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NADPH oxidase (NOX) is a widespread enzyme that catalyses the transmembrane reduction of
oxygen, generating extracellular reactive oxygen species (ROS). NOX-derived production of ROS is
best characterised as a defence mechanism, but a number of functions have been ascribed across
eukaryotes, including intercellular signalling, facilitating cell-wall development and nutrient
acquisition. Though extracellular ROS (eROS) production in unicellular algae is increasingly
researched, characterisation of an enzyme source is relatively limited. This thesis addressed this
by examining NOX distribution and function in marine diatoms, reporting several key findings.
Firstly, a detailed screen of diatoms was carried out to identify NOX protein distribution.
Compared to established NOX proteins in plants and animals, diatom NOX proteins are shown to
be unusually diverse, with three structurally and phylogenetically distinct Classes of NOX protein
and an atypical NOX-like Class. Secondly, the dynamics of eROS production and transmembrane
electron transport were examined in three ecologically distinct marine diatoms. Baseline
production rates differed significantly between species and changes to light intensity generated
species-specific effects. NOX activity was inferred to be responsible for ROS production in two of
the species tested. Finally, the function for NOX in the model diatom Phaeodactylum tricornutum
was investigated. Following chemical inhibition of NOX, significant reductions to growth and
photophysiology were observed, alongside an increase in cytosolic H,0, (detected using a
genetically encoded biosensor roGFP2-Orp1). This thesis proposes that NOX acts as a
photoprotective mechanism by dissipating excess electrons and preventing over-reduction of
chloroplast photosystems. Together, this study greatly improves understanding of NOX proteins in
diatoms. By focusing on an understudied group, compared to animals or plants, knowledge of
NOX distribution is expanded, with implications for NOX evolution. Furthermore, active eROS
production can be beneficial to marine algae, and an electron dissipation function may explain the
widespread use of eROS production by phytoplankton. While enzymatic sources of eROS are
surprisingly diverse in diatoms, NOX likely represents the most common source. Thus, greater
understanding of NOX function and distribution in diatoms may provide insights into
understanding unique diatom photoprotection mechanisms, helping explain how diatoms can
respond to changing environmental conditions.
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1.1 An introduction to diatoms

1.1.1 Diatom biology, ecology, and evolution

Diatoms are a key group of photosynthetic organisms. These unicellular microalgae are found

in many aquatic environments including freshwater, brackish, marine, and polar ice. Diatoms
first appeared 180 million years ago (Sims et al., 2006) and are taxonomically split into pennate
(bilateral symmetry) and centric (radial symmetry) diatoms (Round et al., 1990; Medlin &
Kaczmarska, 2004). There is great morphological diversity within diatoms. Cell size ranges from
a few um to several mm (Leblanc et al., 2012) and species number estimates range from
12,000-200,000 (Mann & Droop, 1996; Guiry, 2012; Malviya et al., 2016). Through this
diversity, models estimate diatoms contribute 20-40% of ocean primary productivity (Nelson et
al., 1995; Field et al., 1998; Mann, 1999) and strongly affect biogeochemical cycling, particularly
silica (Tréguer et al., 1995).

Though the diatom cell structure shares core features with other unicellular eukaryotic algae
(Fig 1.1), specific features help identify diatoms. For example, diatom chloroplast pigments
differ from several algal groups. Diatoms utilise chlorophyll a, c and fucoxanthin for light
harvesting and B carotene, diatoxanthin and diadinoxanthin as photoprotective carotenoids
(Kuczynska et al., 2015). The number of chloroplasts can vary greatly between diatom species,
from one in a small pennate like Phaeodactylum tricornutum to hundreds in a large centric like
Odontella sinesis (Round et al., 1990; Schober et al., 2019). However, the unique feature of
diatoms is the cell wall composed of silica, known as a frustule. The frustule is composed of the
larger epitheca section which encompasses the smaller hypotheca, like a Petri dish (Fig 1.1).
The frustule is physically strong, likely acting as a defence against predation (Hamm et al.,
2003) but some structural evidence suggests it also promotes light absorbance for
photosynthesis (Romann et al., 2015). Production of the frustule is a highly intricate process
that occurs during mitosis. After cell division, one daughter cell retains the epitheca and the
other the hypotheca. The previous hypotheca becomes the epitheca for the new daughter cell.
This results in a gradual decline in cell size in the population, requiring sexual reproduction for
the cell to enlarge again. Silicic acid is uptaken from the surrounding medium and transported
to the internal silica deposition vesicle where it is deposited in a controlled manner to generate
each new hypotheca (Hildebrand et al., 2018; Yee et al., 2020). Upon completion, the new

hypotheca is exocytosed and merges with the epitheca to form the complete frustule.
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PM

Figure 1.1 The typical diatom cell structure.

The figure indicates the presence but not the quantity, shape or size of cell organelles. Structure
based on descriptions in Medlin & Kaczmarska (2004) and Falciatore et al. (2019). Chl
= chloroplast. Et = epitheca. ER = endoplasmic reticulum. GB = Golgi body. Ht =
hypotheca. LB = lipid body. Mt = mitochondria. Nuc = nucleus. PM = plasma

membrane. Pp = periplasm. Px = peroxisome.

Diatoms have had a complex evolutionary history. They acquired their plastid by secondary
endosymbiosis, whereby a red alga was engulfed by an ancestral non-photosynthetic host cell,
resulting in the plastid possessing four membranes (Cavalier-Smith, 2002; Bhattacharya et al.,
2004). Genomic analysis has indicated that green and red algal-derived genes are present in
diatom genomes (Bowler et al., 2008). A cryptic endosymbiosis is proposed where an initial
green algal symbiont was later replaced by the red algal symbiont (Dorrell & Smith, 2011;
Dorrell et al., 2017), though this is controversial (Deschamps & Moreira, 2012). Diatoms also
contain significant quantities of bacterial genes, implying extensive horizontal gene transfer
(Fan et al., 2020) which can occur through bacterial conjugation (Karas et al., 2015). Alongside
this unusual evolution, diatoms possess surprising metabolic pathways, such as a functioning
urea cycle typical of animal cells (Armbrust et al., 2004). Consequently, diatom genomes are

described as mix and matched genomes (Armbrust, 2009).

This genetic diversity could help explain the ecological success and flexibility of diatoms.

Diatoms have many remarkable adaptations to thrive in changing and challenging
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environments. For example, polar diatoms can tolerate four months of darkness without
compromising their photosynthetic activity (Kennedy et al., 2019) while pelagic oceanic
diatoms in iron-depleted waters have modified their photosynthetic apparatus to reduce iron
requirements (Strzepek & Harrison, 2004). Alongside this, diatoms use carbon-concentrating
mechanisms, such as efficient carbonic anhydrase enzymes or bicarbonate transporters, to
mitigate low oceanic CO, concentrations (Hopkinson et al., 2011; Young et al., 2016; Chrachri et
al., 2018). Following exposure to more favourable conditions, such as nutrient resupply,
diatoms respond rapidly to outcompete other phytoplankton, forming blooms. Diatom blooms
are seasonal occurrences, with a winter-spring bloom and less regular upwelling blooms
(Smayda & Trainer, 2010). Abiotic factors such as temperature, light and concentration of
nutrients such as iron and silicic acid strongly affect the dynamics of diatom blooms (Egge &
Aksnes, 1992; Sommer & Lengfellner, 2008; Krause et al., 2019). Thus, in high nutrient low
chlorophyll regions such as the Southern Ocean, iron fertilisation experiments can initiate
diatom blooms (Boyd et al., 2000; Tsuda et al., 2003; Quéguiner, 2013), which has been
proposed as a potential geoengineering strategy to help combat climate change (Vaughan &

Lenton, 2011).

1.1.2 Diatom signalling pathways

There is increased interest in understanding the cellular mechanics for how diatoms respond to
constantly changing abiotic (light, temperature, salinity, O etc) and biotic factors. Analyses of
diatom genomes and the advent of genetic approaches are revealing specific signalling
pathways and responses to stimuli of high complexity (Armbrust et al., 2004; Kroth, 2007). In
areas such as membrane excitability and associated signalling pathways, there are intriguing
similarities to metazoans. Diatom cells have similar resting potentials to animal cells and are
capable of generating rapid action potentials through Na* or Ca?* influx (Taylor, 2009; Verret et
al., 2010; Taylor et al., 2012). Both metazoans and diatoms exist in an environment with a high
external Na* concentration and diatoms can use the Na* gradient to assist transport into the
cell (Bhattacharyya & Volcani, 1980; Taylor et al., 2012). Furthermore, influx of Ca?* through a
novel class of membrane channels known as EuKCaTAs underpins a rapid signalling response to
hypoosmotic shock (Helliwell et al., 2019). There is also genomic evidence for other diatom
membrane proteins involved with membrane excitability such Hv1 proton channels (Taylor et
al., 2011). Regarding P-type ATPases, little experimental or genomic characterisation has
occurred in marine diatoms. A putative P-type ATPase in Nitzschia alba has been suggested to
drive a Na* gradient to promote silicate uptake (Sullivan & Volcani, 1974; Bhattacharyya &

Volcani, 1980) but a gene sequence has not been identified. In contrast, 17 P-type ATPases are
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reported in the T. pseudonana genome, though a deeper description is not mentioned (Lopez
et al., 2005). A protein that groups closely to a Symbiodinium P-type H*-ATPase has also been
reported in the P. tricornutum genome, with no experimental characterisation as to its function
(Bertucci et al., 2010). Though research in diatoms is limited, P-type ATPases such as H*-
ATPase, Na*-ATPase and Na*/K*-ATPase have been described in other marine algae and
stramenopiles including red algae, green algae, raphidophytes and oomycetes (Shono et al.,
2001; Barrero-Gil et al., 2005; Chan et al., 2012; Raven & Beardall, 2020; Kumari & Rathore,

2020), which could aid future attempts to identify P-type ATPases in diatoms.

Recently, it has been shown that reactive oxygen species (ROS) signalling is likely important in
regulating diatom physiology (Rosenwasser et al., 2014; Mizrachi et al., 2019). Transcriptomic
and proteomic approaches have demonstrated that diatoms can rapidly and intricately change
their cellular physiology in response to different stimuli. Abiotic stimuli include nutrient
depletion and resupply (Allen et al., 2008; Bidle & Bender, 2008; Rosenwasser et al., 2014), high
light stress (Nymark et al., 2009; Mizrachi et al., 2019), osmotic shock (Falciatore et al., 2000;
Helliwell et al., 2019) and daily diurnal rhythm (Ashworth et al., 2013; Annunziata et al., 2019).
Biotic interactions can occur with neighbouring cells, both in supportive and antagonistic
manners. Some diatom species produce sex pheromones to attract and initiate diatoms
together for sexual reproduction (Chepurnov et al., 2004; Moeys et al., 2016; Bilcke et al.,
2020). Bacteria can detoxify toxic compounds for diatoms (Hunken et al., 2008) or trigger
diatom cell death (Amin et al., 2015; van Tol et al., 2017). In contrast, diatom-derived cyanogen
bromide can affect bacterial biofilm formation (Vanelslander et al., 2012) while diatom
polyunsaturated aldehydes such as decadienal can reduce fertility and egg hatching success in
predatory copepods (Miralto et al., 1999; lanora et al., 2004). Furthermore, decadienal can
trigger a signalling cascade resulting in programmed cell death (PCD) in diatoms, leading to

greater aldehyde production (Casotti et al., 2005; Vardi et al., 2006, 2008).

1.2 Reactive oxygen species (ROS)

ROS are chemically reactive molecules formed through the one step electron reduction of
molecular oxygen. The best-studied ROS are superoxide anions (*05’), hydrogen peroxide (H203)
and hydroxyl radicals (*OH) (Fig 1.2.). Typically, a free electron will reduce oxygen to the
superoxide anion. Superoxide can be converted to hydrogen peroxide through natural
dismutation (simultaneous reduction and oxidation of a substrate) or catalysed by the enzyme
superoxide dismutase (SoD). The hydroxyl radical is formed when H,0; is partially reduced,
such as through the Fenton reaction where transition state metals such as Fe?* or Cu®* are

oxidised by H,0; (Sutton & Winterbourn, 1989).
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Figure 1.2 Structure of the most common ROS and equations for creation of
superoxide, hydrogen peroxide and hydroxyl radicals.

Red dots represent unpaired electrons. Figure adapted from Biotek, 2014.

ROS can be formed abiotically through photolysis or radiolysis (Micinski et al., 1993; Garg et al.,
2007b; Houée-Levin & Bobrowski, 2013). Substantial quantities are also generated during
cellular metabolism when electrons leak out of photosynthetic or respiratory electron transport
chains (ETC) (Pfannschmidt, 2003; Murphy, 2009). In photosynthetic organisms, H,0,
generation in the chloroplast can be 30-100x greater than the mitochondria (Hossain et al.,
2015). The photosynthetic ETC is vulnerable to stressors such as high light. As light intensity
increases photosystem electron flow, if carbon fixation or the availability of electron acceptors
such as NADP* does not correspondingly increase, the photosystem becomes over-reduced,
enhancing the generation of damaging ROS (Ledford & Niyogi, 2005; Edreva, 2005). Thus,
stressors that reduce photosynthetic efficiency can also result in ROS generation. Other
intracellular ROS sources include within peroxisomes (Schrader & Fahimi, 2006) and enzymatic
sources such as lipoxygenase (Catalano et al., 2005) and xanthine oxidase (Shin et al., 2008). In
addition, NADPH oxidase generates extracellular ROS (eROS) which can affect neighbouring
cells (Bedard & Krause, 2007; Miller et al., 2009). Thus, cells are constantly being exposed to
ROS.

Due to their high reactivity, ROS can damage cells. ROS can oxidise many biomolecules, causing
DNA strand breaks, lipid and protein chain breaks and enzymatic inactivation (Beckman &
Ames, 1997; Berlett & Stadtman, 1997; Das & Roychoudhury, 2014). Cells have developed
enzymes and low weight antioxidant molecules to detoxify ROS. These include superoxide
dismutase (SoD), ascorbate peroxidase (APX), catalase (CAT), peroxiredoxins, glutathione
reductase (GR) and glutathione (GSH) (Noctor & Foyer, 1998; Das & Roychoudhury, 2014).
Typically, each antioxidant has a specific ROS target. For example, SoD converts superoxide to
H,0,. SoD is highly conserved, found in all three kingdoms of life (Miller, 2012) and a recent

estimate suggested SoD, peroxiredoxins and CAT may have evolved 4.1-3.6 billion years ago,



Chapter 1

prior to the great oxygenation event (Inupakutika et al., 2016). When ROS production exceeds
antioxidant capacity, the resulting damage and cellular impairment is called oxidative stress.
This continuous cellular damage from ROS has famously been proposed to be the cause of

cellular aging (Harman, 1956) but is contentious (Hekimi et al., 2011).

Uncontrolled production of ROS leads to oxidative stress. However, low levels of ROS or
localised production can participate in cell signalling. Environmental stresses (light, salt, heat
shock) can increase ROS production by damaging metabolic pathways (Das & Roychoudhury,
2014; Hossain et al., 2015). The subsequent intracellular ROS production can act as a stress
signal, stimulating cell recovery. ROS production and scavenging can affect cellular redox
biology and signalling as ROS can oxidise thiol groups on cysteine residues in proteins (Mittler
et al., 2011). By accepting electrons from thiol groups, ROS oxidation creates a disulphide bond
between two cysteine residues (Dickinson & Chang, 2011; Poole, 2015). This alters the protein
structure and can lead to signalling cascades. Thus, ROS acts as a secondary messenger. H,0; is
an effective signalling molecule. It can oxidise protein cysteine residues, has a comparatively
high cellular half-life (>1 ms) and is cell membrane permeable, passing directly through
membranes or through membrane aquaporin channels (Bienert & Chaumont, 2014; Mittler,
2017). In contrast, superoxide, as a charged molecule, cannot directly pass through the cell
membrane but can infrequently pass through membranes using chloride channels (Hawkins et
al., 2007; Mumbengegwi et al., 2008). Superoxide can also oxidise protein cysteine residues but
dismutates more rapidly than hydrogen peroxide (cellular half-life 1-4 us), allowing more
localised signalling. Hydroxyl radicals are less effective signalling molecules, as they are short-
lived (cellular half-life 1 ns) and react indiscriminately with biomolecules. The different ROS

properties allows specific, controlled alteration of the cellular redox state.

1.3 Intracellular ROS signalling in diatoms

ROS signalling in mammals is vital for cell physiology. For example, mitochondrial-derived ROS
are implicated in regulation of PCD in mammalian cells (Fleury et al., 2002; Murphy, 2009).
Diatoms also use ROS signalling, which has been demonstrated most extensively in the model
diatom P. tricornutum. P. tricornutum has had a ‘redoxeome’ characterised: proteins
hypothesised to be vulnerable to ROS oxidation and thus candidates for ROS signalling. These
redoxeome proteins are components of many metabolic pathways including photosynthesis,
glycolysis, antioxidant production and nitrogen metabolism amongst others (Rosenwasser et
al., 2014). P. tricornutum has been successfully transformed to express the redox state
biosensor protein (roGFP2) localised to different cellular compartments. Through this,

exogenous H,0; addition was shown to activate PCD by targeted oxidation of mitochondria or
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chloroplast (Graff van Creveld et al., 2015; Mizrachi et al., 2019). These studies used relatively
high concentrations of H,0, (100-150 uM), though it was argued that these concentrations may
be achieved during oxidative stress in response to stresses such as high light or iron limitation
(Graff van Creveld et al., 2016; Mizrachi et al., 2019). External chemical signals such as
cyanogen bromide or decadienal can also alter the redox state of cellular compartments (Vardi
et al., 2006; Graff van Creveld et al., 2015). Decadienal can potentially underlie complex
intercellular signalling through the production of nitric oxide in P. tricornutum. Nitric oxide
migrates to neighbouring cells, enters and triggers PCD (Vardi et al., 2006, 2008). In other
marine diatoms, nitric oxide and polyunsaturated aldehydes trigger intracellular ROS
production, affecting photosynthesis and activating PCD (Gallina et al., 2014, 2015, 2016).

Controlled intracellular ROS production is an important component of diatom redox signalling.

1.4 NADPH oxidase (NOX)

In addition to intracellular ROS production, many eukaryotes (including diatoms) produce
extracellular ROS (eROS) (Bedard et al., 2007; Schneider et al., 2016; Zinser, 2018). Despite the
risk of ROS accumulation and oxidative stress, this biotic eROS production is used for many
functions including defence and intercellular signalling (Marino et al., 2012; Sirokmany et al.,
2016). Biotic eROS can originate from passive diffusion of intracellular H,0, but the most

widespread and best studied mechanism is through the enzyme NADPH oxidase (NOX).

1.4.1 NOX structure

NOX is a family of membrane-bound enzymes that transport electrons across cell membranes,
typically to the cell exterior, where they react with oxygen resulting in ROS (Bedard & Krause,
2007; Sumimoto, 2008), predominantly superoxide. NOX proteins have a conserved structure
composed of cytosolic and transmembrane regions (Fig 1.3A). Flavin adenine dinucleotide
(FAD) and nicotinamide adenine dinucleotide phosphate (NADPH) binding sites occur at the C-
terminus. Cellular NADPH binds and donates electrons which are shuttled through the FAD
region to the membrane. Within the membrane are six transmembrane domains (TMDs). Of
the six, TMD3 and TMD5 are strongly conserved, possessing two histidine residues in each
TMD. They provide ligand sites for the binding of Fe from two haem groups (Fig 1.3B). Electrons
are transferred through the membrane via the haem groups (Sumimoto, 2008). The outer
haem group has a small cavity above it. Recently, it was proposed that oxygen is reduced to
superoxide here, possibly electrostatically catalysed by a positively charged arginine residue
(Magnani et al., 2017). By generating eROS and oxidising NADPH, NOX can affect redox states

on both sides of the plasma membrane. Humans have seven NOX proteins: NOX1-5 and Dual
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oxidase (DUOX) 1-2. NOX1-4 are similar in structure but NOXS5 differs, possessing an EF-hand
domain that can bind Ca?*. DUOX proteins also have EF hands, and a peroxidase region, though

DUOX proteins produce H,0, rather than superoxide.

A h : [ Outer ] :
gp91Phox/Nox2 B TM™ helix 3 TM helix 5
e
I Heme
115 222

[ Outer ] His seveee Fea*boto.o‘ His

[ Cytoplasmic ] 1Q1 ' 2Q9
His Fedtneeesd His

l Heme

[ Cytoplasmic ]

Figure 1.3 . The detailed structural components of NOX2.

Figure taken from Sumimoto, 2008. A) The structure of NOX2, the representative
NOX protein. Conserved structures are the C-terminus FAD and NADPH binding sites
and the six TMDs, represented by cylinders. B) The conserved ferric reductase
domain. Within the 3 and 5™ TMD are four histidine residues that interact with two

haem groups in the membrane.

1.4.2 NOX identification

NOX proteins are part of the Ferric-Reductase Domain (FRD) superfamily that includes ferric
reductase (FRE), six-transmembrane epithelial antigen of the prostate (STEAP) and MsrQ/YedZ
proteins (Zhang et al., 2013; Juillan-Binard et al., 2016). The ferric reductase domain contains
the transmembrane haems (Fig 1.3B) that facilitate transmembrane electron transport to
reduce a substrate (Zhang et al., 2013). While NOX proteins reduce molecular oxygen to
superoxide, FRE reduces Fe3* to Fe?* assisting iron uptake (Zhang et al., 2013). STEAP and
MsrQ/YedZ reduce extracellular metals (Knutson, 2008) or methionine sulfoxide (Juillan-Binard
et al., 2016). FRE and NOX exhibit considerable sequence similarity. They both have the ferric
reductase domain, FAD and NADPH binding sites and six TMDs. In silico identification of NOX

can be unreliable, leading to NOX being misidentified as FRE (Rossi et al., 2017).

Methods for identifying NOX including measuring gene expression under iron limiting
conditions as FRE is upregulated whereas NOX shows no change (Waters et al., 2002; Herve et
al., 2006; Jain et al., 2014). Alternatively, detecting compromised eROS production in putative

NOX knockout mutants (Foreman et al., 2003; Lardy et al., 2005; Takemoto et al., 2007; Rossi et



Chapter 1

al., 2017) or following application of chemical inhibitors like diphenyleneiodonium chloride
(DPI) or SoD, are frequently used methods (Kupper et al., 2002; Ross et al., 2005; Mydlarz &
Jacobs, 2006; Kim et al., 2007).

1.4.3 NOX activity in humans

10

The best characterised role of NOX in animals relates to defence against pathogens. In humans,
the first NOX protein (NOX2) was identified in phagocytic cells and is an important part of
human immune response. When NOX is activated, a rapid increase in ROS occurs, in most cases
extracellularly. This is called the respiratory or oxidative burst, as oxygen levels decrease near
the activated cells (Doke, 1983; Bolwell et al., 1995). NOX2 is unusual as its oxidative burst
occurs intracellularly in a phagosome (Fig 1.4). NOX2 (also known as gp91°"*) requires several
subunits to bind together to activate. NOX2 is plasma membrane bound along with subunit
p22°"°* When a pathogen is ingested, the plasma membrane internalises to create a
phagosome. gp91P"°* combines with p22P"** in the membrane, forming flavocytochrome bssg
(Bedard & Krause, 2007; Panday et al., 2015). Cytosolic regulatory components p40Pho, p47°hox
and p67P"°* combine when p47P"* is phosphorylated and the complex moves to the membrane,
combining with flavocytochrome bsss. Two small nucleotide binding proteins Rac2 and RaplA
bind to the complex and create the active oxidase. NOX1-4 also require similar components for
activation whereas NOX5 and DUOX do not require subunits. The activated NOX2 uses NADPH-
derived electrons to reduce oxygen in the phagosome to superoxide to target the pathogen or
combine with other chemicals to enhance the reactivity (Panday et al., 2015). NOX2 activity is
crucial for human health. Mutations to any of the NOX2 components leads to chronic
granulomatous disease (CGD), resulting in greater susceptibility to pathogens (Roos, 2019). The
other human NOX proteins are spatially distributed in the human body, but their respective
regulation and function are less clear. While NOX2 localises primarily to phagocytic cells, other
NOX proteins are found in the colon (NOX1, NOX3, DUOX1), spleen (NOX5), testis (NOX5),
thyroid (NOX4, DUOX1-2), kidney (NOX4) and the inner ear (NOX3) (Panday et al., 2015;
Sirokmany et al., 2016). NOX3 is involved in the formation of ear otoconia (Paffenholz et al.,

2004), while DUOX is key for thyroid hormone synthesis (Donko et al., 2005).
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Figure 1.4 A simple comparison of ROS production between human NOX2 and plant
NOX (Rboh).
NOX2 creates ROS in an internal phagosome whereas plant NOX proteins create ROS
outside the plasma membrane such as in the apoplast. Both mechanisms reduce
oxygen using electrons from the opposite side of the membrane. PGS= phagosome.

Nuc= nucleus. Mt=mitochondria. Chl=chloroplast.

1.5 NOX and eROS functions in different lineages

NOX proteins are widespread across eukaryotes (Fig 1.5), including diatoms (Anderson et al.,
2011). Increasing research has focused on unicellular algal eROS production (Hansel et al.,
2016; Schneider et al., 2016; Diaz & Plummer, 2018; Diaz et al., 2019). To understand diatom
NOX proteins and their function(s), it is important to review NOX and eROS production in well
studied systems such as animals and plants, alongside lesser studied but more evolutionary or

environmentally relevant lineages.
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Figure 1.5 eROS production is widespread in eukaryotes.

Red circles indicate previous studies have reported eROS production in this lineage.
Blue squares indicate evidence of NOX protein involved, relying on a characterised or
a putative sequence, or DPI addition resulting in reduced eROS. Phylogenetic image

adapted from Burki, 2014.

1.5.1 eROS production and NOX proteins in animals

12

NOX proteins are widely distributed in animals. Two genomic screens have found NOX proteins
in 103 animal species (Kawahara et al., 2007; Gandara et al., 2017), representing vertebrates,
cnidarians, sponges, echinoderms, nematodes, molluscs and annelids. Defence is a common
function for animal NOX proteins, with reduced immune function in NOX knocked-down/out
mice, zebrafish, Drosophila or Caenorhabditis elegans (Ha et al., 2005; Fujita et al., 2010; Flores
et al., 2010; Van Der Hoeven et al., 2015). Animal NOX and eROS production has other
functions. This includes promoting protein crosslinks to stabilise cuticle formation in C. elegans
(Edens et al., 2001) or as a signalling mechanism following wounding in zebrafish (Niethammer

et al., 2009), heat exposure in corals (Mydlarz & Jacobs, 2006) and urchin egg fertilisation,
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(Wong et al., 2004). Finally, the sponge Sycon sp. displays high constitutive superoxide

production without stimuli (Peskin et al., 1998), suggesting an as yet unknown function.

1.5.2 eROS production and NOX proteins in plants (Embryophytes)

Plant NOX homologues are known as respiratory burst oxidase homologues (Rboh). Over 30
screened species from bryophytes, angiosperms and gymnosperms possess Rboh proteins
(Wang et al., 2013; Kaur et al., 2018; Maksimov et al., 2018). Notably, all plant Rboh proteins
possess EF hands, as is the case for NOX5 from humans. Consequently, ROS: Ca? signalling
crosstalk is a frequent component of plant NOX activity. Arabidopsis thaliana possesses 10
Rboh homologues (RbohA-J) (Marino et al., 2012). Rboh functions are surprisingly diverse,

particularly for ROS signalling roles.

Several Rboh proteins are well characterised with roles in plant cell growth. For example,
RbohC eROS production is crucial for root hair growth (Foreman et al., 2003) as rbohc knockout
mutants showed stunted root hair growth. ROS production was essential to activate Ca®*
channels and create an intracellular tip high Ca®* gradient associated with polarised growth.
ROS also functions to promote crosslinking of the newly expanding cell wall. ROS production
oscillates with reductions in extracellular pH, weakening the cell wall, allowing expansion
(Monshausen et al., 2007, 2009). Oxidative bursts similarly are required for pollen tube
expansion, with intracellular Ca?* and protein phosphorylation required to activate RbohH and
RbohJ (Potocky et al., 2007; Kaya et al., 2014; Maksimov et al., 2018). Like humans, Rboh
derived eROS occurs as a defence response (Doke, 1983; Levine et al., 1994), with RbohD and
RbohF the source of the ROS burst in A. thaliana (Torres et al., 2002). This eROS has multiple
roles in cell defence including direct antimicrobial activity, cell signalling or promoting cell wall

cross linkages (Levine et al., 1994; Liu et al., 2010).

Rboh-mediated eROS production is also used for signalling during abiotic stress responses,
involving intercellular signalling with a ROS wave (Miller et al., 2009). Oxidative bursts from
NOX proteins are normally localised to the area of stimuli. However, wounding A. thaliana
triggered RbohD-dependent eROS production that rapidly spread throughout the whole plant,
travelling at 8.4 cm min (Miller et al., 2009). The authors propose Rboh-derived superoxide in
the apoplast dismutates to H,0,. H,0, enters neighbouring cells and activates Ca2* channels,
causing an increase in cytosolic Ca?*. This in turn activates RbohD to produce more ROS
allowing a self-propagating ROS wave. ROS waves could be triggered following high light, heat

and aphid exposure (Miller et al., 2009). Other researchers have reported similar oxidative
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bursts following stresses such as salt stress (Xie et al., 2011; Evans et al., 2016), cold stress

(Zhang et al., 2018) and hypoxia (Wang et al., 2016).

Rboh proteins interact with other signalling molecules and regulatory mechanisms in addition
to Ca?*. Plant hormones are common effectors as Rboh-derived ROS can activate or interact
with signalling pathways involving abscisic acid (Kwak et al., 2003; Pengtao & Chun-Peng, 2008;
Suzuki et al., 2013), hydrogen sulphide (Scuffi et al., 2018), nitric oxide (Desikan et al., 2004),

jasmonic acid (Maruta et al., 2011) and salicylic acid (Herrera-Vasquez et al., 2015). Finally, ROS

waves may interact with electrical signalling in plants. Heat shock or light stress can trigger
concurrent elevations in extracellular potential and ROS. This is suppressed in rbohd mutants,
suggesting electrical-ROS signalling may be a part of the plant stress response (Suzuki et al.,

2013; Choi et al., 2017).

1.5.3 eROS production and NOX proteins in fungi

14

NOX genes have been identified in 30 species of fungi, including both unicellular and
multicellular fungi (Grissa et al., 2010; Rossi et al., 2017). Fungal NOX proteins are represented
by three sub families: A, B & C (Aguirre et al., 2005). NOX-A and NOX-B protein structure
resembles human NOX2 whereas NOX-C contains calcium-binding EF hands, like plant NOX
proteins and human NOX5. Most research suggests fungal oxidative bursts are involved in
signalling to activate cellular differentiation during the formation of specialised structures.
Using ANox mutants or DPI treatment to inhibit ROS production results in non-development of
specialised structures (such as sexual fruiting bodies) in unicellular and multicellular
ascomycete fungi (Lara-Ortiz et al., 2003; Malagnac et al., 2004; Egan et al., 2007; Rossi et al.,
2017). Other consequences of ANox mutants are reduced virulence in Magnaporthe grisae
(Egan et al., 2007; Segmuller et al., 2008; Giesbert et al., 2008) and the symbiotic fungus
Epichloé festucae switches its relationship with its host from mutualistic to antagonistic (Tanaka
et al., 2006). Over- or under-expression of S. cerevisae NOX affects regulation of PCD and actin
cytoskeleton (Rinnerthaler et al., 2012). In some fungi, polarity and subunit proteins are
required to form a functioning NOX complex to trigger eROS production (Takemoto et al., 2011;
Siegmund et al., 2013; Lacaze et al., 2015), again regulating virulence (Marschall & Tudzynski,
2016). Finally, several fungal NOX proteins localise to the endoplasmic reticulum rather than
the plasma membrane, suggesting NOX activity creates an intracellular oxidative burst as
opposed to an extracellular burst (Rinnerthaler et al., 2012; Siegmund et al., 2013; Lacaze et al.,

2015).
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1.54 eROS production and NOX proteins in brown algae (Phaeophyceae)

NOX proteins have not been characterised in brown algae as no clear NOX homologues are
present in the Ectocarpus genome (Cock et al., 2010). However, eROS production is widespread.
In a screen of 45 brown algal species, only four did not demonstrate either oxidative bursts or
constitutive production of eROS (Kupper et al., 2002). Alginate oligosaccharides, components of
brown algal cell walls, frequently induce oxidative bursts following their addition to Laminariale
sporophytes (Kupper et al., 2001, 2002). The oxidative bursts from Laminaria digitata were
inhibited by DPI, implicating a NOX protein source. Similarly, lipopolysaccharides (LPS) from five
different Gram-negative bacteria also caused an oxidative burst (Kupper et al., 2006). Inhibition of
the oxidative burst enhanced sporophyte susceptibility to bacterial infection (Kupper et al., 2002).
Thus, the oxidative burst may represent a defence response against a pathogen causing damage
or death in neighbouring algal cells. However, lipopolysaccharide-stimulated bursts were absent
in species tested from six Phaeophyceae orders, so it is not a uniform brown algal response

(Kupper et al., 2002).

Fucoid thalli from 10 species display high constitutive H,0, production (Kupper et al., 2002).
However, intracellular oxidative bursts are also observed at the rhizoid cell apex in Fucus serratus
embryos following hyperosmotic shock. (Coelho et al., 2002). Inhibition of the oxidative burst by
DPI led to increased cellular bursting, while pre-treatment with H,0, enhanced tolerance to
hyperosmotic shock. In addition, ROS production caused an elevation of cytosolic Ca?*, again
eliminated through DPI addition. This activity resembles cell wall strengthening and ROS signalling
seen in plant root hairs (Foreman et al., 2003). Localised ROS production is also associated with
polarised cell development in F. serratus. F. serratus zygotes displayed a tip-high ROS gradient at
the geminating rhizoid pole, alongside an associated apical gradient of cytosolic Ca?* levels

(Coelho et al., 2008), again highlighting Ca**-ROS interactions.
g ghiig g

155 eROS production and NOX proteins in red algae (Rhodophyceae)

NOX proteins have been described in five red algal species (Chondrus crispus, Cyanidioschyzon
merolae, Galdieria sulphuraria, Pyropia haitanensis, Pyropia yezoensis) and have a unique NOX
structure (Herve et al., 2006; Luo et al., 2015). Alongside conserved components such as the
NADPH and FAD binding regions, these NOX proteins have 10 transmembrane domains (TMD)
compared to six in plants, animals and fungi (Herve et al., 2006; Luo et al., 2015). EF hands are
absent in red algal NOX proteins. Red algae NOX genes are upregulated following different
environmental stimuli. Heat shock, mechanical damage, oligoagar (the red algal equivalent of

oligosaccharides (Weinberger et al., 1999)) or the bacterial flagellin FIg22 addition and high
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salinity increase NOX mRNA expression in three different red algal species (Luo et al., 2015; de
Oliveira et al., 2017; Wang et al., 2018). Furthermore, NOX is involved in sexual reproduction of
Pyropia yezoensis, with mRNA expression and eROS increasing during transition to the sexually

reproducing phase (Uji et al., 2020).

Red algal extracellular oxidative bursts occur following various stimuli including mechanical

wounding in Eucheuma platycaladum (Collen & Pedersen, 1994), exposure of Gracilaria conferta
to oligoagars, and addition of the epiphytic green alga Acrochaete operculata to Chondrus crispus
gametophytes (Bouarab et al., 1999). However, in C. crispus, the burst did not increase pathogen

death but enhanced resistance to infection, suggesting a signalling role.

1.5.6 eROS production and NOX proteins in green algae (Chlorophyceae)

NOX and eROS production research has been limited to two green algal species. The unicellular
microalga Chlamydomonas reinhardtii possesses two NOX homologues (Anderson et al., 2011)
responsible for constitutive extracellular superoxide production (Anderson et al., 2016). These
NOX proteins are structurally unusual, possessing only four TMDs in contrast to six in animal,
plant, and fungal NOX. C. reinharditii superoxide production is enhanced with light intensity,
potentially implicating involvement with photosynthesis. In addition, chemical inhibition of C.
reinharditii NOX with DPI partially inhibits PCD activation suggesting a possible signalling role
(Pérez-Pérez et al., 2012). The macroalga Dasycladus vermicularis uses a likely NOX-derived
oxidative burst as a part of the wound response (Ross et al., 2005, 2006), though a NOX gene has

not been identified.

1.5.7 eROS production and NOX proteins in marine phytoplankton

eROS production in unicellular algae has been recorded since the late 1980s (Palenik et al., 1987
Palenik & Morel, 1988). Recent research efforts have focused on accurate quantification of per-
cell ROS production and sampling more diverse species (Diaz & Plummer, 2018). Marine
phytoplankton eROS production is widespread with dominant or bloom-forming microalgal
species such as Prochlorococcus, Synechococcus, Phaeocystis, Emiliania huxleyi, Karenia brevis and
Chattonella marina producing significant amounts of eROS (Diaz et al., 2018; Sutherland et al.,
2019; Plummer et al., 2019). Biologically-derived superoxide has been estimated to be a sink for
5-19% of the marine oxygen budget, with phytoplankton considered the most prominent source
(Sutherland et al., 2020). While eROS measurements are increasing, little is known of the

distribution of NOX proteins in many of these lineages. However, the sensitivity of phytoplankton
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eROS production to DPI may support NOX proteins as a source (Kim et al., 2000; Kustka et al.,
2005; Saragosti et al., 2010; Anderson et al., 2016).

Harmful algal bloom (HAB) species produce higher amounts of eROS than non-harmful species
(Diaz & Plummer, 2018). The HAB raphidophyte C. marina is the best studied species. C. marina
has an exceptionally high eROS production rate (>10 pmol cell* hour? superoxide and H,0,)
(Marshall et al., 2005b; Diaz et al., 2018), comprising both constitutive production and oxidative
bursts (Oda et al., 1994; Nakamura et al., 1998). As a stramenopile alga, it may use a similar
mechanism to diatoms. NOX proteins are implicated as the source of eROS in C. marina as DPI
reduces eROS production and a NOX2 homologue was reported using Southern blot analysis (Kim
et al., 2000). Recent RNA-seq suggests the genetically similar Chattonella antiqua has six NOX
proteins, with two possessing six TMDs and four possessing 11 TMDS (Shikata et al., 2019). eROS
in C. marina is implicated for many functions. Application of bacterial or fish metabolites increases
eROS production and the eROS is thought to contribute to the toxicity of C. marina (Oda et al.,
1992, 1998; Nakamura et al., 1998; Kim et al., 2007). Other proposed functions include enhancing
iron uptake (Garg et al., 20073a; Liu et al., 2007) and a link with light, as increasing light intensity
enhances eROS production (Li et al., 2015). However, photosynthesis inhibitors do not
immediately affect production (Marshall et al., 2002; Liu et al., 2007) and production in darkness
remains comparatively high (Diaz et al., 2018). There is also support for eROS acting as a growth
stimulant. Per-cell production decreases as cell density increases (Marshall et al., 2005a; Diaz et
al., 2018) and production is higher in exponential phase cells than stationary phase cells (Oda et
al., 1995; Garg et al., 2007b). Furthermore, addition of CAT and SoD disrupts C. marina
morphology and growth rate (Oda et al., 1995). This suggests eROS production is vital and may
have a signalling role for regulating bloom dynamics (Marshall et al., 2005a; Diaz & Plummer,

2018).

Dinoflagellate HAB species have high eROS production (>100 fmol cell™ hour?) comparable to
raphidophytes (Yamasaki et al., 2004; Marshall et al., 2005b; Mardones et al., 2015; Diaz et al.,
2018). Like C. marina, this high production is proposed to contribute to their toxicity (Kim et al.,
1999) and per-cell production of HAB dinoflagellates reduces during stationary phase growth (Kim
et al., 1999). However, nontoxic Symbiodinium species also have high eROS production rates,
possibly originating from a NOX protein (Mydlarz & Jacobs, 2004; Saragosti et al., 2010).
Symbiodinium eROS production is constitutive and increases in light (Saragosti et al., 2010) but

oxidative bursts also occur following sonic wounding (Mydlarz & Jacobs, 2004).

Finally, there have been isolated studies on other unicellular algal groups. Emiliania huxleyi

produces constitutive levels of eROS, enhanced further by light intensity (Plummer et al., 2019)
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and viral infection (Evans et al., 2006). The widespread cryptophyte Geminigera has high per-cell
production (2-15 fmol cell* hour ) that decreases with cell density, again suggesting a signalling

role (Sutherland et al., 2019).

1.5.8 eROS production and NOX proteins in prokaryotes

eROS production and putative NOX proteins are widespread in terrestrial and marine bacteria
(Diaz et al., 2013; Hajjar et al., 2017), with three of the most globally abundant marine bacteria
(Synechococcus, Prochlorococcus, Pelagibacter) producing ROS constitutively (Sutherland et al.,
2019), likely contributing significantly to total biological eROS production in the oceans
(Sutherland et al., 2020). A NOX protein from cyanobacteria was recently used to determine the
first crystal structure of NOX (Magnani et al., 2017). Bacterial eROS production is linked with
several functions. Several bacteria use extracellular superoxide to reduce Fe3* to the more
bioavailable Fe? assisting iron uptake (Rose et al., 2005; Rose, 2012; Roe & Barbeau, 2014; Hajjar
et al., 2017). However, this is not a universal function in marine bacteria (Wirtz et al., 2010). In
addition, Trichodesmium eROS production increases in light compared to darkness, while per-

colony eROS production decreases as cell density increases (Hansel et al., 2016).

1.5.9 eROS production and NOX proteins in marine diatoms

Diatom eROS production has been recorded in eight species (Table 1.1). Most research has
focused on Thalassiosirales diatoms such as Thalassiosira weissflogii. Whilst cellular eROS
production by T. weissflogii (0.25-1.4 fmol cell* hour?) is less than HAB species, including
Pseudo-nitzschia sp. (Diaz et al., 2018), it is relatively high compared to other non-harmful
unicellular algae (Rose et al., 2008; Schneider et al., 2016). NOX gene sequences have been
identified in three diatom species: Phaeodactylum tricornutum, Thalassiosira pseudonana and
Seminavis robusta. Interestingly, P. tricornutum and T. pseudonana NOX proteins resemble red
algae NOX proteins with 10 TMDs (Herve et al., 2006; Anderson et al., 2011). In S. robusta, a
NOX protein was recently described with EF hands, resembling plant Rboh proteins (Bilcke et
al., 2020). The availability of diatom transcriptomes and genome resources has increased
substantially in the last decade (Lommer et al., 2012; Keeling et al., 2014; Mock et al., 2017,

Osuna-cruz et al., 2020) so there is an opportunity for wider NOX screening.
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Table 1.1 Literature reporting extracellular ROS production in diatoms.

Nt = not tested.

Species Type of diatom | Increased eROS with light | Cited papers
intensity?

Amphiprora Pennate Y (Hunken et al., 2008)

kufferathii

Coscinodiscus sp. Centric N (Hansel et al., 2016)

Nitzschia Pennate Y (Waring et al., 2010)

epithemioides

Phaeodactylum Pennate Y (Laohauvisit et al.,

tricornutum 2015; Schneider et al.,

2016)
Pseudo-nitzschia sp. Pennate Nt (Diaz et al., 2018)
Thalassiosira oceanica | Centric Y (Schneider et al.,

2016; Diaz et al.,

2019)
Thalassiosira Centric Y (Kustka et al., 2005;
pseudonana Rose et al., 2008;

Waring et al., 2010;
Laohavisit et al., 2015;
Schneider et al., 2016)

Thalassiosira Centric Y (Kustka et al., 2005;
weissflogii Rose et al., 2008;
Milne et al., 2009;
Schneider et al., 2016)

The function of diatom NOX-derived eROS is debated. A role for eROS promoting iron reduction
and uptake, like some cyanobacteria, has been investigated in T. pseudonana and T. weissflogii.
However, iron limitation has no effect on superoxide production (Kustka et al., 2005; Rose et

al., 2008) and addition of SoD to remove superoxide does not affect Fe uptake rates (Kustka et
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al., 2005). While diatom-derived superoxide can reduce Fe3* to Fe%, the authors suggested Fe?
quickly reoxidises to Fe3* before cellular uptake (Kustka et al., 2005). S. robusta NOX proteins
were recently shown to be upregulated in one mating type during sexual reproduction (Bilcke
et al., 2020). Though eROS was not measured in the study, this implies a role for NOX-derived
ROS signalling between different cells. Similarly, Pseudo-nitzschia per-cell eROS production
decreases as cell density increases, suggesting a possible signalling role for ROS (Diaz et al.,

2018)

The most common parameter affecting eROS production in diatoms is light intensity. In six
diatoms, increased light intensity leads to increased eROS (Table 1.1). In two species
(Amphiprora kufferathii, Nitzschia epithemioides), the eROS is suggested to originate from
increased photosynthetic ROS production, such as increased superoxide being formed through
the Mehler reaction (Hunken et al., 2008; Waring et al., 2010). The superoxide dismutates to
H,0,, which passes through cell membranes and exits the cell. However, there is evidence for
NOX activity being responsible in other species. NOX gene homologues are present in P.
tricornutum and T. pseudonana genomes (Herve et al., 2006) and the NOX inhibitor DPI greatly
reduces light-dependent eROS production in P. tricornutum and T. weissflogii (Kustka et al.,
2005; Laohavisit et al., 2015). A more detailed characterisation of P. tricornutum NOX
(Laohavisit et al., 2015) showed that of its two NOX proteins, PtNOX1 is affected by the light
regime. Continuous light increased PtNOX1 gene expression after four days whereas PtNOX2
expression was not significantly affected. Alongside this, P. tricornutum extracellular
superoxide production increases in light and superoxide production correlates to the size of its
chloroplast (Laohavisit et al., 2015). This implies that diatom NOX proteins are involved with

photosynthesis.

An alternative mechanism of eROS production was recently revealed in Thalassiosira oceanica
(Diaz et al., 2019). T. oceanica eROS production increases in light and is inhibited by DPI,
resembling NOX activity. However, a glutathione reductase (GR) protein was shown to be
responsible. Screening extracellular protein extracts of T. oceanica, a GR homologue was found
to produce superoxide that could be inhibited by DPI. Furthermore, the homologue possessed
TMD regions suggesting the protein is membrane bound. Adding glutathione disulphide (GSSG,
the normal GR substrate) to the protein extract or live cells resulted in reduced superoxide,
suggesting oxygen and GSSG can compete for substrate reduction. This raises important
guestions regarding the relative roles of GR and NOX proteins in the generation of eROS in

marine phytoplankton.
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1.6 The link between eROS production and light intensity

1.6.1 The diatom chloroplast and photosynthetic electron transport chain structure

A proposed explanation for the correlation of eROS production and light in unicellular algae is that
it represents a protective photophysiology strategy by removing excess electrons in the
photosynthetic ETC, thereby helping to balance the ATP: NADPH ratio (Davey et al., 2003; Hansel
et al., 2016). A brief description of the ETC structure and function in the diatom chloroplast
follows to assist understanding. The diatom chloroplast structure differs from higher plants. In
diatoms, there are four envelope membranes as opposed to two in higher plants, stemming from
a secondary endosymbiosis event. Within the chloroplast, thylakoid membranes are loosely
stacked, normally in groups of three to form grana (Bedoshvili et al., 2009; Flori et al., 2017),
contrasting the denser stacks of thylakoid membranes observed in higher plants (Grouneva et al.,
2013). As with other photosynthetic eukaryotes, the chloroplast functions to use light energy to
fix CO to organic compounds, using light-dependent and light-independent phases (Scarsini et al.,
2019). The light-dependent phase of photosynthesis takes place in the thylakoid membranes
where the major photosynthetic protein complexes (photosystem Il (PSll), cytochrome bgf,
photosystem | (PSI), ATP synthase) are localised. At PSII, the oxygen evolution complex splits
water, providing electrons and protons. Light harvesting complexes in PSIl and PSI absorb photons
and transfer the associated energy to their respective reaction centres to excite electrons.
Intermediary electron carriers such as plastoquinone’s shuttle the excited electrons along the ETC
stepwise from PSII to cytochrome bgf to PSI. The electron flux is used to acidify the lumen,
creating a ApH across the thylakoid membrane. ATP synthase uses this proton gradient to
generate ATP. At the end of the ETC, ferredoxin-NADP* reductase uses the electron to reduce the
terminal electron acceptor NADP* to NADPH. The generated ATP and NADPH can then be used in
the chloroplast stroma for the light-independent phase. The Calvin-Benson-Bassham cycle
consumes ATP and NADPH in a 3:2 ratio for CO, fixation. However, stoichiometry calculations
suggest that linear electron flow creates typically lower ratios (2.5:2), creating a discrepancy in
the required production of ATP for carbon fixation and other cellular processes. In addition,
reduced availability of NADP* as an electron acceptor results in over-reduction of the
photosystem. This can occur during high electron flow, enhancing electron leakage, ROS
generation and oxidative stress (Yoshida et al., 2007). It is therefore important for photosynthetic

organisms to increase the ATP: NADPH ratio but not to use up electron acceptors.
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1.6.2 Strategies to prevent photosystem over-reduction

Several mechanisms in plants and algae have been proposed to increase the ATP:NADPH ratio and
prevent photosystem over-reduction (Forti et al., 2003; Kramer & Evans, 2011; Cardol et al.,
2011). Cyclic electron flow (CEF) recycles electrons around PSlI, creating the ApH across the
thylakoid membrane required for ATP production without producing NADPH. Several pathways
provide alternate electron sinks prior to acceptance by NADP™ as this ensures NADP* availability
but maintains the ApH for ATP production. This includes the Water-Water cycle where ferredoxin
transfer electrons to oxygen instead of NADP®, creating superoxide (Mehler reaction). The
resulting superoxide is detoxified by SoD and CAT, creating water. Again, thylakoid ApH is
maintained without producing NADPH. In plants, the malate—oxaloacetate (Mal-OAA) shuttle
uses photosynthetically produced NADPH to reduce oxaloacetate to malate. Malate is consumed
in the mitochondria, resulting in increased ATP. In plants this is not considered a significant
contributor to balancing the ATP: NADPH ratio (Niyogi, 2000). However, diatoms use a similar
strategy called metabolic coupling (Bailleul et al., 2015). Here, chloroplast electrons are dissipated
by shuttling excess reductant into the mitochondria to be consumed and ATP from the
mitochondria can also be shuttled to the chloroplast. Compared to plants, diatom metabolic
coupling is more frequently used to dissipate excess photosynthetic electrons during high light
exposure (Broddrick et al., 2019) but also improve the efficiency of mitochondrial and chloroplast
electron flow under normal conditions (Bailleul et al., 2015). The correlation of eROS production
and light intensity could also support photoprotection. NOX may use excess NADPH to dissipate
photosynthetic electrons by creating eROS. As diatoms are unicellular marine organisms, it may
be assumed that the accumulation of ROS around their cells is less likely to occur than in
multicellular organisms such as plants. Typically, oceanic steady state ROS concentrations reach
pico-nanomolar concentrations (Zinser, 2018), which is tolerable for most diatoms (Drabkova et
al., 2007; Hunken et al., 2008; Graff van Creveld et al., 2015). Therefore the risk of severe
oxidative stress resulting from a build-up of biologically derived eROS is low and thus enzymatic

eROS production could be a useful strategy to help balance the ATP: NADPH ratio.

Table 1.2 Summary of the range of functions of NOX-derived eROS.

NOX function Observed in

Defence response Animals, plants, brown algae, red algae, raphidophyte,
Cell wounding response Animals, plants, green algae, dinoflagellates

Nutrient uptake Raphidophytes, bacteria

Abiotic stress signalling Animals, plants, brown algae, red algae

22



Chapter 1

Redox signalling (sexual

reproduction, PCD)

Animals, fungi, red algae, diatoms, green algae

Cellular differentiation

Fungi, slime moulds

Increased light intensity

Raphidophytes, dinoflagellates, coccolithophores,

cyanobacteria, diatoms

Cell wall cross link prom

chemical synthesis

otion/ | Animals, plants, brown algae, green algae

Growth stimulant

Raphidophyte, dinoflagellates, crytophytes, cyanobacteria,

diatoms

1.7

General conclusions and aims of the thesis

From examining the literature, there are several trends apparent. Though best characterised in
animals, plants and fungi, NOX proteins are widespread amongst eukaryotes and have a diverse
range of functions (Table 1.2). Organism defence is a well-studied, common function but NOX
and its derived eROS are frequently used in signalling pathways. Large genomic databases and
genetic transformations allow reliable phenotype identification such as greater pathogen
susceptibility or compromised cellular growth. Algal eROS production rates and its derived
functions are diverse between species. Similarly, algal NOX proteins are structurally diverse but
have received limited characterisation, particularly in unicellular algae. Identification of NOX
protein functions has often relied on DPI inhibition but molecular tools such as gene expression
analysis can add new insights. Interestingly, diatoms have alternate mechanisms for generating
eROS, through GR proteins (Diaz et al., 2019) so diatom eROS production may not originate
necessarily from NOX proteins. Finally, oxidative bursts in microalgae are rare, with constitutive
production of eROS more common. Additionally, the correlation of light intensity to eROS
production has only been reported in marine phytoplankton. This relationship may relate to
electron dissipation but has not been investigated fully. This thesis used these identified trends

and knowledge gaps to guide the investigations in the following chapters.

Chapter 2: What is the wider distribution of NOX proteins in marine diatoms?

This Chapter exploited the recent increase in diatom genomic and transcriptomic datasets to
screen diatoms for the presence of NOX or GR proteins. NOX proteins were hypothesised to be
more abundant than GR proteins amongst diatoms. In addition, attempts were made to

identify any sequence motifs or residues that could assist future identification of NOX proteins.
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Chapter 3: How does light affect eROS production and plasma membrane electron transport
in different diatom species?

This Chapter used OxyBURST Green and potassium ferricyanide assays to explore the
differences in eROS production and plasma membrane electron transport between three
diatom species. It was expected that there would be significant differences between species,
and differences in eROS production would be reflected in changes to plasma membrane
electron transport. Furthermore, the effect of light was investigated on the respective assays,
with increased light intensity expected to correlate with increased eROS production in the

three species.

Chapter 4: How does Phaeodactylum tricornutum respond to different levels of exogenous
addition of H,0,?

This Chapter attempted to genetically transform P. tricornutum with different redox biosensors
to allow monitoring of changes in redox state dynamics. Following successful transformation,
the tolerance of P. tricornutum to differing concentrations of H,0, was tested by measuring

changes to cellular parameters, including growth and photophysiology.

Chapter 5: What is the role of NOX in the model diatom Phaeodactylum tricornutum?
Phytoplankton eROS production is significantly affected by light levels, implicating a functional
involvement with photosynthesis. This Chapter investigated the function of NOX proteins in P.
tricornutum by measuring changes in cellular parameters following application of a chemical
inhibiter of NOX. It was hypothesised that photosynthetic parameters would be highly
susceptible to NOX inhibition, reflecting NOX involvement in photosynthesis. The effects of
metabolic inhibitors of respiration and photosynthesis were also measured, focussing on

resultant changes to cell redox state.
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Chapter 2 The unusual phylogeny and structure of

diatom NOX proteins
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2.1 Introduction

NADPH oxidase (NOX) proteins are a group of enzymes characterised by their unusual function of
producing extracellular reactive oxygen species (ROS) such as superoxide (O3’ or hydrogen
peroxide (H,0;). NOX proteins are highly studied in humans, with seven distinct proteins
described: NOX1-5 and Dual oxidase (DUOX) 1-2 (Bedard & Krause, 2007). The human NOX2
protein structure is well characterised due to the importance of NOX2 in the human immune
response. The core protein components are the six N-terminus transmembrane regions, with
haem groups present in the third and fifth transmembrane domains (TMDs), and FAD and NADPH
binding sites at the C-terminus (Sumimoto, 2008). When activated, NADPH binds to the protein
and donates an electron. The electron is shuttled through the enzyme to the FAD domain and
across the membrane via the haem groups, where it reduces extracellular molecular oxygen to
superoxide (Sumimoto, 2008). Different human NOX proteins have structural variations. NOX5
possesses an EF hand domain, allowing interaction with intracellular calcium (Ca%) for signalling
pathways (Guzik et al., 2008), while DUOX proteins have EF hands and peroxidase regions, and

produce extracellular H,0, (Donkd et al., 2005).

Despite initial suggestions (Lalucque & Silar, 2003), NOX proteins are widespread, occurring in
plants (Kaur et al., 2018), fungi (Grissa et al., 2010), red algae (Herve et al., 2006), green algae
(Anderson et al., 2011), diatoms (Anderson et al., 2011; Laohauvisit et al., 2015), cyanobacteria,
(Magnani et al., 2017) and bacteria (Hajjar et al., 2017). Nonetheless, NOX proteins are not
ubiquitous, as they can be absent in lineages such as Rhizaria or individual species within lineages
(Sumimoto, 2008; Zhang et al., 2013; Gandara et al., 2017). NOX proteins within different lineages
can have structural differences to the classic human NOX2 structure. Plant NOX proteins, also
called respiratory burst oxidase homologues (Rboh), have EF hands like NOX5 (Marino et al.,
2012). Depending upon the species, fungal NOX proteins may also possess EF hands (Takemoto et
al., 2007). Algal NOX proteins have received limited research but display significant structural
differences in the number of TMDs. In contrast to the traditional six TMDs, red algae NOX proteins
possess 10 TMDs (Herve et al., 2006), whereas the green alga Chlamydomonas reinharditii NOX
only has four TMDs (Anderson et al., 2011). Structurally different NOX proteins (e.g. Rboh, red
algae, NOX1-4, DUOX1-2) have separate phylogenetic clustering (Kawahara et al., 2007; Gandara
et al., 2017; Kaur et al., 2018) which suggests a diversification of NOX protein structure and

function between different lineages.

Ferric reductase (FRE) proteins are closely related to NOX proteins. They also have six TMDs, the
TMD3 and TMD5 haem groups, and FAD and NADPH binding sites (Sumimoto, 2008; Zhang et al.,

2013). However, the target substrate differs as FRE proteins use donated electrons to reduce Fe3*
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to Fe?, assisting iron uptake (Zhang et al., 2013). Though there can be structural differences
between NOX and FRE, such as some NOX proteins possessing EF hands, the large structural
similarity creates difficulties in distinguishing whether a sequence codes a putative NOX or FRE
protein. For example, a NOX identification algorithm unintentionally included FRE proteins (Hajjar
et al., 2017) while experimental testing of presumed FRE proteins in unicellular fungi
demonstrated derived superoxide generation, supporting a NOX identity (Rinnerthaler et al.,
2012; Rossi et al., 2017). Thus, experimental validation has typically been required to confirm a
putative NOX or FRE protein (Waters et al., 2002; Jain et al., 2014; Rossi et al., 2017). Recently,
the first atomic crystal structure of a NOX protein was published (Magnani et al., 2017) and
highlighted three amino acid residues (Arg256, His313 and His317) that are predicted to combine
to form a cavity for oxygen reduction. This cavity may determine the respective targets of NOX
and FRE proteins. Examining how conserved these amino acid residues are could improve

accuracy for identifying putative NOX or FRE proteins from sequences.

Putative diatom NOX proteins have been identified in three species: Phaeodactylum tricornutum,
Seminavis robusta and Thalassiosira pseudonana. The proteins in P. tricornutum and T.
pseudonana resemble red algal NOX proteins, possessing 10 TMDs (Anderson et al., 2011) and
eROS production has been recorded in several diatoms, including P. tricornutum and T.
pseudonana (Laohavisit et al., 2015; Hansel et al., 2016; Schneider et al., 2016; Diaz & Plummer,
2018). Whilst NOX function in diatoms has not been well characterised, some evidence suggests

increased light duration can alter NOX gene expression in P. tricornutum (Laohavisit et al., 2015).

NOX proteins are well characterised and therefore the most likely enzymatic candidate for diatom
eROS production. However, a recent proteomics approach showed extracellular superoxide in
Thalassiosira oceanica originates from glutathione reductase (GR) proteins located in the plasma
membrane (Diaz et al., 2019). This suggests other proteins contribute to extracellular superoxide
production in diatoms. Large differences exist in per-cell eROS production between different
diatoms (Schneider et al., 2016). Different diatoms may have different enzymes responsible for
eROS production or use eROS production to different extents. The phylogenetic distribution of
diatom NOX has not been studied. Whilst the availability of fully sequenced diatom genomes
remains limited (Armbrust et al., 2004; Bowler et al., 2008; Lommer et al., 2012), a large-scale
transcriptome project (Marine Microbial Eukaryote Transcriptome Sequencing Project, MMETSP)

has created gene expression data for >60 diatom species (Keeling et al., 2014).

The increased availability of diatom genetic data allows focused research into the diversity of
different eROS producing enzymes. Here, the presence and diversity of diatom NOX and GR

proteins was investigated by characterising their structure and phylogeny. Comparing diatom NOX
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diversity to existing NOX proteins revealed a large diversity and abundance in diatom NOX
proteins with intriguing evolutionary implications. Alongside this, conserved motifs between NOX

proteins were explored to assist future attempts to identify NOX proteins.
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2.2 Methods

2.2.1 Confirmation of P. tricornutum NOX

Candidate P. tricornutum and T. pseudonana NOX gene sequences have been described previously
(Herve et al., 2006; Anderson et al., 2011; Laohavisit et al., 2015). Using red algal sequences as a
query, the P. tricornutum genome available in the Joint Genome Institute (JGl,
https://jgi.doe.gov/) was searched for the two NOX genes reported in Lachavisit et al. (2015) and
are described henceforth as PtNOX1 and PtNOX2. Expression levels of the NOX genes, alongside P.
tricornutum FRE genes, were then investigated in several available transcriptome databases (Allen
et al., 2008; Sapriel et al., 2009; Ovide et al., 2018) and the diatom EST database

(http://www.diatomics.biologie.ens.fr/EST3/index.php).

2.2.2 Screening of diatom NOX and glutathione reductase (GR) sequences

A sequence similarity search was used to investigate the distribution of diatom NOX and GR
proteins. The amino acid sequence derived from PtNOX1 (accession number XP_002179812.1)
was used as the protein query sequence for NOX screening and ToGR1 (accession number
EJK45974), identified by Diaz et al. (2019), was the query for GR. The genomes of T. pseudonana,
T. oceanica, Fragilariopsis cylindrus, Pseudo-nitzshia multistrata and Fistulifera solaris were
searched using NCBI BLASTP. The draft genome of Pseudo-nitzshia multiseries was searched using
JGI while Gust Bilcke (Ghent University, Belgium) kindly supplied access to the Semiavis robusta
genome from the Semiavis robusta genome sequencing project (Osuna-cruz et al., 2020). From
the MMETSP database, 55 diatom species transcriptomes were retrieved and searched. Diatoms
were taxonomically classified as araphid pennate, raphid pennate, polar centric or radial centric.
For sequence mining, an initial cut off value of 1E-10 was established to filter out radically
different sequences. Databases were also searched using Arabidopsis thaliana Rboh-F (accession
number NP_564821.1) and A. thaliana Ferric Chelate-Reductase 2 (accession number
NP_001322968.1) as a query to improve confidence in putative NOX sequence hits. Hits
demonstrating greater similarity to Ferric Chelate Reductase 2 than PtNOX1 were disregarded.
The selected sequences were then manually inspected using multiple sequence alignments in
Bioedit 7.2.6, and for protein sequence functional domain analysis using Interpro

(http://www.ebi.ac.uk/interpro/, (Mitchell et al., 2018)).

For GR analysis, NCBI and MMETSP databases were searched for sequence homologues within
diatoms, plants, humans and algae. Diatom species searched included species with and without

confirmed NOX proteins to allow comparison to GR distribution. As with Diaz et al., (2019)
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transmembrane predictions were made using Phobius (http://phobius.sbc.su.se/). If graphical
display of posterior label probability for transmembrane domain exceeded 0.5 (scale of 0-1) and
matched with computer prediction for transmembrane domains, the protein was considered to

have a transmembrane region.

2.2.3 Phylogenetic analysis

To understand the evolution of diatom NOX proteins, diatom protein sequences were aligned
against other major groups of NOX proteins. Previously established NOX sequences utilised by
Kawahara et al. (2007) were included alongside more recently identified oomycete and other algal
sequences. All sequences were acquired from NCBI or JGI. FRE proteins were also used in this
tree, using sequences from Zhang et al. (2013). GR proteins were obtained from a range of species
in NCBI. For NOX and GR phylogenetic analysis, sequences were aligned using the T-Coffee
Expresso algorithm (Tommaso et al., 2011). The alignment was then manually edited in Bioedit to

remove gaps. Phylogenetic trees were made using the Maximum Likelihood method in MEGA?7.
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2.3 Results

2.3.1 Identification of NOX proteins in P. tricornutum

It was important to confirm whether previously proposed P. tricornutum sequences encode for
NOX proteins rather than FRE proteins. Two proteins were found in the JGI P. tricornutum genome
with significant similarity to established red algal NOX proteins. These two proteins matched
sequences described by Laohavisit et al (2016). However, in the JGI database, these proteins are
annotated as FRE4 and FRES. Expression levels of hypothetical PtNOX1-2 and PtFRE1-3 were
compared in several published datasets. PtFRE1-3 transcripts are highly expressed in iron limiting
conditions (Allen et al., 2008), resembling the typical expression patterns of FRE gene expression
in plants and fungi (Jain et al., 2014; Saikia et al., 2014). PtNOX1-2 genes are not upregulated in
iron limiting conditions (Table 2.1). The same result occurred in the P. tricornutum EST dataset,
where PtFRE1-3 ESTs were identified more frequently in iron limiting conditions (Fig 2.1.) This
experimental evidence, alongside similarity to red algal NOX protein sequences, indicates that
FRE4-5 were mis-annotated and should be renamed PtNOX1-2 respectively. Gene expression
levels in other datasets show other differences between FRE and NOX proteins in P. tricornutum.
Notably, PtNOX1 is upregulated when the cells are in the oval morphotype, compared to fusiform
or triradiate form (Ovide et al., 2018). In the EST dataset, PtNOX1 is highly expressed in the
tropical strain Pt9, while PtNOX2 is most highly expressed following decadienal treatment.

Table 2.1 Comparison of transcript expression levels of PtFRE1-3 and PtNOX1-2 in P.

tricornutum.

Numerical values indicate fold level increase of gene expression from real time-qPCR.

- indicates no reported change in gene expression.

Gene JGI Iron Limitation Morphotype Silicon Limitation
Protein (Allen et al. 2008) (Ovide et al. 2018) | (Sapriel et al., 2009)
ID

FRE1 54486 100 - 2.75

FRE2 46928 100 - 7.10

FRE3 54940 10-100 -

FRE4 54409 - 2.8 -

(PtNOX1)

FRE5 55631 - - -

(PtNOX2)
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Figure 2.1 Frequency of P. tricornutum FRE and NOX genes under different
environmental conditions in EST libraries.
Graphs are taken directly from EST database
(http://www.diatomics.biologie.ens.fr/EST3/index.php) and combined for this figure.
PtNOX1 and PtNOX2 are annotated as FRE4 and FRE5 in JGI database.
2.3.2 Distribution of NOX proteins

Using PtNOX1 as a protein search query, seven diatom genomes and 55 transcriptomes were

screened for NOX homologues. 155 sequences had hits to PENOX1. Manual inspection of aligned

sequences and analysis of protein domain organisation filtered these sequences down to 52

putative NOX proteins from 31 diatom species (Table 2.2., list of all species searched in Appendix

A1l). NOX proteins were distributed between all four taxonomic subgroups of diatoms. NOX

proteins were found in all seven fully sequenced diatom genomes. Diatom NOX proteins were

most frequently found in pennate diatoms (Table 2.2). Most pennate diatoms possessed a single

NOX protein but several raphid pennates possessed two or more. S. robusta had the highest

number of NOX proteins in a single species with five (Appendix Al).
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2.3.3 Types of NOX protein

Phylogenetic and structural analysis of NOX proteins revealed a divergence in the types of NOX
proteins (Table 2.3, Fig 2.2). Therefore, the NOX proteins were classified into four groups: Class 1,
Class 2, Class 3, and NOX-like. Diatom proteins were present in all four groups, unlike any other
examined lineage (Table 2.3, Fig 2.2). Two diatoms (Asterionellopsis glacialis, Amphipora sp.) and
one green alga (Klebsormidium nitens) had NOX proteins from multiple Classes (one Class 1 and

one Class 3 NOX protein).

Table 2.2 The abundance of NOX proteins differs between the four taxonomic
groups.

Each diatom species screened was categorised by its taxonomic classification
(araphid pennate, raphid pennate, polar centric and radial centric). NOX protein

abundance was recorded within each taxonomic group.

Taxonomic | Species Total NOX | Species Species % of species

group searched proteins with NOX without NOX | searched
obtained proteins proteins possessing a NOX

protein

Araphid 9 10 7 2 77%

pennate

Raphid 19 26 14 5 73%

pennate

Polar 26 14 10 16 38%

centric

Radial 9 2 2 7 22%

centric
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Table 2.3 The distribution of each Class of diatom NOX protein differs between the
four diatom taxonomic groups.
From the NOX protein screen, the abundance of each Class of NOX protein is

reported within each diatom taxonomic group.

Type of NOX Diatom Taxonomic Group Total number of NOX

Class Araphid Raphid Polar Radial | Proteins per Class
pennate pennate centric centric
proteins proteins proteins proteins

Class 1 4 5 2 1 12

Class 2 0 19 1 0 20

Class 3 6 2 7 1 16

NOX-like 0 0 4 0 4
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Figure 2.2 Phylogenetic tree of NOX proteins in eukaryotes.

Protein sequences were aligned using T-Coffee Espresso (Tommaso et al., 2011) prior
to creation of the phylogenetic tree in MEGA7 . The phylogenetic analysis was
performed using the Maximum Likelihood method based on the Poisson correction
(Zuckerkandl & Pauling, 1965). The tree with the highest log likelihood (-49926.71) is
shown. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances estimated
using a JTT model, and then selecting the topology with superior log likelihood value.
The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis involved 109 protein sequences. All positions with
less than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps,
missing data, and ambiguous bases were allowed at any position. Each sequence
contained 297 positions in the final dataset. Evolutionary analyses were conducted in

MEGA7 (Kumar et al., 2016). Bootstrap values below 65 are not shown for clarity.
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2.3.3.1 Class 1 NOX proteins composition and structure

Class 1 sequences contained well-characterised human, plant and fungal NOX proteins alongside
diatoms, oomycetes (stramenopile water moulds) and one green alga sequence (Fig 2.2). Class 1
diatom proteins grouped close to oomycetes and plants. The proteins resembled the classical
structure of NOX proteins: six transmembrane regions and core central regions including FAD
binding site, riboflavin-synthase beta barrel and the ferric reductase transmembrane component-
like domain (Fig 2.3.). Class 1 diatom proteins possessed 1-3 EF hands, also seen in plant Rboh,
oomycete NOX, human NOX5 and DUOX, and several fungal NOX proteins. Two proteins from P.
fradulenta were exceptions as these proteins did not group with other Class 1 diatom NOX
proteins, grouping closer to DUOX proteins. Interpro structure analysis revealed these proteins
possess six TMDs and the core NOX structure, but no EF hands or peroxidase region as seen in
DUOX proteins. However, the sequences originate from a transcriptome database, so the
additional domains could be missing due to incomplete transcripts. Diatom Class 1 proteins were
present in all taxonomic groups, though more proteins originated from pennate diatoms (Table

2.3).

2.3.3.2 Class 2 NOX proteins composition and structure

Class 2 NOX proteins were restricted to diatom and red algal NOX proteins, and included PtNOX1-
2 from P. tricornutum. Class 2 proteins possess 10 TMD regions alongside the core conserved
regions (FRT, FR-FAD, FAD-8, RBS, FNR, NAD, Fig 2.3). Class 2 diatom proteins were slightly
different to red algal NOX, possessing no ferric reductase transmembrane component-like domain
(Fig 2.3). Interestingly, NOX from unicellular red algae Galdieria sulphuraria and Cyanidioschyzon
merolae also had no FRT region, yet this domain was present in NOX from multicellular red algae.
Apart from one exception (the polar centric Extubocellulus spinifer), Class 2 diatoms were

predominately from raphid pennate diatoms (Table 2.3).

2.3.3.3 Class 3 NOX proteins composition and structure

Class 3 NOX proteins were restricted to diatom and green algal lineages. This group is
phylogenetically distinct from Class 1 and Class 2 NOX proteins and represents a poorly
characterised group of NOX proteins. There were structural similarities to Class 1 NOX proteins, as
all possessed the conserved core components (Fig 2.3). Diatoms also had six TMDS, though the
green alga C. reinharditii only had four, in line with previous work (Anderson et al., 2011). Class 3
NOX proteins were evenly sourced between centric and pennate diatoms, contrasting Class 1 and

2 proteins that were predominantly originating from pennate diatoms (Table 2.3).
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Figure 2.3 Comparison of conserved structural domains between NOX Classes and

FRE proteins.
The protein domains are taken from Interpro sequence analysis. Diagram does not
indicate precise order of domains within each protein but represents a comparison

between conserved domains. bFRE = bacterial ferric reductase, fFRE= fungi ferric

reductase and pFRE = plant ferric reductase. Peroxidase= Haem peroxidase. EF Hand=

EF Hand domain. B-245 =Cytochrome b245, heavy chain. FRT= Ferric reductase
transmembrane component-like domain. FR-FAD= FAD-binding domain, ferredoxin

reductase-type. FAD-8= FAD Binding 8. RBS= Riboflavin-synthase beta barrel. FNR=
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Ferredoxin-NADP reductase (FNR), nucleotide-binding domain. NAD= Ferric
reductase, NAD Binding domain. NADH-B5= NADH: cytochrome b5 reductase-like.
FAD/NAD(P)= Oxidoreductase FAD/NAD(P)-binding. Green cylinders represent

transmembrane domains (TMD).

2.3.34 NOX-like and FRE proteins composition and structure

Four diatom proteins from T. pseudonana and T. weissflogii were classified as NOX-like due to
their unusual structure and phylogeny. These proteins resemble NOX proteins with conserved
core components and seven TMDs. However, NOX-like proteins possess an additional NADH:
cytochrome b5 reductase-like domain. Searching the genome of T. pseudonana resulted in no
other NOX proteins. This contrasts with previous work suggesting this species has two NOX
proteins, each containing 10 TMDs, in the genome (Herve et al., 2006; Anderson et al., 2011). The
gene encoding a NOX-like protein in T. weissflogii was found in its transcriptome database. This
group was closely aligned to plant, bacterial and fungal FRE proteins (Fig 2.2). There were
structural differences between FRE and NOX-like proteins. Bacterial and fungal FRE proteins had
6-7 TMDs alongside reduced core conserved regions, lacking FAD Binding 8, Riboflavin-synthase
beta barrel or the Ferric reductase, NAD Binding domain (Fig 2.3). Plant FRE possessed the
conserved domains with 10 TMDs. No known existing NOX or FRE protein contains the NADH:
cytochrome b5 reductase-like domain. However, T. pseudonana and T. weissflogii produce eROS,
inhibited with DPI (Davey et al., 2003; Laohavisit et al., 2015). Without experimental evidence, it is
difficult to confirm whether these proteins function as a NOX, FRE or have an alternate function.
Though they group closely with FRE proteins, these proteins are described as NOX-like, rather
than FRE or NOX.

2.3.4 NOX protein conserved motifs and residues

The different NOX proteins were examined for the presence of key protein motifs and conserved
amino acid residues to assist future identification of NOX proteins. Eight possible identification
motifs were examined (Fig 2.4, Table 2.4). These were Arg256, His313 and His317, referring to
position in NOX5 in C. stagnale (Magnani et al., 2017), Thr178 and Gly179, referring to position in
human NOX2 (Zhang et al., 2013), the TMD3 and 5 amino acid gap (13 amino acids separate the
two histidine residues at TMD3, 12 separate the histidine residues in TMDS5, (Sumimoto, 2008))
and a new motif identified here as the double histidine associated with TMD5 (Fig 2.4). Of the
eight described motifs, two (His313, Gly179) were present in every investigated sequence,
including FRE sequences. One motif (Thr178) was absent from FRE proteins but present in almost

all proposed NOX or NOX-like sequences. In C. stagnale and Class 3 NOX-containing diatomes, it
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was replaced by a structurally similar serine amino acid. Of the remaining motifs, there were small
patterns but there was no universal distribution, summarised in Fig 2.4 and Table 2.4. Notably,
Arg256 was absent in Class 3 NOX containing diatoms, NOX-like proteins and the bacterial and
plant FRE. It was present in all other NOX proteins and fungal FRE. Arg256 was also occasionally
replaced by the structurally similar lysine amino acid while His317 was only present in Class 1
proteins and multicellular red algae. Thus, Arg256 and His317 cannot be considered reliable

motifs to identify NOX proteins as previously proposed (Magnani et al., 2017).
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Figure 2.4 Comparison of the conserved motifs between different NOX and FRE
proteins.

Figure shows Arg256 (1), the amino acid gap of TMD3 (2), His313 (3), His317 (4),
Thr178 (5), Gly179 (6), the double histidine of TMD5 (7) and the amino acid gap of
TMDS5 (8). The sequences presented here have been manually trimmed to assist the

display of conserved motifs.
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Table 2.4 Comparison of conserved motifs between NOX and FRE sequences.
Transmembrane gap refers to the number of amino acids between the two histidine residues in 3™ and 5" transmembrane regions respectively. For
example 13:12 indicates a 13 amino acid gap in TMD3 and 12 in TMD5. Yellow boxes in Arg256 and Thr178 indicate replacement with chemically similar

amino acids. Lys= lysine. Ser= serine.

Arginine Histidine Histidine Threonine Glycine Transmembrane 3:5 Transmembrane 5

256 313 317 178 179 amino acid gap double histidine

Human NOX2

Human NOX5

Human DUOX

Plants

Fungi

C. stagnale

Oomycete

Diatom Class 1

Red algae
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Diatom Class 2

Green Algae

(Chlamydomonas)

Diatom Class 3

NOX-like

Fungi FRE

Bacteria FRE

Plant FRE
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2.3.5 GR phylogeny

Recently, GR proteins in T. oceanica were demonstrated to produce eROS (Diaz et al., 2019). The
present study investigated whether there was a link between the presence of GR proteins and
NOX distribution. Broadly, GR proteins split into two separate groups, which are referred to as
Group 1 and Group 2 (Fig 2.5). Group 1 is composed of GR proteins from plants, red algae, and
diatoms while Group 2 comprises animal, brown algae, coccolithophore and diatom sequences.
Most diatoms screened possessed GR proteins from both groups (Table 2.5). However, there were
exceptions. F. solaris, Nitzschia punctata, P. tricornutum and Rhizosolenia setigera had proteins
from Group 1 while T. oceanica, Thalassiosira antartica and Entomoneis sp. only had Group 2 GR
proteins (Table 2.5). Additionally, when the proteins were analysed for predicted TMDs, only
three species had proteins with transmembrane regions: T. oceanica (accession number
EJK71311.1, accession number EJK45974), Cylindrotheca clostridium (CAMPEP_0113620486,
CAMPEP_0113607194) and F. cylindrus (accession number OEU20380.1). Finally, when comparing
GR distribution to NOX distribution, there appeared to be little pattern between the two proteins
(Table 2.6).
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Figure 2.5 Phylogeny of GR proteins across different lineages.

The evolutionary history of different glutathione reductase proteins was inferred by
using the Maximum Likelihood method based on the Poisson correction model. The

tree with the highest log likelihood (-40068.46) is shown. The percentage of trees in

which the associated taxa clustered together is shown next to the branches. Initial

tree(s) for the heuristic search were obtained automatically by applying Neighbor-
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Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT
model, and then selecting the topology with superior log likelihood value. The tree is
drawn to scale, with branch lengths measured in the number of substitutions per
site. The analysis involved 77 protein sequences. All positions with less than 95% site
coverage were eliminated. That is, fewer than 5% alignment gaps, missing data, and
ambiguous bases were allowed at any position. Each sequence contained 431

positions in the final dataset. Evolutionary analyses were conducted in MEGA7.
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Table 2.5 Comparison of presence and absence of NOX and GR proteins within selected diatom species.

Green box indicates presence of protein in species while red indicates absence. Diatoms were selected as representatives of different lineages and included

species with no identified NOX or NOX-like proteins.

Species Diatom Type
Odontella sinensis | Polar Centric
Thalassiosira Polar Centric
oceanica

Thalassiosira Polar Centric
pseudonana

Thalassiosira Polar Centric
antarctica

Thalassiosira Polar Centric
weissflogii

Class 1 Class 2 Class 3 NOX- No Group1l | Group2 Total number of | GR proteins with

NOX NOX NOX Like NOX GR GR TMDs

GR proteins

2
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Coscinodiscus Radial Centric
wailesii

Rhizosolenia Radial Centric
setigera

Stephanopyxis Radial Centric
turris

Asterionellopsis Araphid Pennate
glacialis

Cylindrotheca Raphid Pennate
closterium

Entomoneis sp Raphid Pennate
Fistulifera solaris | Raphid Pennate
Fragilariopsis Raphid Pennate
cylindrus
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Nitzschia Raphid Pennate
punctata

Phaeodactylum Raphid Pennate
tricornutum

Pseudo-nitzschia

multistriata

Raphid Pennate

Chapter 2
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2.4 Discussion

2.4.1 Diatom NOX diversity is unusually high

Previous studies of NOX diversity focused largely on NOX proteins in plants or animals (Kawahara
et al., 2007; Gandara et al., 2017; Kaur et al., 2018). The present study has used NOX proteins
from lesser-studied lineages to examine the structural and phylogenetic differences between
different types of NOX proteins. Diatom NOX proteins are widespread, present in 50% of species
screened. Notably, diatom NOX proteins possess greater structural and phylogenetic diversity
than other lineages studied thus far. This unexpected diversity in diatoms has allowed the
creation of a new classification of NOX proteins with different Classes, defined by their structural
and phylogenetic differences. Animal NOX have three structurally different types of NOX (NOX1-4,
NOX5, DUOX1-2) (Kawahara et al., 2007) but all belong to the Class 1 group. In contrast, diatoms
have three structurally different types of NOX, and a NOX-like protein, all belonging to different
Classes. Class 3 and NOX-like proteins are previously undescribed while the Class 2 diversity is
expanded. This represents a vast increase to the two diatoms previously predicted to possess NOX
proteins similar to red algae (Herve et al., 2006). Raphid pennates appear highly likely to possess
Class 2 proteins. As many algal species are known to produce eROS (Kupper et al., 2002; Marshall
et al., 2005b; Diaz & Plummer, 2018), greater screening of algae may reveal further patterns in

the type of NOX Class used.

It is unclear why diatoms have more diverse NOX proteins than other lineages. Possibly the
structural diversity relates to specific NOX Class functions. Diatom Class 1 proteins possess
calcium binding EF hands, which suggests changes in cytosolic Ca?* concentration could regulate
the protein. In plants, Ca** and Rboh-derived ROS regulate cellular signalling pathways including
polarised cellular growth and abiotic stress responses (Foreman et al., 2003; Kaya et al., 2014;
Kurusu et al., 2015). Similar ROS: Ca?* interactions are reported in brown algae during osmotic
shock (Coelho et al., 2002, 2008). While diatoms also use Ca?* to regulate hypo-osmotic shock
(Falciatore et al., 2000; Helliwell et al., 2019), a similar ROS: Ca?* interaction is yet to be shown in
diatoms. However Ca?* and reactive nitrogen species interact to activate diatom PCD (Vardi et al.,
2006). Recent work has demonstrated upregulation of a Class 1 NOX during S. robusta sexual
reproduction (Bilcke et al., 2020). This pathway in S. robusta would be a suitable area to

investigate diatom ROS: Ca* interactions.

Class 2 and 3 proteins have had comparatively little functional characterisation. Red algal Class 2

proteins are implicated in pathogen defence (Luo et al., 2015; de Oliveira et al., 2017) similar to
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plants (Levine et al., 1994; Liu et al., 2010). Class 3 proteins in C. reinharditii may be involved in
autophagy (Pérez-Pérez et al., 2012) and dissipation of excess photosynthetically-derived
reductant (Anderson et al., 2016). Intriguingly, Class 2 diatom NOX proteins predominantly occur
in raphid pennates and the Class 2 protein PtNOX1 was upregulated in the oval morphotype of P.
tricornutum. This is the only P. tricornutum morphotype that possesses a raphe (Lewin et al.,
1958; Ovide et al., 2018). As the raphe allows cell movement on surfaces, this may suggest a link
between cell movement and Class 2 NOX activity. In humans, ROS derived from NOX5 is proposed
to enhance spermatozoa mobility (Musset et al., 2012) while NOX1, 2 and 4 are involved in cell-
cell adhesion (Hurd et al., 2012; Schroder, 2013). Furthermore, there also appears to be a

relationship between light level and NOX expression in P. tricornutum (Laohavisit et al., 2015).

This study also found unusual NOX-like proteins in T. weissflogii and T. pseudonana. These species
were predicted to have NOX proteins, as they produce eROS that can be inhibited through the
NOX inhibitor DPI (Kustka et al., 2005; Laohavisit et al., 2015). Furthermore, a putative protein
resembling a Class 2 NOX has been described in T. pseudonana (Anderson et al., 2011). However,
the present study groups T. pseudonana and T. weissflogii NOX proteins with the NOX-like
proteins (Fig 2.2). NOX-like proteins notably possess a NADH: cytochrome b5 reductase-like region
alongside core NOX structure. NADH: cytochrome b5 reductase proteins are diverse one-electron
reduction enzymes (Percy & Lappin, 2008). One of the enzymes’ known function is the reduction
of oxygen to superoxide (Samhan-Arias & Gutierrez-Merino, 2014). Since the genome of T.
pseudonana was screened, it is unlikely the lack of Class 1-3 NOX proteins is due to transcriptome
sequencing limitations. Therefore, the NOX-like proteins may represent an alternate mechanism

for eROS production, but further validation is required.

2.4.2 T. oceanica-like GR proteins are uncommon in marine diatoms

A recent paper highlighted that eROS production by T. oceanica is due to the activity of GR
proteins (Diaz et al., 2019). GR normally reduces GSSG to glutathione using electrons from
intracellular NADPH as part of the antioxidant response (Noctor & Foyer, 1998). However, a
membrane-bound GR in T. oceanica uses intracellular NADPH to reduce extracellular oxygen to
superoxide (Diaz et al., 2019). Moreover, this finding questioned whether the GR or NOX proteins
are the source of eROS in other marine diatoms. The present study suggests the T. oceanica type
of transmembrane GR is uncommon within marine diatoms (Table 2.5). In contrast to T. oceanica,
the majority of diatom GR proteins tested lack a TMD region (Diaz et al., 2019). Like T. oceanica,
Cylindrotheca closterium also possesses two Group 2 GR proteins with TM domains, potentially
allowing further investigation of the role of diatom GR proteins in generating eROS. However, C.

closterium also possesses a Class 2 NOX protein while T. oceanica has a Class 3 NOX protein. Care
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should be taken if using DPI to reduce eROS production in these species as DPI inhibits both GR
and NOX proteins. Using GSSG as a competitive inhibitor should reveal if the eROS production
originates from a GR protein (Diaz et al., 2019). It also appears unlikely that the GRs in P.
tricornutum, F. solaris or N. punctate are responsible for eROS production, as the GR proteins
belong exclusively to Group 1 and lack TMDs (Fig 2.5, Table 2.5). Until another enzymatic source is
implicated, eROS from these species most likely originates from their respective NOX proteins.

This hypothesis is further tested in Chapter 5.

2.4.3 An evolutionary explanation for diatom NOX diversity

The lack of NOX phylogeny data has limited evolutionary interpretations of NOX proteins but
using diatoms and diverse algal lineages offers new insights. Based on the structural differences of
red algal NOX proteins, it was previously suggested that Class 2 NOX proteins may have diverged
prior to an ancestral NOX protein that evolved into fungal, plant and animal NOX (Zhang et al.,
2013; Kaur et al., 2018), though this is unresolved (Kawahara et al., 2007). The occurrence of Class
1 NOX proteins in diatoms and oomycetes highlights Class 1 NOX proteins are present in many
diverse lineages. Thus, the ancestral NOX proteins evolved very early in eukaryotic evolution and
likely resembled Class 1 NOX proteins (Inupakutika et al., 2016). It follows that Class 2 and 3 NOX
proteins, which have a more limited distribution, evolved after Class 1 proteins. Two possible
evolutionary scenarios may explain why diatoms retained all three NOX Classes (Fig 2.6). In
scenario 1, Class 2 and 3 proteins evolved shortly after the Class 1 NOX protein and the ancestral
species possessed all three NOX Classes. There followed extensive gene loss, predominantly of
Class 2 and 3 as lineages developed, resulting in only red algae, green algae and diatoms retaining
Class 2 and/or Class 3 NOX proteins (Fig 2.6). Class 1 NOX gene loss is common between different
species of the same phyla (Gandara et al., 2017). This scenario suggests Class 1 was preferentially
retained over Class 2 and 3 in most lineages, resulting in wider diversity. In scenario 2, Class 2 and
3 proteins emerged independently in red and green algal lineages and the respective genes were
transferred to diatoms through secondary or tertiary endosymbiosis events. One algal
endosymbiosis theory states the stramenopile ancestor acquired a green algal symbiont that was
subsequently replaced with a red algal symbiont (Dorrell & Smith, 2011; Dorrell et al., 2017).
Scenario 2 suggests the two symbionts transferred their independently acquired NOX proteins to
the host (Fig 2.6). In this scenario, only secondary or tertiary endosymbiotic algae (Bhattacharya
et al., 2004) should have Class 2 or Class 3 NOX proteins outside of the ancestral green and red
algae. A recent study suggested the raphidophyte Chattonella marina and the dinoflagellate
Karenia mikimotoi possess NOX proteins with 10-11 TMDs (Shikata et al., 2019). These species are

also from multiple-endosymbiosis lineages and the number of TMDs suggests a Class 2 NOX
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protein. As scenario 2 requires fewer gene loss events, and Class 2 or 3 proteins are absent in
non-photosynthetic organisms, scenario 2 is the more likely explanation. The endosymbiotic
history of many algae is still unresolved. More studies of NOX protein distribution in relation to
the proposed evolutionary history of different algal classes could shed light on the evolutionary

processes that have given rise to the observed extant distributions.

Scenario 1 Scenario 2
—800 Distoms Diatoms
|
Loy
Loy
Red Algae -0 RedAlgae
|
|
000 ® Green Algae —e— Green Algae
Plants Plants
%% @  Opistokonts L@ Opistokonts
@ Class 1NOX W  Class 1NOX gene deletion event ~ —— ———> Endosymbiotic gene transfer
@ Class 2 NOX ‘ Class 2 NOX gene deletion event
@ Class3NOX ‘ Class 3 NOX gene deletion event

Figure 2.6 Possible scenarios explaining the unusual diversity of NOX proteins in
diatoms.

Scenario 1 suggests the three Classes evolved simultaneously shortly after the initial
development of the ancestral NOX. As lineages split away, gene loss occurred in each
lineage. Only diatoms retained all three Classes. Scenario 2 suggests Class 1 type
proteins resembled the ancestral NOX protein and spread between lineages.
Independent evolution of Class 2 and Class 3 occurred within red and green algae
lineages. These proteins transferred to other lineages through endosymbiotic events

and subsequent gene transfer.

2.4.4 Strategies for identifying future NOX proteins

The functions of putative NOX and FRE proteins are difficult to determine without extensive
experimental analysis. Unfortunately, a conclusive NOX identification motif/residue for
discriminating between the sequences could not be identified, opposing previous suggestions
(Sumimoto, 2008; Zhang et al., 2013; Magnani et al., 2017). Thr178 was the best candidate and

though it occasionally was substituted with a chemically similar serine, it was still absent from FRE
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proteins. Future attempts to identify NOX and FRE would have to be aware of this to avoid
confusion. Class 1 and 2 proteins are easier to identify. Screening for Thr178 alongside
distinguishing structural features such as EF hands in Class 1 and 10 TMDs for Class 2 could
identify NOX from these Classes. In contrast, Class 3 proteins are more difficult, due to greater
structural similarity to FRE proteins and lacking some of the conserved motifs seen in Class 2 and
3 such as Arg256. However, their close phylogenetic relationship to characterised green algal NOX
(Anderson et al., 2016) supports their identity as NOX. Further characterisation and studies using
Class 3 proteins will help. However, as NOX-like and GR (Diaz et al., 2019) proteins have been
shown to potentially contribute to eROS production in other systems, care is required to match
biochemical activity to a specific protein. NOX proteins may be the best characterised eROS

source but are not the sole enzymatic source.

2.4.5 Conclusions

This work has demonstrated the benefit of utilising diverse algal species for understanding the
evolution of the NOX protein family. Diatom NOX proteins are unusually diverse in phylogeny and
structure. The reason for this diversity is unclear but may imply diverse functions for diatom NOX
proteins. Moreover, the diatom diversity has implications for how the NOX protein evolved.
Experimental evidence is important for confirming NOX as the eROS source, especially as there
may be alternative non-NOX sources of eROS in diatoms. While identification of NOX proteins
from sequences is complicated, similar screens of other algal groups can only improve the
understanding of the different NOX Classes and may help identify a universally conserved NOX

motif or residue
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3.1 Introduction

It is increasingly clear that extracellular reactive oxygen species (eROS) production by marine
phytoplankton is widespread (Diaz & Plummer, 2018). The most common ROS are superoxide and
hydrogen peroxide (H,03), which possess longer lifespans than other ROS (Mittler, 2017). ROS can
be formed abiotically through photolysis (Micinski et al., 1993) and interactions with redox-active
compounds (Rose, 2012), whereby electrons reduce molecular oxygen and create ROS variants.
Oceanic steady state levels of superoxide are higher than if solely derived from abiotic means
(Rose et al., 2010; Zinser, 2018; Sutherland et al., 2020) and correlate with chlorophyll a
concentration (Rusak et al., 2011). Furthermore, high steady state levels of ROS are apparent at
depths where photolysis would be reduced (Palenik & Morel, 1988; Rose et al., 2008). Thus,
biologically derived ROS contributes significantly to oceanic steady state concentrations of ROS

(Rose et al., 2008; Diaz et al., 2013; Sutherland et al., 2020).

Biologically derived eROS can be generated through various mechanisms. H,0, is membrane
permeable. Thus respiration- or photosynthesis-derived H,0, can cross membranes and exit the
cell (Palenik et al., 1987; Suggett et al., 2008). External superoxide may also dismutate to H,0..
Due to the charged nature of superoxide, it has low membrane permeability (Hawkins et al., 2007;
Milne et al., 2009) and so external superoxide must be generated by phytoplankton plasma
membrane oxidoreductase proteins, enzymes that catalyse electron transfer between different
molecules (Diaz & Plummer, 2018). The most widely studied transmembrane oxidoreductase
protein is NADPH oxidase (NOX) (Sumimoto, 2008), which transfers electrons from intracellular
NADPH to extracellular oxygen. The NOX enzyme family is widespread, being found in eukaryotes
and prokaryotes (Herve et al., 2006; Kawahara et al., 2007; Anderson et al., 2011; Hajjar et al.,
2017). NOX is also used for diverse functions including defence, intercellular signalling, promoting
cell wall cross linkages, as a growth stimulant and a possible role in electron dissipation for
photosynthesis (Foreman et al., 2003; Monshausen et al., 2007; Miller et al., 2009; Cachat et al.,
2015; Hansel et al., 2016; Diaz et al., 2018).

Some studies have demonstrated that increasing light intensity correlates with greater microalgal
eROS production (Anderson et al., 2016; Schneider et al., 2016). Similarly, phytoplankton trans-
plasma membrane electron transport (TMET), the movement of intracellular electrons through
the plasma membrane to the cell surface, can increase in high light intensities (Lomas et al., 2000;
Li et al., 2015). It is proposed that this is a cellular response to remove excess electrons derived
from increased photosynthetic activity during high light conditions (Davey et al., 2003). Thus, it
acts as safety valve relieving the cell of excess reductant (Niyogi, 2000), alleviating potential

internal electron leakage and subsequent oxidative stress. The rate of TMET in phytoplankton
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varies between species and there is significant interest in exploiting it for electricity production
through biophotovoltaic devices (Bombelli et al., 2011; McCormick et al., 2015; Anderson et al.,
2016). NOX may be a significant contributor to TMET as the NOX inhibitor diphenyleneiodonium
chloride (DPI) significantly reduces TMET in the diatom Thalassiosira weissflogii (Davey et al.,
2003). However, in other algae, such as iron deficient Chlamydomonas reinharditii, DPI has only a
small effect on TMET (Eckhardt & Buckhout, 1998), suggesting that other oxidoreductase enzymes

may be primarily responsible for TMET (Jones & Morel, 1988; Lynnes et al., 1998).

Amongst phytoplankton, diatoms display constitutive production of eROS in contrast to oxidative
bursts seen in other algae (Bouarab et al., 1999; Kupper et al., 2002). There is also great variability
in per-cell production of superoxide and H,0, between species, with the centric diatom
Thalassiosira weissflogii and the toxic pennate species Pseudo-nitzschia sp. having high
production rates (Schneider et al., 2016; Diaz et al., 2018). Most studies have shown that diatom
eROS production is greater in light than darkness (Milne et al., 2009; Schneider et al., 2016; Diaz
et al., 2019). However, dark diatom eROS production rates can still be substantial (Diaz et al.,
2018). Regarding diatom TMET, the limited work has focused on electrons reducing external Fe**
to Fe?* (Nimer et al., 1998, 1999). Species differences are apparent with T. weissflogii having
particularly high TMET activity (Nimer et al., 1999; Davey et al., 2003). In contrast to diatom eROS
production, increasing light intensities (>180 umol photons m2 s) have been shown to decrease
TMET in four diatoms tested (Davey et al., 2003). This discrepancy between TMET and eROS
production hasn’t been explored further. However, T. weissflogii TMET and eROS production are
both reduced in the presence of DPI (Davey et al., 2003; Kustka et al., 2005), implicating the

involvement of NOX proteins in both activities.

In this chapter, eROS production and TMET activity were investigated in three marine diatoms:
one centric (T. weissflogii), one raphid pennate (Phaeodactylum tricornutum), and one araphid
pennate (Asterionellopsis glacialis). These represent three different NOX classes reported in the
previous chapter. T. weissflogii has an atypical NOX-like protein (see Chapter 2) but has been the
diatom species most frequently used for measuring eROS production. P. tricornutum has a Class 2
NOX protein. TMET and eROS production are uncharacterised in A. glacialis, though it is predicted
to have Class 1 and Class 3 NOX proteins (see Chapter 2). Comparing TMET and eROS production
in these three different species allowed better understanding of the dynamics of diatom TMET
and eROS production. It is shown that there are clear species differences in TMET and eROS
production. Furthermore, light intensity caused complex effects depending on the species or

assay examined.
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3.2 Methods

3.2.1 Cell culture and physiology measurements

A. glacialis (PLY 607) and T. weissflogii (PLY 541) were acquired from the Plymouth Culture
Collection. P. tricornutum (CCAP1055/1) was acquired from Culture Collection of Algae and
Protozoa (SAMS limited, Scottish Marine Institute (Oban, UK)). Diatoms were grown in F/2 +Si
medium (Guillard & Ryther, 1962) derived from twice filtered seawater (FSW, 0.2 um prefilter
(Sartorius, England) followed by 30 kilodalton filter (GE Healthcare, UK)) collected at site L4 (50°
15.00' N, 4° 13.02' W) in the English Channel. All species were cultured on a 16:8 hour light: dark
cycle, at 40-45 umol m2 s photon flux density, measured using a LI-250A light meter (LI COR,
USA). Cell culture flasks (green plug tissue culture, SARSTEDT, Germany) were manually shaken
once per day. P. tricornutum was maintained at 18°C and T. weissflogii and A. glacialis were
maintained at 15°C. Cell counts were undertaken using a Beckman Coulter counter for P.
tricornutum, a haemocytometer for A. glacialis and a Sedgewick Rafter counting chamber for T.
weissflogii. Cells used for experiments were taken from early to mid-exponential growth. P.
tricornutum density was 3-4.5x10° mL?, T. weissflogii was 1-1.5x10° mL* and A. glacialis was 2.5-
4x10° mL. Maximum quantum efficiency of photosystem Il (Fv/Fm) was measured using an
AquaPen 110-C fluorimeter (Photon Systems Instruments, Czech Republic) after dark adapting

cells for 20 min.

322 Chemical preparation

100 mM potassium ferricyanide (Ks[Fe (CN)e], Sigma-Aldrich) and 100 mM potassium ferrocyanide
(Ka[Fe (CN)g], Sigma-Aldrich) working stocks were prepared in FSW the day prior to experiments
and were kept in the dark until use. Working stocks (1 mg mL™) of OxyBURST™ Green H,HFF-BSA
(Thermo Fisher Scientific) were made by dissolving powder in 1 mL of phosphate buffered saline
(PBS) solution as per manufacturer’s instruction. These working stocks were maintained at 4°C
wrapped in foil. Diphenyleneiodonium chloride (DPI, Sigma-Aldrich) was dissolved in DMSO (1
mM working stock) while 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU, Sigma-Aldrich) was
dissolved in ethanol (10 mM working stock). During potassium ferricyanide or OxyBURST assays,
inhibitors were added 1 min prior to OxyBURST or ferricyanide addition at a concentration of 1

uM for DPI (0.1% v/v DMSO) and 10 uM for DCMU (0.1% v/v ethanol).
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3.2.3 Potassium ferricyanide reduction assay for TMET

The methodology from Davey et al., (2003) using 420 nm absorbance of potassium ferricyanide
was adapted to measure ferricyanide reduction activity (FCR) as a proxy for TMET. Potassium
ferricyanide has a maximum absorbance at 420 nm, whereas potassium ferrocyanide has minimal
absorbance. Therefore, electron reduction of ferricyanide to ferrocyanide results in a decrease in
420 nm absorbance. For each FCR measurement, 4 mL of cells were removed from culture flasks
into clear plastic tubes (Thermo Fisher Scientific). Filtered seawater (FSW) was used as a blank
control. Potassium ferricyanide (250 uM) was added to cells and blank control, and 1 mL of
medium was immediately removed for baseline absorbance. The sample was centrifuged (13,000
g, 2 min) with the supernatant (3x 200 uL) added to a clear 96 well plate (SARSTEDT, Germany).
Absorbance was measured in a plate reader (CLARIOstar Plus, BMG Lab Tech, Germany) at 420
nm. The remaining medium in tubes were returned to their respective temperature-controlled
rooms. After two hours, the process was repeated as above for an end time measurement. The
difference in 420 nm absorbance at 0 and 2 hours for each sample was calculated and adjusted
for background ferricyanide reduction by removing the change in the blank sample. A standard
curve of 420 nm absorbance vs potassium ferricyanide concentration was generated (Fig 3.1) and
used to calculate the moles of ferricyanide reduced per cell and unit time, creating the

ferricyanide reduction activity (FCR) value. Each measurement was taken in triplicate.
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Figure 3.1 A standard curve of 420 nm absorbance vs potassium ferricyanide

concentration.
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Equation for line of best-fit (linear regression) Y=0.0005x. This equation was used to
calculate the amount of ferricyanide reduced per sample in each experiment. R?

=0.9998.

3.24 OxyBURST Green assay for eROS production

OxyBURST™ Green H,HFF-BSA (Thermo Fisher Scientific) was used to measure eROS production.
OxyBURST consists of a reduced dye H,HFF conjugated to bovine serum albumin, ensuring the
dye-protein conjugate is too large to enter cells. Thus, only eROS can oxidise the dye, causing an
increase in dye fluorescence (Fc OxyBURST Assay Reagents,
https://www.thermofisher.com/order/catalog/product/013291#/013291). Experiments were
designed to resemble the FCR assay. 4 mL cells or FSW (as a blank control), were extracted in
triplicate and added to clear plastic tubes. OxyBURST was added to cells and FSW control (final
concentration 2 ug mL?). 1 mL of sample was removed and centrifuged (13,000 g, 2 min) before
supernatant (3 x 200 uL) was transferred into a flat black, 96 well plate (Greiner). Fluorescence
was measured in a plate reader (CLARIOstar Plus, BMG Lab Tech) (excitation: emission at 475:515
nm) at time point zero. The remaining medium in tubes were returned to their respective
temperature-controlled rooms and another sample was processed 2 hours later. Each light
intensity FSW control values were subtracted from cell data. Values were then expressed as the

relative change in fluorescence compared to each experiment listed control.

3.2.5 Light intensity

Following TO measurement, three light levels were tested in both assays. For darkness samples,
tubes were wrapped in aluminium foil (representing 0 pmol photons m2 s photon flux density)
until measurement 2 hours later. Light treatments were generated by placing tubes at different
distances to LED solid-state strips within the respective temperature controlled culture room.
Medium light (ML) conditions were kept at 40-45 umol photons m2 s, This is the light intensity
cells were cultured at. LED solid-state strips were used for high light treatments (HL) of 200 umol
photons m s1, For each light intensity, a respective blank control was used to ensure
normalisation of values in case light intensity affected the assay baseline absorbance or

fluorescence.

3.2.6 Statistical analysis

All statistics were calculated using Sigma Plot 14 statistical software. Data were tested for

normality and equality of variance using Shapiro-Wilk and Brown-Forsythe tests. If data passed
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both tests, datasets were analysed using a one-way ANOVA and Tukey post hoc tests. If datasets
failed precursor tests, datasets were analysed using a Kruskal-Wallis one-way analysis of variance

on ranks and a Tukey post hoc test. Statistical significance of data was indicated if P<0.05.
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3.3 Results

3.3.1 Validation of FCR assay

To validate the FCR assay, several preliminary experiments were carried out. T. weissflogii has
high constitutive FCR activity (Davey et al., 2003) so was used to test the assay validity by
measuring 420 nm absorbance under different conditions (Fig 3.2). Samples containing potassium
ferrocyanide or T. weissflogii + potassium ferrocyanide had low absorbance and no significant
change in absorbance was seen after two hours. In comparison, potassium ferricyanide
absorbance was much higher but also did not change in two hours. As anticipated, the only

significant change seen was in T. weissflogii + 250 uM potassium ferricyanide (one-way ANOVA,

P=0.013).
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Figure 3.2 Comparison of 420 nm absorbance in the presence of potassium
ferricyanide or potassium ferrocyanide.

Change in 420 nm absorbance was measured with different combinations of
potassium ferricyanide or ferrocyanide with different media. Absorbance was
measured at the start of the experiment (t-0) and after 120 min (t-120). Differences
were tested using one-way ANOVA. * P=<0.05. ns = no significant difference. Error
bars represent standard deviations based on three biological replicates with three

technical replicates.
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3.3.2 Comparison of baseline FCR activity and eROS production

An initial comparison of the relative FCR activity of the three species was investigated at 45 umol
photons m st light intensity (Fig 3.3A). T. weissflogii FCR activity of 12 femtomole cell* min! was
significantly higher than A. glacialis (one-way ANOVA, P=<0.001) and two orders higher than P.
tricornutum (one-way ANOVA, P=<0.001). A similar pattern was observed in the OxyBURST assay.
T. weissflogii had the highest per-cell eROS production, followed by A. glacialis and P. tricornutum
(Fig 3.3B). However, after the dataset failed a test of normality, only T. weissflogii and P.

tricornutum were significantly different (Kruskal-Wallis, P=<0.05).
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Figure 3.3 Baseline comparison of (A) FCR activity and (B) eROS production
between three test species.

Data are representative of the three species sampled at mid exponential phase of
growth, but data were obtained in separate independent experiments. OxyBURST
values are normalised to change in fluorescence in T. weissflogii (AF cell™* min™t).

Statistical comparison used a one-way ANOVA with Tukey post hoc test for FCR and a

61



Chapter 3

Kruskal-Wallis test on ranks with Manns Pairwise Multiple Comparison test for eROS
production. Different letters indicate statistical significance (P=<0.05). Error bars
indicate standard deviation of three-four biological replicates with three technical

replicates.

3.3.3 Effect of NOX inhibition on FCR activity and eROS production

DPl irreversibly inhibits the FAD domain of NOX, preventing electron transport so it was predicted
that DPI would reduce both FCR and eROS production. 1 uM DPI caused a reduction but not
complete inhibition in FCR and eROS assays in T. weissflogii and P. tricornutum (Fig 3.4). In T.
weissflogii, DPI decreased FCR activity by 23% (one-way ANOVA, P=<0.001) and eROS by 79%
(P=<0.001) whereas in P. tricornutum, DP| decreased FCR activity by 24% (P=<0.05) and eROS
production by 68%. DPI had no effect on FCR in A. glacialis (Fig 3.4) (P=0.102) but significantly
decreased eROS production by 30% (Fig 3.5) (P=<0.05).
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Figure 3.4 The effect of DPI on FCR activity.

replicates with three technical replicates.
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Following 1 uM DPI addition, a reduction in FCR activity was seen after two hours. A
one-way ANOVA showed significant differences in T. weissflogii and P. tricornutum. *

P=<0.05. ** P<0.001. Error bars show standard deviations based on three biological
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Figure 3.5 The effect of DPI on eROS production.

Following pretreatment with 1 uM DPI, OxyBURST fluorescence was reduced in
species after two hours compared to control treatment. Only P. tricornutum was
tested with a DMSO blank control. A one-way ANOVA tested for significant

differences between treatments and control. * P=<0.05. ** P<0.001. Error bars show
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standard deviations based on three biological replicates with two-three technical

replicates.

The OxyBURST assay with P. tricornutum was the only test that used a DMSO control. Surprisingly,
0.1% v/v DMSO significantly reduced eROS production by 38% (Fig 3.5). The difference in
reduction between DMSO and DPI was still significant (P=<0.05). The effects of DMSO and ethanol
on both the FCR and OxyBURST assays were tested further with P. tricornutum. Both solvents had
no significant effect on FCR activity (one-way ANOVA, P=0.683), though there was unusually large
variability within the data (Fig 3.6A.) Surprisingly, solvents had strong effects in the OxyBURST
assay (Fig 3.6B). Though 0.1% v/v ethanol reduced eROS production, this reduction was not
statistically significant (Kruskal-Wallis one-way analysis of variance on ranks, P=0.372). 0.1% v/v
DMSO significantly reduced eROS production (Kruskal-Wallis one-way analysis of variance on
Ranks, P=0.020). To account for this, A. glacialis and T. weissflogii DP| values were normalised to
account for DMSO reduction. DMSO was assumed to account for a 38% reduction of DPI values. In
T. weissflogii, DMSO adjusted DPI was 41% lower than control treatment and still significantly
different to the control (one-way ANOVA, P=0.020). In A. glacialis, DMSO adjusted DPI values

were not significantly reduced compared to control A. glacialis (one-way ANOVA, P=0.308).
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Relative change in fluorescence
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Figure 3.6 The effect of solvents on FCR activity and eROS production in P.
tricornutum.

P. tricornutum was incubated with either 0.1% v/v ethanol, or 0.1% v/v DMSO with
either 250 uM potassium ferricyanide or 2 ug mL™* OxyBURST for two hours. The
OxyBURST values are shown relative to the total change in fluorescence in the
untreated P. tricornutum control. FCR values were tested for statistical differences
using a one-way ANOVA. OxyBURST values failed a Shapiro-Wilk test of normality so
a Kruskal-Wallis one-way analysis of variance on ranks assessed statistical difference
comparing differences to the control. *= P<0.05. Error bars show standard deviation

based on three biological replicates with three technical replicates.
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3.3.4 Effect of light intensity on FCR

FCR activity was investigated under darkness, medium light (ML, 45 pmol photons m2s?), high
light (HL, 200 umol photons m2 s?) and with the photosynthesis inhibitor DCMU added in ML (Fig
3.7.). Compared to darkness control, ML significantly reduced FCR only in T. weissflogii (P=0.019).
However, HL completely inhibited FCR activity in all species (one-way ANOVA, P<0.001). 10 uM
DCMU had no effect on P. tricornutum but significantly reduced FCR compared to darkness and

ML in A. glacialis and T. weissflogii (P=<0.001).
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Figure 3.7 Effect of light intensity and the photosynthesis inhibitor DCMU on FCR
activity.

FCR activity was compared in darkness, medium light (ML, 40 umol photons m? s?)
and high light (HL, 200 pmol photons m2 s2). Inhibition of photosynthesis with 10 uM

DCMU, dissolved in ethanol, was tested at ML conditions. Statistical comparison used
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a one-way ANOVA with Tukey post hoc test. Different letters indicate statistical

significance (P=<0.05). Error bars show standard deviation based on three replicates

with three technical replicates.

3.35 Effect of light intensity on eROS production

Light intensity effects were then tested on diatom eROS production. Light intensity significantly
affected eROS production (Fig 3.8). ML and HL treatments significantly enhanced A. glacialis and
P. tricornutum eROS production (one-way ANOVA, P=<0.05) compared to the darkness control.
However, ML or HL had no significant effect on eROS in T. weissflogii. 10 uM DCMU significantly
enhanced eROS production in all species. No ethanol control was used for the OxyBURST assays
for DCMU addition. However, as 0.1% v/v ethanol reduced control fluorescence, and eROS
production increased in all DCMU assays, the actual DCMU increase may be higher than seen in

the graphs.
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Figure 3.8 Effect of light intensity and the photosynthesis inhibitor DCMU on eROS

production.

eROS production by each species, monitored through OxyBURST fluorescence.

Changes in fluorescence are normalised to the darkness control. Medium light

intensity is 45 umol photons m2 s and high light (HL) is 200 umol photons m2 s, 10

UM DCMU, dissolved in ethanol, was added under ML conditions. Statistical
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comparison used a one-way ANOVA with Tukey post-hoc test. Different letters
indicate statistical significance. Error bars show standard deviation based on three

replicates and three technical replicates.
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3.4 Discussion

3.4.1 Diatom species differences in TMET and eROS production

In this chapter, eROS production and FCR activity as a proxy for TMET were measured in three
marine diatoms under different conditions. Clear distinctions were seen between the three
species. T. weissflogii had a substantially higher constitutive rate of FCR than A. glacialis and P.
tricornutum and a higher eROS production rate than P. tricornutum. Phytoplankton eROS
production rates are diverse, even between species of the same genus (Marshall et al., 2005b;
Schneider et al., 2016). This diversity is emphasised here by the first measurements of FCR in P.
tricornutum, and relative eROS production and FCR in A. glacialis, further highlighting species
differences in baseline production. The calculated FCR values of T. weissflogii (12-15 fmole cell?
min™vs 0.1-10 amol FCR cell um2 min) are comparable to a previous study (Davey et al., 2003).
T. weissflogii has one of the highest measured rates of diatom FCR and eROS production (Davey et
al., 2003; Milne et al., 2009; Schneider et al., 2016), along with T. eccentrica (Davey et al., 2003)
or Pseudo-nitzschia sp. (Diaz & Plummer, 2018; Diaz et al., 2018). Typically, the highest per cell
levels of superoxide stem from toxic raphidophytes or dinoflagellates (Marshall et al., 2005b; Diaz
et al., 2018), where the high eROS production is suggested to contribute significantly to the
species toxicity (Oda et al., 1998; Kim et al., 1999; Yamasaki et al., 2004). T. weissflogii is not a

toxic alga, so an alternate function for its high eROS production must exist.

3.4.2 NOX involvement in TMET and eROS production

There is likely underlying mechanistic diversity between diatom FCR activity and eROS production
based on the effects of DPI. DPI has been widely used to inhibit NOX activity (Kupper et al., 2001;
Foreman et al., 2003; Lara-Ortiz et al., 2003; Wong et al., 2004; Lardy et al., 2005) and the
significant reduction of FCR and eROS production in P. tricornutum and T. weissflogii in the
presence of DPI supports NOX involvement in these species. As FCR activity in these species was
less severely affected by the presence of DPI than eROS production (20-30% reduced FCR activity
vs 70-80% reduced eROS production), a significant proportion of FCR activity likely originates from
DPl-insensitive TMET enzymes. DPI has previously been shown to have limited effect on C.
reinharditii TMET for iron reduction (Eckhardt & Buckhout, 1998). Other phytoplankton TMET
enzymes include nitrate reductase and ferric reductase but their respective activities have not
been tested in the presence of DPI (Jones & Morel, 1988; Lomas et al., 2000; Lomas & Glibert,
2000; Maldonado & Price, 2001). The greater sensitivity of eROS production to DPI suggests eROS
production is a better indicator of NOX activity. However, there is also species diversity as eROS

production in A. glacialis was less sensitive to DPI than P. tricornutum and T. weissflogii. As
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recently demonstrated with glutathione reductase (GR) in T. oceanica (Diaz et al., 2019), there

may be greater enzymatic diversity in diatoms for eROS production.

The low concentration of DPI used could also explain the incomplete reduction of eROS and FCR.
There is no consensus for what concentration of DPI is suitable for complete eROS inhibition
within phytoplankton (Eckhardt & Buckhout, 1998; Rose et al., 2005; Anderson et al., 2016).
Marine diatoms have been treated with DPI concentrations ranging from 2-60 pM DPI (Davey et
al., 2003; Kustka et al., 2005; Diaz et al., 2019), with 10 uM DPI reducing T. weissflogii FCR by 75%
(Davey et al., 2003) and 20 uM DPI completely inhibiting P. tricornutum eROS production
(Laohavisit et al., 2015). This implies using >1 uM DPI would result in greater eROS or FCR
inhibition. However, in C. marina increasing DPI concentration from 1 uM to 50 uM did not result
in complete inhibition of extracellular superoxide production (25% inhibition to 50% inhibition)

(Kim et al., 2000).

Furthermore, caution is needed when using DPI. DPI is a flavoprotein inhibitor, binding
irreversibly to the FAD domain that is present in NOX proteins and the NOX-like protein of T.
weissflogii. Flavoproteins are widespread and versatile proteins (Massey & Hemmerich, 1980;
Hefti et al., 2003). Therefore, using high DPI concentrations risks inhibiting other flavoproteins
and negatively affecting cellular function. The reduction in eROS production or FCR activity may
be due to DPI toxicity and not NOX inhibition. However, while 1 uM DPI may not completely
inhibit extracellular activity, there is less likelihood of non-specific toxicity (Riganti et al., 2004) as

plasma membrane NOX proteins are more likely targeted over intracellular flavoproteins.

3.4.3 Light intensity effects on TMET and eROS production

Light intensity had complex effects on eROS production and FCR activity, with each species
showing different responses (Fig 3.9, Table 3.1). However, there were broad patterns. Medium
light increased eROS production (A. glacialis, P. tricornutum) and decreased FCR activity (all
species). DCMU addition increased eROS production (all species) and decreased FCR activity (A.
glacialis, T. weissflogii). The contrasting effects of high light, which decreased diatom FCR but
increased eROS matches previous observations (Davey et al., 2003; Laohavisit et al., 2015;
Schneider et al., 2016; Diaz et al., 2019), though this is the first study to directly compare the two
assays. Furthermore, lower light intensities were required in the present study for FCR inhibition
(complete inhibition at 200 umol photons m™ s vs 50% inhibition at 380-880 umol photons m2 s
1) (Davey et al., 2003). High light inhibition of FCR has been proposed to result from reduced
generation of non-photosynthetic sources of reductant such as the oxidative pentose phosphate

pathway (OPP) (Davey et al., 2003). However, the lack of inhibition of eROS production in high
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light in A. glacialis and P. tricornutum (Fig 3.8) suggests the source of reductant is not a limiting
factor. Several studies have shown high light can trigger increased photosynthetically-derived ROS
in plants and algae (Suggett et al., 2008; Waring et al., 2010; Exposito-Rodriguez et al., 2017;
Mizrachi et al., 2019). The increased eROS production in high light could originate from increased
cellular H,0, diffusing out of the cell and oxidising the dye. However, previous work with
OxyBURST has suggested the dye is more specific to superoxide than H,0, (Monshausen et al.,
2007), implicating a membrane oxidoreductase source. Thus, a clear explanation for the findings
is not immediately obvious. Increasing TMET and eROS production during high light have both
been suggested as phytoplankton strategies to dissipate excess reductant (Lomas et al., 2000;
Davey et al., 2003; Hansel et al., 2016; Diaz et al., 2019). As the present work has demonstrated
significant mechanistic differences between TMET and eROS production in marine diatoms (Fig
3.7, 3.8), perhaps eROS production is prioritised for high light derived electron dissipation over
other TMET mechanisms. As extracellular O, is an abundant electron acceptor compared to other
acceptors such as Fe3* (Kustka et al., 2005), eROS production may represent a more viable
electron dissipation mechanism. In high light, eROS producing enzymes may be upregulated while
other TMET enzymes such as ferric reductase may be downregulated. Hence, increased eROS
production but overall reduced TMET activity. However, further work comparing gene expression
or enzyme activity of different TMET enzymes under high light would be required to test this and
explain the discrepancy between eROS and TMET.

Table 3.1 Comparison of the responses of each species to different treatments in

each assay.

The effects shown indicate significant differences to the darkness control.

A. glacialis P. tricornutum T. weissflogii

FCR activity

Medium light - - J
High light NP NP J
10 uM DCMU J - N2
eROS production

Medium light P T -
High light T T -
10 uM DCMU P T T
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Darkness ML
H,0, H,0,

HL H,0, DCMU H,0,

H:0: o,
Figure 3.9 . A generalised model for how light intensity may affect marine diatom
TMET and eROS production.

Under different conditions, electrons are directed to oxidoreductase enzymes (red
arrows), NOX enzymes (blue arrows), ferric reductase enzymes (brown arrows) or to
intracellular oxygen (black arrows). Electrons are supplied from the mitochondria or
chloroplast. Chi= chloroplast, Mt= mitochondria, NOX= NADPH oxidase, FRE= ferric

reductase, OR= other general oxidoreductase proteins.

The results following DCMU addition highlights another interesting research area: the source of
intracellular electrons. DCMU inhibits electron flow through PSII, preventing O, evolution and the
formation of NADPH (Miura et al., 1981) which is the electron source for several oxidoreductase
enzymes. Previous work has shown DCMU reduces TMET in several microalgae and cyanobacteria
(Lynnes et al., 1998; Weger & Espie, 2000; Davey et al., 2003; Bombelli et al., 2011), which has
also been shown here in A. glacialis and T. weissflogii (Fig 3.7). This supports photosynthetically
derived NADPH as the primary supplier of electrons for TMET in several algal species. In other
microalgae (C. marina, Heterosigma akashiwo), DCMU has no immediate effect on eROS
production (Oda et al., 1998; Marshall et al., 2002; Liu et al., 2007). However, DCMU increased
eROS production in all three diatoms. Though DCMU can generate chloroplast superoxide in

plants (Ozgur et al., 2015), the low membrane permeability of superoxide and the previously
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mentioned specificity of OxyBURST to superoxide over H,0, suggests an enzymatic source over
cellular diffusion. It is unclear why inhibiting PSIl would increase enzymatic eROS production.
However, it does suggest other non-photosynthetic electron sources are available to diatoms.
One option is increased OPP activity, which can generate cytoplasmic NADPH (Gruber et al., 2009;
Osada et al., 2017). C. reinharditii can increase production of OPP components in darkness, to
maintain high dark TMET activity (Xue et al., 1998). Alternatively, a NADPH pool may exist. DCMU
only reduced C. marina superoxide production after five hours exposure (Marshall et al., 2002),
which could support the presence of a reductant pool. If there is a comparable NADPH pool within
diatoms, a two-hour experiment may not deplete the pool enough for a reduction in TMET or
eROS. Future investigations into diatom TMET or eROS production should consider monitoring

how assay activity changes over an extended time period.

T. weissflogii unusually maintained high eROS and FCR activity in darkness. While contrasting
previous work reporting T. weissflogii eROS production increases with light (Milne et al., 2009;
Schneider et al., 2016), the high FCR activity and eROS production regardless of light intensity
suggests photosynthesis is not the primary electron source for maintaining high TMET in T.
weissflogii (Davey et al., 2003). Only Pseudo-nitzschia sp. has displayed comparably high dark
production of eROS amongst diatoms (Diaz et al., 2018), which also may have a similar electron
supply. This constitutive production in all conditions reaffirms the species difference in diatom
reductant generation. Whether the uniqueness of T. weissflogii relates to its NOX-like protein

(Chapter 2), rather than a traditional NOX, could be worth investigating further.

3.4.4 Conclusions

This study characterised the dynamics of eROS production and TMET in three diatom species.
While there are species specific differences, there are broad consistencies with previous
literature. T. weissflogii has high rates of eROS production and TMET compared to P. tricornutum
and A. glacialis. DPI strongly inhibited eROS production in T. weissflogii and P. tricornutum,
supporting NOX involvement. The reduced effect of DPI on FCR suggests NOX has a relatively
small involvement in TMET. Therefore, FCR is a less viable method for measuring NOX activity.
Finally, light intensity has diverse effects depending on the species monitored. A. glacialis and P.
tricornutum demonstrate similar patterns, suggesting photosynthesis and light play important
roles in supplying electrons for TMET and eROS. T. weissflogii is affected to a lesser degree, with
only HL and DCMU reducing its capacity for TMET, hinting at specialised cellular mechanics to
facilitate this. The differences seen between these species demonstrate complex mechanics

involved in plasma membrane electron transport and ROS generation.
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Chapter 4  Using the fluorescent biosensor roGFP2-Orp1l
to explore H,0, dynamics in Phaeodactylum

tricornutum
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4.1 Introduction

Reactive oxygen species (ROS) are an unavoidable metabolic by-product within cells and have
important consequences for cellular physiology. They form through incomplete reduction of
oxygen, which commonly occurs in metabolic pathways (photosynthesis, respiration) that incur
electron leakage from electron transport chains. There are different types of ROS (superoxide,
hydrogen peroxide, hydroxyl radicals) with different chemical properties and sources (Mittler,
2017). ROS are strong oxidants and in high concentrations cause extensive damage to cellular
machinery, leading to oxidative stress. Cells have developed an array of antioxidants to detoxify
ROS, using small molecular weight molecules such as glutathione in conjunction with specific
enzymes such as glutathione reductase, superoxide dismutase or ascorbate peroxidase (Noctor &

Foyer, 1998; Miller, 2012).

Despite the risk of oxidative stress, ROS are important for healthy cell metabolism (Mittler et al.,
2011). ROS can oxidise protein thiol groups on cysteine residues, altering the protein structure
and function. Thus, the ‘redox state’ of the cell, and the tendency of protein cysteine residues to
be oxidised, changes with the production and scavenging of cellular ROS, resulting in altered
signalling pathways (Mittler et al., 2011). A common pathway that incorporates ROS signalling is
programmed cell death (PCD), where exceeding a threshold level of ROS triggers a signalling
pathway resulting in a controlled death. ROS-associated PCD occurs in many species including
unicellular organisms (Murik & Kaplan, 2009; Farrugia & Balzan, 2012; Gallina et al., 2015; Petrov
et al., 2015) and ROS can also act as a stress signal (Rijstenbil et al., 1994; Morelli & Scarano,
2004). Furthermore, the type of ROS produced potentially allows specificity with respect to the
target (D’Autréaux & Toledano, 2007). In particular, hydrogen peroxide (H.0,) may act as a highly
suitable signalling molecule as it is relatively stable, membrane permeable and strongly targets
cysteine residues, allowing greater spatial and temporal influence (Miller et al., 2009; Mittler,

2017; Smirnoff & Arnaud, 2019).

Certain environmental conditions can affect cellular ROS production in microalgae, triggering
cellular responses. Nutrient stress (Allen et al., 2008; Rosenwasser et al., 2014), salinity (Rijstenbil,
2003; Hernando et al., 2015), high light exposure (Waring et al., 2010), viral infection (Evans et al.,
2006) and CO; limitation (Vardi et al., 1999) can generate intracellular ROS, altering cellular
response. Extracellular sources of ROS, originating from biotic sources such as enzymatic activity
(Kustka et al., 2005; Marshall et al., 2005a) or abiotic sources such as light-stimulated splitting of
oxygen (Micinski et al., 1993), can also affect cells. Oceanic steady-state ROS levels typically range
from pico- to nanomolar concentrations (Rose, 2012; Zinser, 2018), often varying with depth, type

of ROS and time of day (correlating with sunlight) (Rose et al., 2008; Shaked et al., 2010; Diaz et
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al., 2016). Changing concentrations of ROS and alterations to the cellular redox state are likely
frequent occurrences for photosynthetic microalgae. Unsurprisingly, ROS can have complex
impacts on cells. Pre-exposure of H,0; in plants, microalgae and macroalgae promotes expression
of stress genes and enhances survival to subsequent stress (Dring, 2005; Hossain et al., 2015). For
example, H,0; triggers protective encystment in the dinoflagellate Lingulodinium polyedrumand
(Ganini et al., 2013). In contrast, pre-treatment of H,0,to Chlamydomonas reinharditii results in
sensitisation to future stresses (Murik & Kaplan, 2009; Murik et al., 2014). Complex bimodal
threshold responses to increasing concentrations of H,O, also occur in some mammalian cells

(Kaneko et al., 1994; Nakamura et al., 2003).

Various methods exist for the detection and quantitation of ROS. These include fluorescent dyes
such as 2',7'-dichlorodihydrofluorescein diacetate (H,DCF-DA) or dihydrorhodamine 123 (DHR)
(Coelho et al., 2002; Gallina et al., 2014), chemiluminescent dyes such as methyl Cypridina
luciferin analog (MCLA) (Kustka et al., 2005) or conversion of tetrazolium compounds such as
nitroblue tetrazolium chloride (NBT) or 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide (XTT) (Waring et al., 2010; Laohavisit et al., 2015). However, several problems are
associated with these methods. They are often non-reversible and lack specificity (particularly in
fluorescent dyes), resulting in reduced reliability and artefact generation. Furthermore, some dyes
generate intermediate radicals that cause artificial inflation of fluorescence values (Dikalov &
Harrison, 2012; Kalyanaraman et al., 2012). To avoid these issues, there has been a shift towards
the introduction of genetically encoded fluorescent redox biosensor proteins in amenable species.
Here, the fluorescence of the expressed protein changes depending on the concentration of the
ROS substrate. Biosensors use reversible target binding, allowing live cell imaging of dynamic
responses. Moreover, using ratiometric biosensors (whereby the protein fluorescence spectrum
changes with ROS concentration) allows reliable measurements regardless of reporter
concentration. A number of redox biosensors exist using redox-sensitive green (roGFP2) or yellow
(rxYFP) fluorescent proteins to detect cellular redox state changes (Ren & Ai, 2013; Schwarzlander
et al., 2016). These biosensors have two engineered cysteine residues susceptible to ROS
oxidation. ROS oxidation creates a disulphide bond that alters the biosensor structure, affecting

fluorescence properties.

Specialised ROS biosensors include the H,0; specific biosensors HyPer (Belousov et al., 2006) and
roGFP2-Orp1 (Gutscher et al., 2009) and a probe for glutathione redox potential, roGFP2-Grx1
(Gutscher et al., 2008). roGFP2-Orp1 and HyPer have different mechanisms for targeting H,O, (Fig
4.1.). roGFP2-Orp1 functions by a redox relay system utilising a yeast peroxidase, Orp1. Only H,0,
can oxidise Orp1, generating a disulphide bond in the Orp1 domain. The oxidation transfers to

roGFP2, altering its fluorescence (Gutscher et al., 2009). The HyPer biosensor consists of circularly
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permuted YFP coding sequence conjugated to the regulatory domain of the H,0O; sensing protein
OxyR from Escherichia coli. H,0, binds to the OxyR domain and the consequent disulphide bond
alters the conformation of HyPer, altering its fluorescent properties (Belousov et al., 2006). These
biosensors can reveal intimate dynamics of H,0; signalling. Recently, plants expressing HyPer or
roGFP2-Orpl were used to investigate high light derived H,0; chloroplast signalling and H,0,
crosstalk with hydrogen sulphide (Exposito-Rodriguez et al., 2017; Scuffi et al., 2018; Nietzel et al.,
2019). Of the two H,0, biosensors, HyPer has a greater dynamic range compared to roGFP2-Orp1.

However, HyPer is pH sensitive and so is unsuitable in certain situations (Schwarzlander et al.,

2016).
HyPer
SH SOH
H2O2 i
—_— |
SH SH *
A 1
I____________________________l
GSH/Grx
roGFP2-Orpl
Trx
T e i e e 1
A\ 4
. B — 1
HS HS
A 1

GSH/Grx
Figure 4.1 Comparison of the differing methods of action for H.O, sensing in HyPer
and roGFP2-Orpl.
Figure taken from Van Laer & Dick, (2016). Green regions indicate reduced
fluorescent domains. Blue regions indicate oxidised fluorescent domains. Red regions
indicate H,0, specific binding domains. Glutathione/glutaredoxin (GSH/Grx) and/or

thioredoxin (Trx) binding reduces biosensors.

Recently, roGFP2 expressed in Phaeodactylum tricornutum and Thalassiosira pseudonana has
highlighted localised redox state signalling in response to environmental conditions (Rosenwasser
et al., 2014; Volpert et al., 2018). For example, nitrate starvation or high light stress trigger
chloroplast oxidation (Rosenwasser et al., 2014; Mizrachi et al., 2019) while infochemicals
(decadienal, cyanogen bromide) oxidise the mitochondria in P. tricornutum (Graff van Creveld et
al., 2015). Compartment oxidisation and population PCD in P. tricornutum are strongly correlated

(Graff van Creveld et al., 2015, 2016; Mizrachi et al., 2019). There has been a strong focus on PCD
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activation in P. tricornutum by exogenous H,0; addition, but complex interactions determine the
effect. For example, 80 pM H,0; or high light intensities (>1000 pmol photons m?2s?) result in a
split population response of redox-tolerant or redox-sensitive cells in P. tricornutum. Redox-
sensitive cells undergo chloroplast oxidation and PCD within 24 hours whereas redox-tolerant
cells survive (Mizrachi et al., 2019). Adding higher concentrations of H,0, (100-150 uM) oxidises
the mitochondria as well as the chloroplast (Graff van Creveld et al., 2015), suggesting H,0,

concentration is an important component of the signalling response.

This chapter describes the successful introduction and characterisation of the H,0; specific
biosensor roGFP2-Orp1 into P. tricornutum. Using roGFP2-Orp1 to monitor cytosolic H20,
concentrations, dose dependent effects of exogenous H,0; (50-200 uM) on cellular physiology
were reported. Diverse concentration and temporal dependent effects of H,0; on

photophysiology parameters are reported.
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4.2 Methods

4.2.1 Cell culture

Apart from the R-GECO strain (Helliwell et al., 2019), all other P. tricornutum strains were grown
in F/2 + Si medium (Guillard & Ryther, 1962) derived from twice filtered seawater (FSW) acquired
at site L4 in the English Channel, as described in Chapter 3. R-GECO cells were maintained in
artificial seawater (ASW, 450 mM NaCl, 30 mM MgCl,, 16 mM MgS0,4, 8 mM KCI, 10 mM CaCl,, 2
mM NaHCOs, and 97 uM HsBOs) supplemented with F/2 nutrients. Cells were cultured in green
plug culture flasks (SARSTEDT) on a 16:8 hour light: dark cycle, at 40-45 pmol s* m2 photon flux
density, measured using a LI-250A light meter (LI COR, USA) at 18°C. Cells were subcultured
weekly and experiments used early-mid exponential phase cells. Cells were counted with a

Beckman Coulter Counter.

4.2.2 Biolistic transformation of biosensor proteins into P. tricornutum

Different redox biosensors were designed for transformation into P. tricornutum (sequences listed
in Appendix B1.). roGFP2 and roGFP2-Grx detect cellular redox state and glutathione redox
potential respectively. roGFP2-Orpl, roGFP2-Tsa and roGFP2-ChlOrp1 detect H,0,. All gene
sequences apart from roGFP2-ChlOrp1 were initially acquired from Addgene database

(https://www.addgene.org) by Dr Glen Wheeler. roGFP2-ChlOrp1 was designed by adding

chloroplast transit peptide OEE1 (Gruber et al., 2007) to previously designed roGFP2-Orp1l
sequence. All gene sequences were then codon optimised, synthesised and cloned into the
shuttle vector pPha-T1 (Appendix B2) at restriction sites EcoRl and BamHI by Genscript

(https://www.genscript.com/). pPha-T1 encodes antibiotic resistance for ampicillin in E. coli and

Zeocin (InvivoGen) in P. tricornutum. Redox biosensor plasmids were introduced into P.
tricornutum using the biolistic method previously described (Kroth, 2007; Helliwell et al., 2019). P.
tricornutum cells were harvested at a density of 5x106 mL? and spread on 50% FSW, 1.5% w/v
agar plates supplemented with F/2 + Si nutrients. 1.5 ug plasmids were adhered to 3 mg tungsten
particles (0.6 um diameter, BioRad) with 0.1 M spermidine and 2.5 M calcium chloride and then
dried upon macrocarriers. Plasmids were introduced into cells by microparticle bombardment
using a PDS-1000 He Particle Delivery System (Bio-Rad, USA) with 1350 psi rupture disks.
Thereafter cells were left for 24 hours at 18°C before being streaked onto 50% FSW, 1.5% w/v
agar plates supplemented with Zeocin (75 ug mL?) and F/2 + Si. Cells grew for four weeks at 18°C
and resistant colonies were re-plated onto new Zeocin plates for two weeks. Colonies were
inoculated into F/2 + Si medium for six days to trigger a return to fusiform morphotype for

fluorescence analysis with confocal microscopy (Zeiss LSM 510). Cells were initially examined for
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biosensor fluorescence and localisation using excitation: emission at 488:500-530 nm. Chlorophyll

fluorescence was detected at 488: >580 nm.

4.2.3 Detection and characterisation of intracellular H;O; using a plate reader assay

H,0, changes in roGFP2-Orp1 cells were measured by tracking fluorescence changes using a
CLARIOstar Plus plate reader (BMG Labtech, Germany). 200 pL of early exponential phase roGFP2-
Orp1 cells (2-3x10° mL?) were taken from culture flasks and added to individual wells in a flat
bottom, black, 96 well plate (Greiner) alongside six wells of FSW as a background control. roGFP2-
Orp1 fluorescence was measured through excitation: emission detection of 400£20 nm: 520410
nm and 475£15 nm: 520£10 nm. Average background FSW fluorescence was subtracted from
values. Dividing the two emission fluorescence values creates a ratiometric 400:475 nm value, or
Orp1 value, as a measure of cytosolic H,0; (see Fig 4.2.) that represents the relative amount of
cytosolic H,0,. The 400:475 nm value allows intercellular comparison regardless of difference in
protein expression between cells. For time course experiments, time point values were divided by
the starting 400:475 nm value (F1/Fo). Starting values typically showed small variation between
treatments. Normalisation to the starting value allowed clearer reporting of the relative increase
in 400:475 nm value between treatments. 100 mM dithiothreitol (DTT) (Sigma-Aldrich), 1 mM
menadione (Sigma-Aldrich) and 10 mM H,0; (30% w/w solution, Sigma-Aldrich) master stocks
were prepared using FSW as a solvent. Chemicals were added to P. tricornutum culture flasks,

which were sampled at each time point. Flasks were maintained at 18°C at 40-45 umol photons m"

21
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Figure 4.2 Excitation spectra of roGFP2.

Y axis displays relative fluorescence levels. Depending upon the level of oxidation,
the fluorescence emission at 520 nm will increase or decrease at different excitation
wavelengths (400 nm and 475 nm). Dividing the fluorescence from 400 nm excitation
by fluorescence at 475 nm excitation gives a ratiometric value indicating redox state.
roGFP2-Orp1 is structurally similar and has the same spectra. Thus, the 400:475 nm

value indicates H,0, concentration. Adapted from Dooley et al., (2004).

4.2.4 Screening and measurement of chloroplast-targeted roGFP2-Orp1

Following chloroplast-targeted roGFP2-Orp1 (referred to below as roGFP2-ChlOrp1)
transformation, colonies were grown in liquid medium (F/2 + Si + 75 pg mL? Zeocin). 2x198 pL of
each colony were added to a black multiwell plate. Controls of 2x198 uL of FSW, wild type P.
tricornutum and roGFP2-Orp1 cells were also added. Biosensor fluorescence was monitored at
excitation: emission wavelengths of 400:520 nm and 475:520 nm using a CLARIOstar Plus plate
reader. Cells that responded to addition of 100 uM H,0, within 10 min were selected for
subsequent confocal and fluorescence imaging. When a suitable colony was found, wild-type P.
tricornutum and roGFP2-ChlOrp1 cells were grown to 2x108 mL?. Changes in ChlOrp1 protein
fluorescence following addition of 100 uM H,0, was tracked for two hours using a plate reader.
Wild-type P. tricornutum 400 nm and 475 nm fluorescence was subtracted from ChlOrp1 values,

to remove chlorophyll autofluorescence.
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4.2.5 Detection of intracellular H,0; using epifluorescence microscopy

roGFP2-0Orp1 cells were examined using an epifluorescence microscope (Leica DMi8). A glass
bottom Petri dish was treated with 0.01% v/v Poly-L-Lysine (Sigma-Aldrich) and early exponential
phase cells were left to settle for 15 min prior to washing twice with FSW. roGFP2-Orp1
fluorescence was measured through excitation: emission of 400:520 nm and 475:520 nm. Imaging
was optimised with low intensity excitation and infrequent imaging to prevent photobleaching
and subsequent effect on 400:475 nm value. Cells remained in darkness between images. For light
stress experiments, transmission light was switched on to illuminate cells between image
acquisition. A LI-250A light meter was used to convert arbitrary transmission light intensity to
photon flux density (umol photons m2 s1). Images were analysed with Leica LAS X software.
Regions of interest corresponding to individual cell shapes were drawn and 400 nm and 475 nm
excitation fluorescence values were obtained. Three random background areas of the image were
chosen to assess mean background fluorescence. Mean background fluorescence was removed
from each excitation value prior to 400:475 nm calculation. 400:475 nm ratio values were
normalised to starting values consisting of the average 400:475 nm value of the first four time

points.

4.2.6 Monitoring intracellular Ca?* and H,0; through perfusion experiments

Transformed P. tricornutum cells expressing the Ca?* biosensor R-GECO were kindly provided by
Dr Katherine Helliwell (Helliwell et al., 2019). For perfusion experiments, roGFP2-Orp1 and R-
GECO cells were grown to equivalent cell density (2x10° mL?). A glass bottom Petri dish was
treated with 0.01% v/v poly-L-lysine. Cells were settled in the Petri dish for 30 min at 18°C. R-
GECO detects calcium elevations through changes in fluorescence (excitation: emission 575:630
nm). The relative increase in Ca?* (F1/F,) was measured after subtraction of background
fluorescence, where F, is starting value and F; is specific time point. R-GECO cells were imaged
every 500 ms. 400 nm excitation settings developed high noise-signal problems so roGFP2-Orp1
was used in a non-ratiometric manner, using only excitation: emission at 475:520 nm. The relative
change in intracellular H,0, levels was calculated as 1-(F1/Fo) using 475 nm fluorescence values,
since 475 nm fluorescence is inversely related to H,0, concentration. roGFP2-Orp1 cells were
imaged every 15 s. For time course measurements, roGFP2-Orp1 and R-GECO cells rested for 10 s
for pre-perfusion values. Cells were then were perfused with ASW for 75 s, followed by ASW

containing 50 uM, 100 uM or 150 uM H,0, for 75 s and then the original ASW for 75 s.
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4.2.7 Long term changes in cellular parameters following H,O. addition

roGFP2-Orp1 cells were grown to 2.5x10° cells mL?. Flasks of 30 mL cells were used with three
replicates for each treatment. Cytosolic H,0, was monitored using the plate reader assay as
described above. Chlorophyll fluorescence parameters were recorded using AquaPen fluorimeters
(Photon Systems Instruments, Czech Republic). Fy indicates photosystem Il (PSII) minimum dark-
adapted fluorescence, F, indicates PSIl maximum dark-adapted fluorescence, Fv/Fm indicates
maximum quantum efficiency of PSII and non-photochemical quenching (NPQ) indicates the level
of absorbed energy dissipated as heat. AquaPen AP 110/C measured Fv/Fm and AquaPen-C AP
110-C measured the other parameters. Due to the time duration required for NPQ values, it was
not possible to measure all treatments at the same time without a significant time delay resulting
in both morning and afternoon measurements. To minimise diurnal variations in photosynthetic
parameters, the 50 uM and 150 uM H,0; treatments took place one day after the control and 100
UM H,0, treatments. Cell density was adjusted to 2.5x10° cells mL? by dilution with FSW prior to
measurements. 2 mL of cells were removed from each culture flask and dark adapted for 20 min
at 18°C. NPQ was monitored with instrument settings as described in Serif et al. (2017) (700 pumol
photons m2s? red actinic light, 3000 pmol photons m?2s? saturating pulse and 20% measuring
light pulses. NPQ induction curves were used to acquire Fo and Fy values. H,0, was added from 10
mM stock to each flask to create concentrations of 0 (FSW blank), 50 uM, 100 uM and 150 uM
H,0,. Each parameter was measured before H,0, addition and 30, 60, and 180 min post-addition.
For longer term monitoring (>1 day), wild-type P. tricornutum cells were diluted to a starting
concentration of 3x10° cells mL? prior to H,0, addition. Cell density was tracked using a Beckman
Coulter Counter. Growth rate was calculated using the formula p= (Ln D1-Do)/ (T1-To). W is growth
rate, D; and Do represent the log transformed cell density and T; and To represent the days of

growth.

4.2.8 Statistical analysis

All statistics were calculated using SigmaPlot 14 statistical software. Data were tested for
normality (Shapiro-Wilk) and equality of variance (Brown-Forsythe). Data were tested for
normality and equality of variance using Shapiro-Wilk and Brown-Forsythe tests. If data passed
both tests, datasets were analysed using a one-way ANOVA and Tukey post hoc tests. If datasets
failed precursor tests, a Kruskal-Wallis test on ranks in conjunction with a Tukey post hoc or

Dunns Method test was used. Statistical significance of data was indicated if P<0.05.
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4.3 Results

4.3.1 Screening and transformation with roGFP2-Orp1

Transformation of P. tricornutum resulted in over 30 Zeocin resistant colonies from roGFP2 and
roGFP2-Orp1l plasmids. No colonies grew following transformation with roGFP2-Grx or roGFP2-Tsa
plasmids. Following confocal screening, no roGFP2 colonies contained fluorescent cells but two
roGFP2-Orp1 colonies were fluorescent with roGFP2-Orp1 expressed in the cytosol (Fig 4.3A).
Further screening using epifluorescence microscopy confirmed fluorescence following excitation
at 400 nm and 475 nm (Fig 4.3E,F). The colony exhibiting the greatest fluorescence was picked

and subcultured into new medium, to allow growth for subsequent analysis.
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88

Figure 4.3 roGFP2-Orp1 is expressed in the cytosol of Phaeodactylum tricornutum.
A-C) Confocal microscopy of roGFP2-Orp1 cells. A) Cytosolic roGFP2-Orp1
fluorescence at 488 nm excitation. B) Chlorophyll fluorescence. C) Merged roGFP2-
Orp1 and chlorophyll fluorescence. (D-G) Epifluorescence microscopy of roGFP2-Orp1
cells. D) Chlorophyll and DIC. E) 400 nm excitation, F) 475 nm excitation and G)
merged 400 nm, 475 nm, and chlorophyll images. Scale bar = 25 um. Scale bar

unavailable for images A, B and C.
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4.3.2 Characterisation of roGFP2-Orp1

To validate the response of roGFP2-Orp1 to H,0,, transformed cells were monitored following
H,0, addition using a plate reader assay. Control roGFP2-Orp1 cells showed stable 400:475 nm
values over 180 min of measurements (Fig 4.4). Addition of 100 uM H,0; led to a significant rapid
increase in 400:475 nm value, peaking at 5 min post addition (two-way ANOVA, P<0.001). The
400:475 nm value remained constant for 30 min before a large decrease, reaching control values
after 120 min. DTT is a strong reducing agent. It was used to fully reduce roGFP2-Orp1 cysteine
residues and therefore reduce the 400:475 nm value to its minimum value, as used previously
with roGFP2 (Rosenwasser et al., 2014; Mizrachi et al., 2019). 1 mM DTT had no significant effect
in the first 60 min (two-way ANOVA, P>0.05), suggesting that baseline cytosolic H,0, levels are
maintained at low concentrations. 60 min post DTT addition, cytosolic H,0; increased slightly
significantly (two-way ANOVA, P<0.001) compared to control values. 1% v/v ethanol and 1% v/v
DMSO had no effect on intracellular H,0, levels throughout the time course (two-way ANOVA,
P>0.05). Menadione is a quinone that rapidly induces superoxide radicals (Sirisha et al., 2014) and
so was used to distinguish between H,0; and superoxide effects. Menadione induced an
significant increase in 400:475 nm value (two-way ANOVA, P<0.001), peaking after 60 min with no
substantual reduction to control values. This peak was lower than the peak value following 100
UM H,0, addition. The increase is likely due to conversion of superoxide to H,0, through

antioxidants such as superoxide dismutatase, as roGFP2-Orp1 is insensitive to superoxide.
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Figure 4.4 Responses of roGFP2-Orp1l in P. tricornutum.

Following chemical addition after t=0, 400:475 nm values were tracked over 180 min.
Error bars for each data point represent standard deviations based on three
biological replicates with two-three technical replicates. A two-way ANOVA tested
statistical significance between control values and added chemicals at each time
point. ** P=<0.001. Black asterisk indicates test between control and 100 uM H,0,,
blue indicates test between control and 5 UM menadione and red indicates test

between control and 1 mM DTT.

4.3.3 Transformation and screening of roGFP2-ChlOrp1

Transformation of P. tricornutum with roGFP2-ChlOrp1 resulted in 49 colonies growing in Zeocin
media. Changes in 400:475 nm ratio for each colony were monitored following addition of 100
UM H,0, using the plate reader. 10 colonies had increased 400:475 nm values and were screened
using confocal microscopy. Of the 10, eight displayed GFP fluorescence, though fluorescence
intensity varied between colonies. Fluorescence predominantly localised to the chloroplast (Fig
4.5) but several transformants had weak additional punctate fluorescence (Fig 4.5A). The

brightest colony was subcultured into new medium and maintained for further characterisation.
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Figure 4.5 Expression of roGFP2-ChlOrp1l in P. tricornutum.

Confocal microscopy (A, B, C) confirmed roGFP2-ChlOrp1 is expressed in the
chloroplast, though there was minor localisation outside of the chloroplast (white
arrows). A) GFP, B) chlorophyll, C) overlaid image. Note the absence of expression in
the white circled cell in B) representing a control for chlorophyll autofluorescence
and confirming successful localisation. Cell fluorescence was also detected through
epifluorescence microscopy (D-G). D) 400 nm, E) 475 nm, F) chlorophyll fluorescence
and G) overlaid 400 nm, 475 nm, and chlorophyll fluorescence. Scale bar = 25 pum. Bar

not available for images A, B and C.
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4.3.4 Effects of H,02 on roGFP2-ChlOrp1

roGFP2-ChlOrp1 400:475 nm values obtained with the plate reader were highly variable
throughout the time course, even in the control (Fig 4.6A). 100 uM H,0; increased the 400:475
nm value within 10 min before declining. By 60 min, the H,0; treated cells showed a 400:475 nm
value lower than the control. The high degree of variation in 400:475 nm value originated
primarily from the 400 nm fluorescence values. Under reduced conditions, the 400 nm
fluorescence is only slightly higher than background 400 nm fluorescence observed in wild-type
cells. Therefore, slight variations in roGFP2-ChlOrp1 400 nm fluorescence can result in negative
400 nm values when subtracting the wild-type fluorescence. To counteract this, the reporter was
used non-ratiometrically, tracking changes in 475 nm fluorescence in the plate reader (Fig 4.6B).
Comparable to cytosolic H,0,; results, there was an immediate increase in chloroplast H,0, before
declining 10 min post addition. By 60 min, 100 uM H,0; treated cells had returned close to
pretreatment values. Though further work is required to optimise the protocol, there is the

potential for monitoring chloroplast localised H,0; in P. tricornutum.
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Figure 4.6 Characterising the response of roGFP2-ChlOrp1 to addition of 100 uM
H:0..
Chloroplast H,0, was monitored using a plate reader to detect changes in roGFP2-
ChlOrp1 fluorescence. A) 400:475 nm values. B) Relative change in inverted 475 nm
fluorescence (1-(F1/Fo)). Increase in value indicates increase in chloroplast H,0,. Error
bars for each data point represent standard deviation based on three biological

replicates with two technical replicates.
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4.3.5 Effects of H,02 on P. tricornutum cell physiology

Previous work has indicated that exogenous H,0, can have significant effects on diatom
physiology (Graff van Creveld et al., 2015; Mizrachi et al., 2019; Murik et al., 2019), including
oxidation of cellular compartments within one min of addition. Differing quantities of H,0; result
in compartment-specific signalling and PCD 24 hours post addition in P. tricornutum. Here,
changes to physiological parameters at different temporal scales were examined in relation to

cytosolic H,0, concentration using roGFP2-Orp1.

4.3.5.1 Long term effect (days) of exogenous H,0, addition to P. tricornutum

Exogenous H,0, had a clear dose-dependent effect on cell growth (Fig 4.7A. Table 4.1). 50 uM
H,0, had no effect on growth or Fv/Fm. However, decreased growth occurred at higher H,0,
concentrations. 200 uM H,0, inhibited cell growth for five days and Fv/Fm decreased within one
hour, reaching 0.27 after 24 hours (Fig 4.7B). However, Fv/Fm returned to control values by day
five. Cell growth resumed, albeit at a slower growth rate than the control, after day five. 100-150
uM H,0, treatments caused small transient declines in Fv/Fm within the first day of addition.
After day three, minimal differences in Fv/Fm were seen between the control and 50-150 pM

H,O, treatments.

Table 4.1 Comparison of growth rate between the different H,0, treatments.
Data are the mean of three replicates. Growth rate was calculated using population
density at day zero and day three. 200 uM H,0, growth rate using days five and eight

is also presented in brackets, corresponding to resumption of growth.

Treatment Growth rate

Control 0.87 £0.04

50 uM H,0; 0.87 £ 0.04

100 pM H,0, 0.77 £0.03

150 uM H,0, 0.67 £ 0.06

200 pM H,0, 0.20 + 0.04 (0.78 + 0.05)
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Figure 4.7 H,0, concentration affects growth and photosynthetic efficiency of P.
tricornutum.
A) Cell density and B) Fv/Fm were monitored after addition of H,0,. Fv/Fm
measurements occurred at 0, 1, and 4 hours after addition on the first day. Error

bars indicate standard deviation for three replicates.
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4.3.5.2 Medium term (min to hour) effects of exogenous H,O; addition to P. tricornutum

All H,0; treated roGFP2-Orp1 cells showed an increase in cytosolic H,0, within 30 min of addition,
with 100 uM and 150 uM H,0; treatments showing a four-fold increase (Fig 4.8A). Within 60 min,
50 uM and 100 uM H,0,; treatment 400:475 nm values returned close to pre-treatment levels.

150 uM H,0, treatment returned to pretreatment levels after 180 min.

The concentration of H,0, added correlated with changes in Fv/Fm, F, and Fy, values. These
parameters remained constant in the control and 50 uM treatments over 180 min (Fig 4.8B, Table
4.2). 100 uM H,0; reduced Fo, Fp and Fv/Fm for 30 min post addition. 150 uM H,0; reduced Fo
and Fm parameters for 60 min, though Fv/Fm values at 60 min were not significantly different to
starting values (Kruskal-Wallis test, P=0.071). Complete recovery of photophysiology parameters
to pretreatment values occurred in both H,0; treatments by the next respective time point. Thus,
photophysiology recovery correlated with the return of cytosolic H,0; to pre-treatment levels.
NPQ values were more variable following H,0, addition (Fig 4.8C). 100 uM H,0; caused a
continual increase in NPQ at every time point following addition, peaking after 180 min. In
comparison, 150 uM H,0, suppressed NPQ for 60 min before a significant increase occurred after

180 min.

Table 4.2 Comparison of Fo and Fy values acquired from NPQ graphs at different time points and

concentrations of H.0,. Error bars represent standard deviation of three replicates.

Fo Fu

0 min 30 min 60 min | 180 0 min 30 min | 60 min 180 min

min

Control | 24703+ | 2644+ 2611.3 2730.6 14304.6 14695 + | 14402.3 14402.3 +

I+
I+

325 135.4 t 112.5 t 181.2

18.7 117.4 172.1 1131

50 uM 22756+ | 2340.6+ | 2503 2590 + 13513.3 13860.3 | 13600.3 141743

H,0, 325 86.1 85.6 99.8 £ + + 116.9
195.8 504.2 685.9

100 uM | 2470.6+ | 1300.6 £ | 2633.3 2622 + 14434.6 4400 15150 + 14196.3 +

I+

H,0, 65.5 56 19 * 221 325 359.9

56 394

150 uM | 22753+ | 9136+ 980.6+ | 2503 13308 * 2621.6 33383+ | 13286.3

I+

H,0, 325 61.1 249.6 65 49.4 1698 248

170.1
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Figure 4.8 H,0, concentration affects physiological parameters in roGFP2-Orp1
cells.

Following addition of H,0, to flasks of roGFP2-Orp1 cells, A) intracellular H,0, level,
B) Fv/Fm and C) NPQ were monitored over 180 min. Due to the treatments occurring
on two separate days (control and 100 uM H,0, on day 1, 50 uM and 150 uM H,0,
on day 2), statistical analysis compared the effect of time within each H,0, treatment
for Fv/Fm and NPQ graphs, rather than between H,0, treatments. All data were
tested using a one-way ANOVA, except for 150 uM H,0, Fv/Fm dataset which failed a
normality test and so was tested using a Kruskal-Wallis one-way analysis of variance
on ranks. Different letters indicate significant differences within H,O, treatments
(P<0.05). Fv/Fm and NPQ data represents triplicate values. roGFP2-Orp1 data
represents triplicate data (two technical replicates). Error bars show standard

deviation.

Short term effects of H,0, on P. tricornutum

The rate at which H,0; enters the cells was investigated by monitoring changes in cytosolic H,0;

in response to H,0, perfusion. Within 30 s, all concentrations of H,0; triggered a rapid increase in

cytosolic H,0; (Fig 4.9). This increase continued for the H,0, perfusion duration (75 s). 100 uM
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and 150 uM H,0; caused greater increases in cytosolic H,0; than 50 uM H,0,, though all three
treatments had overlapping error bars. Subsequent ASW perfusion reduced cytosolic H,0; slightly

after 30 s in the 50 uM H,0, treatment but not in the 100-150 uM treatments.

Exogenous H,0, addition can cause cytosolic Ca?* elevations in plants (Wu et al., 2020). To see if
similar elevations occur in diatoms, Ca®* elevations were monitored in P. tricornutum expressing
the cytosolic Ca?* biosensor R-GECO following H,0; perfusion. The initial ASW perfusion triggered
a transient elevation of cytosolic Ca®* in most cells. However, few calcium elevations were seen
following the switch to perfusion of new media of ASW (control) or H,0; (Fig 4.10). No
subsequent elevations were seen in ASW and 50 uM H,0; treatment. 100 uM and 150 uM H,0,
treatments infrequently induced cytosolic Ca** elevations, representing less than 10% of cells
measured. Thus, while H,0, perfusion can trigger cytosolic Ca%* elevations, it only occurs in a small

proportion of cells.
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Figure 4.9 Rapid changes in roGFP2-Orp1 fluorescence following perfusions of
different concentrations of H,0,.

Using epifluorescence microscopy, relative decrease in 475 nm fluorescence,
representing cytosolic H,0,, was monitored following perfusion with ASW containing
50 uM, 100 uM or 150 uM H>0,. 1-(F1/Fo) conversion represents increasing H,0,.

Error bars show standard deviation of cells from one experiment (n=21-27 cells).
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Figure 4.10 Elevations of cytosolic Ca?* detected with R-GECO following different
treatments of hydrogen peroxide.

Epifluorescence microscopy tracked R-GECO cells following perfusion of ASW or
different H,O, concentrations. Plots represent individual cell changes in R-GECO

fluorescence, indicating cytosolic Ca?* from a single experiment.

4.3.6 High light triggers a reversible increase in cytosolic H20;

Previous work has demonstrated that high light can generate chloroplast-localised ROS in diatoms
(Mizrachi et al., 2019), with a noticeable population split of treated cells into tolerant or sensitive
to light stress. This study therefore examined whether high light intensities could also increase
cytosolic H,0, using epifluorescence microscopy. Exposure to 60 (LL) and 200 (ML) umol photons
m2 s1for 10 min had minimal effect on 400:475 nm ratio in roGFP2-Orp1 cells (Fig 4.11).
However, by 520 s, 1000 umol photons m2 s (HL) resulted in a significant increase of 400:475 nm
ratio compared to 60 umol photons m s (Kruskal-Wallis, Dunns method P=<0.007) and 200
umol photons m2 st (Kruskal-Wallis, Dunns method P=<0.009). The HL ratio increase peaked at
1020 s (Fig 4.11C), just after the end of the light period. Following return to darkness, the HL
400:475 nm ratio started to decline. After almost 10 min of darkness, the 400:475 nm ratio

remained significantly higher than LL and ML values (one-way ANOVA, Tukey post hoc P<0.001).
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Cells in high light had greater variation regarding the level of increase in the 400:475 nm ratio (Fig
4.12) compared to the treatments of 60 pumol photons m?2 s and 200 pumol photons m2s?
treatments. In high light, 86% of cells increased their cytosolic H,0; level by at least 25% and 26%
of cells increased their cytosolic H,0; levels by at least 50% (Fig 4.12). Comparable to Mizrachi et
al. (2019), there is single cell heterogeneity in tolerating high light and preventing increases in

cytosolic H,0,.
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Figure 4.11 High light intensities trigger cytosolic H.O, production.

Using epifluorescence microscopy, high light intensities cause roGFP2-Orp1 cells to
produce cytosolic H,0,. A) Data points are from one experiment for an average of 17
cells for 60 umol photons m2 s, 19 for 200 umol photons m?s* and 15 for 1000
umol photons m2 s, The effect of light on 400:475 nm ratio at timepoints 1-5 was
tested for significant differences between light regimes. The datasets at time points

1, 2 & 3 on graph failed normality or equal variances precursor tests so were tested
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for statistical significance with a Kruskal-Wallis one-way analysis of variance on ranks.
Datasets 4-5 were tested with a one-way ANOVA. ns = non-significant. * P= <0.05. **
P=<0.001. B) Pseudo coloured images of 400:475 nm ratio in cells during high light
treatment. 1 =240s.2 =5405s.3 =960 s. 4 = 1320 s. Blue colours indicate low
400:475 nm ratio, bright colours indicate higher ratios. Scale bar not available. Error

bars show standard deviation.
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Figure 4.12 Breakdown of individual cell maximum 400:475 nm values under the
different light regimes.

roGFP2-0Orp1 cells were assessed for relative cytosolic H,0; increase during the three
different light intensities. Frequency histograms represent one experiment with 17
cells from 60 umol photons m2 s, 19 from 200 umol photons m2 st and 15 cells

from 1000 pmol photons m? s from the experiment shown above.
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4.4 Discussion

4.4.1 Successful expression of roGFP2-Orp1 in P. tricornutum

In this study, dose dependent effects of exogenous H,0, were recorded in P. tricornutum
following successful transformation with roGFP2-Orp1 and roGFP2-ChlOrp1l. roGFP2-Orp1 allows
specific monitoring of H,0, dynamics and its subsequent effects, rather than compartment redox
state as used previously (Rosenwasser et al., 2014; Graff van Creveld et al., 2015). As H,0; is
considered an important signalling molecule (Smirnoff & Arnaud, 2019), this allows a more
focused investigation into diatom ROS signalling dynamics. Exogenous H,0; addition has
significant effects on growth and photophysiology in P. tricornutum. Previous studies have
reported significant impacts from different concentrations of H,0; in diatoms but have monitored
these effects for 24 hours or less (Graff van Creveld et al., 2015, 2016; Mizrachi et al., 2019; Murik
et al., 2019). This is the first study to report long-term reductions in cell growth following addition
of H,0; concentrations above 50 uM. In line with previous studies, there are also changes to
cellular physiology over the first 180 minutes post-addition (Graff van Creveld et al., 2015;

Mizrachi et al., 2019), again implicating concentration-specific thresholds.

4.4.2 How tolerant is P. tricornutum to H,0,?

P. tricornutum has an efficient system for dealing with increased cytosolic H,0,. H,0; is highly
membrane permeable, increasing cytosolic H,0, levels within 30 s of perfusion (Fig 4.9). However,
during continued exposure, P. tricornutum can restore cytosolic H,0; to baseline levels within 180
minutes (Fig 4.8). It is likely that increased production of antioxidants, such as CAT, detoxify
cellular H,0, and reduce cytosolic concentrations (Murik et al., 2019), though external
detoxification of H,0; by antioxidant secretion may also contribute. Thus, large concentrations of
H,0, (>150 uM) are required to overwhelm cellular defences and cause cell death (Fig 4.7). This
correlates to previous studies suggesting 150-200 uM H,0; is the maximum tolerance of P.
tricornutum (Graff van Creveld et al., 2015; Murik et al., 2019), which is also comparable to other
marine diatoms (Drdbkova et al., 2007a; Thamatrakoln et al., 2012). However, rapid H,0, removal
in the cytoplasm and chloroplast intriguingly contrasts with previous redox state monitoring using
roGFP2 in P. tricornutum (Graff van Creveld et al., 2015; Mizrachi et al., 2019). It was reported
that addition of 100 uM H,0; results in sustained cytosol and chloroplast oxidation for at least 240
and 300 minutes respectively (Graff van Creveld et al., 2015; Mizrachi et al., 2019). This suggests
that though H,0; can be detoxified rapidly, the subsequent shift in redox state may have long
lasting implications for the cell (Graff van Creveld et al., 2015; Volpert et al., 2018). Thus, roGFP2-

Orp1 can provide alternative insights to redox state results from using roGFP2.
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4.4.3 H,0; addition affects P. tricornutum photophysiology

ROS can affect photosynthesis in plants by causing photoinhibition or activating signalling
pathways (Gechev et al., 2002; Murata et al., 2007; Exposito-Rodriguez et al., 2017).
Unsurprisingly, H,0, strongly affected P. tricornutum photophysiology parameters (Fig 4.8, Table
4.2). Concentrations of H,0, at 100 uM or greater gave rise to transient declines in Fo, Fm and
Fv/Fm. This effect has been observed in both macro and microalgae (Dummermuth et al., 2003;
Drabkova et al., 2007b,a; Hunken et al., 2008; Thamatrakoln et al., 2012). Fv/Fm, F, and Fr, all
recovered as cytosolic H,0; levels reduced, suggesting the concentration of cellular H,0,
correlates to inhibition of photosynthetic parameters. In plants, exogenous application of H,0; to
chloroplasts can inhibit the Calvin cycle (Kaiser, 1976, 1979) and reduce O, evolution via damage
to the O, evolution complex (Song et al., 2006). As a number of P. tricornutum chloroplast
proteins are redox sensitive (Rosenwasser et al., 2014), H,0, may disrupt photosynthesis and PSII
efficiency in P. tricornutum by directly inhibiting enzymes. Alternatively, H,0, may result in
increased generation of hydroxyl radicals through the Fenton reaction, damaging photosystem
components (Pospisil et al., 2004). In cyanobacteria, H,0, addition increases F,, implicating
thylakoid damage (Drabkova et al., 2007b,a). The decline in F, in P. tricornutum suggests a
different effect of H,O.. In plant chloroplasts, H,0; addition during light can quench chlorophyill
fluorescence. This is suggested to indicate greater photochemical quenching, and increased H,0,;
detoxification by increased activity of the Water-Water cycle (Neubauer & Schreiber, 1989;
Miyake et al., 1991; Miyake & Asada, 1992). A similar scenario may occur in P. tricornutum, with
H,0, above a certain threshold reducing PSlI efficiency, leading diatoms to increase

photochemical quenching to help remove excess H,0,.

H,0,; had distinct effects on NPQ activity depending on the concentration used. NPQ dissipates
excess light energy as heat, reducing the risk of chloroplast ROS generation during
photosynthesis. The different threshold responses of 50, 100 and 150 pM H,0, resembles heat
shock regulation of NPQ in tobacco plants (Hideg et al., 2008). 42°C had no effect on NPQ, 44°C
caused upregulation of NPQ and 46°C caused suppression of NPQ. 46°C was also associated with
excess ROS production. In contrast, inhibition of NOX proteins and reducing ROS production in
Arabidopsis thaliana resulted in suppressed NPQ activation during heat shock (Biatasek et al.,
2017). Thus, ROS can have a complex role in regulating NPQ. Diatom NPQ is significantly higher
than in plants, and is a crucial component of the diatom light stress response (Ruban et al., 2004;
Lepetit et al., 2013; Goss & Lepetit, 2015). H,0, may act as a stress signal in P. tricornutum

whereby excessive production of chloroplast H,0; activates NPQ.
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4.4.4 Heterogenous responses to H;O; in P. tricornutum

Recent research has shown that single cell signalling responses occur within a P. tricornutum
population during redox stress (Mizrachi et al., 2019). In that study, 80 uM H,0; or high light
exposure oxidised the chloroplast in a small subset of the population and resulted in PCD in
affected cells. Cells survived if their chloroplast redox status remained reduced. Broadly similar
single-cell heterogeneity in response to H.0, occurred in the present study. Like Mizrachi et al.
(2019), P. tricornutum cells displayed high variability in the extent of cytosolic H,0O, increase
following high light stress. Cells exhibiting elevated cytosolic H,0, may correlate to the cells
exhibiting the chloroplast oxidation described previously (Mizrachi et al., 2019), though far fewer
cells were examined in the present study (Fig 4.12). In addition, a small subset of cells displayed a
Ca?* elevation following H,0, perfusion. ROS:Ca?* interactions are commonly reported in plants
(Foreman et al., 2003; Kimura et al., 2012; Kaya et al., 2014; Wu et al., 2020) and some
macroalgae (Coelho et al., 2002, 2008) as both Ca%* and ROS can trigger increased levels of the
other for signalling pathways. Notably in P. tricornutum, exogenous H,0, caused a universal
increase in cytosolic H,0,. Thus, the limited number Ca?* elevations reflect differing sensitivity and
responses to H,0; in individual cells. In contrast, hypo-osmotic shock generates a population-wide
increase in cytosolic Ca%* in P. tricornutum (Helliwell et al., 2019). The isolated Ca?* elevations may
reflect the health of individual cells or relate to the susceptibility of individual P. tricornutum cells

to undergo chloroplast oxidation and subsequent PCD.

4.4.5 Through what action does H>O0, addition reduce cell growth?

Following addition of 100-150 uM H0,, P. tricornutum reduced cytosolic H,0, to pre-treatment
levels within three hours post-treatment (Fig 4.8A). Despite this removal, concentrations of H,0;
greater than 100 uM negatively affected longer term cell growth. Previous studies have suggested
exogenous H,0; activates diatom PCD within 24 hours of addition if a threshold concentration is
met (Thamatrakoln et al., 2012; Graff van Creveld et al., 2015, 2016; Mizrachi et al., 2019; Murik
et al., 2019). Thus, in the present study, increasing H.O, concentration may have increased the
percentage of the population engaging in PCD and therefore reduced the number of viable cells
(Fig 4.7). Cell mortality rates were not monitored here so it is unknown how many of the counted
cells post day 1 were viable. There is some evidence suggesting H,0, addition and P. tricornutum
PCD correlates to organelle oxidation. For example, 80 uM H,0; only triggered PCD in cells whose
chloroplasts were oxidised by H,0, addition (Mizrachi et al., 2019) whereas 150 uM H,0, triggers
complete mitochondria and chloroplast oxidation leading to PCD in >90% of the population (Graff
van Creveld et al., 2015). Increasing H,0, concentrations may have increased the proportion of

cells undergoing PCD, reducing overall growth rates. However, cells treated with 100-150 uM
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H>0; maintained high Fv/Fm and continued growth (Fig 4.7), which suggests a healthy population.
In T. pseudonana and the cyanobacterium Microcystis aeruginosa, high Fv/Fm following H,0>
addition correlates with reduced levels of PCD (Bouchard & Purdie, 2011; Thamatrakoln et al.,
2012). Thus, other interactions may reduce cell growth. Cells may have a reduced energy balance
due to increased repair of photophysiology damage or increased antioxidant expression to
remove H,0; (Murik et al., 2019), both of which could compromise growth. Cellular growth
following treatment with 200 uM H,0; only resumed when Fv/Fm returned to healthy values (Fig
4.7, Table 4.1), perhaps after complete H,0, removal or cellular component repair. Alternatively,
as many proteins in P. tricornutum are redox sensitive (Rosenwasser et al., 2014), increasing
concentrations may trigger different signalling pathways resulting in growth suppression as

opposed to cell death.

4.4.6 Are the quantities of exogenous H>0> environmentally relevant?

Maximum reported steady state concentrations of oceanic H,0, are in the nanomolar range
(Zinser, 2018), which is far lower than the micromolar concentrations used here. H,0,
concentrations could exceed nanomolar concentrations under certain conditions. Rainfall,
proximity to ocean surface and exposure time to sunlight correlate to increased H,0,
concentrations (Rose et al., 2008; Roach et al., 2015; Zinser, 2018) while steady state H,0>
concentrations during blooms of microalgal species with high eROS production rates, such as
raphidophytes (Marshall et al., 2005b), have not been reported. However, the results reported in
the present study more likely represent responses to increases in intracellular ROS following
stress. These increases can be highly localised (e.g. chloroplast) and therefore may have stronger
effects by affecting localised redox sensitive proteins (Rosenwasser et al., 2014). For example, 10
UM H,0; inhibits Calvin Cycle activity by 50% in isolated spinach chloroplasts (Kaiser, 1976).
Localised levels are also more likely to reach higher concentrations than average bulk
concentrations. Though H,0; is membrane-permeable, antioxidant defences may reduce the
concentration reaching other cellular compartments, unless facilitated by the cell with
compartment contact points (Exposito-Rodriguez et al., 2017; Flori et al., 2017). Thus, stressors
that generate specific localised increases such as high light are more likely to affect signalling
responses. Previous work has shown exposing P. tricornutum, Nitzschia epithemioides and T.
pseudonana to >1000 pmol photons m s generates chloroplast ROS within 30 minutes (Waring
et al., 2010; Mizrachi et al., 2019). As the full intensity of sunlight reaches 2000 pmol photons m=
s (Long et al., 1994), extended exposures to high light intensities may generate concentrations of
cellular ROS to levels that trigger the threshold responses seen in this present study. Interestingly,

high light exposure induced cytoplasmic H,0; after six minutes, a faster response than in previous
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studies (Fig 4.11). However, temperature was not controlled for this set up, which may have
contributed to H,0O; generation, as seen in plants (Vacca et al., 2004; Hideg et al., 2008). Thus,

further work would require validation of the role heat stress plays.

4.4.7 Conclusions

Exogenous H,0; rapidly increases cytosolic H,0,, which is removed within a few hours. However,
H,0, concentrations above a threshold level leads to photophysiology disruption and inhibition of
growth. roGFP2-Orpl is a specific and versatile tool that allows analysis of single cells or
populations of cells and has shown that cellular H,0, concentrations differ from cellular redox
state. While the induction of H,0; stress in this study is artificial, the diversity of responses
suggests that there are specific threshold responses, which can result in long-lasting changes to
cellular physiology. The quantities of H,0, used are unlikely to be experienced in nature but the
threshold responses hint at specific H,0; signalling. High light stress is a likely source of ROS.

Future work using roGFP2-ChlOrp1 and roGFP2-Orp1 can further reveal the importance of H,0;in

altering cellular physiology.
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Chapter 5 Characterisation of the function of NOX

proteins in Phaeodactylum tricornutum
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5.1 Introduction

NADPH oxidase (NOX) is a widely distributed enzyme utilised for extracellular ROS (eROS)
production. In plants, animals and fungi, NOX derived ROS functions are well characterised and
include: defence (Liu et al., 2010; Cachat et al., 2015); regulation of cellular development (Malagnac
et al., 2004; Wong et al., 2004; Lardy et al., 2005); wound response and promotion of cell wall
growth (Sagi et al., 2004; Monshausen et al., 2007); and stress response signalling (Miller et al.,
2009; Marino et al., 2012; Evans et al., 2016). NOX proteins are therefore highly important for
growth, development and survival. For example, human NOX2 absence contributes to chronic
granulomatous disease (Roos, 2019) while Rboh-C mutants in Arabidopsis thaliana have

compromised root hair growth (Foreman et al., 2003; Monshausen et al., 2007).

NOX research in algae is more limited but merits further attention as algal NOX proteins are
structurally different to opisthokont and plant NOX proteins (Chapter 2, Herve et al., 2006; Anderson
et al., 2011). NOX proteins have been described or are predicted in red algae (Herve et al., 2006; Luo
et al., 2015), brown algae (Kupper et al., 2001), green algae (Ross et al., 2006; Anderson et al., 2016),
diatoms (Herve et al., 2006; Laohavisit et al., 2015), dinoflagellates (Saragosti et al., 2010) and
raphidophytes (Kim et al., 2000; Shikata et al., 2019). Multicellular brown and red algae use NOX in a
manner similar to plants for defence and stress signalling (de Oliveira et al., 2017; Kupper et al.,
2001, 2002; Luo et al., 2015, Wang et al., 2018). The multicellular green alga Dasycladus vermicularis
uses NOX during wound responses, similar to plants (Ross et al., 2005, 2006). Unicellular algal NOX
proteins have diverse functions. Harmful algal species such as Chattonella marina may use NOX-
derived eROS as a defence response (Oda et al., 1995; Nakamura et al., 1998; Kim et al., 2000).
However, in C. marina, eROS also acts as a growth factor, with per-cell production decreasing as cell
density increases (Oda et al., 1995; Garg et al., 2007a; Diaz & Plummer, 2018). Cyanobacteria such as
Lyngbya majuscula use eROS production to enhance iron uptake (Rose et al., 2005), though this
function is not supported in marine diatoms. While diatom superoxide can reduce Fe* to the more
bioavailable Fe?*, superoxide production had no significant effect on cellular iron uptake (Kustka et

al., 2005).

In diatoms and other unicellular algae, eROS production correlates with light intensity. In four
diatoms (Phaeodactylum tricornutum, Thalassiosira weissflogii, Thalassiosira oceanica, Thalassiosira
pseudonana), increasing light intensity correlates to increasing eROS production, predominantly in
the form of superoxide (Milne et al., 2009; Laohavisit et al., 2015; Schneider et al., 2016; Diaz et al.,
2019). This increase is inhibited using a chemical inhibitor (diphenyleneiodonium chloride, DPI),

suggesting NOX or another flavoprotein involvement. Similar light associated eROS increases occur
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in other unicellular algae such as Chlamydomonas reinhardtii (Anderson et al., 2016), Emiliania
huxleyi (Plummer et al., 2019), Symbiodinium (Saragosti et al., 2010) and Trichodesmium (Hansel et
al., 2016). Light regime (diurnal vs continuous exposure) can also affect NOX gene expression in P.
tricornutum (Laohavisit et al., 2015). PtNOX1 shows greater gene expression in continuous light after
4 days than diurnal exposed cells. However, this expression shifts after 8 days, with diurnal
expression of PtNOX1 surpassing expression in continuous light cells. Comparatively, PtNOX2 gene
expression, while being lower than PtNOX1, shows minimal changes between light regimes.
Additionally, the same study reported P. tricornutum chlorophyll content correlates with
extracellular superoxide production (Laohavisit et al., 2015). Together, this implies a relationship
between light level/photosynthesis and eROS production in P. tricornutum and other unicellular
algae. A proposed explanation is that eROS production represents an electron dissipation
mechanism (Davey et al., 2003) where under high light regimes, excess electrons are exported out of

the cell to reduce extracellular oxygen.

High light intensities poses a risk to cells by overexcitation and excessive reduction of the
photosynthetic electron transport chain (Edreva, 2005). By saturating the capacity of NADP* to
accept excess photosystem-derived electrons, it promotes electron leakage and generates ROS,
causing photoinhibition through photosystem damage and inhibition of repair mechanisms (Murata
et al., 2007; Takahashi & Murata, 2008). Thus, photosynthetic organisms have many mechanisms for
dealing with excess light stress (Fig 5.1). Some of these strategies can also balance the ATP:NADPH
ratio by dissipating excess NADPH or increasing ATP generation (Kramer & Evans, 2011). These
strategies can be broadly classified as alternative electron pathways (AEP, Bailleul et al., 2015) or
energetic dissipation mechanisms (EDM). Non-photochemical quenching (NPQ) is a mechanism
whereby absorbed energy is dissipated as heat rather than photochemistry. Diatoms are efficient at
upregulating NPQ compared to plants (Ruban et al., 2004). Cyclic electron flow (CEF) is an AEP where
electrons are cycled around PSI to generate ATP instead of NADPH. This is common in plants and
green algae (Forti et al., 2003; Bailleul et al., 2015). Additionally, chloroplast oxygen rather than
NADP* may accept excess electrons, generating superoxide (the Mehler reaction). The chloroplast
superoxide is rapidly detoxified to water through the actions of superoxide dismutase and ascorbate
peroxidase. As photosynthetic electrons are initially generated by the water splitting complex of PSlI,
this electron pathway is also called the Water-Water cycle (Waring et al., 2010; Cardol et al., 2011).
Recently, metabolic coupling was described in diatoms (Bailleul et al., 2015). This strategy shuttles
reductant and ATP between the mitochondria and chloroplast depending on the organelle’s
energetic requirements. As plastid product requirements rapidly change depending on the light

intensity, shuttling products when required can dissipate excess reductant or increase the efficiency
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of energetic use in diatoms (Broddrick et al., 2019). Plants have a similar strategy called the malate—
oxaloacetate (Mal-OAA) shuttle (Noguchi & Yoshida, 2008). However, it is predominantly used for
dissipating excess reductant whereas metabolic coupling can balance the ATP:NADPH ratio under
low light as well as dissipate excess reductant (Bailleul et al., 2015; Broddrick et al., 2019). In
diatoms, mitochondrial alternative oxidase (AOX) is part of metabolic coupling. This enzyme
represents an alternative pathway to Complex Il in the mitochondrial electron transport chain (ETC).
Instead of being used to generate ATP, electrons are dissipated harmlessly into heat. However, this
helps prevent ETC over-reduction. Chloroplast- or mitochondrial-derived reductant can be dissipated
through AOX (Bailleul et al., 2015; Murik et al., 2019), thus regenerating NADP*. Plants also use AOX
to dissipate excess mitochondrial-derived reductant (Yoshida et al., 2007; Cvetkovska &
Vanlerberghe, 2012). NOX activity may act as an additional EDM and AEP for excess reductant
whereby excess chloroplast NADPH would be transported to NOX. Extracellular oxygen accepts
excess electrons, allowing NADP* regeneration. Recently, a similar mechanism was proposed to
occur in T. oceanica, using a membrane-bound glutathione reductase (GR) protein, rather than NOX,
as the enzymatic mechanism (Diaz et al., 2019). However, the use of eROS to dissipate excess

electrons has not explicitly been tested in P. tricornutum, nor has NOX involvement been confirmed.

Mitochondria
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shuttle

Metabolic coupling
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Figure 5.1 A simplified model of some of the main mechanisms for diatoms to dissipate excess

electrons, or for balancing the ATP:NADPH ratio.

If NOX is a mechanism for coping with excess light, NOX inhibition should result in dramatic effects
on photosynthetic parameters. NOX localisation was determined in P. tricornutum and the effects of
inhibiting NOX proteins and other metabolic components was monitored to assess if NOX function
relates to electron dissipation. Photosynthetic parameters, intracellular ROS (iROS) and eROS
production were monitored in response to different inhibitors. In addition, two other diatoms were

screened for similar responses to assess if this strategy is widespread.
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5.2 Methods

5.2.1 Cell culture

P. tricornutum (CCAP1055/1) was acquired from Culture Collection of Algae and Protozoa (SAMS
limited, Scottish Marine Institute (Oban, UK)). A. glacialis (PLY 607) and T. weissflogii (PLY 541) were
acquired from the Plymouth Culture Collection. Diatoms were grown in F/2 + Si medium (Guillard &
Ryther, 1962) derived from twice filtered seawater (FSW) collected at site L4 in the English Channel
as described in Chapter 3. All species were cultured in green plug culture flasks (SARSTEDT) on a 16:8
hour light: dark cycle, at 40-45 umol m st photon flux density, measured using a LI-250A light meter
(LI COR, USA). P. tricornutum strains were maintained at 18°C, and T. weissflogii and A. glacialis at
15°C, in respective controlled temperature rooms. For growth experiments, cells were grown in
triplicate green plug culture flasks (30-40 mL). Cells were counted using a Beckman Coulter counter
for P. tricornutum, a haemocytometer for A. glacialis and a Sedgewick Rafter counting chamber for
T. weissflogii. For experiments, cells were sampled at early to mid-exponential growth. Fv/Fm values
of 20.60 for P. tricornutum and T. weissflogii, 20.55 for A. glacialis were considered to reflect cells

with optimal photosynthetic efficiency.

5.2.2 Chemical preparation

1 mM diphenyleneiodonium chloride (DPI, Sigma-Aldrich) master stock was dissolved in DMSO. 100
mM salicylhydroxamic acid (SHAM, Sigma-Aldrich) and 10 mM 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU, Sigma-Aldrich) master stocks were dissolved in ethanol. 10 mM glutathione
disulphide (GSSG, Sigma-Aldrich) master stocks were prepared using FSW as a solvent. 1 mg mL?
master stock of OxyBURST™ Green H,HFF-BSA (Thermo Fisher Scientific) was prepared by dissolving
powder in 1 mL of phosphate buffered saline solution as per manufacturer’s instruction. All master

stocks were maintained at 4°C in darkness.

5.2.3 Measurements of eROS production, photosynthetic parameters and cytosolic H>0;

eROS production was measured using OxyBURST Green using methods described in Chapter 3.
Photosynthetic parameters (Fv/Fm, Fo, Fm, Fm’, Ft, Fv'/Fm’, gP, NPQ) were measured using
AquaPen handheld fluorometers as described in Chapter 4. Apart from Fv/Fm, all parameters were
calculated using NPQ induction curves from AquaPen-C AP 110-C (AquaPen Manual, 2018). Fv’/Fm’

represents the working quantum efficiency of PSll in light and was calculated using the formula:
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FV'/Fm’= (Fm’-Ft’)/Fm’ (Maxwell & Johnson, 2000). Ft’ equals the steady state minimum
fluorescence following actinic light stabilisation and Fm’ equals the steady state maximum
fluorescence following saturating peaks during actinic light exposure. P represents the coefficient
of photochemical quenching, an estimate of open PSlI reaction centres (Maxwell & Johnson, 2000).
Cytosolic H,0; levels were assessed using a plate reader with roGFP2-Orp1 cells as described in

Chapter 4.

524 Effect of DPI on photosynthetic parameters

The effect of DPI in darkness, medium light (ML, 40-45 pmol photons m2s) and high light (HL, 200
umol photons m st) was investigated in roGFP2-Orp1 cell cultures by monitoring cytosolic H,0, and
photosynthetic parameters. Cells were grown in bulk to 2.6x10° cells mL? under ML conditions. Due
to the time delay required for triplicate NPQ measurements, the different light treatments were
taken on different days. Cells were divided between treatment flasks. Darkness treatments were
measured on day one, ML on day two and HL on day three. Cell densities for ML and HL treatments
were adjusted to 1x108 and 5x10° cells mL™? respectively on day one with F/2 + Si medium so that
cells would be at a similar density and growth phase for experiments. However, there were small
differences in cell density between light treatments. Dark-adapted cells were 2.6 x10° cells mL?, ML
cells were 2.2x10° cells mL* and HL cells were 1.8 x10° cells mL™. Cell health was monitored prior to
treatments via Fv/Fm measurement (healthy cells= 20.60). All experiments began at 10 am each
morning. Cells were darkened by wrapping tubes in aluminium foil. High light was provided with a
GroBeam solid state light source (Tropical Marine Centre, UK). 1 uM DPI was added after initial
starting values were measured. Photosynthetic and cytosolic H,0O; values were recorded at 30, 60
and 180 min. When not being sampled, cell flasks were maintained at 18°C. A two-way repeated
measures ANOVA compared the effect of DPI within its respective light treatment but not between

different light treatments.

5.2.5 Oxygen evolution measurements

Oxygen measurements were determined using a PyroScience OXVIAL4 respiration vial with
integrated optical oxygen sensor, and Firesting O, and temperature sensor. 50 mL of early
exponential phase cells were centrifuged (1000 rpm (Heraeus Megafuge 40R, Thermo Fisher
Scientific), 20 min, 18°C) to a pellet. Fresh FSW medium was added to cells to suspend them in new
low O, medium. Cells were left to recover for one hour before counting to confirm cell density

(2.5x108 cells mL?). 4 mL of medium were placed into an OXVIAL vial, with 0.1% v/v DMSO control, 1
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UM DPI or 10 uM DCMU. The vial was placed into a water jacket maintained at 18°C with magnetic
stirring. Cells were left for 25 min at low light (<10 pmol photons m2 s?) to stabilise baseline oxygen
levels. Cells were then exposed to differing light levels and changes in media O, concentration were
monitored. The regime was as follows: medium light (60 umol photons m2 s?) for 180 s, darkness for
180 s, high light (250 umol photons m?2 s?) for 180 s. Light levels were adjusted through use of two
GroBeam solid state lighting strips and a LI-250A light meter. The change in O, levels was calculated
using the formula: (D1-Do) / (ti-to), where to is starting measurement time, t; end measurement time,
and D indicates O; level at respective time points. The units for the change were adjusted to umol L*
0, evolution cell* s, The change in O, medium concentration in darkness represented cellular
respiration rate. Respiration rate was assumed to be constant regardless of light intensity. This was

added to net O; evolution values to give total O, production rates.

5.2.6 Statistical analysis

All statistics were calculated using Sigma Plot 14 statistical software with statistical tests listed where
appropriate. Data were tested for normality (Shapiro-Wilk) and equality of variance (Brown-

Forsythe) prior to analysis. Statistical significance of data was indicated if P<0.05.

5.2.7 Cloning of PtNOX1 & PtNOX2

Specific P. tricornutum NOX primers were designed (Table 5.1, Primer3,

http://bioinfo.ut.ee/primer3/) to flank the entire open reading frame of PtNOX1 and PtNOX2. Genes

were amplified from P. tricornutum genomic DNA using iProof DNA polymerase (Bio-Rad). PCR
conditions were 98°C for 3 min, followed by 30 cycles of 98°C for 10 s, 62°C for 30 s, and 72°C s for
80 s. Gel electrophoresis confirmed primer product with bands of 2.2kb, corresponding to PtNOX1 &
2 gene size (both genes are 2248 base pairs long). PCR products were blunt end cloned into the Stul
site of vector pPha-T1-Venus (Appendix C1). pPha-T1-Venus creation is described fully by Helliwell et
al. (2019) but briefly represents the original pPha-T1 vector (Zaslavskaia et al., 2000) containing a
codon-optimised Venus eGFP, and encodes for ampicillin and Zeocin/bleomycin antibiotic resistance.
Cloning PtNOX1 and PtNOX2 into pPha-T1-Venus creates C-terminal Venus tagged fusion proteins
for both PtNOX1 and PtNOX2. Competent E. coli (One SHOT Top 10, Thermo Fisher Scientific) were
heat shock transformed (ice for 12 min, 42°C for 2 min, ice for 2 min) with PtNOX1-2 plasmids. E. coli
media were then plated onto LB medium + 100 ug ampicillin plates and left at 37°C overnight. E. coli
colonies were screened by colony PCR (Figs. 5.2, 5.3, Table 5.1) and sequencing (Biosource,

Cambridge) to confirm successful ligation in the correct direction of each gene. E. coli colonies
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expressing successfully ligated PtNOX1-2 plasmids were grown in LB + 100 pg ampicillin media
overnight at 37°C. Cells pellets were extracted (3500 x g, 5 min) and PtNOX1-2 plasmids were

purified using a QlAprep spin miniprep kit (Qiagen).

528 Genetic transformation of P. tricornutum

P. tricornutum was transformed using biolistic transformation (Kroth, 2007). 400 mL of cells were
grown to 3x10® mL? and concentrated through centrifugation (4000 rpm (Heraeus Megafuge 40R,
Thermo Fisher Scientific), 10 min). Cells were then plated onto 50% FSW 1.5% w/v agar plates
supplemented with F/2 + Si nutrients and allowed to recover overnight. 1.5-5 pug of PtNOX1-2
plasmids were adhered to 3 mg tungsten particles (0.6 um diameter) with 0.1 M spermidine and 2.5
M calcium chloride, and then dried on macrocarriers. Biolistic bombardment was carried out with a
gene gun (PDS-1000 He Particle Delivery System, Bio-Rad, USA) with 1350 psi rupture disks and, cells
were left overnight. Cells were replated the next morning onto 50% FSW 1.5% w/v agar plates
supplemented with Zeocin (75 pg mL?) and F/2 + Si nutrients. Cells grew for four weeks at 18°C and
resistant colonies were re-plated to liquid medium containing 75 pg mL? zeocin to grow for confocal

screening.

529 Screening of P. tricornutum colonies for NOX localisation

Zeocin resistant colonies were screened using confocal microscopy (Zeiss LSM 510) for Venus
fluorescence using excitation: excitation at 488:500-530 nm for GFP and 488:>650 nm for
chlorophyll. Transformed cells expressing NOX-Venus proteins were compared to wild type cells at

same microscope settings.

Table 5.1 Primers used for extraction of NOX genes and screening of Venus tagged NOX sequences.

Primer Sequence

PtNOX1 gene cloning forward ATGGTAACGGTAAAAGCTTCCTC
PtNOX1 gene cloning backward AAAATTCTCCTTGTGGACCAGC
PtNOX2 gene cloning forward ATGGAGCACATATGTTTCGCACG
PtNOX2 gene cloning backward AAAATTCTCCTTGTGGACTGCAA
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pPha-T1 fcpB promoter colony screening (fcpB-P) TCACGGTCTTCTTCGAGTCC
Venus post-sequence colony screening (Ven-P) CTTGTGACCGTTGACGTCTC
PtNOX1 colony screening A (P1-A) GAACTCGTACGTACCCCACA
PtNOX1 colony screening B (P1-B) TTCTCGTTGCGTCTCTTTGC
PtNOX2 colony screening A (P2-A) GCCCCAGACCATCATGAGTA
PtNOX2 colony screening B (P2-B) GAAGCTCTAGACAAGGCCCA
fcpB-P —>
372 bp
P1-A
fepB promoter region PtNOX1 Venus
P1-B 572 bp
<— \Ven-P
fcpB-P —>
372bp
P2-A
fepB promoter region PtNOX2 Venus
P2-B 446 bp

<«— \Ven-P

Figure 5.2 Primer positions used for colony PCR screening of potential NOX-Venus

constructs.

The scheme shows the position of colony screening primers, to test for correct direction

of the ligated PCR product. Arrows indicate direction of primer product. Ligation of the

original PCR product in the correct direction will create a specific product size shown

above the line.
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PtNOX1 PtNOX2

Product size

Gene forward screening
(fcpB-P + P1-A primers)

Gene forward screening
(fcpB-P + P2-A primers)

Product size

PtN1  H,O control H,0 control PtN2

Gene reverse screening

Gene reverse screening
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(Ven-P + P1-B primers)
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Figure 5.3 Gel screening of successfully transformed E. coli colonies with Venus tagged
PtNOX1 and PtNOX2.

Screening primers from Table 5.1 and Fig 5.2 successfully show correct direction ligation
of PtNOX1-2. Expected product size for primer pairs fcpB-P and P1-A, and fcpB-P and
P2-A was 372 bp. Expected product size for primer pairs Ven-P and P1-B was 572 bp

while expected size for Ven-P and P2-B was 446 bp.
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5.3 Results

53.1 Localisation of PtNOX1

Biolistic transformation of PtNOX1 resulted in eight Zeocin resistant P. tricornutum colonies after
four weeks on Zeocin plates. Confocal screening revealed successful PtNOX1 localisation in one
colony (Fig 5.4). PtNOX1 localises predominantly to the plasma membrane. While some fluorescence
co-occurs in the green channel localised to the chloroplast, it is likely due to chlorophyll
autofluorescence as a similar signal is seen in wild type cells. Transformation of PtNOX2 resulted in

16 Zeocin resistant colonies. No GFP fluorescence was detected with confocal microscopy.

GFP Chlorophyll Merge

PtN1

Wild type

roGFP2-Orpl

Figure 5.4 PtNOX1 localises to P. tricornutum plasma membrane.

PtNOX1 tagged with Venus and wild type P. tricornutum cells were examined for GFP
(excitation: emission 488:500-530 nm) and chlorophyll (excitation: emission488:>650
nm) fluorescence using confocal microscopy (63x oil objective, scale bar not available).
roGFP2-Orp1 cells were imaged separately to wild-type and PtNOX1 cells but are

displayed to demonstrate cytoplasmic GFP localisation for comparison.
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53.2 Chemical inhibition of NOX triggers dose-dependent effects on cellular physiology

A pilot study demonstrated DPI causes a dose dependent increase in cytosolic H,0 in roGFP-Orp1
cells (Fig 5.5). 5-10 uM DPI increased cytosolic H,0, after 120 min to a level comparable to those
obtained following 50 uM H,0; addition (Fig 5.5). A follow-up experiment further tested the
concentration effect of DPl on Fv/Fm and cytosolic H,0,. This more rigorous experiment confirmed
the dose-dependent increase in cytosolic H,0, with DPI (Fig 5.6A, B). 0.5 uM DPI had no effect on
cytosolic H,0; after 180 min whereas 2 uM and 5 uM DPI caused 2-fold and 4-fold increases in
cytosolic H,0. Increased DPI concentration led to faster decline of Fv/Fm (Fig 5.6C). Significant
Fv/Fm decline occurred within 60 min of 0.5-1 uM DPI treatments (one-way ANOVA, P<0.05) and
within 30 min for 2-5 uM DPI (one-way ANOVA, P<0.05).

7 7

6 -

Orp1 fluorescence ratio
(400:475 nm)
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Figure 5.5 Pilot study demonstrating a dose dependent increase in cytosolic H>0; with
DPI.

roGFP2-Orp1 cells are 6x10° cells mL™. Error bars show standard deviation for one
biological replicate with three technical replicates. No DMSO control was used as Fig 4.4
demonstrated no effect of DMSO on 400:475 nm value up at least 1% v/v DMSO. All DPI

additions used less than this amount of DMSO.
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Figure 5.6 DPI concentration affects cytosolic H,O, and photosynthetic efficiency.

A) Cytosolic H,0; increased with DPI concentration in roGFP2-Orp1 cells (3x108 cells mL°

1). B) A dose-response curve for DPI and cytosolic H,0, concentration at different time

points. C) Increasing concentrations of DPI reduce Fv/Fm in roGFP2-Orp1 cells. No

DMSO solvent was added to control. Different letters indicate significant effects of time

within each DPI treatment (one-way ANOVA, Tukey post hoc test, P<0.05). Fv/Fm data

use triplicate values. Orpl values represent triplicate values with three technical

replicates. Error bars indicate standard deviation.
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1 uM and 10 uM DPI inhibited wild-type P. tricornutum growth, with 10 uM DPI resulting in a large
reduction in cell density (Fig 5.7A). Fv/Fm was also affected with 1 uM DPI reducing Fv/Fm by 65%
one day post addition. A small recovery occurred two days post addition (Fig 5.7B). 10 uM DPI
caused an immediate decline in Fv/Fm, reaching 0 after one day. The complete loss of Fv/Fm
alongside reduction of cell density suggests 10 uM DPI causes population death to P. tricornutum.
Based on the concentration dependent effects of DPI on cell physiology and the previously reported
reduction on P. tricornutum eROS production (Chapter 3), 1 uM DPI was chosen as a suitable

concentration for further experiments.
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Figure 5.7 DPI reduces long-term cell viability in wild-type P. tricornutum.

A) Cell growth declined following addition of 1 uM or 10 uM DPI. B) DPI concentration
affected decline of Fv/Fm. Fv/Fm was monitored at 30 min and 120 min post DPI
addition. DPI was added on day two, indicated by arrow. Fv/Fm measurements
occurred concurrent with cellular growth measurements on day three and four. No
DMSO solvent was added to control. Error bars show standard deviation for three

replicates.
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5.3.3 Interactions of light intensity and NOX inhibition on cellular physiology

Increasing light intensity should result in greater photosynthetic electron flow. Experiments were
carried out to test whether NOX inhibition would diminish the cell’s capacity for coping with excess
photosynthetic electrons. Cytosolic H,0, values were stable in ML (40 umol photons m2 s) and
Darkness controls over 180 min but declined slightly in HL (200 umol photons m s). DPI addition
increased cytosolic H,0; in all light treatments (Fig 5.8A). Surprisingly, Darkness + DPI produced the
greatest increase in cytosolic H,0; after 180 min. ML + DPI and HL + DPI produced similar increases

in cytosolic H,0; after 180 min.

In all light treatments, DPI significantly reduced Fv/Fm (Fig 5.8B, two-way repeated measures
ANOVA, P<0.001), NPQ (Fig 8C, two-way repeated measures ANOVA, P<0.05) and gP (Fig 5.8D, two-
way repeated measures ANOVA, P<0.001) compared to their respective controls. Increased light
intensity triggered greater and faster reductions of Fv/Fm. Darkness + DPI showed a significant 33%
reduction (P<0.001) in Fv/Fm after 180 min. In contrast, HL + DPI significantly reduced Fv/Fm after

only 30 min (P=0.004) and Fv/Fm was reduced to 10% of its starting value after 180 min.

Control NPQ values increased with time in Darkness and HL conditions but progressively declined in
ML (Fig 5.8C, Table 5.2). In all treatments, DPI reduced NPQ (P<0.05). Following an initial drop after
30 min, Darkness + DPI NPQ was stable for the remainder of the experiment. NPQ in ML + DPIl and
HL + DPI declined with time, with greater declines occurring in HL + DPI. However, the HL and HL +
DPI dataset failed a Shapiro-Wilk normality test (P<0.050) and caution should be taken for this

dataset.

DPI reduced gP (the proportion of open PSll reaction centres) values to 0-0.1 within 30 min in all
treatments, with the greatest decline occuring in Darkness + DPI (Fig 5.8D, Table 5.2). Though some
recovery was apparent at subsequent timepoints, all qP values in DPI treatments remained
significantly lower than controls (P<0.001). HL + DPI exihibited the strongest recovery, reaching 0.25
compared to 0.11 in Darkness + DPI after 180 min. However, the ML and ML + DPI dataset failed

Brown-Forsythe equal variance test (P<0.050), and so also requires some caution.
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Figure 5.8 Light intensity in conjunction with DPI addition affects cellular parameters.

1 uM DPI was added to roGFP2-Orp1 cells in darkness, ML (40 umol photons m2s?) and

HL (200 umol photons m2s?). A) Changes in cytosolic H,0,, B) Fv/Fm, C) NPQ and D) qP

were monitored. No DMSO solvent was added to controls. A two-way repeated

measures ANOVA assessed the effect of DPI treament with time and within each light

intensity for Fv/Fm and NPQ. Asterisks indicate significant differences to control

treatment at each time point. * P<0.05. ** P<0.001. Orp1 data use triplicates with three

technical replicates. NPQ and Fv/Fm data use triplicate values. Error bars show standard

deviation.
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Figure 5.9 DPI in conjunction with light affects chlorophyll fluorescence during NPQ

induction curves.

Following treatment of darkness (A, B), ML (C, D) or HL (E, F), dark-adapted cells were

exposed to 3000 pmol photons m2 s saturating light pulse and 700 pmol photons m2s

Lactinic light to induce NPQ. Letters (Fo, Fm, Fm’, Ft) on graphs (A, B) indicate where

chlorophyll fluorescence parameters were extracted from the NPQ induction curve and

highlight the differences between the control (A, C, E) and DPI (B, D, F) treatments. Data

represent the average of three replicates. Error bars are not shown for clarity.
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NPQ induction curves were significantly affected by DPI and increasing light intensity amplified the
effects of DPI on chlorophyll fluorescence (Fig 5.9). After 30 min, DPI treatment drastically slowed
fluorescence quenching during actinic light, resulting in increased Ft compared to controls (Table
5.2, Fig 8B, D, F). The lack of quenching may explain why saturating light induced fluorescence peaks
(Fm’) were suppressed or inverted (Fig 5.9B, D, F, Table 5.2) compared to control. Consequently, DPI
completely suppressed Fv'/Fm’ in all light intensities within 30 min with no recovery (Table 5.2). As
time progressed, DPI treated cells showed reduced total chlorophyll fluorescence. After 180 min in
ML and HL treatments, the chlorophyll fluorescence showed little change throughout the induction,

suggesting extensive damage to PSIl machinery.
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Table 5.2 Summary of the effects of 1 uM DPI on photosynthetic parameters under different light intensities.

Fv/Fm was calculated using AquaPen parameters. All other parameters calculated from NPQ induction curve.

Parameter |Darkness Darkness + DPI ML ML + DPI HL HL + DPI

Time (min) |0 30 |60 180 |0 30 |60 (180 |0 30 |60 |180 |0 30 (60 |180 |0 30 (60 |180 |0 30 |60 |180

Fv/Fm 065+ |0.66 |0.65+ |0.64+|0.63+|0.71+|0.67+|042+ [0.63+|065+(0.64+|061+|064+|0.68+|049+|0.23+|0.66+|0.63+(0.61+|053+ [0.65+|0.56+|0.30+|0.06
0.01 + 0.01 0.01 (001 |(0.01 |0.01 |0.01 0.01 (001 |0.02 |(0.01 (001 |0.01 |0.03 |0.01 |0.01 |0.02 |0.02 |0.03 0.01 [0.02 |0.04 |0.01
0.01
Fo 6762+ | 7434 | 7531 | 8073 |7065 |7368 |8312 |8734+ |5862 |5971 |6101 |6957 |[5657 |6718 |8268 |3966 |6697 |7152 (7347 |8008+ |6577 |6697 |5332 |3955+
33 +291 [+£131 | +£554 | +104 | +448 | +612 | 2003 +134 | +163 [ +146 (+491 |+32 |+954 |+706 |+234 [+130 |+479 |+455 | 689 +187 [+766 |+171 | 104
Fm 29173 | 3164 | 31719 | 3391930343 | 2690 |2622 |17631+|2595 |2619 |2627 |27634|2553 |2298 |1763 |5754 |28262|2738 (2635 |25878+ 2749 |1750 |8041 |4843+
+82 3+ +130 |+ +312 |8+ 5% 4247 4+ 2+ 9+ +854 |1+98|5¢% 2+ +254 (+248 |5¢ 5% 1661 3+ 1+ +221 |56
294 1070 179 817 671 393 357 663 1180 1276 | 2863 455 2092
Ft’ 8810+ | 9157 | 8810 |9569 |[8355 |[1712 |1690 |10901+|7477 |7499 |8052 |[9168 |6469 |1476 |1080 |5103 |9796 |9601 (7824 |7499+ |9319 |1219 |6545 |4367
281 +411 [£149 [+£799 |65 |2% 5% 2721 +289 [+293 | +£505 [+541 [+197 |0 4+ +148 | +309 |+ t 518 +538 |1+ +432 |18
1028 | 1967 1331 | 684 1572 | 2127 2272
Fm’ 13513 | 1427 | 13373 [ 13904 | 124301692 |1709 |11205+ (1134 |1240 |1314 |14781|9504 |1468 |1107 |5255 |15735|1511 |1169 |11541+|1492 |1268 |6838 |4519+
+509 2+ +315 | % +123 |7+ 0t 2769 6t 8+ 5% +903 | +497 [4+ 5% +184 (+717 |7+ 3+ 587 2+ 9+ +460 | 32
676 1347 1051 | 1965 422 742 1076 1398 | 733 1854 | 4335 808 2448
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NPQ 1.16 122 |137+ |145+(144+(059+|055+[{058+ [1.28+|1.11+|1.01+({0.87+(169+|057+(0.6+ |0.09+|0.8+ [0.82+|146+|1.24+ |0.84+|0.39+(0.18+|0.07+
+0.07 |* 0.05 0.21 (001 (011 |0.20 |0.19 0.02 (010 |0.13 |0.10 (0.15 |0.15 |0.19 |0.02 |0.07 |0.13 |0.84 |0.06 0.06 [0.13 |0.07 |[0.01
0.12
FV'/Fm' 0.347+ | 0.358 | 0.341 |0.311 [ 0.327 |- 0.010 | 0.0274 |0.340 | 0.395 [ 0.386 | 0.379 | 0.318 |- 0.024 | 0.028 | 0.377 | 0.366 | 0.306 | 0.350+ |0.375 | 0.038 | 0.042 | 0.0335
0.01 + +0.01 [+£0.01|+0.00 |0.011 |8+ +0.00 |+0.01|{+0.02|+0.01|+0.01|+0.02(0.005 |3+ 7% +0.01|+0.03|+0.10|0.01 +0.00 |4+ 7% +0.00
0.01 +0.01|0.01 4+ 0.00 |[0.01 0.01 |0.00
0.01
CIP 0.62+ |064 |0.64% |0.62+(0.64+(-0.02 |{0.03+]0.11+ |0.66%|0.67+|0.66%|0.65+|0.67+]- 0.08+(0.16+|0.63+|0.63+(0.62+|067+ |[064+|0.1+ |0.21+|0.25+
0.01 +0 0.01 0.01 |0.01 |+0.01{0.01 |0.01 0.01 (0.01 |0.010 |0.01 |0.01 |0.016 (0.01 |0.02 |0.03 |0.03 |[0.03 |0.02 0.02 (0.01 |0.02 |0.04
+0.02
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1 uM DPI significantly reduced P. tricornutum O evolution (Fig 5.10A) by 63% at 60 umol photons
m2 st (one-way ANOVA, P<0.001) and by 55% at 250 pmol photons m? s’* (one-way ANOVA,
P<0.001) light treatments. For comparison, 10 uM DCMU, which inhibits PSII electron transport in
the chloroplast, completely inhibited O; evolution at 60 umol photons m? s (one-way ANOVA,
P<0.001) and reduced evolution by 84% at 250 umol photons m s (one-way ANOVA, P<0.001). 1
LM DPI significantly reduced P. tricornutum dark O, consumption by 47% (Fig 5.10, one-way
ANOVA, P=0.004) while DCMU had no significant effect (one-way ANOVA, P=0.420).
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Figure 5.10 DPI and DCMU affect O, evolution and consumption in P. tricornutum.
Measurements began following 30 min incubation with chemical inhibitors. A) Effects
of inhibitors on O, evolution at different light intensities. B) O, consumption in
darkness with different inhibitors. Different letters indicate significant difference

within each light intensity (one-way ANOVA, Tukey post hoc test, P<0.05). Control
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contained 0.1% v/v DMSO. Error bars indicate standard deviation for three biological

replicates.

53.4 Differing effects of NOX inhibition in A. glacialis and T. weissflogii.

DPI can have non-specific effects on cellular parameters alongside inhibiting NOX proteins (Riganti
et al., 2004). Thus, it was important to test whether the DPI effects on P. tricornutum
photosynthetic physiology are due to inhibiting its Class 2 NOX protein (Chapter 2) or non-specific
effects. The effect of DPI on Fv/Fm was tested in two marine diatoms with different Classes of
NOX protein (Fig 5.11). T. weissflogii has a NOX-like protein (Chapter 2). DPI caused a significant
increase in Fv/Fm 60 min post addition (two-way repeated measures ANOVA, P=0.002) before a
significant reduction after 180 min (P<0.001). A. glacialis has Class 1 and 3 NOX proteins (Chapter
2). 1 uM DPI had no effect on Fv/Fm in A. glacialis over 180 min, though there was a significant
decline (ca 25%) 24 hours post-addition to 0.44 (two-way repeated measures ANOVA P<0.001).

101 T. weissflogii o A. glacialis
038 - i 086 M T = fE T -
. 054 *k
06 T M ] T
£ T 04
L £
Lf * A E
04 4 0.3 4
0.2
0.2 4
0.1
0.0 T T T 0.0 T T T T T
0 hours 30 min 60 min 180 min 0 min 30 min 60 min 180 min 24 Hours
1 Coentrol = 1 M DPI [ Control — 1pMDPI
Figure 5.11 DPI has contrasting effects on Fv/Fm in T. weissflogii and A. glacialis.
Cells were exposed to 1 pM DPI at medium light intensity (45-50 pmol photons m2 s
1. T. weissflogii density = 1.1x10° mL2. A. glacialis density = 6.7x10° cells mL™2. Two-
way repeated measures ANOVA compared DPI addition to control at each time point.
Asterisks indicate significant differences between control and DPI at each time point.
*P<0.05 ** P<0.001. No DMSO solvent was added to control. Error bars indicate
standard deviation for three replicates.
5.3.5 GSSG has no effect on P. tricornutum eROS production.

Recent work has demonstrated that eROS production in T. oceanica originates from a plasma

membrane glutathione reductase (GR) rather than a NOX protein (Diaz et al., 2019). In T.
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oceanica, glutathione disulphide (GSSG) competes with extracellular O, for reduction by GR and
thus competitively inhibits T. oceanica eROS production. Using OxyBURST Green to measure eROS
production, 10 uM and 200 uM GSSG had no effect on P. tricornutum eROS production (Fig 5.12,
one-way ANOVA, P>0.05), suggesting that GR activity is not primarily responsible for eROS

production in P. tricornutum.
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Figure 5.12 GSSG has no effect on P. tricornutum eROS production.

Using OxyBURST Green, P. tricornutum eROS production was measured over two
hours following incubation with differing concentrations of GSSG at medium light
intensity (45 umol photons m2s?). Cell density = 3x10° cells mL?. Different letters
indicate significant difference within each light intensity (one-way ANOVA, Tukey
post hoc test). Error bars show standard deviation for three biological replicates with

three technical replicates.

5.3.6 Redox state-altering chemicals affect iROS and eROS production in P.

tricornutum

Metabolic inhibitors were added to roGFP2-Orp1 cells and cytosolic H,0, levels were monitored.
Salicylhydroxamic acid (SHAM) inhibits alternative oxidase (AOX), a mitochondrial electron
dissipation enzyme (Murik et al., 2019) while DCMU inhibits chloroplast PSIl electron transport. 1
mM SHAM caused an immediate, significant, sustained increase in cytosolic H,0; within 5 min
(two-way ANOVA, P<0.001) that slowly declined over 180 min (Fig 5.13). 1 uM DPI caused a
slower increase of cytosolic H,0,, becoming significant after 30 min (two-way ANOVA, P<0.05). In

the DPI treatment, cytosolic H,0; continued to increase throughout the experiment so that after
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180 min, SHAM and DPI treatments had similar levels of cytosolic H,0,. In contrast, 10 uM DCMU

had no significant on cytosolic H,0; throughout the experiment (two-way ANOVA, P>0.05).
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Figure 5.13 Metabolic inhibitors affect P. tricornutum cytosolic H,0; levels.
Inhibitors were added to roGFP2-Orp1 cells at medium light intensity (40 umol
photons m2 s? light intensity). Cytosolic H,0, was tracked with roGFP2-Orp1
fluorescence in a plate reader assay. Cell density = 2.5x108 cells mL™. Error bars show
standard deviation for three biological replicates with two technical replicates. A
two-way ANOVA tested statistical significance between control values and added
chemical at each time point. * P=<0.05 ** P=<0.001. Black asterisk indicates test
between control and 1 mM SHAM and red asterisk indicates test between control

and 1 uM DPL.

eROS production and Fv/Fm following AOX and PSII inhibition was monitored. 1 mM SHAM (one-
way ANOVA, P<0.001) and 10 uM DCMU (one-way ANOVA, P=0.004) significantly increased eROS
production in P. tricornutum (Fig 5.14A, 5.15A). 0.5-1 mM SHAM had no effect on Fv/Fm up to 24
hours post addition (Fig 5.14B). In contrast, 10 uM DCMU significantly reduced Fv/Fm within 30
min, decreasing by 57% after 180 min (Fig 5.15B).
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Figure 5.14 AOX inhibition increases P. tricornutum eROS production but does not
affect Fv/Fm.
A) Using OxyBURST-Green the change in fluorescence was monitored for two hours
at medium light intensity (40-50 pmol photons m2 s?) in wild type P. tricornutum
(3.5x108 cells mL?). B) Changes in Fv/Fm with different concentrations of SHAM
(5.5x10° cells mL?). Statistical analysis on Fv/Fm compared the effect of time within
each dataset. Different letters indicate significantly different treatments (one-way
ANOVA for eROS production, two-way repeated measures ANOVA for Fv/Fm,

P<0.05). Error bars indicate standard deviation for three biological replicates.
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Figure 5.15 PSII inhibition increases eROS production and reduces Fv/Fm in P.

tricornutum.

A) Measurement of eROS production over two hours using OxyBURST Green

following addition of 10 uM DCMU to P. tricornutum cells (3.2x10° cells/ mL) at 45

umol photons m2 s, B) Changes in Fv/Fm with 10 uM DCMU addition (3.7x10° cells

mL?), also at 45 pmol photons m s, No ethanol was added to control. One-way

ANOVA tested eROS production and two-way repeated measures ANOVA compared

difference of DCMU with control at each time point. Asterisks indicate significant

differences between control and DPI at each time point. *P<0.05 ** P<0.001. Error

bars indicate standard deviation for three biological replicates.
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5.4 Discussion

5.4.1 NOX activity can affect P. tricornutum redox state

Microalgal studies using DPI have typically focused on measuring its effect on eROS production
(Kustka et al., 2005; Laohavisit et al., 2015; Diaz et al., 2019) or electron transport (Eckhardt &
Buckhout, 1998; Davey et al., 2003). This study shows that chemical inhibition of NOX affects P.
tricornutum redox state by generating cytosolic H,O, (Fig 5.6). In addition, PtNOX1 localises to the
plasma membrane (Fig 5.4). As PtNOX1 is more highly expressed than PtNOX2 and its gene
expression is affected by the light regime (Laohavisit et al., 2015), it is likely the predominant
source of plasma membrane electron transport to produce eROS in P. tricornutum. Inhibiting NOX
likely prevents the dissipation of intracellular electrons, resulting in over-reduction of the
photosynthetic ETC and subsequent electron leakage and ROS production in the chloroplast. The
steady increase of cytosolic H,0; during NOX inhibition suggests NOX is continually dissipating
intracellular electrons. Eventually the electron leakage and ROS generation may overwhelm
antioxidant defences. This suggests that NOX activity could regulate redox signalling pathways in
P. tricornutum in a different manner to multicellular organisms. NOX-derived redox signalling in
multicellular organisms predominantly occurs by eROS re-entering the cell to alter redox state
(Coelho et al., 2002; Ross et al., 2005; Miller et al., 2009; Niethammer et al., 2009). In contrast,
NOX activity in P. tricornutum predominantly prevents increases in cytosolic H,0; levels and a
subsequent shift in redox state, though NOX-derived eROS may be involved in redox signalling in
diatoms (Chapter 4, Bilcke et al., 2020). Light intensity significantly affects diatom eROS
production and trans-membrane electron transport (Lomas et al., 2000; Davey et al., 2003; Milne
et al., 2009; Laohauvisit et al., 2015; Schneider et al., 2016; Diaz et al., 2019), but other factors such
as cell morphotype (Chapter 2, Ovide et al., 2018) can alter NOX expression. Further research into
how other environmental stresses affect NOX activity may indicate other NOX redox signalling

roles in P. tricornutum.

5.4.2 Is DPI a suitable inhibitor for P. tricornutum NOX proteins?

DPlis an irreversible flavoprotein inhibitor capable of affecting non-NOX proteins. For example,
DPI can inhibit oxidative pentose phosphate (OPP) proteins in mouse glial cells (Riganti et al.,
2004). Thus, caution was required to assess whether results obtained in the present study arose
from NOX inhibition or non-specific inhibition of other flavoproteins. Dose-dependent effects of
DPI are infrequently reported in microalgae (Kim et al., 2000; Rohacek et al., 2014) but, as
demonstrated here, can determine the extent of cellular physiology decline (Fig 5, Riganti et al.,

2004; Rohacek et al., 2014). Previous studies using diatoms and DPI have used 2-50 uM DPI
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(Davey et al., 2003; Kustka et al., 2005; Laohavisit et al., 2015; Diaz et al., 2019) and incubation
periods of up to 1 hour (Laohauvisit et al., 2015). Based on the effects of >5 uM DPI on P.
tricornutum (Fig 5.5), there may have been significant oxidative stress in previously tested P.
tricornutum cells (Laohavisit et al., 2015) that may have contributed to reduced eROS production.
3-5 uM DPI can cause significant reduction in chlorophyll fluorescence and NPQ in P. tricornutum,
though it is unclear whether this is due to inhibition of NOX or other flavoproteins (Rohacek et al.,
2014). However, 1 uM DPI significantly reduces eROS production (see Chapter 3) and generates

less cytosolic H,0; than higher concentrations of DPI, minimising the risk of non-specific effects.

There are also species-specific effects of DPI that strongly suggests that NOX inhibition underlies
the increase in cytosolic H,0; and decline in photosynthetic parameters. For example, 50 uM DPI
increased cytosolic H,0, over five hours in Arabidopsis thaliana leaves (Nietzel et al., 2019), but
100 uM DPI had no effect on cytosolic H,0;in zebrafish larvae or Brassica napus leaf protoplasts
(Niethammer et al., 2009; Tewari et al., 2012; Tao et al., 2017). Similarly in algae, 2 uM DPI
reduced Fv/Fm after 30 min in T. weissflogii but had no effect in the NOX-lacking green alga
Dunaliella tertiolecta (Davey et al., 2003). Thus, the absence of a DPI effect on Fv/Fm in A.
glacialis is important. P. tricornutum and A. glacialis are both pennate diatoms so their cellular
machinery should possess similar flavoenzymes. However, they possess different NOX proteins
(Chapter 2) and differing cellular mechanics for eROS production (Chapter 3). The differing effects
of DPI on Fv/Fm in marine diatoms suggests non-specific inhibition is not the cause of the
reduction in P. tricornutum. Thus, the concentration used is suitable and P. tricornutum NOX

inhibition is likely responsible for the other physiological effects reported.

5.4.3 NOX activity in P. tricornutum is coupled with photosynthesis

If eROS production is a strategy to dissipate excess photosynthetically-derived reductant as
previously suggested (Hansel et al., 2016; Diaz et al., 2019), it follows that photosynthetic
parameters would be strongly affected by NOX inhibition. This was confirmed, with DPI treated
cells having significantly reduced measures of photosynthetic efficiency. Notably, gP dropped to 0
in all light conditions within 30 min (Fig 5.8D) and NPQ was significantly compromised (Fig 5.8C,
5.9). This suggests that PSII reaction centres were closed and electron flow was strongly inhibited,
leading to photosystem over-reduction. This supports NOX function to dissipate excess reductant.
Inhibiting NOX would prevent dissipation of excess NADPH and the regeneration of NADP*,
leading to reduced availability of electron acceptors and reaction centre closure. qP recovery
increased with time, which may suggest adaptation to NOX absence. In addition, gP recovery was
greatest in HL cells (Fig 5.8D) and O, evolution was slightly less affected in HL after 30 min (Fig

5.10). Potentially, upregulation of other electron dissipation mechanisms such as AOX (Bailleul et
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al., 2015; Broddrick et al., 2019) may allow greater electron flow, reducing NOX inhibitory effects.
However, as overall chlorophyll fluorescence concurrently decreased with gP (Fig 5.9) and Ft
increased, there may be extensive photosystem damage, which could affect the reliability of gP

recovery values.

This photosystem damage likely occurs from increased chloroplast ROS generation. The over-
reduction of the photosystem and reduced availability of NADP* would increase electron leakage
or Mehler reactions (Asada, 2006; Waring et al., 2010), generating damaging ROS. Hence,
increasing light with DPI results in greater decline of Fv/Fm (Fig 5.8B). This decline matches
observations in T. oceanica (Diaz et al., 2019). However, the decline in Fv/Fm in P. tricornutum
occurred at lower light intensities than those tested by Diaz et al. (HL= 200 umol photons m2s?
here vs 2000 pmol photons m s?) which suggests NOX activity is consistently required and not

just a response to extremely high light intensities.

The suppression of NPQ in DPI treatments matches previous findings in P. tricornutum (Rohacek
et al., 2014). As NPQ is frequently upregulated in stress conditions such as nutrient depletion or
high light (Allen et al., 2008; Lepetit et al., 2013), this suppression may also contribute to the ROS
increase by preventing dissipation of excess energy. This may suggest NOX activity can affect NPQ,
but the underlying mechanisms are unclear. DPI can inhibit the xanthophyll cycle in plants (Biich
et al., 1995), thus Rohacek et al (2014) proposed >3 uM DPI also inhibits NPQ by inhibiting the
diatom xanthophyll cycle and closing reaction centres. However, DPI inhibition of diatom
photophysiology is not universal (Fig 5.10) and diatoms have different xanthophyll pigments to
plants (Goss & Lepetit, 2015). Thus, the suppression of P. tricornutum NPQ may also relate to its
NOX inhibition and consequent photophysiology effects. As H,0, can also supress diatom NPQ

(Chapter 4), increased ROS resulting from NOX inhibition may also act to inhibit NPQ.

5.4.4 NOX interactions with non-photosynthetic pathways

Although NOX strongly affected photosynthetic parameters, there is also evidence for interactions
with other metabolic pathways. The greatest increase in cytosolic H,0, occurred during Darkness
+ DPI treatment (Fig 5.8A) but photosynthetic parameters were least affected. This suggests an
alternate source of electrons are shuttled to NOX. As several phytoplankton have substantial
eROS production or electron transfer rates in darkness (Chapter 3, Xue et al., 1998; Davey et al.,
2003; Diaz et al., 2018), NOX may also dissipate excess dark-derived electrons. For example, NOX
may dissipate excess mitochondrial-derived electrons and therefore inhibition of NOX may reduce
mitochondria efficiency, consistent with reduced respiration rate (Fig 5.10). However, diatom

photosynthesis and respiration rate are tightly coupled (Bailleul et al., 2015; Broddrick et al.,
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2019), so the observed reduction in respiration rate may be indirectly linked to photoinhibition.
Alternatively, DPI may interfere with the diatom OPP either directly or via NOX inhibition (Riganti
et al., 2004), preventing NADPH generation. Diatom OPP is localised to the cytosol (Kroth et al.,
2008; Gruber et al., 2009) and thus is more likely to be inhibited than plastid proteins (Riganti et
al., 2004). Diatoms would be unable to regenerate NADPH for antioxidant use, resulting in
reduced ROS detoxification. Assessing how products of the OPP change in darkness + DPI
treatment (Xue et al., 1998; Riganti et al., 2004) would reveal if the OPP is affected by NOX

inhibition or DPI application.

5.4.5 Evidence for NOX interactions with other metabolic pathways: AOX and PSlI

In plants and P. tricornutum, AOX activity prevents photosystem over-reduction by dissipating
excess reductant, normally during stress situations such as high light (Yoshida et al., 2007;
Cvetkovska et al., 2014, Bailleul et al., 2015; Murik et al., 2019). In the present study, SHAM
inhibition of AOX increased both cytosolic H0, and eROS production (Fig 5.13, 5.14). Notably,
these effects occurred under normal light conditions, further supporting diatom metabolic
coupling as a consistent strategy to dissipate reductant (Bailleul et al., 2015), rather than a stress
response as in plants (Yoshida et al., 2007; Cvetkovska & Vanlerberghe, 2012; Cvetkovska et al.,
2014). The rapid increase of cytosolic H,0, during AOX inhibition suggests AOX is vital for
preventing oxidative stress. AOX inhibition prevents dissipation of excess reductant to heat and by
removing an alternate electron pathway, it is likely that more mitochondrial electrons are
channelled through Complex Ill. As Complex Ill is a major source of mitochondrial ROS (Murphy,
2009), the increased electron flow and increased likelihood for ETC over-reduction may explain
the rapid increase in cytosolic H,0; following SHAM application (Fig 5.13). AOX is therefore likely

to be an important redox state-influencing protein in P. tricornutum.

RNAi AOX mutants in P. tricornutum have lower Fv/Fm than wild-type cells (Murik et al., 2019).
Thus, the lack of effect of SHAM on Fv/Fm was surprising, though this has also been reported in
several plants under non-stressful conditions (Bartoli et al., 2005; Hu et al., 2017). It is possible
that significant decline in Fv/Fm in RNAi mutants may only occur following long-term inhibition of
AOX and the subsequent sustained oxidative stress. Prioritisation of other electron dissipation
mechanisms strategies, such as NOX, may potentially alleviate AOX absence in the short term. The
increase in eROS production can be explained by excess reductant being channelled to NOX
instead of AOX. Hence, eROS production increases and cytosolic H,0, slowly declines from its
peak level. Thus, NOX and AOX may interact together with metabolic coupling to ensure efficient

dissipation of reductant.
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The DCMU effect on eROS and cytosolic H,0; production is more difficult to explain (Fig 5.15).
While DCMU had no significant effect on cytosolic H,0,, eROS production increased. This does
support suggestions from Chapter 3 that the eROS produced is from an enzymatic source and not
due to diffusion of cytosolic H,0,. Dark production of phytoplankton eROS has shown
photosynthesis is not the sole source of electrons (Saragosti et al., 2010; Diaz et al., 2018) and
diatom metabolic coupling proposes efficient exchange of reductant and ATP (Bailleul et al.,
2015). As PSll is inhibited, this may reduce the efficiency of other electron dissipation mechanisms
such as NPQ, Mehler reaction or metabolic coupling. Thus, NOX dissipates excess electrons from

other sources. However, this is highly speculative, requiring greater experimental validation.
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Figure 5.16 Comparing the effects of different metabolic inhibitors on cellular
parameters in P. tricornutum.

Using the results acquired in this chapter and selected papers, a summary of the
effects of DPI, SHAM and DCMU to P. tricornutum cellular parameters is presented.
Nt not tested. * reported by Bailleul et al. (2015). > lower Fv/Fm was reported in

downregulated AOX mutants by Murik et al. (2019).
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5.4.6 Enzymatic and functional differences in eROS production between diatoms

While NOX proteins are the best characterised enzymatic source of eROS production, recent work
has shown they are not the sole source in marine diatoms (Diaz et al., 2019) and so caution is
required when assigning an enzymatic source for eROS production. However, in P. tricornutum,
there is significant support for NOX being the source (Table 5.3). As discussed in Chapter 2, P.
tricornutum GR proteins lack a TMD, contrasting with T. oceanica. The current chapter shows P.
tricornutum eROS production is GSSG-insensitive, also contrasting with T. oceanica (Diaz et al.,
2019). In addition, T. weissflogii Fv/Fm and eROS production are reduced with DPI application
(Chapter 3, Davey et al., 2003; Kustka et al., 2005). This suggests that three different enzymatic
sources of eROS (NOX, NOX-like, GR) are used to dissipate excess photosynthetic reductant in
three different diatoms (Table 5.3). Similarly, metabolic coupling has been described in five
ecologically diverse diatoms (P. tricornutum, T. weissflogii, T. pseudonana, Ditylum brightwellii
and Fragilaria pinnata) (Bailleul et al., 2015). Four of these species possess NOX/NOX-like proteins
(F. pinnata is not sequenced) (Chapter 2). eROS production may interact with metabolic coupling
to maximise efficient electron dissipation. However, the limited effect of DPI on eROS production
(Chapter 3) and Fv/Fm in A. glacialis suggests that different diatoms may prioritise different
strategies for electron dissipation. Differences in eROS production rate may reflect electron
dissipation strategies. For example, T. oceanica has greater eROS production rates than P.
tricornutum (Schneider et al., 2016; Diaz & Plummer, 2018) but lower NPQ activity (Lavaud et al.,
2007), which may reflect their pelagic and benthic environments respectively. It is also notable
that though T. weissflogii and T. oceanica have greater eROS production rates than P. tricornutum,
NOX proteins are more abundant than T. oceanica-like GR and NOX-like proteins (Chapter 2). NOX

proteins may represent the default enzymatic mechanism for diatom eROS production.
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Table 5.3 Comparison of diatom eROS production and potential enzymatic sources.

Nt = not tested. * Results from Diaz et al. 2019.

Species NOX Class | GR group DPI GSSG DPI affected
(TMD Y/N) reduced |reduced photosynthetic
eROS eROS parameters
P. tricornutum Class 2 Group 1 (N) Y N Y
T. oceanica Class 3 Group 2 (Y) Y* Y* Y*
T. weissflogii NOX-like |Group 1, (N), Y Nt Y
Group 2, (N)
A. glacialis Class 1, Group 1, (N), N Nt N
Class 3 Group 2, (N)

54.7 Conclusions

This study presents various ways in which NOX proteins in P. tricornutum can affect cellular
function. The following model is proposed for how plasma membrane-localised NOX interacts
with photosynthesis. Following NOX inhibition, chloroplast electron flow in light decreases, due to
prevention of NOX-derived NADP* regeneration. Consequently, photosystem reaction centres
become over-reduced, leading to greater electron leakage and chloroplast ROS generation. Some
of this ROS dismutates to H,0, and enters the cytoplasm. ROS generation overwhelms antioxidant
defence, resulting in increased damage to photosynthetic components and photoinhibition. The
results indicate that NOX activity is an important electron dissipation strategy, working alongside
other metabolic components involving mitochondria and AOX as part of metabolic coupling.
While this use for NOX may not be universal in diatoms, it further highlights the diversity of
mechanisms diatoms possess for dissipating excess electrons. In particular, this work has
highlighted the importance of species comparisons for understanding how different electron
dissipation mechanisms are used. In this instance, NOX proteins in P. tricornutum have a

comparable role to GR in T. oceanica for redox balance and eROS production.
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Chapter 6 General Discussion
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6.1 Summary of key findings

Though studies into marine phytoplankton eROS production are increasing, the functional
characterisation of NOX proteins in specific microalgal lineages is very limited (Anderson et al.,
2011; Laohavisit et al., 2015; Diaz et al., 2019). This thesis set out to address this knowledge gap
by characterising the diversity of NOX proteins and eROS production in marine diatoms. In
Chapter 2, diatom NOX proteins were shown to have greater phylogenetic and structural diversity
than any other previously screened group, with three distinct NOX Classes and one NOX-like
group present. In combination with unusual diatom transmembrane GR proteins (Diaz et al.,
2019), these findings illustrate that diatoms possess diverse enzymatic mechanisms for eROS
production. Chapter 3 demonstrated that there are significant differences in eROS production and
FCR activity between diatom species. Increasing light intensities increased eROS production in 2/3
species tested, while high light inhibited FCR activity in all species. Similarly, eROS production in
2/3 species tested was susceptible to DPI application, suggesting a significant contribution from a
flavoprotein source. In Chapter 4, roGFP2-Orp1 was expressed in P. tricornutum and
demonstrated how exogenous H,0, impacts P. tricornutum physiology. Though P. tricornutum is
effective at removing H,0, from the cytosol, H,0, has significant long-term effects on growth and
photosynthesis, indicating a potentially important role in redox signalling and regulation. In
Chapter 5, it was proposed that NOX proteins have a photoprotection function in P. tricornutum
by removing excess photosynthetic reductant (Fig 6.1), similar to metabolic coupling (Bailleul et
al., 2015). The importance of NOX proteins was demonstrated, as inhibiting NOX activity under
non-stressful conditions had serious consequences, affecting photophysiology, redox state and
growth. This discussion will highlight three key themes of this thesis, discuss these findings and

propose future research directions.
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O, O,

Malate

atr Chloroplast

Mitochondria
ATP NADF‘H\ AOX

0, 0,

Figure 6.1 NOX as an electron dissipation mechanism.

A basic model demonstrating how NOX interacts with metabolic coupling to dissipate
excess electrons. During high light, diatoms dissipate the excess NADPH produced in
the chloroplast to prevent over-reduction of the photosystem. NADPH can be
transferred to the mitochondria as part of metabolic coupling or to NOX for eROS
production. NOX may dissipate excess mitochondrial NADPH, but further research is

required to confirm this.

6.2 The structural diversity of diatom NOX proteins

6.2.1 What processes may have led to the diversity of diatom NOX proteins?

This thesis proposed a new Class system for classifying NOX proteins (Chapter 2). Class 1 NOX
proteins are found in phylogenetically diverse lineages such as animals, plants, fungi and diatoms,
suggesting Class 1 NOX proteins resemble the ancestral NOX protein and further supports NOX to
be an ancient widespread enzyme (Sumimoto, 2008; Inupakutika et al., 2016). However, diatom
NOX proteins are structurally and phylogenetically diverse, displaying NOX Class similarity to
plants, red algae and green algae. This diversity is most likely shaped by endosymbiosis events
(Dorrell & Smith, 2011; Dorrell et al., 2017), with diatoms retaining Class 2 and Class 3 NOX
proteins originating in red and green algae. While diatoms as a lineage have retained all three
Classes of NOX protein, gene loss is also prevalent, as 50% of screened diatoms did not possess a
confirmed NOX protein. Finally, each diatom species has typically retained NOX proteins from a

single Class, with only two exceptions (Chapter 2).
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6.2.2 A functional explanation for diatom NOX diversity?

The absence of a clear pattern of conservation for NOX proteins between different diatom
taxonomic groups (pennate vs centric) could suggest functional redundancy between different
diatom NOX Class proteins. Alternatively, different NOX Classes may have different functions, with
different diatoms retaining different NOX proteins. There is contrasting evidence of this in animals
and plant NOX proteins. Within humans, different functions are ascribed to structurally different
NOX1-4, NOX5 and DUOX (Sirokmany et al., 2016) and these structural differences coincide with
phylogenetic differences between these groups (Kawahara et al., 2007). Meanwhile, plant Rboh
proteins in A. thaliana are structurally and phylogenetically similar but possess diverse functions
(Marino et al., 2012). Due to a lack of data, only limited inferences can be made for diatom NOX
proteins but there may be some functional diversity. S. robusta (Class 1) and P. tricornutum (Class
2) are likely to use NOX proteins for ROS signalling during sexual reproduction and electron
dissipation respectively (Chapter 5, Laohauvisit et al., 2015; Bilcke et al., 2020). Though less
robustly tested, constitutive eROS production in Coscinodiscus sp. is unaffected by light (Hansel et
al., 2016) and C. wailesii has a Class 3 NOX protein (Chapter 2). Similarly, raphid pennate diatoms
were predominantly associated with Class 2 NOX proteins (Chapter 2), which could suggest
another specialised role for pennates. Further screening of diatom NOX functions is required to

validate these ideas.

6.2.3 Why are there alternative enzymatic sources in diatoms?

Alongside diversity within NOX proteins, marine diatoms have at least three different enzymatic
sources of eROS production: NOX, NOX-like and GR proteins. While GR and NOX-like proteins
appear less common than NOX proteins (Chapter 2, Diaz et al., 2019), it further highlights the
importance of eROS production in marine diatoms. These non-NOX enzymatic sources may be
more efficient than classic NOX proteins, resulting in evolutionary loss of NOX in these lineages. T.
oceanica and T. weissflogii have relatively high rates of eROS production (Schneider et al., 2016)
and use eROS derived from GR and NOX-like proteins for electron dissipation (Chapter 5, Diaz et
al., 2019). Greater eROS production could indicate greater electron dissipation (Chapter 5, Diaz et
al., 2019), minimising the risk of electron leakage from electron transport chains. There may be
other specialised eROS producing enzymes in microalgae. Diverse enzymatic sources for eROS
production could explain eROS production in organisms lacking a classic NOX protein such as
Ectocarpus (Kupper et al., 2002; Cock et al., 2010) or species whose eROS production is relatively

insensitive to DPI, such as A. glacialis (Chapter 3).
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The presence of NOX, NOX-like and GR proteins make assessing the source of eROS production in
marine microalgae more difficult. DPI is commonly used to inhibit NOX proteins and reduce eROS
in marine algae (Kupper et al., 2002; Saragosti et al., 2010; Laohavisit et al., 2015). As DPI targets
flavoproteins, it can target and inhibit GR, NOX and NOX-like proteins. Future studies should be
cautious when using DPI to screen for NOX protein activity, especially if sequences are not
available. Rather than label eROS production as NOX-derived, the source should be described as

an oxidoreductase protein, unless protein sequences are available to support assessment.

6.2.4 Future steps to identify NOX proteins

The predictions made for the NOX Class diversity are supported by structural and phylogenetic
evidence but remain putative until characterised accurately for eROS production. NOX proteins
display significant structural similarity to FRE proteins, which can lead to mis-annotation (Chapter
2, Zhang et al., 2013; Hajjar et al., 2017; Rossi et al., 2017). Realistically, molecular tools such as
gene knockout are required to accurately assess the functions of putative proteins. P. tricornutum
and T. pseudonana are increasingly being studied using gene editing tools (Hopes et al., 2017;
Serif et al., 2017). With the exception of C. reinharditii, other algal groups are more limited by
gene editing availability, though this is steadily improving (Tirichine et al., 2017; Faktorova et al.,
2020).

In the absence of universally applied molecular tools, greater screening of diverse algal groups
may assist NOX identification. Genetic databases are increasing for different algal lineages
(Phaeoexplorer, Keeling et al., 2014; Cheng et al., 2018) and analysing these datasets will facilitate
NOX identification and understanding NOX evolution. Given the structural diversity of algal NOX
proteins, wider screening of NOX proteins in more algal lineages could test if Thr178 is a reliable
identification motif to separate NOX proteins from FRE (Chapter 2). Wider screening may also

reveal other well-conserved amino acid residues or motifs to identify NOX.

In addition, the endosymbiotic explanation for diatom NOX diversity could be tested. With a wide
screen of algae, Class 1 NOX proteins, as the most conserved NOX protein, should be the most
abundant Class. Stramenopile algae such as brown algae and raphidophytes should have the same
level of NOX diversity as diatoms (Class 1-3). In contrast, Class 2 NOX proteins should not appear
in green algae and vice versa with Class 3 NOX proteins and red algae, as these lineages are the

proposed origin for Class 2 and 3 NOX proteins respectively.
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6.3 The importance of H,0: in diatom tolerance and signalling

6.3.1 How does H>0; affect P. tricornutum signalling?

Expressing roGFP2-Orp1l in P. tricornutum further demonstrated that H,O, can significantly alter
cellular physiology in P. tricornutum. In line with previous work, the concentration of ROS affects
the signalling response (Nakamura et al., 2003; Murik & Kaplan, 2009; Graff van Creveld et al.,
2015). In this study, 100 uM H,0; represented an important threshold for exogenous addition,
with significant effects on Fv/Fm, NPQ, and cell growth. This aligns with previous work showing
how >100 uM H,0; can trigger PCD in P. tricornutum (Graff van Creveld et al., 2015; Mizrachi et
al., 2019). Interestingly, though 50 uM H,0; had limited effect in the present study, 50 uM H,0,
increases AOX expression in P. tricornutum (Murik et al., 2019). Thus, ranges of concentration

thresholds exist in P. tricornutum and affect different cellular pathways.

Furthermore, redox signalling is not a uniform population response in P. tricornutum. Variations in
cytosolic Ca?* elevations following H,0, addition and heterogeneous responses following high
light demonstrate that even in a clonal line of P. tricornutum cells, phenotype variability exists. As
highlighted by Mizrachi et al., (2019), assessment of population responses can hide single cell
specific trends. These intercellular differences may contribute to microalgae success by having

multiple responses to stimuli to enhance cell survival.

6.3.2 How do diatom tolerances to H,O, compare?

Exposure to 200 uM H,0, severely reduced growth rate and Fv/Fm in P. tricornutum, suggesting
200 pM H,0; is close to its maximum tolerance. This is comparable to the tolerance of other
diatoms, based on cell death and decline in Fv/Fm, of 200-300 uM H,0, (Drabkova et al., 2007a;
Thamatrakoln et al., 2012). Diatom H,O; tolerance is greater than cyanobacteria (nanomolar to
micromolar) (Drabkova et al., 2007a,b; Ma et al., 2018), comparable to dinoflagellates (Ganini et
al., 2013) but lower than the millimolar tolerance of green algae (Darehshouri et al., 2008; Murik
& Kaplan, 2009; Murik et al., 2014). A screen of H,0, tolerance has not been carried out in
diatoms but some factors could be used to predict the different species tolerances. For example,
diatoms that are frequently exposed to oxidative stress-inducing conditions would be expected to
have greater tolerance to H,0,. In intertidal diatoms, salt stress and increased light are frequent
stressors that trigger oxidative stress and strong antioxidant responses (Rijstenbil, 2003, 2005;
Roncarati et al., 2005, 2008). Therefore, intertidal diatoms likely have greater tolerance to
exogenous H,0, (Rijstenbil, 2003, 2005; Roncarati et al., 2005, 2008). Similarly, polar diatoms

would also be expected to have a high tolerance as they are exposed to rapid changes in light,
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salinity and temperature that would generate oxidative stress (Lyon & Mock, 2014; Yoshida et al.,
2020). Finally, diatoms with high constitutive production of eROS such as T. weissflogii or Pseudo-
nitzschia sp. (Schneider et al., 2016; Diaz et al., 2018) may have greater tolerance. High
production rates may increase localised levels of exogenous H,0, resulting in increased diffusion
into the cell to be detoxified. However, this may only be comparable for similar species that exist
in the same ecological environmental rather than between lineages. For example, C. reinharditii
has lower eROS production than diatoms but greater tolerance to H,0, (Murik & Kaplan, 2009;
Anderson et al., 2016; Schneider et al., 2016).

6.3.3 What sources of H,0; could initiate redox signalling in diatoms?

This thesis has demonstrated three mechanisms that affect cytosolic H,0; levels and potentially
initiate redox signalling: exogenous H,0, (Chapter 4), environmental stressors such as high light
(Chapter 4) and activity of electron dissipation enzymes (Chapter 5). In the natural environment,
exogenous H,0; is unlikely to trigger the severe effects in photophysiology seen in Chapter 4 as
oceanic steady state levels of H,0, typically only reach low nanomolar concentrations (Zinser,
2018) rather than the micromolar concentrations used in the laboratory. However, nanomolar
concentrations of H,0; could affect H,O; sensitive species such as cyanobacteria, resulting in
changes to community composition (Xenopoulos & Bird, 1997; Hunken et al., 2008; Morris et al.,
2011; Matthijs et al., 2012). Moreover, H,0; toxicity can be exacerbated by interactions with
increased light and temperature (Drabkova et al., 2007a; Ma et al., 2018) and steady state ROS
can be affected by factors such as water-column depth, time of day and cell concentration (Rose
et al., 2008; Matthijs et al., 2012; Roach et al., 2015; Sutherland et al., 2020). Thus, spatial and
temporal variations in oceanic ROS concentrations could affect diatoms. Environmental stressors
such as light, salinity, nutrient limitation or heavy metal pollution can generate increased cellular
ROS in diatoms (Rijstenbil et al., 1994; Rijstenbil, 2003; Roncarati et al., 2005; Allen et al., 2008;
Graff van Creveld et al., 2016; Mizrachi et al., 2019) and it is likely this is the most common form
of ROS signalling, with the resultant increase in cellular ROS acting as a stress signal. Finally, the
activity of electron dissipation enzymes such as AOX, GR or NOX can influence cellular redox state.
AOX and NOX activity dissipates excess electrons that may be generated following stressful
conditions, minimising ROS generation (Chapter 5, Murik et al., 2019). Therefore, environmental
stressors and electron dissipation enzymes can interact together as part of a ROS signalling
response. As inhibiting AOX and NOX resulted in different dynamics for H,0, generation (Chapter

5), they may partake in different redox signalling pathways.
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6.3.4 What steps should be taken to further understand H20; signalling in P.

tricornutum?

As H,0; strongly affected photophysiology parameters, roGFP2-Orpl and roGFP2-ChlOrp1 can be
used to further explore the role of H,0, in photo-oxidative stress and cell signalling. Under high
light, it would be expected that chloroplast H,0; would increase more rapidly than cytosolic levels
and that recovery of photosynthetic parameters would correlate strongly with chloroplast H,0,
levels. In plants, chloroplast production of H,0; interacts with other cellular compartments,
altering gene expression (Exposito-Rodriguez et al., 2017; Nietzel et al., 2019). As P. tricornutum is
increasingly demonstrated to display localised compartment signalling and interactions (this
thesis, Bailleul et al., 2015; Flori et al., 2017; Helliwell et al., 2019; Mizrachi et al., 2019),
differences between chloroplast and cytoplasm H,0, dynamics could be investigated, such as
comparing how localised H,0, dynamics differ with redox state dynamics (Mizrachi et al., 2019).
Alongside this, measuring gene expression of key photosynthetic enzymes following H,0, addition
could infer which enzymes are susceptible to H,0,. Finally, confocal microscopy on roGFP2-Orp1l
cells could investigate localised increases in H,O, under stress conditions. In particular, this could
be combined with research into Ca?* dynamics. P. tricornutum exhibit tip-localised increases
following osmotic shock (Helliwell et al., 2019) while in brown algae embryos, Ca%*: ROS gradients
can co-localise during osmotic shock response and during growth development (Coelho et al.,

2002, 2008).

6.4 NOX proteins as an electron dissipation mechanismin P.

tricornutum

This thesis provides evidence supporting a role for eROS production as a mechanism for
dissipating excess photosynthetically-derived reductant (Hansel et al., 2016; Sutherland et al.,
2019). NOX is a vital component for functioning P. tricornutum physiology as chemical inhibition
of NOX causes significant reduction of photosynthetic parameters. In addition, disruption to
respiration from NOX inhibition suggests NOX may dissipate excess electrons from other sources,
such as the mitochondria. This could explain eROS production in the absence of photosynthesis
(Chapter 3, 5). NOX activity likely works in combination with metabolic coupling, involving both

chloroplast and mitochondria (Bailleul et al., 2015) to ensure efficient electron use (Fig 6.1).

6.4.1 How do NOX proteins enhance diatom fitness?

The work presented in this thesis supports a role for NOX as a photoprotection mechanism to

minimise light stress, alongside NPQ, AOX, the Mehler reaction and specialised light harvesting
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proteins (Ruban et al., 2004; Bailleul et al., 2010; Waring et al., 2010; Murik et al., 2019). Having a
variety of photoprotective mechanisms likely gives diatoms greater flexibility to respond to
changing electron requirements under different environmental conditions. As well as dissipating
electrons, NOX activity may promote efficient electron use to help balance the ATP:NADPH ratio
under non-stressful conditions (Bailleul et al., 2015). Diatoms display intricate control of their
cellular machinery by regulating different pathways in response to high light (Broddrick et al.,
2019) and so more mechanisms may exist in diatoms to facilitate this. For example, it was
previously reported that in nitrogen-replete diatoms, increasing light intensity results in greater
NOs reduction, which may represent another extracellular electron dissipation mechanism
(Lomas et al., 2000). If alternative substrates to oxygen are available, diatoms may use different
pathways to remove excess electrons. However, oxygen represents an abundant default electron

acceptor for cells.

6.4.2 eROS production for electron dissipation is a common microalgal strategy

Raphidophytes, dinoflagellates, haptophytes, green algae and cyanobacteria also increase eROS
production with light intensity (Saragosti et al., 2010; Li et al., 2015; Anderson et al., 2016; Hansel
et al., 2016; Plummer et al., 2019), suggesting eROS production for electron dissipation is a
common strategy in microalgae. The differences in per-cell production rates may reflect the
relative importance of NOX for electron dissipation to different algal groups. For example, green
algae have a lower per-cell production rate of eROS but are considered to utilise cyclic electron
flow in a higher capacity than diatoms (Forti et al., 2003; Lucker & Kramer, 2013; Bailleul et al.,
2015; Anderson et al., 2016). As NOX proteins evolved very early (Inupakutika et al., 2016), this
electron dissipation function may be a very old strategy, explaining its use in both cyanobacteria
and eukaryotic algae. The widespread use in microalgae as an electron dissipation mechanism is
facilitated by direct contact of cells with the external medium, which prevents the build-up of
harmful concentrations of ROS. This could explain the diversity of eROS producing enzymes in
microalgae. In comparison, continual eROS production in terrestrial plants would result in a
significant build-up of ROS which may explain why plants don’t use NOX and eROS production for

electron dissipation.

6.4.3 How can the risk of DPI toxicity be minimised in future NOX characterisation

experiments?

Though efforts were taken to reduce non-specific DPI toxicity in this thesis, this frequently is not
considered in other studies characterising NOX. NOX research is limited by the availability of

specific inhibitors, as other inhibitors such as apocynin can also have nonspecific effects similar to
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DPI (Riganti et al., 2004, 2006). Thus, dose-dependent effects of DPI should be reported more
frequently. Other steps may include minimising the risk of non-specific DPI toxicity. This may be
achieved by washing cells after DPI incubation or using a flow through system for accurate per-
second measurements of eROS (Kustka et al., 2005; Milne et al., 2009; Diaz et al., 2019). Both of
these methods would reduce exposure time to DPI and therefore reduce the chance of DPI
targeting intracellular flavoproteins (Milne et al., 2009; Diaz et al., 2019). Genetic knockout of P.
tricornutum NOX proteins is the ideal solution to characterise NOX function (Hopes et al., 2017,
Serif et al., 2017). Seeing similar physiological effects in NOX mutants as that of DPI treated P.
tricornutum (Chapter 5) would further validate NOX interactions with photophysiology and
possibly the mitochondria. PtNOX1 should be preferentially targeted as it has greater gene
expression and responds more strongly to light regime than PtNOX2 (Laohavisit et al., 2015).
However, there may be functional redundancy between the two P. tricornutum NOX proteins,
thus requiring double mutants. It is possible that knockouts of either NOX protein would be lethal,
given the strong negative effects on cellular physiology following DPI use. A possible solution is to
use RNAI to reduce NOX expression as used recently to characterise AOX in P. tricornutum (Murik
et al., 2019). Phenotypes in RNAi mutants may be less prevalent compared to gene knockout
mutants but would be more likely to permit growth of NOX-depleted cells for further

experiments.

6.4.4 What other conditions may affect NOX activity in diatoms?

Inhibiting AOX results in increased eROS production, likely reflecting increased NOX activity to
dissipate electrons that would otherwise be used by AOX (Chapter 5). Thus, conditions that affect
AOX activity may also affect NOX activity. As increased temperature, light and nutrient depletion
increase AOX expression (Murik et al., 2019), comparing NOX expression under similar conditions
may reveal a hierarchy of differing importance for different electron dissipation mechanisms in P.

tricornutum.

There may be multiple functions for NOX in P. tricornutum and other diatoms. In C. marina and C.
reinharditii, NOX proteins and eROS production are implicated for PCD signalling, electron
dissipation, growth regulation, defence and iron uptake (Oda et al., 1995; Garg et al., 2007b;
Pérez-Pérez et al., 2012; Laohavisit et al., 2015; Li et al., 2015). A. glacialis may be an ideal species
to test alternate NOX functions as it possesses Class 1 and Class 3 NOX proteins, and a role for
electron dissipation is less clear than in P. tricornutum (Chapter 5). A defence role has yet to be
tested in marine diatoms but oxidative bursts or increased NOX protein expression occur in
several macroalgae following addition of bacterial peptides such as FIg22 (Kupper et al., 2006; Luo

et al., 2015). Constitutive production of eROS may have a secondary role to inhibit growth of
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neighbouring bacteria which typically have lower tolerances to H,0, (Xenopoulos & Bird, 1997;
Drabkova et al., 2007a). If diatoms can upregulate eROS production when electron dissipation
mechanisms are compromised, they may upregulate eROS production to deal with increased

presence of bacteria.

6.5 Concluding Remarks

Using a combination of bioinformatics, physiological assays and molecular techniques, NOX
proteins are shown to be diverse and important components of diatom cell physiology. Using the
model diatom P. tricornutum, NOX proteins represent an important electron dissipation
mechanism. However, diatoms have multiple enzymatic sources for eROS production, suggesting
eROS production is an important component. It is likely that NOX has other functions outside of
electron dissipation, which could explain the structural diversity of diatom NOX proteins. As
molecular tools develop, there will be greater opportunities to explore investigate ecologically
diverse diatoms and test NOX distribution and function further (Hopes et al., 2017; Tirichine et al.,
2017; Faktorova et al., 2020). By increasing research into NOX and eROS production in microalgae,
there are implications for diatom evolution, greater understanding of the dynamics of oceanic

ROS steady state concentrations and how ROS may influence community composition.
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A.1 List of diatoms screened and distribution of NOX protein hits.

Appendix A

Green indicates the presence of a NOX protein following screening while red indicates no confirmed NOX protein.

Species Name Group Database Sequence hits | Likely NOX Class 1 Class 2 Class 3 NOX-
sampled proteins like
Asterionellopsis glacialis Araphid Pennate MMETSP 4 2
Grammatophora oceanica Araphid Pennate MMETSP 4 1
Licmophora paradoxa Araphid Pennate MMETSP 3 1
Staurosira complex Araphid Pennate MMETSP 2 1
Striatella unipunctata Araphid Pennate MMETSP 8 2
Synedropsis recta Araphid Pennate MMETSP 3 0
Thalassionema frauenfeldii Araphid Pennate MMETSP 6 1
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Thalassionema nitzschioides Araphid Pennate MMETSP 3
Thalassiothrix antarctica Araphid Pennate MMETSP 1
Amphipora sp Raphid Pennate MMETSP 4
Amphiprora paludosa Raphid Pennate MMETSP 2
Amphora coffeaeformis Raphid Pennate MMETSP 1
Cylindrotheca closterium Raphid Pennate MMETSP 11
Entomoneis sp Raphid Pennate MMETSP 0
Fistulera solaris Raphid Pennate NCBI-Genome | 1
Fragilariopsis cylindrus Raphid Pennate NCBI 4
Fragilariopsis kerguelensis Raphid Pennate MMETSP 2
Nitzschia punctata Raphid Pennate MMETSP 2
Phaeodactylum tricornutum Raphid Pennate NCBI-Genome | 2
Pseudo-nitzschia arenysensis | Raphid Pennate MMETSP 3
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Pseudo-nitzschia australis

Raphid Pennate

MMETSP

Pseudo-nitzschia
delicatissima

Raphid Pennate

MMETSP

Pseudo-nitzschia fradulenta

Raphid Pennate

MMETSP

Pseudo-nitzschia heimii

Raphid Pennate

MMETSP

Pseudo-nitzschia multiseries

Raphid Pennate

JGI-Genome

Pseudo-nitzschia multistriata

Raphid Pennate

NCBI-Genome

Pseudo-nitzschia pungens cf.
pungens

Raphid Pennate

NCBI

Seminavis robusta

Raphid Pennate

Seminavis
robusta
genome,
courtesy of
Gust Bilke

Chaetoceros sp.

Polar Centric

MMETSP

Chaetoceros affinis

Polar Centric

MMETSP

Chaetoceros curvisetus

Polar Centric

MMETSP

Appendix A
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Chaetoceros debilis

Polar Centric

MMETSP

Chaetoceros neogracile

Polar Centric

MMETSP

Cyclophora tenuis

Polar Centric

MMETSP

Cyclotella meneghiniana

Polar Centric

MMETSP

Detonula confervacea

Polar Centric

MMETSP

Ditylum brightwellii

Polar Centric

MMETSP

Eucampia antartica

Polar Centric

MMETSP

Extubocellulus spinifer

Polar Centric

MMETSP

Minutocellus polymorphus

Polar Centric

MMETSP

Odontella aurita

Polar Centric

MMETSP

Odontella sinensis

Polar Centric

MMETSP

Skeletonema dohrnii

Polar Centric

MMETSP

Skeletonema japonica

Polar Centric

MMETSP

Skeletonema marinoi

Polar Centric

MMETSP
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Skeletonema menzelii

Polar Centric

MMETSP

Thalassiosira antarctica

Polar Centric

MMETSP

Thalassiosira gravida

Polar Centric

MMETSP

Thalassiosira miniscula

Polar Centric

MMETSP

Thalassiosira oceanica

Polar Centric

NCBI-Genome

Thalassiosira pseudonana

Polar Centric

NCBI-Genome

Thalassiosira punctigera

Polar Centric

MMETSP

Thalassiosira rotula (GS0102)

Polar Centric

MMETSP

Thalassiosira weissflogii
(CCMP1010)

Polar Centric

MMETSP

Aulacoseira subarctica

Radial Centric

MMETSP

Coscinodiscus wailesi

Radial Centric

MMETSP

Corethron pennatum

Radial Centric

MMETSP

Corethron hystrix

Radial Centric

MMETSP

Appendix A
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Leptocylindrus danicus Radial Centric MMETSP 2 0
Proboscia alata Radial Centric MMETSP 1 0
Proboscia inermis Radial Centric MMETSP 0 0
Rhizosolenia setigera Radial Centric MMETSP 0 0
Stephanopyaxis turris Radial Centric MMETSP 1 1
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B.1 Biosensor sequences cloned into plasmid.

roGFP2

ATGGTCTCCAAGGGTGAAGAACTTTTTACGGGTGTCGTCCCGATCCTCGTCGAACTCGATGGTGATGTCAACGGCACAAGTTTTCCGTCTCCGGAGAAGGTGAAGGAGACG
CCACCTACGGCAAGCTCACCCTCAAGTTCATCTCCACCACCGGAAAGCTCCCCGTCCCCTGGCCCACCCTCGTCACCACCCTCACCTACGGAGTCCAGTGCTTTTCCCGTTACC
CCGACCACATGAAGCGTCACGACTTTTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAACGTACCATCTTCTTTAAGGACGACGGAAACTACAAGACCCGTGCCGAAG

TCAAGTTCGAAGGAGACACCCTCGTCAACCGTATCGAACTCAAGGGAATCGACTTCAAGGAAGACGGAAACATCCTCGGACACAAGCTCGAATACAACTACAACTGCCACA
ACGTCTACATCATGGCCGACAAGCAGAAGAACGGAATCAAGGTCAACTTCAAGATCCGTCACAACATCGAAGACGGTTCCGTCCAGCTCGCCGACCACTACCAGCAGAACA
CCCCCATTGGTGACGGACCCGTCCTCCTCCCCGACAACCACTACCTCTCCACCTGCTCCGCCCTCTCCAAGGACCCCAACGAAAAGCGTGACCACATGGTCTTGCTCGAATTT

GTCACCGCCGCCGGAATCACCCTCGGAATGGACGAACTTTACAAG

roGFP2-
Orpl

ATGGCCGTCTCCAAGGGTGAAGAACTCTTTACGGGTGTCGTCCCGATCCTCGTCGAACTCGATGGTGATGTCAACGGTCACAAGTTTTCCGTCTCCGGTGAAGGAGAAGGT

GACGCCACCTACGGAAAGCTCACCCTCAAGTTCATCTCCACCACCGGAAAGCTCCCCGTCCCCTGGCCCACCCTCGTCACCACCCTCACCTACGGTGTCCAGTGCTTCTCCCG

TTACCCCGACCACATGAAGCAGCACGACTTTTTCAAGTCCGCCATGCCCGAAGGATACGTCCAGGAACGTACCATCTTTTTCAAGGACGACGGTAACTACAAGACCCGTGCC
GAAGTCAAGTTCGAAGGCGACACCCTCGTCAACCGCATTGAACTCAAGGGTATCGACTTCAAGGAAGACGGTAACATCCTCGGTCACAAGCTCGAATACAACTACAACTGC
CACAACGTCTACATCATGGCCGACAAGCAGAAGAACGGTATCAAGGTCAACTTCAAGATCCGCCACAACATTGAAGACGGTTCCGTCCAGCTCGCCGACCACTACCAGCAG
AACACCCCCATTGGAGACGGTCCCGTCCTCCTCCCCGACAACCACTACCTCTCCACCTGCTCCGCCCTCTCCAAGGACCCCAACGAAAAGCGTGACCACATGGTCCTCCTCGA
ATTTGTCACCGCCGCCGGTATTACCCTCGGAATGGACGAACTCTACAAGACCTCCGGTGGTTCCGGCGGAGGTGGTTCCGGTGGAGGCGGTTCCGGCGGAGGCGGTTCCG
GAGGCGGAGGTTCCGGTGGTGGAGGCTCCGGTGGCGAATTTGACATCTCCGAATTTTACAAGCTCGCCCCCGTCGACAAGAAGGGTCAGCCCTTTCCCTTCGACCAGCTCA
AGGGCAAGGTCGTCCTCATCGTCAACGTCGCCTCCAAGTGCGGATTTACCCCGCAGTACAAGGAACTCGAAGCCCTCTACAAGCGTTACAAGGACGAAGGTTTCACCATTA

TCGGCTTCCCCTGCAACCAGTTCGGTCACCAGGAACCCGGTTCCGACGAAGAAATTGCCCAGTTCTGCCAGCTCAACTACGGCGTCACCTTTCCCATTATGAAGAAGATCGA
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CGTCAACGGTGGAAACGAAGACCCCGTCTACAAGTTCCTCAAGTCCCAGAAGTCCGGAATGCTCGGTCTCCGTGGCATCAAGTGGAACTTCGAAAAGTTTCTCGTCGACAA
GAAGGGAAAGGTCTACGAACGTTACTCCTCCCTCACCAAGCCCTCGTCGCTCTCGGAAACCATTGAAGAATTGTTGAAGGAAGTCGAAGGTCGTGACTCGTCC

roGFP2-Grx

ATGGCCTCCGAATTTTCCAAGGGTGAAGAACTTTTTACGGGTGTCGTCCCGATCCTCGTCGAACTCGATGGTGATGTCAACGGTCACAAGTTTTCCGTCTCCGGCGAAGGTG
AAGGAGACGCCACCTACGGAAAGCTCACCCTCAAGTTCATCTCCACCACCGGAAAGCTCCCCGTCCCCTGGCCCACCCTCGTCACCACCCTCACCTACGGCGTCCAGTGCTTT
TCCCGCTACCCCGACCACATGAAGCAGCACGACTTTTTCAAGTCCGCCATGCCCGAAGGTTACGTCCAGGAACGTACCATCTTTTTCAAGGACGACGGTAACTACAAGACCC
GTGCCGAAGTCAAGTTTGAAGGCGACACCCTCGTCAACCGTATTGAACTCAAGGGTATCGACTTCAAGGAAGACGGCAACATTCTCGGTCACAAGCTCGAATACAACTACA
ACTGCCACAACGTCTACATTATGGCCGACAAGCAGAAGAACGGTATTAAGGTCAACTTTAAGATCCGTCACAACATCGAAGACGGTTCCGTCCAGCTCGCCGACCACTACCA
GCAGAACACCCCCATTGGAGACGGTCCCGTCCTCCTCCCCGACAACCACTACCTCTCCACCTGCTCCGCCCTCTCCAAGGACCCCAACGAAAAGCGTGACCACATGGTCCTCC
TCGAATTTGTCACCGCCGCCGGAATCACCCTCGGCATGGACGAACTCTACAAGACCTCCGGAGGTTCCGGTGGAGGTGGCTCCGGTGGTGGAGGCTCCGGTGGAGGTGGT
TCCGGAGGTGGAGGTTCCGGAGGCGGAGGTTCCGGCGGTGAATTTACCATGGTCTCCCAGGAAACCATCAAGCACGTCAAGGACCTCATCGCCGAAAACGAAATCTTCGT
CGCCTCCAAGACCTACTGCCCCTACTGCCACGCCGCCCTCAACACCCTCTTCGAAAAGCTCAAGGTCCCCCGTTCCAAGGTCCTCGTCCTCCAGCTCAACGACATGAAGGAAG
GCGCCGACATTCAGGCCGCCCTCTACGAAATCAACGGACAGCGTACCGTCCCCAACATTTACATCAACGGCAAGCACATTGGTGGAAACGACGACCTCCAGGAACTTCGTG
AAACGGGTGAACTTGAAGAATTGCTTGAACCGATTCTCGCCAAC

roGFP2-Tsa

ATGGCCTCCGAATTTTCCAAGGGTGAAGAACTTTTTACGGGTGTCGTCCCGATCCTCGTCGAACTCGATGGTGATGTCAACGGTCACAAGTTCTCCGTCTCCGGTGAAGGAG
AAGGTGACGCCACCTACGGCAAGCTCACCCTCAAGTTTATCTCCACCACCGGAAAGCTCCCCGTCCCCTGGCCCACCCTCGTCACCACCCTCACCTACGGCGTCCAGTGCTTC
TCCCGCTACCCCGACCACATGAAGCAGCACGACTTTTTCAAGTCCGCCATGCCCGAAGGATACGTCCAGGAACGTACCATCTTCTTTAAGGACGACGGTAACTACAAGACCC
GTGCCGAAGTCAAGTTCGAAGGTGACACCCTCGTCAACCGTATTGAACTCAAGGGAATCGACTTCAAGGAAGACGGAAACATCCTCGGACACAAGCTCGAATACAACTACA
ACTGCCACAACGTCTACATTATGGCCGACAAGCAGAAGAACGGAATCAAGGTCAACTTCAAGATCCGTCACAACATTGAAGACGGTTCCGTCCAGCTCGCCGACCACTACC

AGCAGAACACCCCCATTGGTGACGGACCCGTCCTCCTCCCCGACAACCACTACCTCTCCACCTGCTCCGCCCTCTCCAAGGACCCCAACGAAAAGCGTGACCACATGGTCCTC
CTCGAATTTGTCACCGCCGCCGGAATTACCCTCGGTATGGACGAACTCTACAAGACCTCCGGCGGTTCCGGTGGTGGAGGCTCCGGAGGTGGAGGCTCCGGTGGAGGLGG
TTCCGGCGGTGGCGGTTCCGGAGGCGGAGGTTCCGGTGGCGAATTTGTCGCCGAAGTCCAGAAGCAGGCCCCGCCCTTCAAGAAGACCGCCGTCGTCGACGGAATCTTTG

AAGAAATCTCCCTCGAAAAGTACAAGGGCAAGTACGTCGTCCTCGCCTTCGTCCCCCTCGCCTTTTCCTTCGTCTGCCCCACCGAAATTGTCGCCTTCTCCGACGCCGCCAAG

AAGTTTGAAGACCAGGGTGCCCAGGTCCTCTTCGCCTCCACCGACTCCGAATACTCCCTCCTCGCCTGGACCAACCTCCCCCGTAAGGACGGTGGACTCGGTCCCGTCAAGG
TCCCCCTCCTCGCCGACAAGAACCACTCCCTCTCCCGTGACTACGGCGTCCTCATCGAAAAGGAAGGAATCGCCCTCCGTGGACTCTTCATTATCGACCCCAAGGGAATTATC
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CGCCACATCACCATTAACGACCTCTCCGTCGGACGTAACGTCAACGAAGCCCTCCGCCTCGTCGAAGGTTTCCAGTGGACCGACAAGAACGGTACCGTCCTCCCCGCCAACT
GGACCCCCGGAGCCGCCACGATTAAGCCCGATGTCAAGGACTCCAAGGAATACTTCAAGAACGCCAACAAC

roGFP2-
ChlOrp1

TCTTGACCATGAAGTTCACTGCCGCCTGCTCTATTGCCCTCGCTGCTTCGGCTTCGGCCTTTGCCCCGATTCCCTCGGTTAGCGTGAGTTGATTTTGCAGTGGCCATGATAGG
AAACGGTCGAGAGTTGCAGAGAACAAAAGCTGTTGAGCATTATGCCCTTTATTTCGTTCTTCGTCTGCGCTGTTTACGTCACAATGAATTTTATTGGCAGTAACTTTTTTGTT

GTTGGCTGTAGTGATTTGTGTCTGACAAGTTTCGTTTTCGCCCTTATTGATACTGCAGCGTACCACCGATCTTAGCATGTCTTTGCAAAAGGATCTCGCTAATGTCGGCAAGG
AATTCGCCAAGATGGCCGTCTCCAAGGGTGAAGAACTCTTTACGGGTGTCGTCCCGATCCTCGTCGAACTCGATGGTGATGTCAACGGTCACAAGTTTTCCGTCTCCGGTGA
AGGAGAAGGTGACGCCACCTACGGAAAGCTCACCCTCAAGTTCATCTCCACCACCGGAAAGCTCCCCGTCCCCTGGCCCACCCTCGTCACCACCCTCACCTACGGTGTCCAG
TGCTTCTCCCGTTACCCCGACCACATGAAGCAGCACGACTTTTTCAAGTCCGCCATGCCCGAAGGATACGTCCAGGAACGTACCATCTTTTTCAAGGACGACGGTAACTACA
AGACCCGTGCCGAAGTCAAGTTCGAAGGCGACACCCTCGTCAACCGCATTGAACTCAAGGGTATCGACTTCAAGGAAGACGGTAACATCCTCGGTCACAAGCTCGAATACA
ACTACAACTGCCACAACGTCTACATCATGGCCGACAAGCAGAAGAACGGTATCAAGGTCAACTTCAAGATCCGCCACAACATTGAAGACGGTTCCGTCCAGCTCGCCGACC
ACTACCAGCAGAACACCCCCATTGGAGACGGTCCCGTCCTCCTCCCCGACAACCACTACCTCTCCACCTGCTCCGCCCTCTCCAAGGACCCCAACGAAAAGCGTGACCACAT
GGTCCTCCTCGAATTTGTCACCGCCGCCGGTATTACCCTCGGAATGGACGAACTCTACAAGACCTCCGGTGGTTCCGGCGGAGGTGGTTCCGGTGGAGGCGGTTCCGGLGG
AGGCGGTTCCGGAGGCGGAGGTTCCGGTGGTGGAGGCTCCGGTGGCGAATTTGACATCTCCGAATTTTACAAGCTCGCCCCCGTCGACAAGAAGGGTCAGCCCTTTCCCTT
CGACCAGCTCAAGGGCAAGGTCGTCCTCATCGTCAACGTCGCCTCCAAGTGCGGATTTACCCCGCAGTACAAGGAACTCGAAGCCCTCTACAAGCGTTACAAGGACGAAGG
TTTCACCATTATCGGCTTCCCCTGCAACCAGTTCGGTCACCAGGAACCCGGTTCCGACGAAGAAATTGCCCAGTTCTGCCAGCTCAACTACGGCGTCACCTTTCCCATTATGA
AGAAGATCGACGTCAACGGTGGAAACGAAGACCCCGTCTACAAGTTCCTCAAGTCCCAGAAGTCCGGAATGCTCGGTCTCCGTGGCATCAAGTGGAACTTCGAAAAGTTTC
TCGTCGACAAGAAGGGAAAGGTCTACGAACGTTACTCCTCCCTCACCAAGCCCTCGTCGCTCTCGGAAACCATTGAAGAATTGTTGAAGGAAGTCGAAGGTCGTGACTCGT
CCTAA
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EcoRI (443)
EcoRV (451)
Spb6_primer Sacl (471)
Ndel (3998) Kpnl (477)
pGEX_3_primer BamHI (482)

Xbal (488)
Sall (494)

AmpR_promoter

Ampicillin
Hindlll (512)
Fspl (3049)
Mscl (1096)
bleo
sh_ble
Eagl (1424)

T7_promoter
Hpal (1755)

B.2 Plasmid map for shuttle vector pPhat-T1.

Antibiotic resistance for ampicillin, Zeocin (sh_ble) and bleomycin (bleo) indicated by

red regions. Map made using Addgene (https://www.addgene.org/analyze-

sequence/) and pPha-T1 gene sequence (GenBank accession no. AF219942).
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Sp6_primer

Ndel (4691)
pGEX_3_primer
AmpR_promoter EcoRlI (443
Stul (451)

Ampicillin
Fspl (3742)

pPha-T1-Venus
4788 bp

Hpal (2448)
T7_promoter bleo
sh_ble

Eagl (2117

Venus

BamHI (1175)

Xbal (1181
Sall (1187

Hindlll (1205
Mscl (1789)

C.1 Plasmid map for pPha-T1-Venus shuttle vector.

Plasmid created through fusion of pPha-T1 (accession no. AF219942) and codon optimised Venus

(accession AJN91098.1), from Helliwell et al. (2019). Antibiotic resistance for ampicillin, Zeocin

(sh_ble) and bleomycin (bleo) indicated by red regions. Map made using Addgene

(https://www.addgene.org/analyze-sequence/).
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List of Accompanying Materials

Full dataset available in University of Southampton online repository (PURE)

https://doi.org/10.5258/SOTON/D1869
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