putrida screening PCR result. The gel
electrophoresis results display the PCR screening of transformed N. putrida strains. The marker used is a 100
bp ladder. Six NAT-positive strains were analysed following biolistic transformation with a plasmid
overexpressing eGFP. Two different sets of primers were tested, targeting products of 263 bp and 255 bp. For
the rhodopsin knock-in strains, four NAT-positive strains were tested using the same two primer sets, with the
expected product size of 703 bp.

Although the transformation system for N. putrida shares many similarities with the
microparticle bombardment method used for other diatoms (Hopes et al., 2016;
Poulsen et al., 2006; Sabatino et al., 2015), post-bombardment cultivation and
selection needed to be adjusted to accommodate this benthic heterotrophic diatom.
For instance, I attempted to select resistant strains using agarose plates by spreading
5x106 cells onto selective plates 24 hours after bombardment. Although a lawn of

colonies formed (Figure 4.10a), individual colony isolation was not successful. As a
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result, liquid medium was chosen for the post-bombardment selection and cultivation

of the genetically modified cell lines instead of using solid plates.

However, directly using a liquid medium for selection presented challenges. It
prevented the calculation of transformation efficiency. Also, it precluded the isolation
of single cell lines, as all recovered flasks contained mixed populations of multiple
cell lines. To address this, fluorescence-activated cell sorting (FACS) was employed
to isolate single-cell lines. For the eGFP strains, cells expressing fluorescence were
isolated and cultured individually in 96-well plates (Figure 4.16). For the RHO knock-
in strains, even though no fluorescent signal was present, single cells were still

isolated from the population and subjected to further selection for the resistance gene.

To avoid potential fungal or bacterial contamination, a threefold concentration of
nourseothricin (30 pg/mL) was used to inhibit contaminants and to perform a
secondary selection. The selected single-cell lines were further screened by measuring
fluorescence intensity (for eGFP) and optical density (OD), ensuring that only the
desired genetically modified strains were propagated. As a result, four eGFP single-

cell clones and four rhodopsin single-cell clones were successfully obtained.

To confirm the expression of the integrated genes, RNA was extracted from the RHO
and eGFP knock-in strains, and reverse transcription was performed as previously
described. The harvested cDNA products were then analysed using reverse
transcription PCR (RT-PCR). The RT-PCR results for the RHO and eGFP knock-in
strains showed distinct bands at the expected sizes, in contrast to the negative controls
and the wild-type (WT) control groups, which showed no bands, as illustrated in
Figure 4.17. These results confirm the successful transcription of the RHO and eGFP
genes in the respective knock-in strains, validating the transformation and selection
processes utilised in this study. Moreover, this outcome demonstrates the effectiveness

of the gene editing technique utilised, providing a robust foundation for further
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studies and analysis.

Figure 4.21 Flow cytometry FACS analysis of V. putrida overexpressed strains mixture. Mixture
running by eGFP overexpressed strain. Flow cytometry (FACS) analysis of a mixture of cells from an
N. putrida strain overexpressing eGFP. The plots display the gating strategy used to identify the eGFP-
positive population. The histogram shows the fluorescence intensity distribution, with 93.9% of the
analysed population falling within the gated region (P1), indicating successful expression of eGFP. The
cells in the selected area P1 were then isolated by single cells. RHO knock-in strains were sorted

similarly.
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Figure 4.22 Gel electrophoresis result of RHO and eGFP knock-in N. putrida RT-PCR results. The
gel electrophoresis results display the RT-PCR analysis of RHO and eGFP knock-in N. putrida strains.
The marker used is a 100 bp ladder. Lanes "rho2" and "rho3" represent RT-PCR products from two
rhodopsin knock-in strains, while "rho2N" and "rho3N" are the negative controls for cDNA synthesis.
Lanes "WTrho" and "WTN" correspond to RT-PCR products from wild-type N. putrida using
rhodopsin primers and their cDNA synthesis negative control, respectively. Target products length is
703bp. Lane "eGFP3" represents the RT-PCR product from the eGFP knock-in strain, with "eGFP3N"
as the negative control for cDNA synthesis. "WTeGFP" corresponds to the RT-PCR product from the
wild-type strain amplified using eGFP primers, and "WTN" serves as the negative control for wild-type
cDNA synthesis. The "Waterrho" and "Wegfp" lanes are PCR negative controls, where water was used

in place of cDNA. Target products length is 263bp.
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Fluorescence microscopy detecting eGFP

Fluorescence microscopy was employed to detect the expression of eGFP in an
overexpressing strain of N. putrida using a Zeiss Observer 7 microscope. As shown in
Figure 4.18, in the eGFP fluorescence channel, a strong signal was observed,
indicating robust expression of the eGFP protein within the cells. This fluorescence
signal is distinctly absent in the wild-type (WT) cells, which serve as a negative

control, confirming the specificity of the observed fluorescence to the eGFP gene

eGFP Bright field Merge

Figure 4.23 Fluorescence microscopy analysis of eGFP expression in Nitzschia putrida. This
figure presents fluorescence microscopy images comparing Nitzschia putrida cells overexpressing
eGFP (top row) to wild-type (WT) cells (bottom row). The images were captured using a Zeiss
Observer 7 microscope. The left column shows the eGFP fluorescence channel, the middle column
displays the corresponding bright field images, and the right column provides merged images of the

fluorescence and bright field channels.
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introduced through transformation.

Most cells in the eGFP transformant cultures exhibited clear and consistent expression
of eGFP, as evidenced by the bright fluorescence observed across multiple fields of
view. The overlay of the fluorescence and bright field images confirms that the
fluorescence is localised within the cells, with no detectable signal in the surrounding

medium, ruling out the possibility of extracellular artefacts.

These observations strongly support the successful integration and expression of the
eGFP transgene in N. putrida. The consistent fluorescence across the population
suggests that the transformation method is both effective and reliable, yielding a high
proportion of cells expressing the target gene. This result lays a solid foundation for
subsequent experiments, where eGFP can be used as a reporter to monitor gene
expression, study protein localisation, and analyse cellular processes in real-time

within this diatom model.

Assessing the influence of microbial rhodopsin on N. putrida

To evaluate whether the genetic modification process had any impact on the growth
characteristics of Nitzschia putrida, the growth of the eGFP-overexpressing strain
with the wild-type (WT) strain under normal cultivation conditions was compared
firstly. The experiment was conducted with 20% nutrient concentration under standard

culture conditions, and the results are presented in Figure 4.18.

The growth curves (Figure 4.19a) reveal that both the eGFP strain and the WT strain
followed similar growth trajectories. No significant differences were observed in the
maximum cell densities reached by the two strains, indicating that the introduction of
the eGFP gene did not adversely affect the overall growth capacity of N. putrida.
Error bars representing the standard deviation across replicates suggest that the results

are consistent and reproducible.
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Further analysis of the growth rates (Figure 4.19b) showed that the eGFP strain and
the WT strain had nearly identical growth rates, expressed in divisions per day.
Statistical analysis indicated no significant difference between the two groups (p >
0.05), confirming that the genetic modification to introduce eGFP does not impair the

growth performance of N. putrida.

These findings demonstrate that the genetic transformation system used to introduce
foreign genes into N. putrida does not compromise the fitness of the modified strain

under the tested conditions.

Subsequently, to assess the influence of microbial rhodopsin on the heterotrophic
diatom N. putrida, the growth of rhodopsin knock-in strains with WT under reduced
nutrient conditions with 20% LB was analysed. The results demonstrated that the
rhodopsin knock-in strains exhibited significantly improved growth rates and
maximum cell densities compared to the WT strain. This suggests that
xanthorhodopsin may confer an advantage by enabling N. putrida to utilise light,
enhancing its growth and fitness under nutrient-limited conditions (Figure 4.20).
However, this significant fitness advantage could potentially be attributed to the
cumulative effects of light utilisation over time. To minimise this influence and assess
the direct impact of xanthorhodopsin, a two-week pre-dark treatment was applied to
the rhodopsin knock-in strains before the growth experiments. Then the growth of
wild-type strain, dark-pretreated rhodopsin grown in darkness, and dark-pretreated
rhodopsin knock-in strains under full-nutrient conditions. As shown in Figure 4.21,
the rhodopsin knock-in strain cultured in darkness after several weeks of dark
pretreatment did not show significant differences in growth compared to the WT.
However, the rhodopsin knock-in strain that was subjected to dark pretreatment but
then cultured under light conditions exhibited a significantly higher growth rate and

yield.

These results highlight the impact of microbial rhodopsin on enhancing growth under
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illuminated conditions compared to the WT and the diminished growth of the RHO
strain in the absence of light. This illustrates the potential photosynthetic advantages
conferred by xanthorhodopsin expression, suggesting that microbial rhodopsin may
play a key role in optimising energy capture and metabolic efficiency in N. putrida

when exposed to light.

In addition to the growth experiments, cell viability was assessed after long-term
cultivation (14 days). Cells were stained with DAPI, a fluorescent stain that binds
strongly to DNA, allowing for the visualisation and quantification of viable cells
under a microscope. The comparison focused on cells cultured under light conditions.
The results showed that after 14 days of cultivation, most wild-type cells had died,
with only 4.62% of the cells remaining viable. In contrast, 54.76% of the FR1 knock-
in cells remained viable (p < 0.0001) (Figure 4.22). These findings imply that
microbial rhodopsin could play an important role in extending the lifespan of V.
putrida cells under certain environmental conditions, particularly when light is
available. The enhanced viability of the FR1 knock-in strain not only supports the
idea that microbial rhodopsin contributes to more efficient energy utilisation but also
indicates that it could provide a selective advantage in environments where prolonged
survival is critical. This could be particularly beneficial in natural habitats where
resources fluctuate, and the ability to maintain viability for longer periods could

determine competitive success and overall fitness.

In conclusion, the successful genetic modification of N. putrida to overexpress
microbial rhodopsin has provided valuable insights into the potential benefits of this
protein in heterotrophic diatoms. By improving both growth efficiency and cell
viability, microbial rhodopsin expression may represent a promising avenue for
further research into energy utilisation strategies and could have broader applications

in biotechnological processes.
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Figure 4.24 Growth curve of wild-type and eGFP knock-in strains under decreased nutrient
medium. a) This figure demonstrates the cell density (cells/ml) over time (hours) for both the wild-
type (WT) and the enhanced green fluorescent protein (eGFP) knock-in strains under conditions of
reduced nutrients. The black circles represent the WT strain, and the blue squares denote the eGFP
strain. b) This plot compares the growth rates (divisions/day) of the WT and eGFP strains, each
represented by individual data points for replicate measurements. The horizontal lines show the
average growth rates for each group. The "ns" indicates no significant differences in growth rates

between the WT and eGFP strains under these conditions.
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Figure 4.25 Growth Dynamics of rhodopsin overexpressed and wild-type strains under nutrient-
limited conditions. a) This graph shows the cell density (cells/ml) over time (hours) for both the
rhodopsin-overexpressed (RHO) and wild-type (WT) strains under nutrient-limited conditions. The
RHO strain, represented by black circles, exhibits a significantly higher growth trajectory compared to
the WT strain, shown with blue squares. The data points illustrate a consistent advantage in cell density
for the RHO strain throughout the culture period. b) This plot presents the growth rate (divisions/day)
for both strains. The RHO strain (NpRHO) demonstrates a higher growth rate, significantly
outperforming the WT strain (NpWT) as indicated by "**" for p < 0.01. The individual data points for
each replicate are shown, with the line representing the average growth rate for each strain. Error bars

show standard deviation.
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Figure 4.26 Growth dynamics of rhodopsin-expressing and wild-type strains under different light
conditions. a) This graph presents the cell density (cells/ml) over time (hours) for rhodopsin-
expressing (RHO), wild-type (WT), and rhodopsin-expressing in dark conditions (RHO Dark) strains.
The RHO strain (black circles) demonstrates superior growth compared to both the WT (blue squares)
and RHO Dark (yellow triangles) across the culture period. b) This plot displays the average growth
rate (divisions/day) for each strain. The RHO strain shows significantly higher growth rates compared
to the WT and RHO Dark, indicated by "**" for p <0.01. The growth rates of WT and RHO Dark do

not differ significantly, as denoted by "ns" (not significant). Error bars show standard deviation.
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Figure 4.27 Cell survival rate of rhodopsin-overexpressed and wild-type strains after long-term
cultivation. Plot illustrates the survival rate of cells after 15 days of cultivation for both rhodopsin-
overexpressed (NpRHO) and wild-type (NpWT) strains. The "****" above the comparison indicates
an extremely significant difference (p < 0.0001) between the survival rates of the two strains. Error

bars show standard deviation.
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Immunogold labelling

To gain insights into the detailed cell structure and subcellular localisation of FR1 in
Nitzschia putrida, the diatom slicing and immunogold labelling technique, which has
been successfully used to study the diatom Thalassiosira pseudonana in the previous
chapter, was applied to the FR1 knock-in strain of N. putrida to reveal the precise
localisation of the FR1 protein within the cellular architecture. The results are

presented in Figure 4.23.

However, unlike 7. pseudonana, where clear and distinct cellular compartments
allowed for precise localisation of proteins, the cellular structure of N. putrida posed
significant challenges. Although some localisation points within the cells of N.
putrida were identified, the overall cell structure did not exhibit the clearly defined
and distinct cellular compartments necessary for the accurate determination of the
exact location of the FR1 protein. This lack of clear separation in the cellular
architecture meant these targets could not be confidently assigned to specific

organelles or cellular regions.

Furthermore, when compared to the negative control—where no labelling points were
observed—the structural ambiguity of N. putrida cells persisted, even though no gold
labelling was detected in the control group. This structural indistinctness, coupled
with the absence of clear negative control data, made it difficult to draw definitive

conclusions about the subcellular localisation of FR1 in N. putrida (Figure 4.24).

Despite these challenges, the presence of localisation points does suggest that FR1 is
being expressed and is present within the cells, although the exact role and location of
FR1 within the cellular environment of N. putrida remain unclear, which requests

further investigating with optimised protocol.
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Figure 4.28 TEM immunogold staining slicing imaging of N. putrida rhodopsin knock-in strains.

Each panel from a-d shows a different cell captured at 5000x-10000x magnification. The red boxes

highlight specific areas where immunogold labelling points are targeted and visible.
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Figure 4.29 TEM immunogold staining slicing imaging of 7. pseudonana wild-type (a) and

rhodopsin knock-in strain negative control (b). No positive markers were detected in the internal

structures of cells in the figure.
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Discussion

In this project, I explored the physiological properties of the heterotrophic diatom
Nitzschia putrida, a species that has undergone secondary loss of photosynthesis. The
primary goal was to establish a transformation protocol for N. putrida to overexpress

microbial rhodopsin and evaluate its growth under various conditions.

Initially, the culture conditions for N. putrida were optimised since the cells showed
poor growth using the soil extract protocol provided by NIES. The results indicated
that, beyond the necessity for a carbon source (LB), N. putrida exhibited significantly
better growth under f/2 nutrient conditions compared to Aquil* nutrient conditions
(Figure 4.8 a-d), as f/2 medium included higher concentrations of most nutrients,
especially iron and nitrate. This suggests a sensitivity to nitrogen and iron
concentrations, which differ notably between /2 and Aquil* media. Nitrogen is a
fundamental element for life, essential for synthesizing proteins, nucleic acids (DNA
and RNA), and other vital biomolecules such as enzymes and some hormones. Both
autotrophic and heterotrophic organisms require nitrogen to construct these molecules
(Kuypers et al., 2018). Our laboratory data also revealed that increasing nitrogen
concentration effectively boosts the maximum yield for both the autotrophic diatom
Thalassiosira pseudonana and N. putrida. Iron, on the other hand, may play a critical
role due to N. putrida's habitat in estuarine and nearshore benthic environments
(Kamikawa et al., 2022; Lewin & Lewin, 1967). These areas typically have higher
iron concentrations, and bottom waters generally contain more iron than surface
waters (Su et al., 2015; Zhang et al., 2019). Additionally, the transition to a
heterotrophic lifestyle might have further increased the diatom's iron requirements.
For instance, oceanic bacteria contain more iron per biomass than phytoplankton
(Fourquez et al., 2014; Moreira et al., 2003; Tortell et al., 1996). These factors likely
contribute to N. putrida's heightened sensitivity to iron availability, although the

detailed reason underlined this phenomenon is still uncleared and requests further
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research.

Subsequently, a transformation system using particle bombardment via a biolistic gun
was set up to facilitate genetic editing in N. putrida. In previously established diatom
systems, endogenous fucoxanthin chlorophyll a/c binding protein (fcp) promoters
have been commonly used to drive the expression of foreign genes, as demonstrated
in species such as Phaeodactylum tricornutum (Apt et al., 1996; Falciatore et al.,
1999; Zaslavskaia et al., 2000), Thalassiosira pseudonana (Belshaw et al., 2023;
Hopes et al., 2016; Karas et al., 2015; Poulsen et al., 2006; Strauss et al., 2023),
Fragilariopsis cylindrus(Hopes, 2017), and Nitzschia captiva (Sprecher et al., 2023).
However, for N. putrida, the absence of highly expressed photosynthetic genes
necessitated the identification of alternative promoters. Based on our transcriptome
analysis, the promoter and terminator of nicotinamide adenine dinucleotide hydride
(NADH)-ubiquinone reductase complex 1 were selected in setting up this
transformation system. To the best of my knowledge, this is the first instance of using
the NADH as a promoter and terminator in diatoms. The results indicated that this
promoter effectively drives the expression of foreign genes as providing
nourseothricin resistance and bright eGFP fluorescence. Given its widespread
presence as the largest complex in the mitochondrial respiratory chain of plants and
animals (Almutairi, 2022; Soole et al., 1992; Walker et al., 1992), , it shows potential
as a common endogenous promoter, similar to fcp promoter, to work in other species
transformation system. However, further analysis is necessary to determine whether
this promoter remains stable under various restrictive conditions. Additionally,
promoters from other highly and constitutively expressed genes, such as cytochrome ¢
and ribosomal protein L41, could also potentially function effectively in transforming

N. putrida.

One of the major challenges during the transformation process was although it could

grow on plates, it failed to form individual colonies, instead forming a lawn of cells.
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This issue was likely related to its high motility and benthic growth characteristics. In
liquid culture, it was observed that when the cell density exceeds 5x10° cells/mL, the
cells began to aggregate into flocs. This aggregation made it impossible to isolate
single-cell lines by simply picking colonies on agar plates, as was done with other

diatoms like 7. pseudonana and P. tricornutum.

To address this challenge, an approach similar to that employed by Sabatino et al.
(2015) can be used, where cells are expanded in selective liquid culture directly after
transformation and then sorted using fluorescence-activated cell sorting (FACS) to
obtain single-cell lines. However, co-transformation is not recommended in this
context, as it complicates the selection process. Moreover, the introduction of eGFP
during the construction of the FR1 overexpression system was avoided because eGFP
could interfere with FR1 expression, making it more difficult to use FACS for cell
selection. Given these difficulties, future attempts might consider using
microinjection to isolate individual cells, a straightforward and feasible method that

could facilitate the selection of cells lacking fluorescent signals (Graf, 2011).

Additionally, the entire transformation system could be further optimised in the
future. One possible approach is to test additional antibiotics and selectable markers,
which may allow for further genetic modification of cell lines already resistant to a
specific antibiotic. Furthermore, introducing antifungal resistance genes could help
address the issue of fungal contamination in N. putrida’s nutrient-rich culture
medium. For example, mutations in the Candida auris sterol-methyltransferase gene,
ERG6, have been shown to confer high-level resistance to amphotericin B (Rybak et

al., 2022).

Moreover, adjusting the parameters of the particle bombardment process, such as
flight distance and pressure, could potentially improve the success rate of
transformations (Miyagawa et al., 2009; Sprecher et al., 2023). Alternatively,

exploring electroporation or multi-pulse electroporation as transformation methods
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might yield better results. However, bacterial conjugation poses a challenge, as it is
difficult to predict whether bacteria would overgrow in the medium, potentially

leading to transformation failure.

This is the first transformation system developed specifically for a heterotrophic
diatom, providing a valuable tool for future, more complex, and targeted studies. Such
research could include exploring events related to secondary loss of photosynthesis or
investigating light-related proteins and their functions. Developing more genetic
editing methods, such as CRISPR-Cas, could further allow precise and adaptable gene
edits (Jinek et al., 2012).

Building on the established transformation system, the next step involved
overexpressing the xanthorhodopsin FR1 from F. cylindrus in N. putrida. The
translation of this gene was successfully verified through reverse transcription PCR,
confirming the effective expression of FR1 in the transformed strain. Physiological
experiments then revealed intriguing insights into the behaviour of the N. putrida
rhodopsin overexpressed strain (NpRHO). Under light conditions, the NpRHO strain
exhibited significant growth differences compared to the wild-type N. putrida strain
(NpWT), particularly under carbon-limited conditions, whereas the previous studies
have shown no difference in NpWT growth between light and dark (Kamikawa et al.,
2022). In contrast, no differences were observed between the NpRHO and NpWT
strains in darkness, and it was confirmed that the transformation system itself did not
cause these variations. These results underscore the successful reestablishment of a
microbial rhodopsin-based light utilisation system in N. putrida, facilitated by the
introduction of FR1. Interestingly, even under fully nutrient-replete conditions—
where neither carbon nor iron limitations were present—the FR1 knock-in strain
displayed a significantly higher growth rate and maximum cell density compared to

the wild-type strain.

Additionally, long-term cultivation experiments revealed that the NpRHO strains
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maintained a higher survival rate than the wild-type NpWT strains, further indicating
that the presence of microbial rhodopsin provides a survival advantage under
prolonged growth conditions. This could be particularly valuable for future studies
exploring the adaptive mechanisms and evolutionary significance of light-utilizing
proteins in diatoms that have transitioned to a heterotrophic lifestyle. These findings
not only reaffirm the role of microbial rhodopsin in promoting diatom growth but also
highlight the potential of microbial rhodopsin to enhance the metabolic capabilities of
heterotrophic diatoms like N. putrida, suggesting that the benefits conferred by FR1
might be linked to increased ATP production through light-driven processes rather
than enhanced iron absorption or carbon concentrated mechanisms, as iron levels in
these conditions were already in excess and the heterotrophic diatom does not use
CO; for photosynthesis (Yoshizawa et al., 2023). This metabolic advantage could
involve complex changes, suggesting that future studies should employ RNA-Seq
technology to investigate the metabolic alterations in the NpRHO strain. Such analysis
could help identify specific pathways responsible for the observed growth benefits
and improve our understanding of the biosynthetic pathways involved in
xanthorhodopsin production in N. putrida. Notably, while genes encoding enzymes
directly responsible for retinal synthesis, such as BCMO, LCYB, and ZDS, were not
identified in N. putrida (as shown in Figure 2.4), upstream genes involved in
carotenoid syntheses, such as phytoene desaturase (PDS), phytoene synthase (PSY),
geranylgeranyl diphosphate (GGPP), isopentenyl diphosphate (IPP), and a gene
highly similar to Fragilariopsis cylindrus GGPPS (NAA27P00890.m1), were found
(Strauss et al., 2023). These genes are involved in the production of {-carotene (C40),
a precursor in the biosynthesis of carotenoids that can lead to the formation of lutein
or retinal (Bertrand, 2010). However, as a heterotrophic diatom, N. putrida has lost
the genes necessary for lutein synthesis, becoming a colourless diatom (Kamikawa et
al., 2022). This loss raises questions about the role of these genes and proteins in the

xanthorhodopsin synthesis pathway. N. putrida may have entirely lost the downstream
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retinal synthesis capability, or it may possess an alternative pathway that allows it to
utilise C-carotene (C40) to produce retinal (Kamikawa et al., 2022). Future research
could explore this possibility by continuously cultivating the NpRHO strain long-term
to adapt to xanthorhodopsin synthesis and then testing whether it continues to exhibit
a growth advantage over the wild type without supplemental retinal. Additionally,
RNA-Seq technology, as mentioned, could be employed to search for new metabolic

pathways and unannotated genes that might contribute to this process.

Despite the loss of photosynthesis, research by Kamikawa et al. (2022) found that
ATPase is still encoded in both the nuclear and plastid genomes of Nitzschia putrida.
This suggests that N. putrida may still retain chloroplasts and thylakoid membranes,
raising important questions about whether microbial rhodopsin is produced on
thylakoid membranes and what its specific subcellular localisation might be.
Understanding the exact localisation of microbial rhodopsin could provide crucial

insights into its functional mechanism in N. putrida.

To explore this, an attempt was made to use immunogold labelling on cell sections to
determine the subcellular localisation of microbial rhodopsin. Unfortunately, N.
putrida faced several challenges in this process. One major issue was the lack of
sufficient labelling points, similar to the problems encountered with Thalassiosira
pseudonana. Additionally, the cells exhibited severe deformation, which might be
attributed not only to the effects of chemical fixation but also to differences in
osmotic pressure. Unlike 7. pseudonana, a marine diatom, N. putrida is a freshwater
diatom, meaning its intracellular osmotic pressure is lower. This likely made N.
putrida more susceptible to dehydration during chemical fixation, as evidenced by the
complete separation of the cell membrane from the cell wall, indicative of
dehydration (Figure 4.23 and Figure 4.24). To address these issues in future
optimisations, it will be necessary to adjust the concentrations of solutions such as

PBS to match N. putrida's osmotic pressure and prevent cell dehydration. Another
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observed challenge was the significant fragmentation of cell walls, possibly due to the
high osmotic pressure of the resin used in fixation. This was consistent with the
negative control results from wild-type cells, where, in the absence of resin fixation,
only plasmolysis was observed, but not wall fragmentation. One potential solution is
to use vacuum infiltration of resin-infiltrated specimens to remove air bubbles and
reduce deformation or to employ anhydrous freeze-substitution methods for tissue

preparation (England et al., 1997).

Another challenge encountered was the unrecognisable internal structure of N. putrida
cells. Electron microscopy revealed numerous vesicular structures of varying sizes.
Some appeared to be vacuoles, while others might be lipid droplets. However, it was
difficult to identify the nucleus, mitochondria, and other organelles, making it
impossible to pinpoint the exact localisation of the labelling points, which were
predominantly found within some vesicular structures. Despite this, some labelling
was observed in vacuole-like structures, which could potentially support ATP
synthesis—a phenomenon previously observed in Pseudo-nitzschia subcurvata
(Andrew et al., 2023). Additionally, the presence of microbial rhodopsin in the plastid
could help improve the cytoplasmic pH, as intracellular acidification can inhibit
metabolism (Wang et al., 2024). This pH regulation could also contribute to the
enhanced growth observed in the rhodopsin knock-in strains. Moreover, considering
that membrane proteins lacking specific targeting signals are often transported to a
mixture of the endoplasmic reticulum (ER) and Golgi apparatus before being directed
towards endosomes or vacuoles (Roberts et al., 1992; Teasdale & Jackson, 1996), it is
highly possible that FR1 could reposition onto the vacuole membrane if thylakoid
membranes are absent in N. putrida. However, concrete evidence is needed to support
these possibilities. In future studies, it may be necessary to simultaneously label
chloroplasts, mitochondria, the nucleus, and other organelles to gain a better
understanding of N. putrida's cellular structure and accurately determine the

localisation of microbial rhodopsin. This multi-faceted approach could provide deeper
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insights into the unique cellular architecture of N. putrida and clarify the role of

microbial rhodopsin within its cells.

In conclusion, this study successfully established the first transformation system for a
heterotrophic diatom, Nitzschia putrida, and achieved stable expression of three
genes: eGFP, nourseothricin resistance gene, and xanthorhodopsin FR1. The
successful overexpression of FR1 in N. putrida marks a significant achievement in the
genetic engineering project, as it effectively transformed the heterotrophic diatom
from a purely heterotrophic organism into a facultative photoheterotroph, enabling it
to regain light-harvesting abilities. Under both energy-limited and energy-replete
conditions, the NpRHO strain demonstrated a distinct growth advantage over the wild-
type strain, highlighting the potential of microbial rhodopsin to enhance metabolic
efficiency. This advantage suggests that microbial rhodopsin might not only facilitate
light-driven ATP production but also contribute to improved cellular processes under
various environmental conditions. The ability to exploit light as an energy source
likely provides the rhodopsin knock-in N. putrida strain with a significant ecological
advantage, particularly in fluctuating environments such as estuaries where carbon
sources may vary (Cai, 2011). Furthermore, the successful integration and expression
of multiple genes in N. putrida provide the way for more genetic manipulations in the
future, providing bases for setting up more complete genetic editing methods such as
CRISPR-Cas9. It also provides the possibility of investigating the evolutionary
processes behind the secondary loss and re-acquisition of light-harvesting capabilities

in diatoms.

Future studies should aim to figure out the subcellular localisation of microbial
rhodopsin in the NpRHO strain and the mechanisms under the significant growth
advantage provided by xanthorhodopsin FR1. Addressing these questions could help
us better understand the role microbial rhodopsin plays in either a diatom or a

heterotrophic eukaryote and enhance our ability to engineer microbial rhodopsin into
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heterotrophic organisms for various biotechnological applications, such as bioenergy

production and carbon sequestration.
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Chapter 5

Conclusions and future perspectives

This thesis has investigated the role of Fragilariopsis cylindrus xanthorhodopsins
using the model diatom Thalassiosira pseudonana and the heterotrophic diatom

Nitzschia putrida.

In Chapter 2, it was revealed that Fragilariopsis cylindrus expresses two identical
microbial rhodopsins, FR1 and FR2, yet these proteins exhibit distinct expression
patterns under different environmental conditions. Notably, FR1 was highly
responsive to iron availability, suggesting that FR1 plays a critical role in diatom
survival under nutrient-limited conditions. The ability of FR1 to function as a light-
driven proton pump was demonstrated, highlighting its potential involvement in
energy metabolism, particularly when traditional photosynthetic pathways are
constrained by environmental factors such as iron scarcity. Furthermore, in silico
protein alignment indicated that microbial rhodopsins found in diatoms are highly
conserved, with key residues suggesting that most of these proteins function as green
light-absorbing proton pumps. In addition, a distinct cluster of microbial rhodopsins
was identified in diatoms, showing significant divergence from FR1, warranting
further investigation into their unique roles and evolutionary significance. The
Maximum Likelihood (ML) phylogenetic tree, constructed based on environmental
sequence data obtained from FR1 gene searches, revealed that microbial rhodopsins
are widely distributed across both prokaryotic and eukaryotic algae, with some
evolutionary links between diatom microbial rhodopsins and their prokaryotic
counterparts. This suggests the possibility of horizontal gene transfer as a contributing
factor to the evolutionary history of microbial rhodopsins in these organisms,

facilitating the spread and functional adaptation of these proteins across different taxa.

After exploring the physiological characteristics of FR1, Chapter 3 shifted focus to
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the phenotypic analysis of a microbial rhodopsin knock-in strain of Thalassiosira
pseudonana (TpRHO). Under iron-limited conditions, 7pRHO demonstrated enhanced
growth and photosynthetic efficiency compared to the wild-type strain, underscoring
the potential role of microbial rhodopsin in improving diatom resilience in nutrient-
deprived environments. The enhanced growth and photosynthetic efficiency in
TpRHO also hint at a broader role for microbial rhodopsin beyond simply
compensating for the lack of available iron. By facilitating proton transport, microbial
rhodopsin likely assists in maintaining cellular energy production, thus helping
diatoms withstand environmental stresses. This adaptive function could be
particularly advantageous in the Southern Ocean where iron limitation is prevalent.
Additionally, efforts to determine the subcellular localisation of FR1 via immunogold
labelling using transmission electron microscopy (TEM) have shown promising
preliminary results. These findings suggest that FR1 is likely localised in the
thylakoid membrane, supporting the hypothesis that it plays a role in photosynthetic
energy conversion. However, further protocol optimisation and additional experiments
are required to confirm this localisation with greater certainty and to understand better
the precise mechanisms by which microbial rhodopsin contributes to diatom

physiology under stress conditions.

Chapter 4 successfully established a transformation system for the heterotrophic
diatom Nitzschia putrida, enabling the introduction of xanthorhodopsin to
geneticengineer the diatom into a photoheterotrophic organism. By overexpressing
xanthorhodopsin, N. putrida regained the ability to harvest light, allowing it to
partially transition from a heterotrophic to a photoheterotrophic lifestyle. Results
indicate that N. putrida obtained a significant growth advantage, demonstrating the
potential of microbial rhodopsin in expanding the metabolic flexibility of diatoms and
other marine microorganisms such as dinoflagellates. This finding further supports the
hypothesis that microbial rhodopsins enable algae to utilise light as an alternative

energy source, providing a crucial energy advantage in nutrient-scarce environments.
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By facilitating light-driven proton pumping, xanthorhodopsin appears to support
essential cellular processes, allowing heterotrophic algae like N. putrida to thrive even
when traditional nutrient supplies are limited. Future studies should explore the full
implications of rhodopsin-driven metabolic shifts in marine ecosystems and their

potential applications in biotechnology.

In conclusion, this research demonstrates that microbial rhodopsins are vital for
diatom adaptation in iron-limited oceans, functioning not only as light-driven proton
pumps but also contributing to broader metabolic processes that enhance growth and
resilience under nutrient stress. These findings advance our understanding of the
ecological significance of microbial rhodopsins and suggest potential applications in
marine resource management and biotechnology. Further research is needed to
explore the precise mechanisms by which microbial rhodopsins support diatom
physiology and to investigate their potential utility in addressing environmental
challenges. Future research should continue to explore the precise mechanisms by
which diatom microbial rhodopsins operate. For example, ATP measurements in live
cells, along with solution iron uptake kinetics, could offer valuable insights into the
working mechanisms of microbial rhodopsins in eukaryotic algae. However, as noted

earlier, these mechanisms might represent a mix of functions.

A key unresolved question concerns the function of FR2, which shares 100% amino
acid sequence identity with FR1 but exhibits different expression patterns, remains
unclear. The constitutive expression of FR2 indicates that the FR2 plays an important
role in diatom physiology. However, whether FR2 performs the same function as FR1
under nutrient replete conditions remains an open question. Its specific role and

subcellular localisation are still unknown.

Other proton-pumping rhodopsins recently identified in Antarctic diatom species such
as Pseudo-nitzschia subcurvata and Pseudo-nitzschia granii add to the growing

evidence of functional diversity in diatom rhodopsins (Andrew et al., 2023).
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Interestingly, unlike the FR1 and FR2 we discovered, both proton-pumping
rhodopsins from Pseudo-nitzschia diatom localise to the vacuole membrane (Andrew
2023; Yoshizawa 2023). Furthermore, the proton-pumping rhodopsins of P,
subcurvata and P. granii also lack an approximately 30-amino-acid signal peptide at
the N-terminus compared to FR1, where they may work alongside vacuole-type
ATPases (V-ATPases) or contribute to the carbon concentrating mechanism (Andrew

et al., 2023; Strauss et al., 2023; Yoshizawa et al., 2023).

In this context, FR2 may function analogously to these rhodopsins, possibly
contributing to intracellular energy management or pH regulation under varying
environmental conditions. It now appears that evolution has tested both
configurations—rhodopsins with and without transit peptides—in different algal
lineages. Minor genetic differences, such as the presence or absence of signal
peptides, may redirect rhodopsins to different cellular compartments, thereby fine-

tuning their physiological roles.

Despite their distinct localisations, these rhodopsins all share a core light-driven
proton-pumping activity that supports ATP synthesis through different routes.
Combined with previous results, this suggests that microbial rhodopsin-based light
harvesting pathway and chlorophyll-based photosynthesis are functionally distinct yet
complementary. These findings collectively highlight the evolutionary plasticity and

functional convergence of microbial rhodopsins in diatoms.

Despite successful overexpression of FR1 at the transcript level, the lack of
quantitative protein data presents a limitation in interpreting the physiological effects
observed in transformed diatom strains. FR1 is membrane-bound protein with
pigment, which makes them difficult to extract, solubilise, and detect using standard
methods. In the absence of specific antibodies or suitable quantification approaches, it
remains unclear whether the elevated mRNA levels resulted in proportionally

increased and functional protein. Relying solely on mRNA or transcript levels can be
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misleading, as mRNA abundance often does not linearly translate to functional protein
abundance (Liu et al., 2016). Therefore, only by conducting an absolute quantification
of FR1 can we correctly interpret its biological phenotype such as quantifying its
contribution and efficiency to the energy of diatoms compared to that of chlorophyll.
Future studies should consider incorporating protein-level validation, such as absolute
label free quantification (Ludwig et al., 2012), proteome ruler based on MS signal of
histones (Wisniewski et al., 2014), and stable isotope labelling with amino acids in
cell culture (Ong et al., 2002). These efforts will improve the mechanistic
understanding of thodopsin function and its contribution to cellular energetics under
environmental stress. Moreover, environmental sample analyses revealed the presence
of microbial rhodopsins in various eukaryotic algae, including diatoms. On one hand,
many of these species remain unidentified, highlighting the need for further
environmental sampling. On the other hand, another distinct cluster of microbial
rhodopsins was identified within diatoms. Whether this cluster shares the same
function and mechanism as FR1 is still unknown. Therefore, further research is
required to explore the functional roles of these microbial rhodopsins and uncover

their potential contributions to diatom physiology and marine ecosystems.

The widespread occurrence of microbial rhodopsins in both eukaryotic phytoplankton
and marine bacteria suggests their potential to influence ocean-scale ecological and
biogeochemical processes. If, as this study and previous findings indicate, microbial
rhodopsins can enhance growth by up to 30%, their contribution to ocean productivity
may have been substantially underestimated. This is particularly relevant for diatoms,
which are responsible for approximately 20% of global primary production and
dominate many iron-limited ocean regions, including the Southern Ocean, Equatorial
Pacific, and subarctic North Pacific. Consistent with this, our environmental
transcriptomic data show that rhodopsin expression is concentrated in stratified
surface waters where dissolved iron levels are low (Fig. 5.1 a-b) (Strauss et al., 2023).

While the overall expression of microbial rhodopsins does not correlate significantly
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with dissolved iron concentration (Spearman’s p =—0.03, P = 0.736; Fig. 5.1 c), this
may reflect the influence of multiple environmental factors that co-regulate rhodopsin
gene expression across diverse taxa. However, when focusing specifically on diatoms,
we observed a strong positive correlation between rhodopsin transcript abundance and
iron limitation index (Spearman’s p =0.43, P=2.0 x 107*; Fig. 5.1 d), particularly in

high-latitude, iron-depleted regions such as the Southern Ocean. Additionally, diatom
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Figure 5.1 Environmental distribution of rhodopsin transcripts in relation to iron availability. a)
Metatranscriptome sampling stations sized by estimated dissolved iron concentrations. b) Normalized
transcript abundances of eukaryotic rhodopsins across latitudes. The blue line indicates the loess-smoothed
trend. ¢) Correlation between total rhodopsin transcript abundance and modelled dissolved iron
concentration. d) Correlation between diatom rhodopsin transcript abundance and estimated iron limitation
index. P values are from two-tailed t-tests with Benjamini—-Hochberg correction. Data and figure from our

published paper Strauss et al. (2023)
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rhodopsin expression was negatively correlated with dissolved iron (r(82) =—0.27, P
=0.025), highlighting its potential physiological role in supporting diatom survival
and productivity under chronic iron stress—a finding that aligns with earlier

observations (Marchetti et al., 2015).

This evidence suggests that rhodopsins may serve as an auxiliary or alternative energy
acquisition pathway under conditions where photosynthesis is limited by iron
availability. Unlike chlorophyll-based systems, rhodopsins do not require metal
cofactors, enabling light energy harvesting even in oligotrophic or low-light
conditions. Despite these capabilities, traditional ocean productivity models still focus
almost exclusively on chlorophyll-based photosynthesis and nutrient cycling, largely
overlooking rhodopsin-mediated energy conversion. Given their widespread
distribution across both prokaryotes and eukaryotic phytoplankton, as well as their
functional relevance in iron-limited systems, microbial rhodopsins should be
considered in next-generation biogeochemical models. Their inclusion will help
improve predictions of primary production, carbon export, and ecosystem dynamics—
especially in polar and mesopelagic regions, where light and nutrients are scarce and

photosynthetic efficiency is inherently constrained.

Regarding the newly established N. putrida transformation system, future efforts
should aim to develop more versatile transformation tools, such as CRISPR-Cas9, to
enable precise gene editing for future studies. This gene-editing technology will allow
for more precise manipulation of the genome, enabling researchers to explore gene
functions with greater accuracy. As a heterotrophic diatom that has recently lost its
photosynthetic capability and possesses a relatively fast growth cycle, N. putrida
presents potential for future research. It is especially promising as a model for
studying various photosynthesis-related genes, providing unique insights into the
evolutionary loss of photosynthesis and the functional adaptation of diatoms to

heterotrophic lifestyles. Additionally, microscopic observations revealed abundant
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lipid accumulation within the cells, indicating that N. putrida holds potential for bio-
fuel production. This discovery opens up new avenues for investigating the diatom's
bioenergy potential, particularly in terms of lipid metabolism and its applications in
biotechnology. Further exploration of its lipid production capabilities could contribute
to the development of sustainable biofuels, making N. putrida not only a valuable

model for genetic research but also a promising candidate for industrial applications.

Taken together, while this study has provided molecular and physiological insights
into microbial rhodopsin function in diatoms, it also holds implications beyond the
cellular level. In summary, this research has provided new insights into the role of
microbial rhodopsins in diatoms. As our understanding of these proteins improves, the
ecological and biotechnological applications of microbial rhodopsins will become
clearer, with the potential to reshape our approach to marine productivity and

modelling the role of diatoms under conditions of climate change.
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