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Summary

Several heterokont algae have emerged as model organisms, due to their ability
to produce and store large amounts of lipids, which are of interest as a resource
for fuel and food production. The photosynthetic machineries of heterokont
algae are, however, not as well understood as the ones of their plant and green
algal counterparts.

One part of this thesis reviews lipid metabolism in heterokont algae and
develops a computational model to explore and compare chloroplast lipid
metabolism in the heterokont algae Nannochloropsis and Phaeodactylum, and in
the green alga Chlamydomonas. This chloroplast model also includes a detailed
representation of the photosynthetic electron transport chain and carbon
fixation.

The main focus of the thesis is the exploration of the photosynthetic machinery
of the heterokont algae Nannochloropsis and Phaeodactylum using chlorophyll
fluorescence techniques.

The results indicate that the photosynthetic machinery of the investigated
heterokont algae is tuned fundamentally differently than in green algae and
plants. In heterokont algae, pulses of light that exceed the light intensity of
maximum sunlight do not provoke a complete reduction of the photosynthetic
electron transport chain. The reduction state of the photosynthetic electron
transport chain modulates the distribution of excitation energy between the two
photosystems in plants and green algae. However, this tuning response termed a
state transition, has not been identified in heterokont algae. Having revealed
that the photosynthetic machinery of heterokont algae is not completely
reduced by bright light, | manipulated the photosynthetic machinery of
Nannochloropsis oceanica and Phaeodactylum tricornutum by oxygen depletion
and the application of inhibitors to achieve a completely reduced photosynthetic
electron transport chain. These studies demonstrate a redistribution of
excitation energy that appears to be redox-mediated. To demonstrate the
dynamic distribution of excitation energy in heterokont algae, chlorophyll
fluorescence emission at 77 K was used, a technique that also I specifically

reviewed for heterokont algae.



The work presented in this thesis contributes significantly to the understanding
of the photosynthetic machineries of heterokont algae. In particular, the work
performed in this thesis demonstrates for the first time the redox-dependent
distribution of excitation energy between the two photosystems of heterokont
algae. The results have an impact on understanding the evolution and eco-
physiological adaptations of heterokont algae, and also clarify the use of

chlorophyll fluorescence techniques in heterokont algae.
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1. Introduction

1.1. Microalgae

Microalgae are unicellular algae that can be found in almost any environment on
earth (Borowitzka & Moheimani, 2013). They are an extremely diverse group of
organisms, and may range in size from a few micrometres up to several hundred
micrometres. Although nobody knows how many species of microalgae actually
exist, it has been estimated that the number could be between 200,000 and
800,000 (Kim, 2015).

Microalgae can grow in oceans, rivers, ponds and lakes, and the different species
thrive in a wide range of light intensities, temperatures, salinities and pH values.
Microalgae are extremely important for primary production. About half of the
total global primary production occurs in the oceans (Boyd, et al. 2014), and
unicellular phytoplankton is responsible for almost the entire oceanic primary
production (Falkowski et al. 2004). Diatoms alone are thought to have a primary
production comparable to all the world’s rainforests (Lucentini, 2005).
Microalgae also form the basis of several food chains, making them the source of
70 % of the world’s biomass (Kim, 2015).

In recent years, microalgae have moved into the spotlight and been the subject
of an increasing number of studies due to their potential and versatility.

Many microalgae are able to produce and store very high amounts of fatty acids.
Certain species of microalgae can store an amount of lipids equivalent to more
than half their own weight. This makes them an interesting source of biodiesel,
since these fatty acids could be used as substrate in the transesterification
reaction that produces biodiesel (Lam & Lee, 2012). Microalgae are much better
suited for biodiesel production than the crops that are currently being used, as
microalgae have higher growth rates, higher rates of lipid production, and
higher photosynthetic efficiency (Miao et al. 2004). In addition, they do not
occupy arable land, which is already scarce and desperately needed for food
production for an ever-increasing human population (Johnson & Wen, 2009).
Microalgae also produce carbohydrates, which in most cases can be found in the

outer layer of their cell walls (Chen et al. 2013). These carbohydrates could be

12



fermented in order to produce bioethanol, which is an alternative biofuel to
fossil-resource derived gasoline (Naik et al. 2010).

The algal lipids that are relevant for biodiesel production are mostly
unsaturated. But most microalgae also have an impressive production of poly-
unsaturated fatty acids (PUFAs). This makes microalgae a potential ingredient
both in human food and in fish feed (Patil et al. 2007; Vanthoor-Koopmans et al.
2013).

Microalgae also produce valuable chemicals, and several species of algae have
been the subjects of studies aimed at screening for bioactive compounds, such as
anti-cancer and antimicrobial agents (Borowitzka, 1995; Shanab et al. 2012).
Due to their photosynthetic abilities, algae are also eager producers of pigments
that could be utilized as antioxidants in food, pharmaceuticals and cosmetics
(Lubian et al. 2000).

While the applications of microalgae for generating biomolecules are almost
endless, one additional important field of usage worth mentioning here is their
ability to capture nutrients from wastewater (Kim, 2015). Valuable nutrients
escaping into the oceans is an increasing problem, especially if these nutrients
are a limited resource, such as phosphorous. Algal biomass derived from
nutrient trapping could subsequently be used as a fertilizer, thus allowing re-use

of the nutrients (Aslan & Kapdan, 2006).

13



1.2. Evolution of microalgae

All microalgae are thought to have developed as a result of one or several
endosymbiotic events (McFadden, 2001), and until very recently, it has been
assumed that all organisms with a chloroplast are descendants of one particular
cyanobacterium (Keeling, 2004; McFadden, 2001).

Fossil records indicate that cyanobacteria have existed for between 2.72 and 3.5
billion years (Hohmann-Marriott & Blankenship, 2011), while the history of
microalgae started around 1.6 billion years ago, when a non-photosynthetic
eukaryote engulfed a cyanobacterium and kept it as an organelle (Yoon et al.
2004). This initial photosynthetic eukaryote gave rise to green algae, red algae,
and glaucophytes (Keeling, 2004). A secondary endosymbiotic event involving
red algae gave rise to the chromalveolates, including the heterokont algae. This
is assumed to have occurred approximately 1.3 billion years ago (Yoon et al.
2004). Green algae, on the other hand, later gave rise to land plants about 5
million years ago (Morris et al. 2018).

The cyanobacterium that was engulfed in a eukaryotic cell has over time lost or
transferred most of its original genes to its eukaryotic host. Current chloroplasts
depend on several proteins that are now encoded in the nuclear genome. These
are synthesized in the cytoplasm, tagged with a transit peptide, and targeted to
the chloroplast (Keeling, 2004). The chloroplast, however, still encodes most of
the gene products that are needed for building the protein complexes involved

in the photosynthetic electron transport chain (Pfannschmidt et al. 1999).
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1.3. Photosynthesis

Photosynthesis is the most important biological process on Earth, as it is the
foundation of all ecosystems on the Earth’s surface. If it were not for the first
photosynthetic microorganisms (Hohmann-Marriott & Blankenship, 2011),
there would be no oxygen in the atmosphere, and since the majority of the
organisms inhabiting this planet depend on oxygen as their primary electron
acceptor, an atmosphere without oxygen would have prevented the evolution of
most complex organisms.

Photosynthesis has traditionally been seen as two distinct, yet connected set of
reactions; the light reactions and the carbon reactions. The light reactions are
those carried out by the protein complexes of the photosynthetic electron
transport chain taking place in the thylakoids, while the reactions of carbon
fixation involved in the Calvin-Benson cycle, are referred to as the carbon
reactions.

The ultimate goal of the light-dependent reactions is to create adenosine
triphosphate (ATP) and reduced nicotinamide adenine dinucleotide phosphate
(NADPH), which is subsequently being used in the Calvin-Benson cycle to fix
CO2. The Calvin-Benson cycle is a cyclic pathway consisting of 13 reactions. A
critical step in this cycle is the reaction which is responsible for binding CO2,
which is catalysed by the enzyme Ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) (Gong et al. 2018).

The product of the Calvin-Benson cycle is the three-carbon molecule
glyceraldehyde-3-phosphate (alternatively dihydroxyacetonephosphate), which

is the basic building block for all organic components in autotrophic algae.

15



1.3.1. The photosynthetic electron transport chain

Before an alga can use the chemical and redox energy contained in ATP and
NADPH for carbon fixation and glyceraldehyde-3-phosphate production, these
molecules must first be produced, or more precisely re-generated from
adenosine diphosphate (ADP) and nicotinamide adenine dinucleotide phosphate
(NADP+), respectively. Algae and plants do this by utilizing the energy contained
in sunlight.

The photosynthetic electron transport chain uses the energy in sunlight to split
water into molecular oxygen and protons, while sending the electrons derived
from water-splitting on a journey through three membrane-bound electron-
transporting protein complexes: photosystem II (PSII), the cytochrome bsf
complex, and photosystem I (PSI). In the photosynthetic electron transport
chain, electrons are passed from a donor molecule with higher energy to an
acceptor molecule with lower energy until it reaches PSI, where the energy from
sunlight is used to move the electrons to high-energy iron-sulphur clusters
within PSI.

In summary, the photosynthetic electron transport chain increases the redox
energy of the electrons passing through it from ~0.8 eV (when bound to water)

to ~ - 0.3 eV (when bound to NADPH) (Govindjee et al. 2017).
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1.3.1.1. Light-harvesting antennae

Light-harvesting complexes come in so many different shapes and sizes that it is
likely that they have evolved several times during the course of evolution
(Hohmann-Marriott & Blankenship, 2011). Their function, however, is
conserved, as they are all united in one task - to collect sunlight and funnel the
captured light-energy to the photosystem they are connected to.

In eukaryotes, the main classes of light-harvesting complexes (LHCs) consist of
transmembrane proteins with three hydrophobic transmembrane alpha-helix
domains that bind chlorophylls and carotenoids. The light-harvesting complexes
coupled to PSII (LHCII) in green algae and plants usually have a size of ~ 25 kDa,
and each bind 12 - 16 pigment molecules (Croce & Van Amerongen, 2014). The
light-harvesting complexes of green algae contain chlorophyll a and b, while
heterokont algae usually contain chlorophyll a and c. As an example; in
Phaeodactylum, a light-harvesting complex typically contains 6 chl a, 4 chl c and
5 - 6 carotenoids, which in diatoms could be fucoxanthin, lutein, diadinoxanthin
or diatoxanthin (Gundermann & Biichel, 2014).

LHCII complexes are coupled to PSII through the proteins CP43 (PsbC) and CP47
(PsbB), which funnel the excitation energy to the reaction center core of PSII
(Drop etal. 2014).

Several classes of light-harvesting complexes exist, and the naming, function and
pigment composition of these varies from organism to organism (further
described in sections 1.5.1, 1.5.2 and 1.5.3).

Studies of energy transfer within light-harvesting complexes have shown that
the excitation energy within them can be transferred from xanthophylls to
chlorophyll b to chlorophyll a via Forster energy transfer (Van Amerongen &
Van Grondelle, 2001).

In green algae and land plants, LHCIIs usually exists as trimeric complexes (Drop
etal. 2014, Nagao et al. 2013), and on average, four trimers are present per
reaction center of PSII (Van Amerongen & Van Grondelle, 2001). Light-
harvesting complexes contain ~ 70 % of the pigments involved in

photosynthesis (Croce et al. 1999), and even though PSII also contains
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chlorophylls, and would continue working even in the absence of its light-

harvesting complexes, its light-harvesting efficiency would be strongly reduced.

1.3.1.2. Photosystem II

PSII in most organisms consists of approximately 20 protein subunits (Gimpel et
al. 2015). The overall function of PSII is to generate electrons from water
splitting. Electrons are subsequently passed on to electron carriers embedded in
the protein complex, linking the PSII reaction center with the plastoquinone pool
(Lubitz et al., 2008).

The water splitting activity of PSII is catalysed within the oxygen-evolving
complex, which is situated at the lumenal side of the thylakoid membrane. It
contains a manganese cluster, which is the catalytic site where water splitting
occurs. In order to split water, the manganese cluster cycles through a
continuous loop of five steps, called the S-cycle. In each S-cycle step, four
electrons are generated from two molecules of water, while four protons are
released into the thylakoid lumen and one molecule of oxygen is generated (Cox
etal. 2014).

Each electron released as a result of S-cycle activity is passed on to a tyrosine
residue, termed Yz, which is situated between the oxygen-evolving complex and
the reaction center of PSII (Shinopoulos & Brudvig, 2012).

The PSII reaction center core houses a pair of chlorophyll molecules, commonly
termed Psgo, which are situated at the interface between the proteins D1 (PsbA)
and D2 (PsbD). Peripheral light-harvesting complexes channel the excitation
energy to P680 via the core antennae proteins CP47 (PsbB) and CP43 (PsbC),
which combined contain around 35 molecules of chlorophyll a (Umena et al.
2011). When Pego is excited, one electron escapes the reaction center chlorophyll
pair, and is donated to a series of downstream electron carriers. The empty
electron ‘hole’ in Pego is filled with an electron from Yz. When leaving Pego, the
electron first reaches pheophytin, which is a chlorophyll molecule where the
central magnesium atom is replaced by two protons. From pheophytin, the

electron travels further to the PSII-bound Qa, and subsequently to Qg. The two
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latter electron acceptors are both quinones. Qa is permanently bound to PSI]I,
while Qg is mobile, and leaves PSII when it is fully loaded with two electrons and
two protons, and becomes part of the plastoquinone pool (Pospisil, 2009).

Even though Psgo* is usually reduced by Yz, which facilitates electron transfer
from the oxygen-evolving complex to the oxidized reaction center, Pego* could
also be reduced by a plastoquinol molecule from the plastoquinone pool
(Pospifsil, 2009). This alternative electron pathway in PSII occurs via the PSII
donor side cytochrome bss9 and a carotenoid molecule (the two alternative
electron pathways of PSII are shown in Figure 1). It is assumed that this
alternative electron transport pathway in PSII serves as a safety valve that could
be used to prevent the accumulation of Pego*, which is extremely oxidizing, and
could lead to the formation of reactive oxygen species, which in turn could
damage the photosynthetic machinery (Pospisil, 2009).

In conditions where the plastoquinone pool is highly reduced and Qa is unable to
pass on its electron, electrons could also move backwards from the reaction
center, via Yz, and eventually end up back where they came from, in the
manganese cluster of the oxygen evolving complex (Lomoth et al. 2006). This
process is called charge recombination (Rappaport et al. 2002).

Charge recombination, occurring on a time scale of milliseconds, is a much
slower process than the electron transfer occurring from the reaction center to
Qa. Charge recombination is therefore more likely to occur if the electron is
blocked from moving to Qs. The manganese cluster is more prone to accept an
electron from Yz when it is in its S state, moving it back to S1 (Rappaport et al.
2002).

Molecules resembling plastoquinones can also be bound to the Qg binding
pocket of PSIIL. The molecule 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
has a structure similar to a plastoquinone molecule, and binds strongly to the Qg
binding pocket. However, DCMU will not be reduced by Qa. DCMU will therefore

remain in the binding pocket, and block the electron flow between Qa and Qg.
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Figure 1: The two alternative electron transport pathways of PSII (figure taken

from Shinopoulos & Brudvig, 2012)

1.3.1.3. The plastoquinone pool

Plastoquinone is the first mobile electron carrier of the photosynthetic electron
transport chain, being responsible for transporting electrons between PSII and
the next photosynthetic protein complex, the cytochrome bsf complex.
Plastoquinones are quite abundant in the thylakoid membrane, with about 10
plastoquinone molecules per PSII (Tikhonov, 2014).

An oxidized plastoquinone molecule can bind to the Qg binding pocket of PSI],
which is situated towards the stromal side of the thylakoid membrane (Rochaix,
2011). There, it undergoes two rounds of reductions by receiving electrons from
Qa. After receiving electrons, two protons from the stromal side of the
membrane are bound to keep the electron carrier charge-neutral.

The reduced plastoquinone molecule (plastoquinol) has a lower affinity for the
Qg binding site than an oxidized plastoquinone molecule (Miih et al. 2012). The
plastoquinol therefore leaves PSII and travels through the thylakoid membrane
to the cytochrome bsf complex, where it binds to the Q, site situated on the
lumenal side of the complex (Tikhonov, 2014).

One function of the plastoquinone pool is of course to transport electrons

between two of the photosynthetic protein complexes, but it also has another
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important function - it translocates protons from the stromal side of the
thylakoid membrane to the lumenal side. When the two protons were bound
during the reduction of plastoquinone, these protons were taken from the
stromal side of the membrane. When the protons are released again upon
binding of plastoquinol to the cytochrome bsf complex, the same protons are
released on the lumenal side of the membrane.

This imbalance in proton concentration between the two sides of the thylakoid
membrane serves two important purposes. Firstly, it is used for generating ATP
from ADP (see section 1.3.1.7 about ATP synthase). Secondly, the magnitude of
the proton concentration on the lumenal side of the thylakoid membrane plays
an important role in the onset of mechanisms involved in photoprotection (see

section 1.3.2).

1.3.1.4. The cytochrome bsf complex

The cytochrome bsf complex is the second electron transferring protein complex
in the photosynthetic electron transport chain, but unlike PSII and PS], it is not
driven by light. The cytochrome bef complex is a homodimer, with each
monomer consisting of eight protein units. The four major subunits of each
monomer are the Rieske iron-sulphur protein, cytochrome f, cytochrome bg and
subunit IV (Kurisu et al. 2003).

The electron transfer pathway through the bgf complex is commonly referred to
as the Q-cycle, and was discovered by Peter Mitchell in 1976 (Mitchell, 1976).
There are two possible pathways an electron can follow through the bsf complex,
and during the Q-cycle, both electron routes are used.

When a fully reduced plastoquinol molecule docks to the Q, binding site of the
cytochrome bgf complex, the two electrons carried by the plastoquinol follow
different paths. The first electron transferred from plastoquinol to the bsf
complex reduces the iron-sulphur cluster of the Rieske protein. From the
reduced iron-sulphur cluster of the Rieske protein, the electron is passed on to

cytochrome f, which again passes it on to one of the mobile electron carrier
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plastocyanin (in some algae cytochrome cs) (Tikhonov, 2014, Nelson & Yocum,
2006).

The second electron on the semiquinone that is still docked to the Q, site of the
cytochrome besf complex is transferred to heme b;, which passes on its electrons
to a pair of hemes, heme by and heme c;. This heme pair is able to accept two
electrons and subsequently use these to reduce an oxidized plastoquinone
molecule at the Q; site of the cytochrome besf complex, which is located towards
the stromal side of the thylakoid membrane. During a full Q-cycle, the bsf
complex therefore uses two plastoquinol molecules, which are oxidized at the Qo
site, in order to generate one additional plastoquinol molecule at the Q; site. The
protons used to keep the plastoquinol molecule generated at the Q; site charge-
neutral are taken from the stromal side of the thylakoid membrane. The
plastoquinol molecule is released back into the plastoquinone pool, and when it
is oxidized again at the Q, site, the protons are released into the thylakoid
lumen. The activity of the Q-cycle therefore increases the proton gradient build-
up over the thylakoid membrane (Joliot & Joliot 1994; Kurisu et al. 2003). The
detailed mechanism of the Q-cycle is shown in Figure 2.

During normal cytochrome bgf complex function, the Rieske iron-sulphur
protein oscillates between two positions within the cytochrome bgf complex
(Brugna et al. 2000; Darrouzet et al. 2000). These oscillations bring different
prosthetic groups into proximity with each other, and allow for different
possible electron transfers. Since the Q-cycle depends on two different electron
transport routes through the cytochrome bgf complex, this continuous
movement of the Rieske protein is essential for normal Q-cycle function.

Most inhibitors of the cytochrome bsf complex have molecular shapes
resembling plastoquinol, and target the Q, site of the complex. One inhibitor
frequently used to stop electron transport at the Q, site is 2,5-dibromo-6-
isopropyl-3-methyl-1,4-benzoquinone (DBMIB).

In conditions that generally lead to a reduced plastoquinone pool, such as
anaerobic conditions (Diner & Mauzerall 1973), the plastoquinone reduction
process occurring at the Q; site will be impaired, due to the lack of available
plastoquinones. In these conditions, it has been shown that both the cytochrome

bc1 complex of mitochondria (Wikstréom & Krab 1986) and the cytochrome bef
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complex of chloroplasts (Joliot & Joliot, 1994) can use a semiquinone molecule
from the Q, site in order to keep generating plastoquinol at the Q; site. This
process is called the semiquinone cycle, and although the semiquinone cycle will
yield a smaller proton gradient than the Q-cycle, it will keep the electron

transport through the complex functional.

PQ PQH,

Heme b, (red)/ Heme b, (red)/ Heme b, (ox)/
Heme ¢ (red) Heme ¢ (ox) Heme ¢ (0x)

Heme b, (0x) Heme b, (red)

PQH, PQ"- PQ

)6

2Fe-2S (0x) 2Fe-2S (red)

X

Cyt f(red) Cyt f(0x)

X

PC (ox) PC (red) —> PSI

Figure 2: The mechanism of the Q-cycle, depending on two alternative electron
transport pathways through the cytochrome b¢f complex. During the oxidation
of one plastoquinol molecule at the Q, site, one electron will be transferred to
plastocyanin via cytochrome f, while the other will be transported to heme b
and further to the heme pair consisting of heme b, and heme c¢; close to the Q;
site. At the Q; site, the electron will be used to reduce a plastoquinone molecule
in the first half-cycle of the Q-cycle, while the semiquinone created during the
first half-cycle will be further reduced to a plastoquinol during the completion of

the cycle.
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1.3.1.5. Plastocyanin

From the cytochrome b¢f complex, electrons are loaded onto the mobile electron
carrier plastocyanin, a copper-binding monomeric protein with the tertiary
shape of a B-barrel (Moore et al. 1988), having a size of 10,5 kDa (Grossman et
al. 1982). Plastocyanin receives electrons from the cytochrome f subunit of the
cytochrome bgf complex, and subsequently travels through the lumenal space to
PSI, transporting one electron at a time.

Usually, plastocyanin transport between the cytochrome b¢f complex and PSI is
not a rate limiting step in the photosynthetic electron transport chain, but it has
been shown that certain external factors, for example osmotic stress, are able to
reduce the space between the thylakoid membranes of a granum from about 50
A to approximately 15 A. Under these circumstances, plastocyanin, which has an
approximate size of 40 x 32 x 28 A, could become a major bottleneck for electron

transport (Cruz et al. 2001).

1.3.1.6. Photosystem |

Photosystem I is the second light-driven protein complex in the photosynthetic
electron transport chain. Its exact protein composition varies between different
oxygenic organisms. In cyanobacteria, PSI usually contains 11 - 12 subunits,
while in higher plants, the number of subunits is usually 14 - 15 (Nelson &
Yocum, 2006; Karapetyan et al. 1999). The core complex also binds from ~ 90 to
~ 160 chlorophyll molecules (in higher plants, PSI contains 167 chlorophylls,
and 192 light harvesting pigments altogether), 2 phylloquinones and 3 FesSs
clusters (Ben-Shem et al. 2003; Mazor et al. 2017).

The reaction center of PSI possesses a chlorophyll pair commonly referred to as
P700, which is located at the interface between the heterodimeric PsaA and PsaB.
When P79 is excited, it donates an electron to the PSI primary electron acceptor
Ao, which is a chlorophyll molecule. The electron hole in P7qo is filled by a
reduced plastocyanin. The reduced Ao transfers its electron to the phylloquinone

Aj, and A; transfers it further to the first of three FesS4 clusters of PSI, Fx
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(Jagannathan & Golbeck, 2009; Nelson & Yocum, 2006). From the reaction
center chlorophyll pair to Fy, there are two pseudo-symmetrical electron
transport routes, one located within PsaA, and one located within PsaB. These
two alternative routes both include the cofactors Ag and A; (Nelson & Yocum,
2006). Fxis the first common electron acceptor, and the point where the two
alternative electron paths meet. From F,, the electron is transferred via the iron-
sulphur clusters Fa and Fg, (Jagannathan & Golbeck, 2009; Nelson & Yocum,
2006) to a ferredoxin. The electron path through PSI is shown in Figure 3.

O Fd Figure 3: Electron
0 s transport path through
~

Fg PSI. When receiving
o excitation energy from
A the peripheral antennae,
X the reaction center P7q¢

a Fx donates an electron to

A1 ¥ o '\ A1 Ao, while P700* is re-
reduced by plastocyanin.
From Ao, the electron is
transported through the
complex by Ay, Fy, Fa and
Fg, before being used to
reduced ferredoxin
(figure taken from

Nelson & Yocum, 2006)
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Fa and Fg are located within the PsaC subunit on the stromal side of PSI. PsaC,
along with the adjacent subunits PsaD and PsaE, form a docking site for the
soluble electron acceptor ferredoxin (or in certain algae flavodoxin) (Sétif et al.
2002), which transfers electrons to the stromal enzyme Ferredoxin-NADP+
reductase (FNR). FNR accepts two electrons from ferredoxins, and uses these to
generate NADPH from NADP* (Kurisu et al. 2001).

In higher plants, PSI exist as monomeric complexes, while in cyanobacteria, PSI
usually operate as trimers (Nelson & Yocum, 2006; Karapetyan et al. 1999). PSI
also has external light-harvesting complexes (in higher plants, PSI has four
associated light-harvesting complexes), which are closely energetically linked to
the reaction center by approximately 20 strategically placed chlorophyll
molecules (Ben-Shem et al. 2003; Qin et al. 2015). The PSI-associated light-
harvesting complexes are distinctly different from those associated with PSII
(for details on the light-harvesting complexes of Nannochloropsis,
Phaeodactylum and Chlamydomonas, see sections 1.5.1 - 1.5.3). There is also
evidence that in most photosynthetic organisms, the light-harvesting complexes
associated with PSI are bound more strongly to the core complex than the light-
harvesting complexes associated with PSII (Basso et al. 2014; Gardian et al.

2007; Caffarri et al. 2009).

1.3.1.7. ATP synthase

ATP, along with NADPH, is the product of the light reactions that fuel carbon
fixation. What drives the regeneration of ATP from ADP is the difference in
proton concentration between the thylakoid lumen and the stroma. This proton
gradient is generated by the proton release from the PSII-mediated water
oxidation, the transport of protons across the thylakoid membrane, with
plastoquinone acting as a proton shuttle between PSII and the cytochrome bef
complex, and from the activity of the Q-cycle.

ATP contains a large amount of chemical energy stored in the bonds linking its
three phosphate groups together. The process of re-generating ATP from ADP is

carried out by the protein complex ATP synthase in a three-step reaction.
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Photosynthetic ATP synthases consist of two main protein domains, the catalytic
F1 domain, and the Fo domain, which is responsible for powering the F; domain
while it is performing the highly energy-demanding reaction of ATP generation.
The catalytic F1 domain consists of the 5 subunits a, 3, v, §, and € in a 3:3:1:1:1
ratio (Seelert et al. 2000). The a and {3 subunits form three catalytic seats where
ADP can be bound, while the y, § and € subunits form the basis for connection
between the two domains of the enzyme complex.

The Fo domain consists of a, b and c subunits in the ratio 1:2:10-14 (Arechaga et
al. 2002), where the amount of c-subunits depends on the organism in question.
Compared to the other, rather static protein complexes involved in
photosynthesis, ATP synthase is different. It resembles a molecular machine, and
contains a rotor and a stator (Seelert et al. 2000; Stock et al. 2000).

The rotor is made up by the ring-structured c-units of the Fo domain and the y
and € subunits of the F1 domain (Nakamoto et al. 2008). The c-ring is coupled to
an ion channel, and when protons escape back to the stroma through this ion
channel, it gives the c-ring movement, which is transmitted to the e and y
subunits. The y subunit is partially incorporated in the catalytic domain made up
by o and (3 units. When the y subunit rotates with the c-ring, it introduces
conformational changes in the catalytic subunits. These conformational changes

drive the three-step ATP-generating reaction.

1.3.1.8. Cyclic electron transport around PSI

Cyclic electron transport is an alternative to the linear electron transport. The
pathway for linear electron transport starts with water splitting at PSII, and
ends with the reduction of NADP* downstream of PSI.

However, the ratio of ATP production to NADPH production during linear
electron transport is fixed, and it therefore does not allow for dynamic ATP and
NADPH requirements. In conditions where the cell might need a higher
ATP:NADPH ratio than linear electron transport is able to produce, cyclic
electron transport might occur. Cyclic electron transport ‘recycles’ electrons by

sending them back to the plastoquinone pool instead of using them to reduce
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NADP+. This diminishes the NADPH production while increasing the proton
gradient over the thylakoid membrane, which in turn increases ATP production.
There is evidence of two distinct cyclic electron transport pathways in plants,
the PGR5/PGRL1 pathway, and the NDH dependent pathway (Yamori &
Shikanai, 2016).

The main pathway, the PGR5/PGRL1 pathway, features the proteins Proton
Gradient Regulation 5 (PGR5) and PGR5-like Photosynthetic Phenotype 1
(PGRL1), and is proposed to be able to reduce the plastoquinone pool using
NADPH as its electron donor (Johnson, 2011). In Chlamydomonas, a
supercomplex consisting of the PSI supercomplex, light-harvesting complexes,
the cytochrome bgf complex, ferredoxin-NADP reductase and PGRL1, has been
isolated, and this has been proposed to be responsible for cyclic electron
transport via the PGR5/PGRL1 pathway (Iwai et al. 2010). This finding has,
however, been disputed (Nawrocki et al. 2019). The same supercomplex has not
been detected in higher plants. The exact mechanism of the PGR5/PGRL1
pathway is still being debated (Yamori & Shikanai, 2016).

The other pathway shown to be involved in cyclic electron transport in plants is
the NDH pathway. This pathway is driven by the multisubunit complex NADH
oxidase-like complex (NDH) (Johnson, 2011). This complex accepts electrons
directly from ferredoxin, and subsequently reduces the plastoquinone pool.

In plants, drought, extreme temperatures and light of high intensity have been
shown to trigger cyclic electron transport (Johnson, 2011). Conditions that
trigger state transitions (see section 1.3.2.1), such as high-intensity light and
anaerobic conditions, have also been shown to increase the ratio between cyclic
and linear electron transport in several organisms (Finazzi et al. 1999; Johnson,

2011; Yamori & Shikanai, 2016).
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1.3.1.9. Carbon fixation

The ultimate goal of the photosynthetic electron transport chain is to generate
energy for the Calvin-Benson cycle, which is responsible for carbon fixation.
Carbon fixation is costly for the cells, and the cycle is driven by ATP and NADPH
created by the photosynthetic electron transport chain. The Calvin-Benson cycle
was discovered around 1950 (Calvin & Benson, 1949; Benson et al. 1950), and is
a branched cyclic pathway consisting of 13 reactions (Figure 4). The most
important reaction within this cycle is the reaction responsible for capturing
CO2, which is catalysed by the enzyme Ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) (Yeates & Wheatley, 2017).

As the name implies, this particular enzyme is able to bind not only COz, but also
02. The reaction of binding Oz instead of CO; to Ribulose-1,5-bisphosphate is the
starting point of photorespiration, which competes with the Calvin-Benson

cycle.

Rlbulos.e 5-phosphate 3 ATP
Xylulose
Ribose 5-phosphate  5-phosphate Ribulose 1,5-bisphosphate 3
(3co,)
GAP Sedoheptulose 7-phosphate
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Figure 4: The reactions of the Calvin-Benson cycle (Figure taken from Tymoczko

etal. 2011)
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Since the Calvin-Benson cycle is essential for the growth of all oxygen-producing
organisms, one would think that there would have been a strong evolutionary
pressure to eliminate photorespiration. However, photorespiration is an
important reaction pathway in its own right, being the main pathway for
production of the amino acids glycine and serine in plants and algae (Betsche,
1983). Photorespiration may be a necessary compromise, since the atmosphere
contains more oxygen than CO2, making photorespiration hard to control,
especially as Oz and COz are similar in size.

The most important feature of RuBisCO is undoubtedly its carboxylase activity,
and its participation in the Calvin-Benson cycle. For every three COz molecules
fixed, the Calvin-Benson cycle produces one molecule of glyceraldehyde-3-
phosphate / dihydroxyacetonephosphate, and uses 9 molecules of ATP and 6 of
NADPH.

Glyceraldehyde-3-phosphate and dihydroxyacetonephosphate are three-carbon
compounds that are the basis for all organic matter in plants and algae, including

lipids (Guschina & Harwood, 2006).

1.3.1.10. Lipid biosynthesis in algae

Glyceraldehyde-3-phosphate and dihydroxyacetonephosphate are both
intermediates of the glycolysis. They can thus be converted into pyruvate, which
in turn can be converted into acetyl-coenzyme A (CoA). Acetyl-CoA can be
converted into malonyl-CoA by the enzyme Acetyl-CoA carboxylase, and
malonyl-CoA serves as the starting point for the de novo synthesis of fatty acids
taking place in the chloroplasts of algae (Figure 5). In this process, the malonyl
group is linked to an acyl-carrier protein (ACP), and malonyl-ACP is
subsequently elongated by two carbon atoms (coming from acetyl-CoA) at a
time, in a sequence of four reactions steps (Blatti et al. 2013). The original
malonyl-ACP is elongated to C16:0, and subsequently transferred from the acyl-
carrier protein and back to coenzyme A. Palmitoyl-CoA (C16:0) can be elongated

further to stearoyl-CoA (C18:0), and the acyl-CoA molecules are then
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transported to cytosol, and subsequently to the smooth endoplasmic reticulum.
Here, both the enzymes involved in the synthesis of long-chain polyunsaturated
fatty acids (LC-PUFAs) as well as the enzymes involved in the synthesis of
triacylglycerols (TAGs) are located (Miihlroth et al. 2013). Elongated PUFAs can
be transported back to the chloroplast, and used in the synthesis of the
glycolipids monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol
(DGDG) or the sulfolipid sulfoquinovosyldiacylglycerol (SQDG) (Guschina &
Harwood, 2006).

In certain algae, such as Nannochloropsis, eicosapentaenoic acid (EPA, C20:5
458111417) js the endpoint of the LC-PUFA synthesis (Vieler et al. 2012), while
others are able to produce docosahexaenoic acid (DHA, C22:6 447.101316,19) An
example of a group of microalgae that are able to produce relatively large
amounts of DHA, are thraustochytrids (Chang et al. 2013).

Several factors are known to affect the lipid production of algae, and much
research has also been carried out on this particular topic with regards to
optimizing overall lipid yield, or the production of certain classes of lipids.

As lipids can serve as an energy reserve for an alga, several stress conditions, for
example low availability of nutrients, are known to increase the production of
storage triacylglycerols (Guihéneuf & Stengel, 2013). Osmotic stress, pH and
temperature are also factors that are known to have an effect on the production
and storage of triacylglycerols (Sharma et al. 2012). The production of LC-
PUFAs, on the other hand, is known to increase in low temperatures (Schiiller et
al. 2017). LC-PUFAs have lower melting points than saturated fatty acids of the
same lengths, and they are thus used by cells to increase the fluidity of
membranes. When the temperature is decreased, algae therefore increase their

LC-PUFA production, to retain their membrane fluidity.

31



Peroxisome

__——— Acetyl-CoA

| -oxidation

ACCase
Malate NADP

s -~
# N
# Malonyl-CoA \
1 pool
Cytosol L b ! e
lonyl- /
N\ Malonyl COAI

-

6-phospho-
gluconate NADPH

Fd =" Sy
7/ Acyl-CoApool ™

C16:0-CoA
C18:0-CoA

Ci&:*-CnA

- —

incorporation
brane lipids

Lipid body synthesis

Lipid bodies

Smooth endoplasmic
reticulum

Figure 5: Organelle localization of different parts of lipid metabolism in algae
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1.3.2. Photoprotection mechanisms

For marine microalgae, efficient photoprotection is essential.

In the ocean, microalgae are continuously subjected to rapidly changing light
environments. Within minutes, an alga being transported by the current can
travel from shadow to full sunlight (MacIntyre et al. 2000). Additionally, waves
can act like lenses, and the light intensity an alga might experience can exceed
even the full intensity of sunlight (Schubert et al. 2001). Because of these ever-
changing light environments in the ocean, marine algae have developed
mechanisms helping them stabilize the amount of photons that eventually reach
the reaction centers of their photosystems.

Several modes of photoprotection are present in algae (Malnoé, 2018), with
state transitions (Haldrup, 2001; Wollman, 2001), the xanthophyll cycle (Jahns &
Holzwarth, 2012; Demming-Adams & Adams, 1996), xanthophyll-dependent
photoprotection (Jahns & Holzwarth, 2012; Derks et al. 2015, Bina et al. 2017,
2), and the photoprotective effect of cyclic electron flow (Huang et al. 2015;
Huang et al. 2016; Ananyev et al. 2017) being the most extensively explored
(Figure 6).

PSII is more prone to light-induced damage than PSI. Both state transitions and
the actions of the xanthophyll cycle and gk are therefore initiated in conditions
where PSIl is susceptible to light-induced damage (Derks et al. 2015), while
cyclic electron flow is able to protect both photosystems (Huang et al. 2016).
Which photoprotective mechanism is utilized during light stress varies between
different algae. In Chlamydomonas, the main photoprotective mechanism is state
transitions (Takahashi, 2006; Depége et al. 2003), while Nannochloropsis utilizes
heat dissipation by xanthophyll cycle pigments (Lubian & Montero, 1998;
Gentile & Blanch, 2001), and has so far been thought to not carry out state
transitions. Phaeodactylum, on the other hand, carries out a parallel version of
the xanthophyll cycle converting diadinoxanthin into diatoxanthin in conditions
of increased light stress (Schumann, 2007). Phaeodactylum, as Nannochloropsis,

has also been assumed not to carry out state transitions (Owens, 1986).
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Figure 6: Regulation of electron transport by photoprotection mechanisms
In the photosynthetic electron transport chain, PSII is prone to damage by
reactive oxygen species, which will occur if the complex receives more excitation
energy than it needs for driving charge-separation. Therefore, most plants and
algae have evolved mechanisms for regulating how much excitation energy is
transferred to the PSII reaction center. One of these mechanisms is the
xanthophyll cycle, where the light harvesting pigment violaxanthin is converted
to the photoprotective pigment zeaxanthin. The other major photoprotective
mechanism is state transitions, where light-harvesting complexes associated
with PSII are disconnected from the complex, and in some cases instead coupled

to PSL

1.3.2.1. State transitions

State transitions have been extensively studied in plants and green algae
(Takahashi et al. 2006; Shapiguzov et al. 2010; Unlii et al. 2014; Nawrocki et al.
2016) and in cyanobacteria (Calzadilla et al. 2019).

While changes in phycobilisome association between PSI and PSII are the basis
of state transition in cyanobacteria (Joshua & Mullineaux, 2004), in plants and

green algae, state transitions involve a rearrangement of the light-harvesting
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complexes associated with PSII and PSI. In what is traditionally viewed as state
1, the LHCII complexes are functionally linked to PSII. In conditions where
electrons cannot be effectively disposed of by PSII due to a reduced
plastoquinone pool, LHCIIs dissociate from PSII and are instead coupled to PSI
(Haldrup et al. 2001; Snellenburg et al. 2017). This mechanisms gives the plants
and algae using this mode of photoprotection an opportunity to fine-tune the
excitation energy balance between their two photosystems (Nawrocki et al.
2016).

Recent studies indicate that during state 2, LHCII complexes could also form
fluorescence quenching aggregates instead of being coupled to PSI (Miloslavina
et al. 2009; Goss & Lepetit, 2015).

In Chlamydomonas, state transitions are one of the most important mechanisms
the alga uses to protect itself against light stress (Kargul et al. 2005; Takahashi
et al. 2006; Iwai et al. 2008; Unlii et al. 2014).

In Chlamydomonas reinhardtii, the mechanism of state transitions has been the
subject of many independent studies (Wollman, 2001; Snellenburg et al. 2017;
Fujita et al. 2018). Studies focusing on the mechanism of initiation have shown
that in Chlamydomonas, the structural dynamics of the cytochrome besf complex
and the presence of reduced plastoquinone molecules are key participants.

The Rieske protein of the bsf complex alternates between being proximal and
distal to the thylakoid membrane, as described earlier (Brugna et al. 2000;
Darrouzet et al. 2000). When the Rieske protein is in its proximal position, it is
able to activate the kinase responsible for state transitions. When the Rieske
protein oscillates back to its distal position, the kinase is released and can
phosphorylate the LHCII complexes. The kinase phosphorylates LHCII at amino
acid residues located towards the stromal side of the thylakoid membrane
(Wollman, 2001).

The identity of the kinase responsible for initiating state transitions remained
unknown until 2003, when it was identified as the Stt7 protein (Depége et al.
2003). In Arabidopsis thaliana, the STN7 kinase, which is a homologue to the Stt7
protein, has been identified (Shapiguzov et al. 2010), while the phosphatase
reversing the process has been identified as the Tap38/Pph1 protein
(Shapiguzov et al. 2010).
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Once phosphorylated, LHCIIs dissociate from PSII, and thus make PSII less
susceptible to light-induced damage. The physical movement of phosphorylated
light-harvesting complexes is proposed to occur because of electrostatic
repulsion that arises between the light-harvesting complexes, which are
negatively charged because of the phosphorylation, and PSII, which is also
negatively charged (Wollman, 2001). In Chlamydomonas, there is also a physical
separation between the majority of PSII and PSI complexes. The grana stacks are
enriched in PSII, while most PSI complexes reside in the stroma lamellae
(Finazzi et al. 2002). Grana stacks are more negatively charged than the stroma
lamellae, which might also be one of the reasons for the physical movement of
the phosphorylated light-harvesting complexes away from the grana stacks.

In Chlamydomonas, the cytochrome bsf complexes can be found both in the grana
stacks and in the stroma lamellae. In state 1, most cytochrome besf complexes
reside in the grana stacks, while in state 2, a fraction of the cytochrome bef
complexes will also travel to the stroma lamellae (Wollman, 2001). In state 2,
the stroma lamellae will thus contain the majority of LHCII, cytochrome bef
complexes, and PSI. These are the main components of the complex proposed to
be responsible for cyclic electron transport via the PGR5/PGRL1 pathway in
Chlamydomonas (Iwai et al. 2010), and as a result, the rate of cyclic electron
transport to linear electron transport increases during a state transition (Finazzi
etal. 2002).

In Nannochloropsis, state transitions have so far not been reported, and in
Phaeodactylum, state transitions have been declared to be absent (Owens,
1986). A state transition in a heterokont alga would moreover have a different
underlying structural mechanism than the state transitions carried out by plants
and green algae, as the architecture of their thylakoid membranes are quite
distinct. The secondary plastids of heterokont algae have been shown to form
lamellae consisting of three thylakoids (Bedoshvili et al. 2009), instead of the
usual grana stacks and stroma lamellae observed in green algae and plants. In
heterokont algae, PSII and PSI have also not been thought to occupy different
areas of the thylakoid (Bina et al. 2017, 1), even though large membrane areas
enriched in PSI have recently been demonstrated in red light-treated cells of

Phaeodactylum tricornutum (Bina et al. 2016). A state transition in a heterokont
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algae, would thus likely involve a re-coupling of light-harvesting complexes
between the two photosystems, rather than a physical movement of light-

harvesting complexes from one area of the thylakoid to another.

1.3.2.2. The xanthophyll cycle

The xanthophyll cycle is a photoprotective process occurring internally in the
light harvesting antennae usually associated with PSIIL.

A single light-harvesting complex usually contains 3 - 4 carotenoids (Croce et al.
1999). In certain algae, such as Nannochloropsis, violaxanthin is one of the
pigments frequently found in both the light-harvesting complexes as well as in
the minor monomeric antenna proteins (Goss & Lepetit, 2015). Violaxanthin is a
light-harvesting pigment, but it can be converted to the photoprotective pigment
zeaxanthin via the intermediate antheraxanthin in a two-step de-epoxidation
process termed the xanthophyll cycle.

The enzyme responsible for this two-step de-epoxidation is Violaxanthin de-
epoxidase, which is located in the thylakoid lumen. Its pH optimum is around 5.2
in most algae performing the xanthophyll cycle, and it requires ascorbate as a
cofactor (Goss & Jakob, 2010). In high-intensity light conditions, the rate of
water splitting and plastoquinone transport will increase, resulting in a
decreased pH in the thylakoid. When the lumenal pH drops below ~ 6.2 (Pfiindel
& Dilley, 1993; Hager & Holocher, 1994), Violaxanthin de-epoxidase will be
activated and start converting violaxanthin into zeaxanthin. It has also been
proposed that the PsbS protein, which is protonated at low pH values, and is
known to act like a pH sensor (Jahns & Holzwarth, 2012), plays an important
role in the onset of the xanthophyll cycle.

Current models suggest that excitation energy captured by chlorophylls can be
transferred to zeaxanthin and subsequently dissipated as heat, via both
excitation energy transfer and charge transfer (Park et al. 2019). The proposed

mechanism of heat dissipation is described in Figure 7.
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Figure 7: Energy level diagram and absorption spectrum for violaxanthin,
chlorophyll a and zeaxanthin.

The s1 band of violaxanthin is located above the Qy band for chlorophyll a, while
the S1 band for zeaxanthin lies below the Qy band of chlorophyll a. Violaxanthin
can therefore transfer energy to chlorophyll a, and chlorophyll a can transfer
excitation energy to zeaxanthin via excitation energy transfer. Energy can also
be dissipated as heat via charge transfer between chlorophyll a and zeaxanthin
(Park et al. 2019). The latter pathway for heat-dissipation is not shown in this
figure.

Values of the S; energy levels for violaxanthin and zeaxanthin, and the value of
the Qy level of chlorophyll a were extracted from Frank et al. 1994. The
absorption data for violaxanthin was extracted from Takaichi & Shimada, 1992,
absorption data for zeaxanthin was extracted from Kuwabara et al. 1999,
absorption data for chlorophyll a was extracted from Chen & Blankenship, 2011,

and the fluorescence data for chlorophyll a was taken from Prahl, 2017.
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Violaxanthin de-epoxidase exists as a monomer located in the thylakoid lumen
(Jahns et al. 2009), but once activated, the enzyme forms active dimers, and
binds to the thylakoid membrane. In its dimeric, activated state, a catalytic site
forms, which is able to bind one molecule of violaxanthin and two molecules of
the cofactor ascorbate (Goss & Lepetit, 2015). The conversion of violaxanthin
into zeaxanthin does not only depend on the presence of activated Violaxanthin
de-epoxidase enzymes, but also on the presence of the galactolipid
monogalactosyldiacylclycerol (MGDG), which solubilizes the violaxanthin
molecules, and makes them available for the enzyme (Schaller et al. 2010).

The conversion of violaxanthin into the photoprotective pigment zeaxanthin
occurs on a time scale of 10 - 30 minutes (Jahns et al. 2009), and when
zeaxanthin has been formed, this is incorporated into the light harvesting
antennae. Experiments performed on spinach have confirmed that especially the
minor PSII antennae proteins CP29 and CP26 are enriched in xanthophyll cycle
pigments (Goss et al. 1997).

When the cell is no longer in need of photoprotection, zeaxanthin will be
converted back to light-harvesting violaxanthin by adding the same two epoxy-
groups that Violaxanthin de-epoxidase removed in its step-wise conversion of
violaxanthin into antheraxanthin, and from antheraxanthin into zeaxanthin. The
reverse reactions, from zeaxanthin to antheraxanthin, and from antheraxanthin
back to violaxanthin, are driven by the enzyme Zeaxanthin epoxidase, (Jahns et
al. 2009). Zeaxanthin epoxidase is located at the stromal side of the thylakoid
membrane, possibly weakly bound to the membrane (Goss & Lepetit, 2015). The
enzyme has a broad pH optimum around pH 7.5 in most organisms carrying out
the xanthophyll cycle (Jahns et al. 2009), and is strongly inhibited at pH values
below 6 (Gilmore et al. 1994). The enzyme requires NADPH and molecular
oxygen as cofactors, which means that the back-reaction from zeaxanthin to
violaxanthin will be impaired in anaerobic conditions. Several studies have also
shown that Zeaxanthin epoxidase in general is sensitive to stress. Both light
stress and cold stress might severely limit the activity of the enzyme (Oquist &
Huner, 2003; Reinhold et al. 2008). Generally, the conversion of zeaxanthin back

to violaxanthin carried out by Zeaxanthin epoxidase takes 5 to 10 times longer
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than the de-epoxidation reactions carried out by Violaxanthin de-epoxidase
(Jahns et al. 2009), which means that the photoprotection provided by the
presence of zeaxanthin can be relatively long-lasting.

The normal xanthophyll cycle and its driving enzymes, Violaxanthin de-
epoxidase and Zeaxanthin epoxidase, can be found in higher plants, ferns,
mosses and the species belonging to the Chlorophyta division (Jahns et al. 2009).
Diatoms, belonging to the class of Bacillariophyceae, have a similar, yet distinct
xanthophyll cycle. Diatoms contain the light harvesting pigment diadinoxanthin,
which is converted directly to the photoprotective pigment diatoxanthin during
light stress. This conversion is driven by the enzyme Diadinoxanthin de-
epoxidase, which, as Violaxanthin de-epoxidase, is activated by acidification of
the thylakoid lumen caused by extensive water splitting and electron transport.
Diadinoxanthin de-epoxidase is, however, activated at a higher pH than
Violaxanthin de-epoxidase. The enzyme has a pH optimum of 5.5 (in contrast to
Violaxanthin de-epoxidase’s optimum of 5.2), and it is activated when the pH
drops below 6.5 (in constrast to Violaxanthin de-epoxidase, which is activated
when the pH falls below 6.2). Some Diadinoxanthin de-epoxidase activity can be
demonstrated even at neutral pH values of around 7 (Goss & Jakob, 2010). The
de-epoxidation of diadinoxanthin also requires ascorbate as a cofactor, and
depends on the presence of the galactolipid MGDG.

The conversion of diatoxanthin back to diadinoxanthin is driven by the enzyme
Diatoxanthin epoxidase. This enzyme shares several similarities with Zeaxanthin
epoxidase. It is a stromal enzyme, and it requires NADPH and oxygen as
cofactors. However, one difference between the two epoxidation enzymes is that
Diatoxanthin epoxidase is almost completely inhibited in high-intensity light,
while Zeaxanthin epoxidase is not (Mewes & Richter, 2002). The rate of
epoxidation is also faster for Diatoxanthin epoxidase than for Zeaxanthin

epoxidase (Goss & Jakob, 2010).
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1.3.2.3. PsbS- / Lhcx-dependent photoprotection

Zeaxanthin might be able to dissipate excitation energy as heat, but the exact
mechanism of zeaxanthin-dependent photoprotection is complex, and involves
several key players in addition to zeaxanthin.

Just as the conversion of violaxanthin to zeaxanthin by violaxanthin de-
epoxidase, or the conversion of diadinoxanthin to diatoxanthin by
diadinoxanthin de-epoxidase, the formation of the quenching sites proposed to
be involved in zeaxanthin-dependent photoprotection also depends heavily of
the build-up of a proton gradient (Goss & Lepetit, 2015).

Even though the exact mechanism of zeaxanthin-dependent photoprotection is
yet unknown, the mechanism of initiation has been increasingly studied in the
later years. It has been revealed that zeaxanthin-dependent photoprotection
likely involve two distinct sites in the thylakoid membrane where excitation
energy is dissipated as heat. The formation of these is proposed to be mediated
by the PSII subunit PsbS, which is present in higher plants and green algae
(Jahns & Holzwarth, 2012). The PsbS protein is proposed to be pigment free, and
instead functions as a pH sensor (Dominici et al. 2002). In conditions when the
lumenal pH decreases, PsbS is protonated at two glutamate residues situated
towards the lumen (Li et al. 2004). This protonation triggers conformational
changes of the thylakoid membrane (Kiss et al. 2008; Betterle et al. 2009), and
also leads to the formation of two quenching sites, termed Q1 and Q2, which
carries out separate modes of photoprotection occurring at different time scales
(Jahns & Holzwarth, 2012; Derks et al. 2015). Q1 is proposed to consist of light-
harvesting complexes having detached from PSII to form aggregates, while Q2
can be found in minor light-harvesting complexes being functionally linked to
PSIL. Both these quenching sites are proposed to depend completely or partially
on the presence of zeaxanthin, and on the ability of this particular xanthophyll to
dissipate excess excitation energy as heat (Jahns & Holzwarth, 2012).

The presence of the two distinct sites, Q1 and Q2, related to photoprotection in
the PSII-associated light-harvesting complex have also been detected in diatoms

(Miloslavina et al. 2009). As in the case of higher plants, Q1 is formed by
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aggregates of light-harvesting complexes detaching from PSII during conditions
increasing the pH gradient over the thylakoid membrane, while Q2 is formed in
light-harvesting complexes still attached to PSII (Miloslavina et al. 2009).

A similar pH sensor protein as PsbS in plants has so far not been detected in
diatoms, but photoprotection has been shown to depend heavily on the Lhcx
protein, in addition to the heat-dissipative xanthophyll diatoxanthin (Goss &
Lepetit, 2015).

In Nannochloropsis, the same photoprotective sites as in higher plants and
diatoms have not been identified. Yet, two kinetically different modes of
zeaxanthin-dependent photoprotection have been demonstrated. A fast mode of
photoprotection seems to depend both on the concentration of zeaxanthin
present, and on the pH gradient, while a slower mode of photoprotection seems
to be directly dependent on the amount of zeaxanthin (Bina et al. 2017, 2).
Nannochloropsis, just like Phaeodactylum, contains light-harvesting complexes of
the type Lhcx, and it is assumed that Lhcx proteins are important for the fast
mode of heat-dissipative photoprotection in Nannochloropsis (Bina et al. 2017,
2).

Green algae do not have PsbS, but a related protein called LhcsR (Bonente et al.
2011). This protein is proposed to act like a pH sensor in a similar fashion as
PsbS in higher plants, and to initiate a change in the light-harvesting complexes
from a light-harvesting state to an energy-dissipating state during conditions

triggering a low lumenal pH (Liguori et al. 2013).

42



1.3.2.4. The role of cyclic electron flow in photoprotection

In several plants and some algae, the shift from linear to cyclic electron flow has
been shown to play a major role in photoprotection (Huang et al. 2015). The
other major mechanisms involved in photoprotection; the xanthophyll cycle, qe
and state transitions, are all aimed at preferentially protecting PSII from light
stress. Cyclic electron flow stands out by also playing a role in photoprotection
of PSL

Especially in conditions where photosynthetic carbon fixation is limited, such as
drought stress in plants, PSI is prone to photodamage because the lack of NADP+
in these conditions will lead to over-reduction of the iron-sulphur clusters
downstream of P700 (Huang et al. 2012). The onset of cyclic electron transport
will lead to a shift in the ratio of NADPH to NADP+. More NADP+* will be available
because NADPH can now donate electrons to the plastoquinone pool, and this
will in turn relieve the redox stress on the iron-sulphur clusters within PSI.
Cyclic electron flow does not only protect PSI, but also PSII. When cyclic electron
transport is active, protons are being transported across the thylakoid
membrane through the activity of the Q-cycle, and this increased proton
gradient can activate the xanthophyll cycle and protonate PsbS, thus protecting
PSII from photodamage.

It has also been shown that the stability of the oxygen-evolving complex of PSII
depends on the presence of Ca2+, and that the increased proton concentration in
the thylakoid lumen due to the activity of cyclic electron flow increases the
activity of H*/Ca2* antiporters pumping Ca?* into the lumenal space (Huang et al.
2016).

It has recently been shown that desert microalgae, which are especially prone to
draught stress, can maintain high growth rates in extreme light intensities with
minimal effect of light-harvesting complex-based photoprotection, by employing

cyclic electron transport (Ananyev et al. 2017).
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1.3.3. Chlorophyll fluorescence

According to Govindjee (1995), “chlorophyll fluorescence is red and beautiful”.
According to others, it is merely a waste product of light harvesting. Still, what
most researchers working with a photosynthetic organism could agree upon is
that the assessment of chlorophyll fluorescence can be an extremely useful tool
when trying to gain insight into the photosynthetic machinery of an organism.
However, interpreting chlorophyll fluorescence data is a complex task, as
chlorophyll fluorescence is modulated by many physiological processes and
physical parameters (Govindjee, 1995).

When one of the light-harvesting complexes of a plant or an alga absorbs a
photon, the energy of the photon is used to promote an electron into a higher
excited state. When excited electrons return to their ground states, the energy
can be emitted as fluorescence, or in other words, as a photon of a longer
wavelength than the original photon exciting the electron. In a photosynthetic
context, fluorescence is a waste of captured energy that could have been used to
drive charge separation. In photosynthetic systems, with energetically coupled
pigments, less than 1% of the captured energy is lost as fluorescence (Govindjee,
1995).

Excitation energy has four fates: 1) It can be used to drive photochemistry, 2) it
can be disposed of as heat (see section 1.3.2.2 on the xanthophyll cycle), 3) it can
contribute to the formation of a triplet-state chlorophyll, or 4) it can be sent off

as light with a shifted wavelength - fluorescence.
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1.3.3.1. The Kautsky curve

The chlorophyll fluorescence transient that can be observed when a leaf or a
solution of algae is subjected to continuous light after having been acclimated to
darkness was first observed by Hans Kautsky in 1931, and it has therefore since

been called a Kautsky curve (Figure 8).

Relative fluorescence

Time

Figure 8: A standard Kautsky curve, digitized from Govindjee & Papageorgiou
(1971)

In the Kautsky curve in Figure 8, different parts of the curve have been labelled,
and these local maxima or minima can be related to events occurring in the
photosynthetic electron transport chain after the onset of illumination. The time
points of the local minima or maxima also give valuable insight into the kinetics
of electron transfer through PSII, as approximately 90 % of the fluorescence
yield at room temperature originates from PSII (Govindjee, 1995).

The inflection points of the Kautsky curve are thought to represent different
phases of electron transport and fluorescence quenching.

The main chlorophyll fluorescence modulator of the photosynthetic electron
transport chain is Qa (Govindjee, 1995). When a PSII is exposed to light, a charge
separation occurs, and an electron will be transferred from the reaction center

chlorophyll pair to the primary electron acceptor Qa within 250 - 300 ps
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(Krause, 1991). When Qa is reduced, the reaction center is said to be closed, as a
new electron cannot be transferred to Qa until the first electron is transported
further in the electron transport chain. An electron is transferred to an oxidized
quinone or a semiquinone bound to the Qg site with a half time of approximately
300 ps, or 1.3 - 2 ms if a plastoquinone is not already present at the Qg site (De
Wijn & Van Gorkom, 2001). While the reaction center is closed, the energy
trapped by the light-harvesting complexes cannot be used for charge separation.
Therefore, energy captured by the pigments is instead disposed of as
fluorescence. When a leaf or an alga is suddenly exposed to light, the reduction
of Qais relatively synchronized across all PSlIs present in the sample. As the
reaction centers are gradually closing, the fluorescence is gradually rising, until
the point where all reaction centers are closed (inflection point I in the Kautsky
curve shown in Figure 8). Eventually, the electrons sitting on Qa will be
transferred further to Qg, and, and the fluorescence will briefly decrease
(inflection point D in Figure 8). This brief decrease in fluorescence will be
enhanced by the quenching effect of oxidized electron donors, in particular Psgo*,
(Laisk & Oja, 2018). From the local minimum D to the overall fluorescence
maximum P, two processes are prevailing. Firstly, a second (or third) round of
electrons are transferred to Qa, causing the fluorescence to rise, and secondly;
the initial electrons will start to reach the plastoquinone pool. Even though Qa is
considered the main quencher of chlorophyll fluorescence, other components of
the photosynthetic electron transport chain can also modulate fluorescence, and
one important component known be directly responsible for the fluorescence
yield is the redox state of the plastoquinone pool. It has been proposed that
oxidized plastoquinones are able to quench fluorescence directly (Vernotte et al.
1979; Haldimann & Tsimilli-Michael, 2005). As more and more plastoquinone
molecules are reduced, this quenching effect is lost, and the fluorescence will
therefore gradually increase until the plastoquinone pool is completely reduced,
at point P in the Kautsky curve. This will occur approximately 1 s after the onset
of illumination (Maxwell & Johnson, 2000). Alternatively, it has been proposed
that oxidized plastoquinones do not quench fluorescence themselves, but rather
that the presence of a plastoquinone or semiquinone bound at the Qg site is able

to modulate fluorescence (Prasil et al. 2018).
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The OIDP transient is also commonly called the fast transient, while the PSMT
transient that follows, occurring on the time scale of minutes, is referred to as
the slow transient (Govindjee, 1995).

The PSMT transient has proved more difficult to elucidate (Govindjee, 1995), but
itis generally assumed that the reduction in fluorescence yield occurring
between inflection point P and S on the Kautsky curve is due to the light-induced
activation of enzymes involved in carbon fixation, and the onset of
photoprotection mechanisms (Maxwell & Johnson, 2000), while the fluorescence
increase between S and M (at least in Chlamydomonas reinhardtii) has been
shown to be due to a reverse state transition (State 2 — State 1) (Kodru et al.

2015).

1.3.3.2. Mechanisms involved in photochemical and non-photochemical

fluorescence quenching

The most important use of excitation energy is to drive charge separation. The
amount of excitation energy that is not used for charge separation has been
termed non-photochemical quenching (NPQ), and can be further divided into
fluorescence quenching categories.

The most important fluorescence quenching mechanisms involved in non-
photochemical quenching in photosynthetic organisms have traditionally been
labelled as high-energy state quenching (qg), state transitions (qr) and
photoinhibitory quenching (qi) (Lavaud & Lepetit, 2013). These quenching
components are active to different extents in different organisms.

The high energy state quenching, gg, is a fast type of quenching, usually observed
between several seconds and up to 5 minutes after the onset of illumination
(Goss & Lepetit, 2015; Erickson et al. 2015). In plants, the relaxation of gk occurs
on the same time scale: several seconds to several minutes (Erickson et al.
2015). In diatoms, however, the relaxation has been shown to be much slower
than in plants (Goss et al. 2006).

The formation of qg has been shown to depend heavily on the presence of a pH

gradient (Goss & Lepetit, 2015), although the exact fluorescence quenching
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mechanism is still under investigation. In plants, however, it has been shown
that the PsbS protein plays a major role in gg, as studies have shown that qg
quenching is drastically reduced when PsbS is missing (Li et al. 2002).
Zeaxanthin has also been shown to be important for qg, possibly through
interacting with PsbS (Sylak-Glassman et al. 2014).

Zeaxanthin is also involved in a different type of quenching, qz (Nilkens et al.
2010), which can be separated from gg mainly due to the differences in kinetics.
qz is slower than qg, occurring on a time scale of 10 - 15 minutes (Nilkens et al.
2010). Since gz depends on zeaxanthin, which again depends on the activation of
Violaxanthin de-epoxidase, qz, just as g, is heavily dependent on the presence of
a proton gradient.

The most recent models propose that gr and gz in diatoms originate at two
different quenching sites both related to the PSII light-harvesting complexes.
The fast qg component has been localized to detached, aggregated PSII light-
harvesting complexes (Miloslavina et al. 2009). The zeaxanthin-dependent
quenching qz, on the other hand, has been localized to the minor PSII light-
harvesting complexes CP29, CP26 and CP24, which stay attached to PSII even in
conditions where PsbS is active (Nilkens et al. 2010).

The quenching components qe and qz thus have certain similarities, as both are
activated by an increased pH gradient across the thylakoid membrane, although
through different mechanisms and on different time frames.

Another quenching mechanism, qr, is assigned to state transitions (discussed in
section 1.3.2.1). When PSlI-associated light-harvesting complexes dissociate
from PSII to migrate to PSI, less fluorescence is emitted by the former PSII-
associated light-harvesting antennae, since PSI is more efficient in charge
separation than PSII.

The last component traditionally included in the concept of non-photochemical
quenching is a slow quenching component, photoinhibitory quenching, or q;.
This mode of quenching occurs over a time frame of several hours, and is
thought to reflect light induced damage of D1. As q; is the slowest fluorescence-
quenching component known to date, it has not gained as much attention as the
other quenching processes working on shorter time scales. However, recent

studies on q; have produced evidence that what has been thought of as qi-type
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quenching, may involve more than one process (Lambrev et al. 2010; Malnoé,
2018).

Even though not defined as individual modes of quenching like qg, qz, qr and q;,
other cellular processes could also affect the fluorescence yield on different time

scales.

1.3.3.3. Manipulation of the redox state of the plastoquinone pool by oxygen
depletion

The redox state of the plastoquinone pool is easily modulated by the availability
of oxygen. Both the light-driven oxygen production of PSII, and oxygen
consumption by cellular respiration in the dark, thus has an effect on the redox
state of the plastoquinone pool, and therefore also on the fluorescence yield.

In darkness, algal cells enclosed in an airtight vessel consume oxygen by
mitochondrial respiration. When there is no more oxygen to consume, electrons
will accumulate within the mitochondrial electron transport chain (Catalanotti
et al. 2013). The mitochondria solve this problem by turning
phosphoenolpyruvate into malate in order to generate ATP, and by turning
oxaloacetate into malate in order to generate NAD+, to keep glycolysis going
(Kennedy et al. 1992). Malate will thus accumulate in the mitochondria, and it
will eventually be transferred to other parts of the cell, such as the chloroplast,
via the malate / oxaloacetate shuttle. In the chloroplast, the reducing power of
malate can be transferred to the plastoquinone pool by the NADPH
dehydrogenase (Ndh) (Mus et al. 2005; Faraloni et al. 2013).

Oxidized plastoquinone is a fluorescence quencher (Vernotte et al. 1979;
Haldimann & Tsimilli-Michael, 2005). Therefore, anaerobic conditions will have
an effect on chlorophyll fluorescence. In addition, reduction of the plastoquinone
pool will also induce a state transition in Chlamydomonas reinhardtii (Hohmann-
Marriott et al. 2010). The reduction of the plastoquinone pool caused by oxygen
depletion therefore has a dual effect on fluorescence. Firstly, the loss of
fluorescence quenching, and secondly, the induction of non-photochemical

quenching.
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1.3.3.4. Manipulation of electron transport chain by inhibitors

Specific inhibitors for different steps of the photosynthetic electron transport
chain can be used to manipulate the photosynthetic electron transport chain and

hence also have an effect on the observed fluorescence yield.

DCMU

A common inhibitor of the Qg binding pocket of PSII is 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) (Metz et al. 1986). Application of DCMU in aerobic
conditions and in the presence of light hence results in an oxidized
plastoquinone pool. Although cyclic electron transport could still occur and
partially reduce the plastoquinone pool, it will not be further reduced with

electrons from PSII.

DBMIB

An inhibitor of the Qo site of the bsf complex is 2,5-dibromo-6-isopropyl-3-
methyl-1,4-benzoquinone (DBMIB) (Roberts et al. 2004). Application of DBMIB
in combination with light results in a completely reduced plastoquinone pool.
DBMIB will thus induce the maximum fluorescence yield, as Qa will be unable to
deliver its electron to the plastoquinone pool, and the quenching effect of

oxidized plastoquinones is lost.
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ccepe

Another chemical that target the regulation of electron transport is
carbonylcyanide m-chlorophenylhydrazone (CCCP) (Nishio & Whitmarsh, 1993),
which acts as an uncoupler by collapsing the proton gradient over the thylakoid
membrane. The addition of CCCP will thus not affect electron transport directly,
but rather ATP production, which depends on a sustained proton gradient.
Application of CCCP also modulates the fluorescence yield by preventing the
accumulation of protons in the thylakoid lumen, and thus eliminating qg and qz,

which are both dependent on the presence of a proton gradient.
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1.3.4. Techniques used for studying chlorophyll fluorescence

1.3.4.1. PAM fluorometry

Pulse Amplitude Modulated (PAM) fluorometry was developed in the 1960s
(Schreiber, 1986; Schreiber et al. 1986), and has proved to be an invaluable
technique for investigating photosynthetic processes.

When interpreted correctly, fluorescence data collected by PAM fluorometry can
provide a large amount of information, especially about processes involved in
non-photochemical quenching.

The principle of PAM is based on the fact that excitation captured by a
chlorophyll molecule in a plant or an alga can have four possible fates. The
excitation can be used to drive photochemistry, it can be quenched by processes
involved in photoprotection, it can be used to create a triplet-state chlorophyll,
or it can be sent off as fluorescence (Miiller et al. 2001). As the rate of
fluorescence and triplet-state chlorophyll formation can be assumed to be
constant, changes in chlorophyll fluorescence yield are due to non-
photochemical quenching or photochemistry (Maxwell & Johnson, 2000). PAM
fluorometry in combination with saturating light pulses can distinguish between
photochemical and non-photochemical quenching.

A PAM fluorometer continuously probes fluorescence yield by a measuring-light
that is too weak to induce photochemistry, and instead probes the ground
fluorescence of the system (Schreiber et al. 1986; Maxwell & Johnson, 2000).

In addition, light pulses of high intensity, usually having a duration of 0.8
seconds, are introduced at certain time points. The light intensity of these pulses
is high enough to saturate photosynthesis, and for a brief moment during such a
light pulse, all reaction centers will be closed (Miiller et al. 2001).

When maximum fluorescence is reached during a saturating light pulse,
photochemical quenching is briefly turned off, due to the complete reduction of
the electron transport chain. Any decrease in this maximal fluorescence level
over time is caused by the onset of mechanisms involved in non-photochemical

quenching.
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At the start of a PAM measurement, when the sample is dark-adapted, processes
involved in non-photochemical quenching should not yet be active, so a light
pulse given in these conditions provides the absolute maximum possible
fluorescence (at least in theory, see paper II).

Actinic light will induce the initiation of non-photochemical quenching, which
will cause a lower fluorescence yield during light pulses. Comparing the
maximum fluorescence yield over time with the maximum fluorescence
obtained in a dark-adapted sample will thus show the development of NPQ. In
addition, the maximum and minimum fluorescence yields obtained both at the
beginning of and during the measurement, form the basis of a vast amount of
calculations of photosynthetic parameters (Maxwell & Johnson, 2000; Nikolaou
etal. 2015; Ruban, 2017).

When the actinic light is turned off, the kinetics of the fluorescence recovery can
be indicative of different non-photochemical quenching processes. If
photoinhibition has taken place, the recovery to the initial maximum
fluorescence yield of the dark-adapted samples is slower than the recovery of for

example qgg (Figure 9).
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Figure 9: Example of changes in the fluorescence yield during a PAM
fluorometry experiment. The overall maximum fluorescence yield (Fn) is
obtained from the first bright light pulse applied to a dark-adapted sample.
When actinic background light is applied to the sample, the maximum
fluorescence obtained during bright light pulses decreases, due to the onset of
processes involved in non-photochemical quenching. When actinic background
light is switched off, qe will disappear on a shorter time scale than q;. (Figure

taken from Ruban, 2017)
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1.3.4.2. 77 K chlorophyll fluorescence spectroscopy

The assessment of chlorophyll fluorescence at 77 K is a technique that is often
used to complement observations made by PAM fluorometry at room
temperature. 77 K fluorescence spectroscopy is particularly useful for
determining the presence and the kinetics of state transitions (Lamb et al. 2018).
Fluorescence emissions by photosynthetic organisms at room temperature
mostly consists of fluorescence emitted by PSII (about 90 %). The reason for this
is that PSI is a deeper energy trap than PSII (Govindjee, 1995; Wientjes & Croce,
2012). This means that very little energy is lost as fluorescence in the energy
transfer between the external antennae complexes of PSI and the PSI core
complex itself.

At room temperature, changes in PSII fluorescence can be readily observed,
while changes in PSI fluorescence are comparatively small, and are spectrally
similar to the fluorescence emitted by PSII.

Lowering the temperature to 77 K makes the PSI and PSII fluorescence more
spectrally distinct. Furthermore; at this temperature, electron carriers that are
mobile at room temperature become immobile. Electron transport therefore
becomes static, as electrons accumulate on the acceptor side of PSII and PSI, and
the light that would have been used to fuel charge separation at room
temperature, will now be given off as fluorescence.

Lowering the temperature from ~ 20 °C to - 196 °C increases the PSI
fluorescence yield by a factor of approximately 20 (Muker;ji & Sauer, 1988), and
makes the PSI fluorescence comparable in magnitude to the PSII fluorescence.
There are minor differences between different organisms, but generally, PSII
fluorescence peaks around 685 nm and 695 nm, characteristic of chlorophylls
associated within CP43 and CP47, respectively. PSI fluorescence is situated at
approximately 720 -730 nm (Lamb et al. 2018). In most organisms, the peak
height of fluorescence maxima of PSII and PSI associated chlorophylls relative to
each other, can be used to assess the amount of chlorophyll molecules located in
the light-harvesting complexes that are associated with PSII and PSI, and can

thus be used to assess if a state transition has taken place.
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1.4. Metabolic modelling

In the later years, collecting sequence, transcriptome and proteomic data has
become both easier and faster, due to the improvement of DNA sequencing
methods (Heather & Chain, 2016) and the development of new mass
spectrometers and chromatographs. With the increasing availability of biological
data, it is more important than ever to be able to put the newly generated data
into an analytical framework, and this became the starting point for the
development of systems biology as a field.

As the name implies, systems biology aims at putting biological data into a
system - to help us see the bigger picture in the jungle of available biological
information. The system that is used is usually a mathematical framework.

One of the main approaches of systems biology has been the construction of
metabolic models, which aim at describing the metabolism of a cell
mathematically, but mathematical models describing for example non-
photochemical quenching by using differential equations have also been
developed (Zaks et al. 2012).

When gaining increasing amounts of information on

gene - protein associations, and information about which reactions are
catalysed by which proteins, the complete (or at least almost complete)
metabolism of a cell could be predicted from its sequenced genome. Recently,
the number of metabolic reconstructions and the number of newly sequenced
genomes has increased at a similar pace (Thiele & Palsson, 2010).

When mathematically modelling a reaction or a set of reactions, this is done on
the basis of stoichiometric coefficients and fluxes. The word 'flux' is mainly used
in physics, denoting either electric or magnetic forces travelling through a
surface on a certain time scale. In metabolic modelling, the word is used to
describe the flow through a certain reaction per time unit, or the conversion or
production rate of a certain molecule. Fluxes are usually denoted with the Greek
letter v (nu).

An example of a mathematical reconstruction of a set of reactions is given in

Figure 10. This particular set of seven reactions and nine metabolites is taken
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from the glycolysis / gluconeogenesis. In the example below, every reaction has
a corresponding reaction flux, termed v1 to v7.

The mini-network in the example could be drawn as a metabolic map (shown in
the left part of the figure), or it could be summed up in a tabular form (shown in
the right part of the figure), the tabular form being the most convenient when

describing large reaction networks containing several thousand reactions.
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Figure 10: Example of a simple metabolic network made from a part of
glycolysis / gluconeogenesis. The metabolic map (left) and the stoichiometric

matrix (right) of the example network are shown.

When summarizing a reaction network on a tabular form, as done above, the
rows of the table denote metabolites, while the columns denote reactions. The
table is then made up by stoichiometric coefficients, showing how many of
which molecules that are being consumed or produced in a certain reaction. A
negative stoichiometric coefficient denotes consumption while a positive
coefficient denotes production. The matrix that arises when summarizing a
metabolic network as shown above, is called a stoichiometric matrix, and it can
be used to write out individual equations for the change in concentrations over

time for all metabolites.
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The first row in the stoichiometric matrix above shows the stoichiometric

coefficients for 3-phosphoglycerate in all reactions. This particular metabolite is

consumed in reaction 1, which is running with a flux vy, and produced in

reaction 7, running with a flux v7. Keeping in mind that fluxes are time

derivatives, the change in concentration over time for 3-phosphoglycerate could

thus be described as

d(3-PG)

=Tty

The change in concentration for the other metabolites involved in the reaction

network shown above could be written out in a similar manner:

@:v —-V.+V —V M:v -V
dt 1 2 6 7 dt 3 4
df 2 3 5 6 dt 3 4

d(Pyr):v - d(GTP):_V
dt 2o dt ’

d(OxaA d(GDP
0o, _, cor) _,

The set of differential equations that arises when using the reaction fluxes and
the stoichiometric coefficients to describe the change in concentration over time
for a certain metabolite can again be summarized in matrix form, yielding the
following equation set, consisting of a vector of time derivatives of the

concentrations, the stoichiometric matrix, and a flux vector:
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Here the nine molecules in the example above have been denoted, A, B, G, ..., |,
for simplicity.

When modelling an entire cell, which could include several thousand reactions,
these systems of differential equations will be increasingly hard to solve. But the
equation system above can be simplified.

In the biological world, the concentration of metabolites can certainly fluctuate
over time. When describing reactions mathematically, however, one could
assume that when the reactions of a metabolic network have been running for a
while, the fluxes are stable, and the change in metabolite concentration over

time approximates zero. Then the reaction set above could be simplified to

— - vl — -
-1 0 0 0 0 0 1 v, 0
1 -1 0 0 0 1 -1 y 0
0 1 -1 0 1 -1 0 } 0
0 0 1 -1 0 0 0 Vi 0
0 0 0 1 -1 0 0] vVv|=]o0
0 0 1 -1 0 0 0 v, 0
0 0-1 1 0 0 0 y 0
0 0 0 0 -1 0 0 7 0

L o0 0 0o 1 0 of|Y% | ]o]

v9

Or written on a general form:

S-v=0
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This reduces the original set of differential equations to a set of linear equations,
and although this equation set could contain several thousand unknown fluxes,
it is easily solved.

This way of modelling reactions mathematically, and the subsequent assumption
of steady state, forms the basis for Flux Balance Analysis (FBA) (Orth et al.
2010), which is a common approach for finding values for large sets of reaction
fluxes. In large models, there are usually more reactions than metabolites, which
will not yield an exact solution for the fluxes, but rather a confined solution
space where all sets of fluxes within the solution space are possible solutions
(Orth et al. 2010). If this is the case (as it usually is), it is possible to find the set
of fluxes that yields the maximum flux for one certain reaction.

Even though cell growth in the real biological world is a complex matter that
depends on a multitude of reactions, it is common to include a 'biomass
reaction' when modelling a cell mathematically. In the biomass reaction, the
most important metabolites a cell needs in order to grow (or to produce
biomass) are included as reactants. Usually, this is the reaction that is optimized
when using Flux Balance Analysis, as this is a good approximation for the
biological world, where the objective of every cell is to grow as fast as their
environment allows them to. When optimizing for the biomass reaction, the
corresponding reaction flux then yields a growth rate, in biomass produced per
time unit.

Building a metabolic model for an entire cell might seem like a daunting task, but
in recent years, several step-by-step manuals to model reconstruction have been
published (Feist et al. 2009; Thiele & Palsson, 2010). Semi-automated tools that
will both annotate a DNA sequence and use that annotation to create a draft
reconstruction have also been developed (Henry et al. 2010; Agren et al. 2013).
There are several advantages to creating such genome-based metabolic models.
Metabolic models have of course been made possible through the rapid increase
in biological data available, but that being said, the construction of genome-scale
models also represent a great way to structure the vast amounts of new data,
and to make it easily available and user-friendly.

Genome-scale metabolic models can also be extremely useful in metabolic

engineering approaches (Oberhardt et al. 2009). Genetic engineering has
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become common practice to increase the production of useful or valuable
chemicals in both bacteria and in yeast, and metabolic models can be used to
predict how different gene knockouts will affect the production of a chemical of
interest. In 2008, this approach was used on Saccharomyces cerevisiae to
optimize the production of malate, which is an important industrial chemical
that is often used as a building block in chemical synthesis. The malate
production was increased to 59 g/1, which was five times higher than all earlier
efforts had accomplished (Zelle et al. 2008).

Metabolic models can also be used within the medical field; for example, to study
human diseases and the effect of different treatments (Duarte et al. 2007; Lewis
etal. 2010).

Recently, the concept of Flux Balance Analysis and constraint-based modelling
has been expanded, so transcriptomic data can also be taken into account when
optimizing a model (Navid & Almaas, 2012). This approach is ideal for
predicting cellular responses to environmental stimuli. It can, for example, be
used to predict more accurately than ever the cellular response of a pathogen
organism to a toxin.

The first metabolic models were relatively simple models with some hundred
metabolites. Over the years, increasingly complex, multi-compartment models
with several thousand reactions have been published, even for photosynthetic
organisms (Imam et al. 2015; Levering et al. 2016; Loira et al. 2017; Shah et al.
2017).
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1.5. Organisms investigated throughout this work

The work presented in this thesis is mainly based on three organisms; the
heterokont algae Nannochloropsis oceanica and Phaeodactylum tricornutum, and
the green algal model organism Chlamydomonas reinhardtii. These three
organisms have been the focus of the investigations of regulation of electron
transport using spectroscopic measurements, and of the development of an
adjustable chloroplast model.

In the following sections, these three organisms, and the differences between

them, will be described in detail.

1.5.1. Nannochloropsis oceanica

Nannochloropsis sp. is a heterokont microalga belonging to the class of
Eustigmatophyceae. It is a relatively small alga, usually having a diameter of 2 -
4 pm, with cells containing one single chloroplast (Gentile & Blanch, 2001). The
alga has gained increasing interest for its ability to produce lipids and high-value
chemicals such as long-chain polyunsaturated fatty acids and xanthophylls
(Sukenik, 1991; Lubian et al. 2000; Hu et al. 2015).

Nannochloropsis has a unique pigment composition, with violaxanthin and
vaucheriaxanthin being the main pigments (Basso et al. 2014; Alboresi et al.
2016; Litvin et al. 2016). The alga also employs minor amounts of canthaxanthin,
siphonaxanthin, zeaxanthin and (3-carotene. In contrast to many other
heterokont algae, Nannochloropsis only contains chlorophyll a and completely
lacks chlorophyll b and ¢ (Gentile & Blanch, 2001).

In addition to lacking accessory chlorophylls, another peculiarity about
Nannochloropsis is its unusually high amount of PSI compared to PSII. Plants and
green algae usually have a PSI:PSII ratio of 0.53 - 0.67 (Fan et al. 2007), while
the PSI:PSII ratio in Nannochloropsis is approximately 1.7 (Carbonera et al.
2014).

The light-harvesting complexes of Nannochloropsis are called VCPs (Viola- /

Vaucheriaxanthin Chlorophyll Proteins) (Carbonera et al. 2014), and are similar
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to the three-transmembrane helix light harvesting proteins of red algae and
diatoms. It is assumed that each complex contains ~ 3 violaxanthin, ~ 2
vaucheriaxanthin molecules and 10 chlorophyll molecules (Litvin et al. 2016).
The light-harvesting complexes of Nannochloropsis have been divided into four
subtypes; Lhcv, Lher, Lhex and red CLHs (Chromera velia like light-harvesting
complexes) (Litvin et al. 2016). The main light-harvesting complex in
Nannochloropsis is the Lhcv type (viola- / vaucheriaxanthin binding light-
harvesting complex), which is similar to the Lhcf (fucoxanthin binding light-
harvesting complex) complexes found in diatoms. Lhcr complexes are mainly
associated with PSI, which is also the case for the red CLHs.

Lhcx are stress response-related light harvesting proteins, and have been found
to be similar to the PsbS proteins in higher plants (Litvin et al. 2016).

In higher plants, the light-harvesting complexes associated with PSII usually
form trimers (Dubertret et al. 2002). This is not the case in Nannochloropsis.
Nannochloropsis lacks the minor light-harvesting complexes CP24, CP26 and
CP29, which in higher plants form docking points between the trimeric light-
harvesting complexes and PSII dimers. Trimeric light-harvesting complexes
have also so far not been observed in Nannochloropsis. It is therefore assumed
that the majority of light-harvesting complexes in Nannochloropsis exist as
monomers linked to PSII (Litvin et al. 2016).

The link between the PSI-associated light-harvesting complexes and PSI are
stronger than that between the PSII-associated light-harvesting complexes and
PSII (Basso et al. 2014). Usually, PSI in Nannochloropsis is strongly linked to five
light-harvesting complexes, which form a very efficient energy trap (Alboresi et
al. 2017).

Since violaxanthin is one of the most important pigments in Nannochloropsis, it
might come as no surprise that the xanthophyll cycle is important for
photoprotection in this particular alga (Gentile & Blanch, 2001). In
Nannochloropsis, dissipation of excess excitation energy as heat has been shown
to occur in light-harvesting complexes of the Lhcx1 type, via both excitation
energy transfer and charge transfer between chlorophyll a and zeaxanthin (Park

etal. 2019).
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State transitions, on the other hand, have not been observed in Nannochloropsis
thus far. However, studies have shown that the number of light-harvesting
complexes associated with PSI in Nannochloropsis can range between 5 and 9
light-harvesting complexes (Bina et al. 2017, 1). This indicates that a dynamic
adjustment of antenna size between PSII and PSl is a possibility.
Non-photochemical quenching in Nannochloropsis oceanica has been found to
have two main components; one slow component which seems directly linked to
the amount of zeaxanthin present, and one fast component which seems
dependent both on a pH gradient, and on the zeaxanthin content (Bina et al.
2017, 2). The fast component is present at increased pH values, and it is
assumed that this quenching could be ascribed to light-harvesting complexes of
the Lhcx type, and that this quenching component corresponds to the gg type
quenching. The fast quenching component increases with the amount of
zeaxanthin (Bina et al. 2017, 2).

It has been demonstrated that the relaxation of NPQ in Nannochloropsis oceanica
occurs in approximately the same time frame as the conversion of zeaxanthin
back to violaxanthin. Studies focusing on Nannochloropsis gaditana have shown
that two quenching components, one fast and one slow, are also present in this
organism. In N. gaditana, there are indications that the fast quenching
component, related to the presence of Lhcx, is associated with both
photosystems, while the zeaxanthin dependent slow quenching is mainly
associated with PSII (Chukutsina et al. 2017). Chukutsina and co-workers also

observed the redistribution of excitation energy between PSII and PSI.
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1.5.2. Phaeodactylum tricornutum

Phaeodactylum tricornutum is a model species belonging to the superphylum
Heterokontophyta and the class of Bacillariophyceae. It is a pennate diatom
found in both coastal and inland waters (Rushforth et al. 1988). Diatoms are a
major contributor to the primary production of the oceans, and their fossil
remains are also one of the major sources of today’s petroleum (Vardi et al.
2009).

A peculiarity about Phaeodactylum tricornutum is that it can take three different
morphological forms; fusiform, triradiate and oval. Pennate diatoms are usually
benthic, but Phaeodactylum tricornutum is not a strict benthic species, and can
also be found amongst free-floating plankton. It has been suggested that the
different morphological forms could be related to where in the water column the
diatom can be found, as there are important biochemical differences; for
example, in polysaccharide concentration between the morphological forms.
Polysaccharide concentration determines density, and due to the differences in
polysaccharide compositions between the different morphological forms, it has
been proposed that alternating between different forms helps the algae adjust to
its environment (Sabir et al. 2018).

The main pigments of Phaeodactylum tricornutum are chlorophyll a, chlorophyll
¢, and the carotenoids fucoxanthin, diadinoxanthin / diatoxanthin, and lutein
(Gundermann & Biichel, 2014). Fucoxanthin is by far the most abundant
pigment, and the main light-harvesting complex of Phaeodactylum is therefore
called Fucoxanthin Chlorophyll Proteins (FCPs) (Guglielmi et al. 2005).

FCPs can be divided into three main groups: (1) Lhcf, which are similar to the
Lhcv complexes found in Nannochloropsis sp. (Litvin et al. 2016), (2) Lhcr
complexes, commonly associated with PSI, and (3) Lhcx complexes, which, as in
Nannochloropsis, are involved in photoprotection and NPQ (Gundermann &
Biichel, 2014). In addition, redCAP proteins (red lineage chlorophyll a/b
binding-like proteins) have also been found in Phaeodactylum sp. (Sturm et al.
2013).

An increased proton gradient is essential for the onset of NPQ in this organism

as well, but here its most important function seems to be the activation of
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Diadinoxanthin de-epoxidase, which is the enzyme converting diadinoxanthin
into diatoxanthin. Non-photochemical quenching in Phaeodactylum thus works
differently compared to that in Nannochloropsis, where a fast proton-dependent
quenching is present (Bina et al. 2017, 2). The relaxation of NPQ in
Phaeodactylum also occurs on a slower time scale than the decline of the proton
gradient, and matches the re-epoxidation of diatoxanthin back to diadinoxanthin
by the enzyme Diatoxanthin epoxidase (Goss & Lepetit, 2015). It has been
proposed that the pH gradient still is important for NPQ, possibly playing a role
in activating the diatoxanthin-dependent quenching (Ruban et al. 2004), which
in Phaeodactylum is proposed to be mediated by Lhcx complexes (Goss &
Lepetit, 2015).

More recent studies have, however, shown the presence of two distinct
quenching sites in Phaeodactylum Q1 quenching occurs in aggregated oligomeric
light-harvesting complexes, which have detached from PSII (Miloslavina et al.
2009), while Q2 quenching is diatoxanthin-dependent quenching mediated by
the Lhcx complexes still bound to the core complex.

Since all NPQ in Phaeodactylum seems to be diatoxanthin dependent, it has been
speculated that the formation of diatoxanthin introduces a conformational
change in light-harvesting complexes, which allows certain complexes to detach
and form fluorescence quenching aggregates (Goss & Lepetit, 2015). The
aggregated, oligomeric light-harvesting complexes have a slightly red-shifted
fluorescence (Miloslavina et al. 2009; Herbstova et al. 2015), and have been
proposed to be part of the chromatic adaptation occurring in Phaeodactylum
(Herbstova et al. 2015).

Traditionally, state transitions have been thought of as absent in Phaeodactylum
(Owens, 1986), but recently, after the finding that light-harvesting complexes
detach from PSII and form aggregates, it has been discussed that Phaeodactylum

may balance excitation energy between PSII and PSI (Fujita & Ohki, 2004).
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1.5.3. Chlamydomonas reinhardtii

Chlamydomonas reinhardetii is a green alga. It has a diameter of approximately 10
um, and has emerged as one of the most important and most researched
photosynthetic model organisms.

In Chlamydomonas sp., the PSII is structured as a dimer that is usually bound to
six PSII specific light-harvesting complexes and four minor light-harvesting
complexes (including CP26 and CP29) (Drop et al. 2014; Minagawa & Tokutsu,
2015). PS], on the other hand, operates as a monomer, and is usually bound to 9
PSI-specific light-harvesting complexes (Unlii at al. 2014; Minagawa & Tokutsu,
2015). However, PSI in Chlamydomonas has been observed with up to 11 light-
harvesting complexes, each supercomplex containing approximately 215
chlorophyll molecules, 175 chlorophyll a molecules, and the rest chlorophyll b,
which is present in the LHCI antennae (Kargul et al. 2003).

In Chlamydomonas, PSII is mainly located in the membranes of the grana stacks,
while PSI mainly is located in the stroma lamellae (Haldrup et al. 2001). During
light stress and other external conditions that reduce the plastoquinone pool,
Chlamydomonas carries out a well-observable state transition (Unlii et al. 2014),
with PSlI-specific light-harvesting complexes migrating from the grana stacks to
re-attach to PSI in the stroma lamellae. In Chlamydomonas, state transitions are
also accompanied by a shift from linear to cyclic electron transport (Finazzi et al.
2002).

When a state transition occurs in Chlamydomonas, around 70 - 80 % of the PSII-
associated light-harvesting complexes detach from PSII (Nagy et al. 2014; Unlii
et al. 2014). Initially, it was believed that all the detached PSII-specific light-
harvesting complexes would re-attach to PSI, but recent investigations have
shown that this is not the case. Only 20 % of the detached light-harvesting
complexes re-attach to PSI (Nagy et al. 2014; Unlii et al. 2014), and it has been
proposed that the fraction of light-harvesting complexes that will not re-attach
to PSI, forms excitation-quenching complexes, either existing in a free form, or
associated with PSII (Nagy et al. 2014).

In Chlamydomonas, state transitions are modulated by the redox state of the

plastoquinone pool, and involve both the cytochrome bsf complex and the more
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recently discovered Stt7 kinase (Depege et al. 2003) (the mechanism of state
transition initiation is explained in depth in section 1.3.2.1).

Even though the main mode of photoprotection in Chlamydomonas is state
transitions, it was recently discovered that a gene encoding an analogue to
violaxanthin de-epoxidase is present in Chlamydomonas. This enzyme is present
in the chloroplast stroma instead of the thylakoid lumen, and it is similar to the
violaxanthin de-epoxidase found in photosynthetic bacteria (Li et al. 2016).
Chlamydomonas therefore likely uses a combination of qr and qg quenching
(Wobbe et al. 2016), but qe only occurs in certain conditions, and the magnitude
of the qe quenching found in Chlamydomonas sp. is generally very small

compared to that found in other photosynthetic organisms (Finazzi et al. 2006).

68



2. Aims of the thesis

Heterokont algae contribute significantly to marine primary productivity, and
are also considered industrially relevant production platforms for lipids. These
key features, however, are not matched by the depth of knowledge concerning
fundamental aspects of their photosynthetic processes.

The aim of this thesis has been to gain insights into the regulation of the
photosynthetic machinery and lipid metabolism of the heterokont microalgae
Nannochloropsis oceanica and Phaeodactylum tricornutum. For this, a
computational model describing chloroplast metabolism was constructed.

A key experimental technique (chlorophyll fluorescence at 77 K) was also
reviewed with a focus on heterokont algae. Furthermore, the photosynthetic
machinery of the heterokont algae Nannochloropsis oceanica and Phaeodactylum

tricornutum was investigated by spectroscopic techniques.
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3. Results and discussion

In this chapter, papers I - V will be presented and discussed.

Paper I

Pathways of lipid metabolism in marine algae, co-expression network,
bottlenecks and candidate genes for enhanced production of EPA and DHA

in species of Chromista

Alice Miihlroth, Keshuai Li, Gunvor Rokke, Per Winge, Yngvar Olsen, Martin F.
Hohmann-Marriott, Olav Vadstein, Atle M. Bones.

Published in Marine Drugs (2013), vol. 11, pp. 4662 - 4697.

Paper | is a review paper focusing on approaches to enhance the synthesis of
w-3 fatty acids in microalgae, which are efficient producers of these lipids.
Several w-3 fatty acids are essential for vertebrates. The membranes of the
human brain contain high amounts of both w-3-fatty acids and w-6 fatty acids,
which make these fatty acids extremely important for both physical and mental
health (Plourde & Cunnane, 2007).

The review mainly focuses on how industrial production of the fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) by microalgae
could be increased using genetic approaches. In general, five strategies could be
used for genetically increasing the fatty acid content of microalgae. Firstly, the
pool of molecules serving as precursors for the fatty acids in question could be
increased. Secondly, the reactions involved in (-oxidation, which is a lipid-
degrading pathway mainly occurring in peroxisomes, could be inhibited. Thirdly,
enzymes involved in biosynthesis of fatty acids could be overexpressed, and as a
fourth and fifth approach, fatty acid chain length could be optimized by
regulation of thioesterases, and the saturation profile could be controlled by

regulation or introduction of desaturases (Hoffman et al. 2008).
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The paper reviews genes involved in the different pathways related to the
synthesis of EPA and DHA. In order to characterize potential targets for gene
knockouts or enzyme modification, a co-expression network was generated,
using transcriptomic data from five different experiments. A total of 106 genes
were included in the network, all of which are associated with fatty acid
metabolism in Phaeodactylum tricornutum. The genes included in the co-
expression network encode proteins involved in the mitochondrial tricarboxylic
acid (TCA) cycle, B-oxidation occurring in peroxisomes, de novo synthesis of fatty
acids in chloroplasts, and the synthesis of long-chain poly-unsaturated fatty
acids (LC-PUFAs) located in the endoplasmic reticulum.

The co-expression network generated for the review revealed that increasing
the pool of precursor molecules by over-expression of the proteins responsible
for the synthesis of these precursors, is the approach that is likely to have the
greatest effect on lipid production in Phaeodactylum.

Genes encoding proteins involved in transesterases, elongases and
acyltransferases were also found to be possible targets for enhancement of LC-

PUFA production.

Contributions:
Alice Miihlroth is the main author of this paper, and wrote most of the
manuscript. [ contributed to writing the introduction (chapter 1), and I also

made figure 4 and 5.
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Paper II

The plastoquinone pool of Nannochloropsis oceanica is not completely

reduced during bright light pulses

Gunvor Rokke, Thor Bernt Melg, Martin Frank Hohmann-Marriott

Published in PLoS One (2017), vol. 12, paper e0175184

Paper Il investigates the regulation of electron transport in Nannochloropsis,
which is known to have a distinct photosynthetic machinery compared to that of
green algae and higher plants. Nannochloropsis has emerged as a model
organism due to its ability to produce and store relatively large amounts of fatty
acids that are of interest both as a substrate for biofuel and as a food additive.
However, so far the photosynthetic machinery of Nannochloropsis is less
researched than its ability to produce lipids.

In this paper, we used pulse amplitude modulated (PAM) fluorometry
(Schreiber, 1986; Schreiber et al. 1986) to investigate the fluorescence kinetics
following bright light pulses.

PAM fluorometry in combination with the saturation pulse method has become
a relatively standardized method for studying photosynthetic performance of
plants in different environmental conditions. The interpretation of data obtained
by PAM fluorometry, however, is highly organism-specific, as we discovered in
the work leading up to paper IL

We investigated the photosynthetic performance of Nannochloropsis in the
presence of actinic background light, in anaerobic conditions, and in the
presence of the inhibitor DBMIB. In plants and green algae, these three
conditions are all known to reduce the plastoquinone pool, resulting in a
characteristic chlorophyll fluorescence transient. However, by interpreting the
fluorescence transients in Nannochloropsis we conclude that high-intensity light
did not result in a complete reduction of the plastoquinone pool in

Nannochloropsis.
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This finding has major implications when using PAM fluorometry in
combination with the saturation pulse method to assess different aspects of
photosynthetic performance. If the measured maximum fluorescence is not the
true maximum fluorescence, this would, for example, lead to a systematic over-
assessment of PSII quantum yield.

The finding that bright light pulses are not able to reduce the plastoquinone pool
of Nannochloropsis has implications for the previously reached conclusion that
heterokonts do not carry out state transitions as a part of their photoprotection.
The reduction state of the plastoquinone pool has been shown to play a part in
the activation of state transitions both in green algae and higher plants. Since the
bright light pulses utilized by the saturation pulse method are not able to reduce
the plastoquinone pool of Nannochloropsis, this might explain why state

transitions have never been observed in this organism.

Contributions:

I planned the experiments in collaboration with Martin Hohmann-Marriott, and I
performed the experiments. I also developed the necessary tools for data
analysis in collaboration with Thor Bernt Melg. I analysed the data, generated
the figures, wrote the original draft, and both I, Martin Hohmann-Marriott and

Thor Bernt Melg reviewed the final draft of the manuscript.
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Paper III

Unique photosynthetic electron transport tuning and excitation

distribution in heterokont algae

Gunvor Bjerkelund Rokke, Thor Bernt Melg, Alice Miihlroth, Olav Vadstein, Atle M.

Bones, Martin F. Hohmann-Marriott

Published in PLoS One (2019), vol. 14, paper e0209920

The findings presented in paper Il led us to take a closer look at the
photoprotection mechanisms of Nannochloropsis. Since Nannochloropsis retains
a partly oxidized plastoquinone pool in high-intensity light, we wanted to
investigate if this behavior was specific to Nannochloropsis, or if it also occurs in
other heterokont algae. Phaeodactylum tricornutum was therefore included in
the study as another heterokont alga where state transitions have not been
observed (Owens, 1986).

Phaeodactylum were found to exhibit the same behavior as Nannochloropsis. The
chlorophyll fluorescence yield found in dark-adapted, aerobic conditions was
not the true maximum fluorescence. This led us to conclude that just like
Nannochloropsis, the plastoquinone pool of Phaeodactylum is also not
completely reduced by the standard bright light pulses utilized by the saturation
pulse method.

In this paper, we also wanted to investigate if state transitions is a mechanism
that is part of the photoprotection repertoire in heterokont algae, but knowing
that high-intensity light would not lead to a completely reduced plastoquinone
pool, we instead exposed the algae to anaerobic conditions, as the combination
of anaerobiosis and darkness has been shown to reduce the plastoquinone pool
of several organisms.

For both Nannochloropsis and Phaeodactylum, we observed that the onset of
anaerobic conditions led to a decrease in the ratio of PSII-fluorescence to PSI-

fluorescence over time. In Chlamydomonas, which was included in the study as
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well, this shift could also be observed in high-intensity light, which was
expected. In Nannochloropsis and Phaeodactylum, the ratio of PSII-fluorescence
to PSI-fluorescence increased in high-intensity light, which was the opposite of
the behavior observed in Chlamydomonas.

The results from paper III show that the heterokont algae Nannochloropsis
oceanica and Phaeodactylum tricornutum are indeed capable of dynamic
partitioning of light energy between PSII and PSI. The mechanisms underlying
this light partitioning might be different from the classic state transition of for
example Chlamydomonas reinhardetii, as the chloroplast architecture is different
between green algae and heterokonts. The state transition observed in the
heterokont algae therefore might not involve a physical movement of light-
harvesting complexes, such as in Chlamydomonas, but rather a re-coupling.

In green algae and higher plants, plastoquinone has been shown to act as a
sensor molecule, and a reduced plastoquinone pool is required for the onset of
state transitions. This also seems to be the case in heterokont algae.

We propose that the regulation of excitation energy in heterokont algae is an
adaptation to the changing light-environments they might encounter in the
ocean, where the light intensity could exceed the full intensity of sunlight due to

the lensing effect of waves.

Contributions:

[ planned the experiments in collaboration with Martin Hohmann-Marriott, and
performed the experiments with some help from Alice Miihlroth. I developed
software tools for analysis of the data in collaboration with Thor Bernt Melg, and
[ analysed the data, generated figures and wrote the original draft. All co-authors

reviewed the original draft of the manuscript prior to submission.
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Paper IV

Chlorophyll fluorescence emission spectroscopy of oxygenic organisms at

77K

Jacob Joseph Lamb, Gunvor Rgkke, Martin Frank Hohmann-Marriott

Published in Photosynthetica (2018), vol. 56, pp. 105 - 124

Paper [V is a review focusing on 77 K spectroscopy. The history of the technique
is reviewed, and important concepts such as chlorophyll excitation, excitation
transfer, and the difference between fluorescence measurements performed at
room temperature and at 77 K are explained. Instrumentation and sample
preparation is also discussed.

Most of the paper is, however, dedicated to chlorophyll fluorescence
characteristics at 77 K in plants, green algae, cyanobacteria, red algae and

heterokont algae.

Contributions:

Jacob Joseph Lamb is the main author of this paper, and wrote most of the
manuscript. [ contributed significantly to writing the section on heterokont
algae. I also developed the software for digitizing data from other papers. I

digitized the data, and generated all figures except figure 5.
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Paper V

An adjustable algal chloroplast plug-and-play model for genome-scale

metabolic models

Gunvor Bjerkelund Rokke, Martin Frank Hohmann-Marriott, Eivind Almaas

Manuscript prepared for submission

Paper V focuses on the construction of a metabolic model of a chloroplast, which
can be easily coupled to other metabolic models in need of a chloroplast
compartment. Our model contains 788 reactions, 764 metabolites, and 774
genes.

The “plug-in” feature of this model is a novel concept, as metabolic models are
usually constructed for an entire cell, and not for individual organelles. Even
though the metabolism of the chloroplast is relatively conserved, there are
minor differences between the chloroplast metabolism of different organisms.
The ‘plug in’ chloroplast has different organism modes, allowing or disabling
organism-specific reactions to run. Currently, the chloroplast model could be
run both in Nannochloropsis mode, Phaeodactylum mode and Chlamydomonas
mode.

A special emphasis and strength of the chloroplast model is a detailed
representation of the photosynthetic electron transport chain. This feature
allows the user to investigate the regulation of photosynthetic electron
transport, and the link between the photosynthetic electron transport and
carbon fixation.

Along with the development of the chloroplast model, software tools for
working with this novel type of adjustable organelle model have also been
developed. Tools have been developed for easily coupling the chloroplast model
to another metabolic model, for changing the organism mode of the chloroplast,

and for expanding it, either with reactions specific to one of the organisms
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currently represented by the model, or by introducing a completely new

organism mode.

Contributions:

[ planned the chloroplast model in collaboration with Eivind Almaas.

I performed the reconstruction of chloroplast metabolism, developed the
software necessary for working with an adjustable compartment model, and
wrote the original draft. All co-authors reviewed the final draft of the

manuscript.
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4. Concluding remarks and future works

One major finding of the work presented in this thesis is that the electron
transport and the onset of photoprotection mechanisms is regulated differently
in the heterokont algae Nannochloropsis and Phaeodactylum compared to those
in higher plants and green algae. When Chlamydomonas is exposed to high-
intensity light, the photosynthetic electron transport chain is completely
reduced, and photoprotection mechanisms are initiated. In both Nannochloropsis
and Phaeodactylum, high-intensity light seems to decrease the degree of
reduction in the plastoquinone pool. In Nannochloropsis, a probable explanation
for this behaviour is its high PSI:PSII ratio, but for Phaeodactylum, this is not
presently a satisfactory explanation. Future studies should therefore focus on
exploring the mechanisms for this particular feature also in Phaeodactylum, by
determining its PSI:PSII ratio.

Another major finding is that in contrast to what was previously thought,
heterokont algae are capable of dynamic partitioning of excitation energy
between PSII and PSI. At first sight, this may look like the state transitions
carried out by Chlamydomonas, but the mechanism for this dynamic excitation
energy partitioning may be fundamentally different in heterokont algae, as their
chloroplast structure is different. The thylakoid structure of heterokont algae
makes a re-coupling of light-harvesting complexes between the two
photosystems more likely than a physical movement of the light-harvesting
complexes. The molecular mechanisms that control and facilitate this re-
coupling should also be investigated in detail in the future.

Biochemical purification of photosynthetic complexes in combination with
single particle electron microscopy techniques could also yield valuable
information about the structural features that mediate the re-coupling of light-
harvesting complexes between the two photosystems that we determined by
using spectroscopic techniques.

This project has also included the construction of a metabolic model describing
the metabolism of a chloroplast. This model can switch between different
organism modes by enabling or disabling organism-specific reactions, and can

also be coupled to another metabolic model in need of a chloroplast. In the

79



future, the organism-specific parts of the chloroplast metabolism should be
made even more detailed, and the model should also be expanded to encompass

more organisms than the three microalgae already included.
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Abstract: The importance of n-3 long chain polyunsaturated fatty acids (LC-PUFAs) for
human health has received more focus the last decades, and the global consumption of rn-3
LC-PUFA has increased. Seafood, the natural n-3 LC-PUFA source, is harvested beyond a
sustainable capacity, and it is therefore imperative to develop alternative n-3 LC-PUFA
sources for both eicosapentaenoic acid (EPA, 20:5r-3) and docosahexaenoic acid (DHA,
22:6n-3). Genera of algae such as Nannochloropsis, Schizochytrium, Isochrysis and
Phaedactylum within the kingdom Chromista have received attention due to their ability to
produce n-3 LC-PUFAs. Knowledge of LC-PUFA synthesis and its regulation in algae at
the molecular level is fragmentary and represents a bottleneck for attempts to enhance the
n-3 LC-PUFA levels for industrial production. In the present review, Phaeodactylum
tricornutum has been used to exemplify the synthesis and compartmentalization of n-3
LC-PUFAs. Based on recent transcriptome data a co-expression network of 106 genes
involved in lipid metabolism has been created. Together with recent molecular biological
and metabolic studies, a model pathway for n-3 LC-PUFA synthesis in P. tricornutum has
been proposed, and is compared to industrialized species of Chromista. Limitations of the
n-3 LC-PUFA synthesis by enzymes such as thioesterases, elongases, acyl-CoA
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synthetases and acyltransferases are discussed and metabolic bottlenecks are hypothesized
such as the supply of the acetyl-CoA and NADPH. A future industrialization will depend
on optimization of chemical compositions and increased biomass production, which can be
achieved by exploitation of the physiological potential, by selective breeding and by
genetic engineering.

Keywords: Phaeodactylum tricornutum; long chain polyunsaturated fatty acid synthesis;
metabolic engineering; elongases; desaturases; acyl-CoA synthetases; acyltransferases

Fatty Acid Nomenclature and Abbreviations

ADA, adrenic acid (22:4n-6); ALA, o-linolenic acid (18:3n-3); ARA, arachidonic acid (20:4n-6);
DGLA, dihomo-y-linolenic acid (20:3n-6); DHA, docosahexaenoic acid (20:6n-3); DPA,
docosapentaenoic acid (22:51-3); EDA, eicosadienoic acid (20:2n-6); EPA, eicosapentaenoic acid
(20:5n-3); ETA, eicosatetraenoic acid (20:4n-3); ETrA, eicosatrienoic acid (20:3n-3); FA(s), fatty
acid(s); GLA, vy-linolenic acid (18:3n-6); HAD, hexadecadienoic acid (16:2n-4); HTA,
hexadecatrienoic acid (16:3n-4); LA, linoleic acid (18:2n-6); LC-PUFAC(s), long chain polyunsaturated
fatty acid(s), >C20; MA, myristic acid (14:0); OA, oleic acid (18:1rn-9); PA, Palmitic acid (16:0);
POA, Palmitoleic acid (16:1n-7); PONA, palmitolenic acid (16:2n-7); PUFA(s), polyunsaturated fatty
acid(s), >C18; SA, stearic acid (18:0); STA, stearidonic acid (18:4n-3); THA, tetracosahexaenoic
acid (24:6n-3).

1. Introduction

Long chain polyunsaturated n-3 fatty acids (LC-PUFAs) are of increasing interest, due to their
many positive effects for human health and their use as feed for fish farming. Until now, seafood has
been the main source of n-3 LC-PUFAs; however, as seafood harvesting is at peak production,
alternative sustainable sources for n-3 LC-PUFAs should be developed. Most fishes cannot produce
n-3 LC-PUFAs themselves, but are channelled up the marine food chain, with microalgae as the
primary producers [1]. Therefore, it is not surprising that marine microalgae have been targeted as
potential candidates for industrial production of n-3 LC-PUFAs such as eicosapentaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) [2-5].

Many of the n-3 LC-PUFA-producing algae belong to the Chromista kingdom, a diverse group of
microorganisms that includes divisions like cryptomonads, haptophytes and heterokonts [6]. The
classification is based on the hypothesis that chloroplasts of all Chromista arose from a single
secondary endosymbiotic event between a eukaryote and a red alga-like organism [6,7]. Interestingly,
the heterotrophic thraustochytrid, also belonging to Chromista, have lost their photosynthetic capacity
but have retained a vestigial chloroplast and their ability to synthesize and store n-3 LC-PUFAs, as
chloroplasts are the site of lipid synthesis in alga.

At present, mostly thraustochytrids like Schizochytrium spp. are used in industrial-scale n-3
LC-PUFA production as they can reach a DHA content of 43% (cell dry weight) and have a
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productivity of up to 7.2 g of DHA per liter of culture and per day [8,9]. The close relationship
between the thraustochytrids and photosynthetic microalgae of the Chromista kingdom suggests a high
potential for these microalgae as an alternative n-3 LC-PUFA source in the future. Additionally, algae
have advantages such as consuming carbon dioxide, growing in salt water on marginal land and
thereof no compete with the agriculture industry or freshwater use [10]. The major genera of
commercial microalgae are to date Chromista [11-13]. EPA-producing heterokonts include the
photoautotrophic commercial-used Nannochloropsis spp. [14], Monodus subterraneus [15],
Nitzschia spp. [16] and the model diatom Phaeodactylum tricornutum [17]. Whereas DHA-producers
include Isochrysis galbana [11,18] and the thraustochytrids Aurantochytrium spp. [19],
Thraustochytrium spp. [11,12], and Schizochytrium spp. [20]. The amount of n-3 LC-PUFAs produced
by these organisms depends on the environmental conditions. Exposing the algae to environmental
stresses such as nitrate starvation [17], increased salinity [20], changes in light intensity [15] or
variations in the amount and composition of carbon [14,20] can increase both lipid synthesis and
accumulation and also the composition of n-3 LC-PUFAs themselves. Several recent reviews have
dealt with this topic for different algae [9,21-25]. For instance, the eustigmatophyceae
Nannochloropsis has under mild growth conditions an EPA content of 1.6% of cell dry weight, while
subjecting Nannochloropsis oceanica to high light and N-limitation an EPA content of 2.6% (cell dry
weight) can be reached [14,18,26]. However, the low production of n-3 LC-PUFAs per culture volume
and day, mainly due to low biomass density, makes photosynthetic production of n-3 LC-PUFA not
profitable at present [13].

To improve the n-3 LC-PUFAs or the lipid bodies, triacylglycerides (TAGs), productivity in algae
two main strategies exist; (1) Increase the content of desired lipids per unit of biomass and (2) Increase
the biomass density of the given strain to maximize biomass per culture volume or area. Optimization
of growth conditions that increase n-3 LC-PUFAs is challenging, as LC-PUFAs and TAGs accumulate
under abiotic stress, which in turn decreases the biomass yield. Besides optimizing physical growth
conditions approaches such as selection/breeding and metabolic engineering can be used to enhance
the lipid yield. These high level skill approaches have advantages and disadvantages, while genetic
engineering requires significant resources in establishing a suitable transformation of functional
plasmids, selection processes require a sustainable breeding and selecting program [21,22]. A
combination of approaches like metabolic engineering and selective breeding have been shown to be
successful in plants by genetic engineering of n-3 LC-PUFAs and classical mutation strategies to
bypass bottlenecks [23-25]. Successful approaches must be based on identification of genetic drivers
influencing both qualitative and quantitative aspects of the lipid metabolism in Chromista. Even
though genetic drivers are applicable for different approaches, we will in this review focus on the
metabolic engineering approach because it has been discussed by Khozin-Goldberg et al. (2011) as a
strategy to obtain a high yield of n-3 LC-PUFA by microalgae and reviews focused on engineering of
lipid metabolism in algae with emphasis on TAG accumulation [22,27-30].

In this review, we address the synthesis and compartmentalization of n-3 LC-PUFAs in Chromista
by mapping the lipid metabolism for the model diatom P. tricornutum. Genomic data have been
analyzed and a co-expression network has been assembled. Several pathways have been predicted and
candidate genes and bottlenecks were identified in order to find strategies for improve the n-3
LC-PUFAs in commercially used Chromista such as Nannochloropis or Isochrysis. In doing so, we
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have identified and compared parts of the known EPA and DHA pathways of biotechnological
important Chromista species which differ from the lipid pathway of P. tricornutum.

2. Long Chain Polyunsaturated Fatty Acids (LC-PUFAs) for Human Health

Linoleic acid (LA, 18:2n-6) and a-linolenic acid (ALA, 18:3n-3) are essential fatty acids (FAs) for
vertebrates [31,32] and are precursors for the LC-PUFA of the n-6 group arachidonic acid (ARA,
20:4n-6) and of the n-3 group EPA and DHA. Humans have the capability to synthesize EPA (20:51-3)
and DHA (22:6n-3) from ALA (18:3n-3), but the capacity is too low to provide sufficient amounts of
these n-3 LC-PUFAs for maintenance of mental and cardiovascular health [33,34]. Some fresh water
and diadromous fish species may survive on diets containing only C18 PUFA, whereas marine fish
have a strict requirement for long chain PUFAs that e.g. play important roles in osmoregulation for
animals in different aquatic environments [32]. ARA (20:4n-6), EPA (20:5r-3) and DHA (22:6n-3) are
also required for normal growth, development of specific and nonspecific immunity, and stress
tolerance of marine fish, especially at early stages [35-37].

The membranes of the brain contain high amounts of ARA (20:4n-6) and DHA (22:6n-3) in the
phospholipids, and are important for optimal visual and cognitive development and functioning. Fish
larvae and human infants have high requirement of LC-PUFA, probably due to an immature
digestive/absorptive system and the need for fast growth and development, especially for neural and
visual tissues [38]. The beneficial health effects of n-3 FAs, particularly n-3 LC-PUFAs, have been
extensively studied [13,39—41]. Positive effects include anti-viral, anti-bacterial and anti-fungal
effects [42,43]. These benefits appear to be related to the alternations of fluidity in membrane
phospholipids composition and function, gene expression and eicosanoid production [44]. In general, it
is recommended to increase the dietary n-3 FAs intake for the human population, but the
recommendations vary in different countries because of different dietary background and cultural
traditions [45,46]. For instance, the American Dietetic Association recommends 500 mg/day of
EPA + DHA [47], whereas the Norwegian authorities propose 250 mg/day of EPA + DHA for older
children and adults and 0.5 E% (percent of total energy intake) of total n-3 FAs, 0.10 g/day of DHA
(22:6n-3) for infants and small children (6—24 months) [48]. Beside the absolute amount of PUFAs
that is required, the ratio of n-6/n-3 FAs is considered to be very important for development and health
of both humans and fish. EPA (20:51-3) and ARA (20:4n-6) are precursors for the synthesis of
hormones named eicosanoids which are involved in many cell regulatory functions. EPA-derived
eicosanoids have potent anti-angiogenic effects, whereas ARA-derived metabolites have
pro-angiogenic effects. Because EPA (20:51-3) and ARA (20:4n-6) compete for the common enzymes,
cyclooxygenases, lipooxygenases, and cytochrome P450, the ratio between n-6 and n-3 FAs seems to
determine the ratio of the respective enzymatic products, EPA (20:51-3) and ARA (20:4n-6) derived
eicosanoids [44,49,50]. The ratio of n-6/n-3 FAs in typical Western diets is 15/1-16.7/1, whereas it is
suggested that humans evolved on a diet with a ratio close to 1 [40]. A ratio of n-6/n-3 of 4:1 or less
seems to reduce the risk of many chronic diseases, such as cardiovascular disease, colorectal cancer,
breast cancer and asthma [40].

An overview of the content of n-6 and n-3 PUFAs in different organisms and food sources reveals
that the n-6/n-3 ratios of commonly farmed and wild fish species in Norway and frequently used
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marine microalgae is in general very low (<1:2), whereas the ratio in red meat, chicken and plant oils
is high (>4:1; Figure 1). A high percentage of n-3 FAs, e.g., >20%, is only found in marine organisms,
and none of the marine organisms contain >15% n-6 FAs.

Figure 1. n-6 fatty acids (%) versus n-3 fatty acids (%) in different food sources and
microalgae [51-56].

n-6 fatty acids versus n-3 fatty acids

n-6 fatty acids%

n-3 fatty acids%

Farmed Atlantic cod

: Farmed salmon ’ Phaeodactylum tricornutum . Sunﬂoweeril
A Rainbow trout ‘ Chaetoceros sp.(Bacillariophyceae) .I Soybean 0}1
A Cod liver <> Isochrysis galbana I:I Mustard oil
A Atlantic halibut ’ Pavlova lutheri . A@Faragus
A Herring ’ Nannochloris atomus E ghlck-pea
. Beef 0 Tetraselmis sp.(Prasinophyceae) arrot

‘ Lamb O Gymnodinum sp.(Dinophyceae) D Egg plzfnt

O Pork B Champignons
@ Chicken

3. LC-PUFA Sources and the Need for Alternatives

The main source of n-3 LC-PUFAs for human consumption is currently marine fish and in
particular the fish oils of fat fish. The world capture fisheries have remained stable since 1990,
whereas aquaculture production has increased strongly [57]. The global production of fish oil
decreased from 1.6 million tons in the late 1980s to 1 million tons in 2012, of which about 7% was
used for human consumption and about 88% was used for aquaculture [48]. During the last decades,
the aquaculture industry has started to replace fish oil and fish meal with plant seed meals and
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vegetable oils in order to secure growth in the production [58,59]. Studies suggest that salmonids and
gilthead sea bream can be grown with 100% of blended vegetable oils, without any serious effect on
growth rates [60,61]. However, the EPA (20:51-3) and DHA (22:6n-3) levels in the flesh of the fish
fed were reduced by feeding high levels of vegetable oils, and the beneficial effects of fish
consumption to the human consumer is therefore reduced [32]. Meanwhile, the positive health effects
of the n-3 PUFAs, especially EPA (20:51-3) and DHA (22:6n-3) have become widely accepted, and
the human consumption for n-3 PUFAs in various products is increasing. Fortified foods (milk, yogurt,
eggs and breads) and dietary supplements (cod liver oil, fish oil capsules) with oils that are rich in EPA
(20:5n-3) and DHA (22:6n-3) have become widely used [62]. As traditional fisheries cannot increase
in size, there is a search for alternative n-3 LC PUFA sources for the future expansion of both marine
aquaculture and human consumptions. Proposed alternatives are large stocks of herbivore copepods,
krill in the world’s oceans and microalgae [34,58].

4. Chromista and Their LC-PUFA Content and Function

Chromista include promising candidate species for commercial production of n-3 LC-PUFA but a
deeper understanding of the synthesis, composition and function of fatty acids (FAs) in algae is needed
for a knowledge-based future industrial production. In general, saturated and monounsaturated FAs are
predominant in the FA profile of Chromista, and with a minor amount of ARA (20:4n-6) and a high
level of one n-3 LC-PUFA, EPA (20:51-3) and DHA (22:6n-3). The total FA composition is highly
variable from species to species. In this section an overview of LC-PUFA occurrence in Chromista
cells and the function of LC-PUFAs will be given.

LC-PUFAs in Chromista are mainly associated with the membranes or found in the storage
compartments as TAGs. Membrane systems in algae can be divided into the photosynthetic active
thylakoid membrane and the structural membranes surrounding compartments for example the
chloroplast or the endoplasmic reticulum (ER). In membrane lipids, PUFAs are esterified to glycerol
and further processed to produce polar lipids.

In both the thylakoid and the non-photosynthetic membrane, the betaine-type glycerolipids
(e.g., diacylglyceryltrimethylhomoserine (DGTS), diacylglycerylhydroxy-methyltrimethylalanine
(DGTA) and diacylglycerylcarboxyhydroxymethylcholine (DGCC)) and the phosphoglycerides
(e.g., phosphatidylcholine (PC) and phosphatidylethanolamine (PE)) are present [63]. The special
component of the photosynthetic membrane is phosphatidylglycerol (PG) [27]. In all eukaryotic
photosynthetic organisms, PGs contain an uncommon A’-trans hexadecenoic acid (16:1(3-t)) at their
sn-2 position. PG-16:1(3-t) plays an important role in the LHCII trimerisation process and in the
function of the photosystem [64]. The major components of the photosynthetic membrane are the
glycosylglycerides, which are mainly uncharged polar lipids and far more abundant than
phosphoglycerides. The glycosylglycerides vary in abundance from species to species [65]. Apparently
diatoms possess negatively charged galactosylglycerides because of their higher levels of anionic
sulphoquinovosyldiacylglycerol (SQDG) than land plants [66]. Monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG) are neutral lipids and contain either one or two
galactose molecules linked to the sn-3 position of the 1,2-diacyl-sn-glycerol moiety [27]. Thus, FAs
occupy the sn-1 and sn-2 positions, and the FA composition at these positions can be highly variable.
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Examples of PUFA distribution in different Chromista such as N. oculata, P. tricornutum, Pavilova
lutheri and M. subterraneus under different environmental conditions are given in Figure 2. Figure 2
shows obvious differences in FA composition, for instance, Pavlova lutheri sustain high amount of
DHA (22:6n-3), whereas P. tricornutum mostly contains EPA (20:5#n-3).

Figure 2. Content of LC-PUFAs of different lipid classes in selected Chromistans under
different environmental conditions. Due to the experimental setups of the referred papers,
not all lipid classes of the organisms could be assembled. Monodus subterraneus [67],
N. oculata [68], Pavlova lutheri [69], P. tricornutum [70]. Blue: ARA (20:4n-6);
red: EPA (20:5n-3); green: DHA (22:6n-3). MGDG: monogalactosyldiacylglycerol;
NL: neutral lipids; DGCC: diacylglycerylcarboxyhydroxymethylcholine; DGDG:
digalactosyldiacylglycerol; DGGA: diacylglyceryl glucuronide; DGTS: diacylglyceryl
trimethylhomoserine; DGTA: diacylglycerylhydroxymethyl-trimethylalanine; SQDG:

sulfoquinovosyldiacylglycerol; PC: phosphatidylcholine; PE: phosphatidylethanolamine;
PG: phosphatidylglycerol.
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Some diatoms, for instance, P. tricornutum and Thalassiosira weissflogii, contain n-3 LC-PUFA
primarily in C20/C16 and C18/C16 forms of MGDG and DGDG; whereas the pennate diatom
Navicula perminuta produce only C18/C16 and C18/C18 forms [71]. In plants, the FA combination of
the galactosylglycerides can be traced back to their biosynthetic pathways; the so-called eukaryotic
molecular species (C18/C18) of galactosylglycerides are synthesized outside the chloroplast in the
eukaryotic pathway and the prokaryotic molecular species (C18/C16) are synthesized plastidial via the
prokaryotic pathway [72]. Whereas in plants, clear separation of the galactosylglyceride origin is
given, in algae most C20 FAs are synthesized outside of the chloroplast and are present in both
molecular species of galactosylglycerides: the eukaryotic-like (C20/C20, C18/C18) and the
prokaryotic-like (C18/C16, C20/C16) species [67,73]. Therefore, in algae it is suggested to refer to
species of galactosylglycerides as “C20/C20” or “C20/MLC” (MLC = medium to long chain) rather
than to eukaryotic- and prokaryotic-like molecular species [67]. In Chromista, the biological function
of different combinations of FAs in galactosylglycerides remains unclear, but it will certainly affect the
overall PUFA distribution and composition of the cell. However, some observations in other algae may
be relevant. For instance in the red algae Porphyridium curentum a shift to lower temperatures
decreases C20/C20 MGDG and increases C20/C16 MGDG [74]. This observation may be interpreted
as a response to adjust the membrane fluidity of photosynthetic membranes. PUFAs in membranes are
also important for adjusting membrane fluidity during shifts in salinity and light intensity [75]. It has
been shown that a temperature-shift from 25 to 10 °C will enhance the proportion of PUFAs,
especially EPA, by 120% in P. tricornutum [76].

TAGs are another but less likely n-3 LC-PUFA source in oleaginous algae. Most algae accumulate
saturated and monounsaturated FAs in the TAGs under certain stress conditions such as P- and
N-limitation and cell division arrest [77,78]. For example, in the eustigmatophyceae N. oceanica TAG
accumulation increases while the EPA amount declines by 30% during N-deprivation [79]. Contrary to
this, an increase in TAGs and incorporation of EPA in TAGs was observed in the diatom
T. pseudomonas in the stationary growth phase [77]. TAGs are collected in lipid bodies in the
cytoplasma and belong to the neutral or non-polar lipids together with, e.g., waxes, free FAs, and
sterols [29]. Sukenik et al. (1991) proposed that TAG accumulation occurs in non-stress conditions
during the day when cell division is at rest in order maximize harvest of photons and CO, fixation [4].
The energy stored in TAG can be used to supply energy and reduced carbon in the dark phase. TAGs
serve as a sink for excess electrons and bind and accumulate reduced carbon. Imbalance of the cellular
C:N ratio, which occurs for example under N-limitation, leads to a rearrangement of the molecular
pools. Whether carbohydrates or lipids are used as carbon/energy storage is dependent on the algae
strain, the photosynthetic activity and environmental conditions [80,81]. In some algae, the major
carbohydrate storage is the glucose polymer chrysolaminarin, which is used in heterokons such as the
diatoms Nitzschia sigmoida and Melosira varians [82,83]. When cell division is not possible, the
conversion of light energy into reduced carbon components, i.e., fatty acids provides a useful
mechanism to convert energy harvested by the photosynthetic machinery. The reduction of CO; to the
redox state of carbohydrates requires 2 mol of NADPH and ~3 mol of ATP, whereas the reduction of
CO; to the redox state of saturated fatty acids requires ~3 mol NADPH and ~4 mol ATP [84]. In
addition to carbon and energy storage, the FA moieties of the lipid bodies are required for both the
synthesis and the remodeling of PUFA rich thylakoid membranes [29].
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PUFAs in algae possess several specific functions. One known function is to scavenge reactive
oxygen, which interacts with the double bonds of the PUFA. This process, called lipid peroxidation,
may play a role as an intermediate in cell signaling pathways [85]. Polar lipids such as inositol lipids or
sphingolipids are also involved in such pathways [65]. Because LC-PUFAs are enriched in
galactosylglycerides such as SQDG and M/DGDG in the thylakoid membranes, it is assumed that they
contribute to the photosynthetic function of algae. For instance, studies of the green algae
Chlamydomondas reinhardtii showed the importance of the glycosylglyceride SQDG for maintaining
photosystem II functionality during environmental changes (e.g., temperature), and thus indicates, as
well, a role of PUFAs in maintaining the photosynthetic machinery [75].

Advances in utilizing environmental factors to increase n-3 LC-PUFA in Chromista have been
made, but in many cases the mechanisms behind this physiological plasticity, including regulation at
the transcriptional level, are not understood. Information gained on the molecular level, could allow
adaptation of algae, by selective breeding, metabolic engineering and physiological studies, as a n-3
producer on an industrial scale.

5. Eicosapentaenoic Acid (EPA, 20:5r-3) Synthesis in Phaedoactylum tricornutum

There are many studies of lipid accumulation in algae but there is still limited knowledge on the
molecular mechanisms and the transcriptional regulations of the lipid metabolism. To exemplify the
n-3 LC-PUFA synthesis and to find bottlenecks of the pathway, the model organism P. tricornutum
has been used to assemble recent knowledge and to point out genetic drivers. For a better evaluation of
the involvement of TCA cycle intermediates in the FA synthesis, studies of different Chromista have
been included in the following section.

Phaedactylum tricornutum is one of the diatoms best studied at the molecular level. This is due to
the sequencing of the 27.45 Mb genome in 2008 [86]. Several studies have been published that have
used transcriptomics (microarrays, RNAseq) in combination with metabolomics and related them to
physiological/biochemical responses of the photosynthetic system, the lipid metabolism and the carbon
flux network [17,87—89]. It has been shown that P. tricornutum tends to reduce carbohydrate content
and increase lipid content under nitrogen starvation compared to non-nutrition limitation, indicating a
metabolic switch to lipid accumulation [80,90]. To get more insights into the transcriptional regulation
of genes involved in the FA metabolism we performed a co-expression study based on assembled
microarray data available on the Gene Expression Omnibus (GEO), NCBI, from the model organism
P. tricornutum. The unweighted co-expression network (see Figure 3) identified 106 genes that encode
enzymes coupled to the FA metabolism and the tricarboxylic acid (TCA) cycle. DiatomCyc [91] and
Kyoto Encyclopedia of Genes and Genomes [92] were used for identification of the co-expression
cluster, for biochemical pathway analysis, and for protein identification. In the following paragraphs,
the genes identified in the n-3 LC-PUFAs synthesis and the co-expression cluster (Figure 3) will be
discussed. An overview of the primary lipid metabolism in most Chromista, including synthesis of
FAs, TAGs and n-3 LC-PUFAs, required cofactors, and the end products are presented in Figure 4.
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Figure 3. Co-expression network of 106 genes associated to the FA metabolism in
P. tricornutum. The co-expression network can visually be divided into two subclusters.
Subcluster 1 (blue, left square) contains mainly genes of the mitochondrial TCA cycle and
B-oxidation. Subcluster 2 (red, right square) includes genes of the plastidial-located
de novo FA synthesis and the endoplasmatic n-3 LC-PUFA biosynthesis. Color code: TAG
biosynthesis (light purple); TCA cycle (red); ACCase (acetyl-CoA carboxylase); de novo
FA and HTA (16:3n-4) synthesis (light blue); Predicted elongases and desaturases (dark
blue); Predicted EPA pathway (turquoise); Acetyl-CoA precursors and transporter (light
red); Acyl-CoA synthetases, ATpase4 (gray); Mitochondrial or peroxisomal located
B-oxidation and FA elongation (yellow); Kennedy pathway, phospholipid-, glycerolipids,
sphingolipid and sterol biosynthesis (green); Ca**-dependent lipid-binding protein, amid
hydrolase, DHHC palmitoyltransferase, serine incorporator, ATP-binding protein (ABC)
transporter (purple). Shapes in the cluster indicate the localization of enzymes encoded by
the gene: Triangle, mitochondria; Square, chloroplast; Diamond, peroxisome; Circle, no
prediction. Transcription data of five microarray datasets from P. tricornutum submitted to
GEO, NCBI (GSE12015, GSE17237, GSE31131, GSE42039 and GSE42514; [93-97])
were used to construct based on log2 expression ratios from the experiments, an
unweighted co-expression network by using Cytoscape (version 2.8.3) and the force
directed drawing algorithm [98]. The network represents 106 genes related to lipid
metabolism with similar transcriptional profiles and includes 311 calculated gene-pairs
with Pearson correlation values » > 0.85.
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Figure 4. Simplified overview of the compartments, the main pathways and the
metabolites in most Chromista; calvin cycle, fatty acid synthesis, tricarboxylic acid cycle,
polyunsaturated FA pathway, B-oxidation and lipid synthesis shown in black arrows.
Involved enzymes are shown in red: ACCase, acetyl-CoA carboxylase; ACS, Acyl-CoA
synthetase, ACP, acyl carrier protein; CoA, coenzyme A; ATP:CL, ATP-citrat lyase; ENR,
enoyl-ACP reductase; FAT, fatty acyl-ACP thioesterase; HD, 3-hydroxyacyl-ACP
dehydratase; KAR, 3-ketoacyl-ACP reductase; KAS, 3-ketoacyl-ACP synthase; LACS,
long chain acyl CoA synthetase; MAT, malonyl-CoA:ACP transacylase; ME, malic
enzyme; PDC, pyruvate dehydrogenase complex; PUFA, polyunsaturated fatty acid; TAG,
triacylglyceride; TCA, tricarboxylic acid. Different MEs possess different localizations
(plastidial, mitochondrial). For simplicity, ME is placed in the cytosol. Modified
after [22,65,99].
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5.1. The TCA Cycle and p-Oxidation

To supply the cell with energy and reduced carbon, pyruvate is converted to acetyl-CoA, which
enters the TCA cycle to form ATP and carbon skeletons for the anabolic pathways. In P. tricornutum
the genes encoding enzymes of the TCA cycle show a diurnal regulation pattern when the algae are
grown in a day/night cycle [97]. An increased activity of the TCA genes at the beginning of the dark
period and co-regulation with genes coupled to cell division suggests that the TCA cycle provide
energy for the cell division processes [97]. During the day when cells received their energy via
photosynthesis, the TCA cycle associated genes exhibited limited regulation [97]. Figure 4 illustrates
that acetyl-CoA is the precursor for both the TCA cycle and the FA synthesis, and that the
intermediates of the TCA cycle can be precursors and cofactors in the FA synthesis. Because of this
versatile role, the genes of the TCA cycle were included in the cluster analysis. The cluster analysis
reveals that the TCA cycle genes had a high degree of co-expression with genes coupled with the FA
metabolism. By visual inspection, the cluster can be divided into two subclusters (see Figure 3). Also,
genes encoding for mitochondrial enzymes involved in both the FA elongation (C4 < n < C16) and the
B-oxidation are in this cluster. Whereas oxidation of FA in algae can take place in the mitochondria
and the peroxisome, Subcluster 1 represents mostly genes encoding enzymes of the mitochondrial
B-oxidation (ACDI, FadJ, Phatr2_55192 (enoyl-CoA hydratase), Phatr2_45947 (3-ketoacyl-CoA
thiolase) and KCT3). A tight co-regulation between genes coupled to the B-oxidation and the TCA
cycle as shown in the cluster is likely, and it has been suggested that oxidation of FAs most likely
provides the TCA cycle with acetyl-CoA during dark periods without photosynthetic activity [97].
Malate represents an intermediate of the TCA cycle and can deliver CO, for the plastidial
Ribulose-1,5-bisphosphate carboxylase (Rubisco) by the activity of the malic enzymes (ME) [100].
The NAD(P)-dependent ME catalyzes the conversion of malate to pyruvate and provides NAD(P)H for
the cell. The irreversible decarboxylation products NAD(P)H and pyruvate can be utilized in the FA
synthesis. An overexpression of ME in fungus and yeast species increases the accumulation of
lipids [101]. Availability of NADPH can increase the reaction velocity of NADPH-requiring enzymes
involved in FA synthesis such as acetyl-CoA carboxylase (ACCase) and ATP citrate lyase (ATP:CL)
(Figure 4). FA synthesis is an energy demanding process due to the activity of elongases and
desaturases. For instance, the formation of a C18 FA requires 54 NADPH from oxygenic
photosynthesis [17]. Biochemical studies with the eustigmatophyceae N. salina, grown in batch and
continuous cultures, indicated that lipid accumulation is controlled by the availability of NADPH [99].
Transcriptomic studies in N-depleted cells of P. tricornutum showed strong up-regulation of the gene
producing a predicted plastidial NADP-dependent ME (Phatr2_51970) [17]. Such findings indicate
that the ME genes are involved in lipid synthesis of P. tricornutum. Overexpression of the
Phatr2_51970 may be one avenue to provide electrons which can be channeled into FA synthesis.
Mitochondrial malate can also be converted in the mitochondrion or cytosol into pyruvate [99,100].
Therefore, predicted mitochondrial NAD(P)-dependent ME are encoded by Phatr2_27477 and MEI
(Phatr2_54082), the latter being part of Subcluster 1.

Another intermediate of the TCA cycle serving as a precursor for the n-3 LC-PUFA synthesis is
citrate. Kinetic profiles and activity studies have revealed that the eustigmatophyceae N. salina is able

124



Mar. Drugs 2013, 11 4674

to convert sugar via citrate to lipids [99]. A high activity of ATP-citrate lyase (ATP:CL), encoded by
ACL, may provide acetyl-CoA for the FA synthesis.

Mixotrophic grown cultures of heterokonts such as Nannochloropsis sp., Dictyopteris
membranacea, Navicula saprophila and P. tricornutum can incorporate acetate directly into
lipids [87,102—-104]. The acetyl-CoA synthetase (ACS) converts acetate to plastidial acetyl-CoA
(Figure 4). In Nannochloropsis sp., the acetate uptake is light-dependent. In ["“C]-acetate labeling
studies more than half of the acetate was incorporated into long chain FAs and PC [14,103]. When
acetate is abundant in mixotrophic conditions, the lipid levels and subsequently the EPA levels
increased by 25% in N. saprophila (phototrophic conditions: 27.2 and mixotrophic; 34.6 mg EPA/g
biomass) [102].

To conclude, our data shows that the genes of the TCA cycle are co-expressed with the genes of the
FA synthesis and may therefore be targeted to improve lipid production.

5.2. De Novo Fatty Acid Synthesis and Hexadecatrienoic Acid Synthesis

The de novo FA synthesis and further processing of one of the most abundant FA in P. tricornutum,
hexadecatrienoic acid (16:3n-4), takes place in the plastid [105]. Thus, acetyl-CoA is the starting point
for the FA synthesis in the chloroplast and the ER. Plastidial and cytosolic acetyl-CoA can be provided
by the conversion of pyruvate, citrate or acetate. Acetyl-CoA in turn is then converted by the
acetyl-CoA carboxylase (ACCase) to malonyl-CoA. In eukaryotes, the ACCase possesses three
functional domains; one N-terminal biotin carboxylase, one central acetyl-CoA carboxylase and one
C-terminal a-carboxyltransferase domain (0-CT). In most plants, the ACCase has an additional
chloroplast-encoded subunit, the B-carboxyltransferase (B-CT). To our knowledge, this subunit has not
been reported in Chromista which all have homomeric ACCases. The three domains of the homomeric
ACCase are located on a multifunctional polypeptide encoded by a nuclear gene [106]. The diatoms
T. pseudonana and P. tricornutum contain two homomeric ACCases, one in the plastid (ACC/) and the
other in the cytosol (ACC2) [106]. The haptophyte I. galbana, in turn, has only one plastidial
homomeric ACCase. In plants and maybe also in Chromista, the plastidial ACCase (ACCI) converts
malonyl-CoA for the de novo FA synthesis, whereas the cytosolic ACCase (ACC2) generates a
malonyl-CoA pool as intermediates for the FA elongation [107]. In the co-expression network, both
genes are present in Subcluster 2. Although the ACCase is an important enzyme in de novo FA
synthesis, increased expression of the plastidial ACCase gene accl of the diatoms Cyclotella cryptica
and N. saprophila did not result in increased FA content, indicating inhibition of regulatory processes
within the FA synthesis [108,109].

P. tricornutum possesses the type II fatty acid synthase (FAS) with discrete, monofunctional
enzymes encoded by distinct genes [110]. In the FA biosynthesis pathway, malonylation of
malonyl-acyl carrier protein (malonyl-ACP) is carried out by malonyl-CoA:ACP transacylase encoded
by FABD. Malonyl-ACP is used in the cyclic condensation reactions to extend the acyl group to
middle chain length fatty acids (<C18) in the prevalent, plastidial de novo FA synthesis [111,112]. The
prolonged acyl-ACP is released for further processing by an acyl-ACP thioesterase located in the
chloroplast envelope. This thioesterase (TE) has not been characterized in P. tricornutum.
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Figure 5. Overview of FA and LC-PUFA synthesis in P. tricornutum. Shown are the
hypothetical de novo fatty acid synthesis (FAS) and the HTA (16:3n-4) synthesis plastidial
(green) and the EPA (20:51-3) synthesis at the ER membrane (blue) with further
incorporation at the sn-1 and sn-2 position of glycosylglycerides (in plastid or Kennedy
pathway in ER). Purple: Long chain acyl-coenzyme A (CoA) synthetases (LACS),
lysophospholipid acyltransferases (LPLAT), acyl-CoA:glycerol-3-phosphate acyltransferase
(GPAT) and acyl-CoA:lysophosphatidic acyltransferase (LPAAT), phosphatidic acid
phosphatase (PAP), elongases (Elo) and desaturases (AD or ®D); Red: putative genes,
enzymes encoded by genes that have been identified are marked in bold. The other genes
are predicted for EPA synthesis from transcriptional data. The co-factors for the
desaturases are not indicated. At the ER, the FA are available as acyl-CoA or linked to a
glycerol-backbone such as PC indicated by §&. MGDG is indicated by a glycerol-backbone
with a framed G. Before and after elongation, the FA has to be de-linking and re-linking
from the glycerol-backbone indicated with two consecutive arrows. Question marks
indicate that the reaction and the involved enzymes are not predicted. Modified
after [28,113].
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In the presence of oxygen, desaturases can saturate FAs into unsaturated FAs. Two types of
desaturases can be distinguished; (1) The front-end desaturase contains an N-terminal cytochrom
b5-domain and inserts the new double bond between the FA carboxyl group and a possible existing
double bond. (2) The w6/®3 desaturase inserts a new double bond between the FA methyl end and a
pre-existing double bond [114]. An example for an identified front-end desaturase in P. tricornutum is
the high substrate specific plastidial-located A12 desaturase, PtFAD6, synthesizes palmitoleic acid
(POA, 16:1n-7) to hexadecadienoic acid (HAD, 16:2n-4), indicated in Figure 5 [105]. Figure 5 shows
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the synthesis of FA in P. tricornutum, especially the putative EPA (20:51-3) and HTA (16:3n-4)
pathway and genes, which have been either identified or predicted to be involved in these pathways.

Ten out of 12 genes involved in the de novo FA and HTA synthesis show a tight co-regulation in
Subcluster 2. In the day/night cycle study, these genes as well as Phatr2_9316 and Phatr2_50443
showed a strong co-regulation pattern [97]. The maximum expression level of these genes in the
beginning of the light period indicates that the FA synthesis uses electrons generated by the
photosynthetic machinery. Throughout the day, when energy is needed in other processes, genes
coupled to the FA synthesis are downregulated. In the beginning of the light period no neutral lipids
were detected [97]. This may support the suggestion that increased availability of NADPH could lead
to higher synthesis of FAs.

5.3. Acyl-CoA Activator and EPA Synthesis

FA synthesis, membrane glycerolipid synthesis, and B-oxidation require the FA to be present in the
acyl-CoA form [115]. The acyl-coenzyme A (CoA) synthetases (ACS) regulate in each compartment
the internal acyl-CoA pools by esterification of FAs to CoA. The localization of the pools is
maintained due to acyl-CoAs not being able to cross the intracellular membranes [116]. In
P. tricornutum genes encoding, five long chain acyl-CoA synthetases (LACS) have been predicted
(ACS1, ACS3, ACS4, ACLI and Phatr2_12420). The ATP citrate lyase ACLI contains a predicted
peroxisomal targeting signal, whereas the other LACS genes exhibit no predicted transmembrane
domain, and their localizations are unclear. To our knowledge, the predicted LACSs of P. tricornutum
have not been functionally characterized.

The cytosolic acyl-CoA pool provides C18 FAs for the extra-chloroplastic EPA synthesis. During
the EPA synthesis, the characterized membrane-bound desaturases PTD5, PTD6 and FAD2 appear to
be located in the ER membrane and facing the cytosol (Figure 5) [113]. Desaturation of stearic acid
(SA, 18:0) to oleic acid (OA, 18:1n-9) can take place through a A9 desaturase in the chloroplast or the
cytosol in P. tricornutum. In the plastid, the stearoyl-ACP A9 desaturase (Phatr2_9316) could convert
the reaction, whereas the ER-bound A9 desaturase PTD9 may be responsible for the endoplasmatic
desaturation by utilizing acyl-CoA as the substrate. Transport of either SA (18:0) or OA (18:1x-9) into
the cytosol and subsequent activation by the ACSs is necessary. Except the A9 desaturase
Phatr2_9316, ER-located desaturases utilize acyl-lipids (FAs linked to the glycerol-backbone PC) as
substrates [28,70,113]. In addition to the chemical character of the glycerol-backbone, the sn-position
at the molecule also influences desaturation, i.e., the PTD5 and PTD6 had the highest desaturation
activity toward the sn-2 position at PC. However, the A12 desaturase FAD2, encoded by FAD?2,
desaturates different glycerol-backbones such as PC and MGDG with similar efficiency [113]. FAD2
possesses high substrate specificity towards OA (18:1n-9) (50% conversion) [105]. The
acyltransferases residing in the ER are required for the esterification of FAs to the desired sn-position
of the glycerol-backbone. Most likely the acyltransferases involved in the n-3 LC-PUFA synthesis are
similar to those in plants (lysophospholipid acyltransferases (LPLAT), acyl-CoA:glycerol-3-phosphate
acyltransferase (GPAT) and acyl-CoA:lysophosphatidic acyltransferase (LPAAT)) [117,118]. The
latter two represent enzymes of the Kennedy pathway in the ER [119]. One candidate LPLAT
(encoded by Phatr2_20460) and a LPAAT (encoded by Phatr2_45551) have been found in
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P. tricornutum, as well as several GPATs; GPT1, LTP1, Phatr2_3262, Phatr2_11916, Phatr2_42446.
Acyltransferases in microalgae are not well characterized. Therefore, it is uncertain to what extend
they control the lipid composition by substrate specificity and relative activity, but a high influence in
n-3 LC-PUFA synthesis is predicted [118,120].

In P. tricornutum EPA is most likely synthesized via a combination of the n-6 and n-3
pathway [105]. According to Domergue et al. (2003), PTD6 converts linoleoyl-PC (18:2n-6) to the
v-linolenoyl-PC (GLA, 18:3n-6), which then is catalyzed to stearidonoyl-PC (STA, 18:4n-3) by a
Al5/0w3 desaturase [121]. To be elongated, the FA has to be transferred from the
acyl-glycerol-backbone to the acyl-CoA form and afterwards esterified back to the glycerol-backbone
by lipase and acyltransferases activities, respectively. Due to the substrate preference of elongases and
the need of malonyl-CoA and NADPH, elongases are generally limiting factors in pathway fluxes [25].
The A6 elongases in P. tricornutum encoded by ELO6b_I and ELOG6b_2 are utilizing acyl-CoA as
substrate and prolong stearidonoyl-PC (STA, 18:4n-3) to eicosatetraenoyl-PC (ETA, 20:4n-3). The last
desaturation step through the PTDS5 desaturase leads to formation of eicosapentaenoyl-PC (EPA,
20:5n-3) [121]. Five genes predicted to be involved in the EPA pathway (FAD2, PTD6, PTD5b,
PTD5a, ELO6b_2) have highly co-regulated expression patterns (Figure 3). An alternative n-3
pathway involving a A9 elongase and A8 desaturase was suggested by Arao T. et al. (1994) after a
"C-FA pulse-chase experiment [122]. In this pathway, ALA (18:3n-3) is elongated to eicosatrienoic
acid (ETrA, 20:3n-3) and further desaturated to ETA (20:4n-3), which then is desaturated by PTDS5 to
EPA (20:5n-3). Enzymes involved in this A9 elongase and A8 desaturase pathway are not identified in
P. tricornutum, but might be among the elongases and desaturases predicted in Table 1.

Table 1. Predicted elongases and desaturases in P. tricornutum shown with gene number,
enzyme name and predicted annotation. Information collected from NCBI, Diatomcyc

and KEGG.

Gene Number Enzyme Name Annotation Present in Cluster (Figure 3)
Elongases predicted to be membrane bound

Phatr2_16376 - Long chain fatty acid elongase N
Phatr2_9255 - Polyunsaturated fatty acid elongase N
Phatr2_49867 - Long chain fatty acid elongase

Phatr2_34485 Elo5b Long chain fatty acid elongases, membrane bound N
Phatr2_25360 - Probably a short-chain dehydrogenase/reductase
Desaturases predicted to be microsomal or membrane bound

Phatr2_55137 - Fatty acid desaturase N
Phatr2_50443 - Fatty acid desaturase, cytochrome b5 motif v
Phatr2_46275 - Fatty acid desaturase, putative

Phatr2_44622 - Fatty acid desaturase

Phatr2_22510 - Fatty acid desaturase, cytochrome b5 motif

P. tricornutum possesses diverse pathways for EPA synthesis but with few characterized enzymes.
The complexity of the pathway originates from the elongation and desaturation steps and the substrate
specificities of the associated enzymes which have to switch between the acyl-CoA and
acyl-glycerol-backbone pools.
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5.4. EPA Incorporation into Galactosylglycerides and Triacylglycerides

After elongation and desaturation, EPA is incorporated into the membrane. Although the final
location of EPA is to be incorporated into a lipid class, different paths can be perceived as dependent
on whether EPA is available as a free FA or linked to a glycerol-backbone. Preferences for the EPA
trafficking require further investigation, because it is a complex process. This is especially the case in
algae like Chromista where the chloroplasts have four membranes. Free EPA will be linked to PE, PC
or DGTS molecules, and then processed through the Kennedy pathway or imported into the plastid and
incorporated into glycolipids [123,124]. In the Kennedy pathway, GPAT performs the initial step by
adding acyl-CoA to the sn-1 position of the glycerol-3-phosphate [119]. The lysophosphatidic acid
(LPA) formed is converted by lysophosphatidate acyltransferase (LPAAT) into phosphatidic acid (PA)
by adding a second FA to the sn-2 position. Diacylglycerol (DAG) is formed by dephosphorylation of
the sn-3 position through the activity of phosphatidic acid phosphatase (PAP) [119]. PA and DAG as
well as other phospholipids can act as precursors for the production of sulfolipids and
galactosylglycerides [29]. The incorporation of EPA in sulfolipids is processed by sulfolipid
sulfoquinovosyldiacylglycerol synthase (SQD2). MGD and DGD synthases, which also mediate
remodeling of membrane lipids in plants, catalyze the final step to synthesize MGDG and
DGDG [125]. Several putative genes involved in phospholipid, sulfolipid and galactosylglyceride
synthesis as well as in the Kennedy pathway are co-expressed within the cluster (Phatr2_20460,
Phatr2_12431, Phatr2_33864, SQDI, Phatr2_33864, Phatr2_11390, Phatr2_54168, Phatr2_14125).
Additionally, three genes encoding glycerol-3-phosphate dehydrogenases are also expressed within the
cluster (Phatr2_12726, Phatr2_38067, Phatr2_8975). The glycerol-3-phosphate dehydrogenases
produce glycerol-3-phosphate from an intermediate of the glycolysis.

TAGs in P. tricornutum are a second EPA pool that is not commonly found in all algae. TAG
accumulation mostly occurs under sub-optimal environmental conditions. It is generally assumed that
only small amounts of EPA are incorporated into TAGs via synthesis of EPA. Remodeling of FAs
from membranes is the main contributor of EPA in TAG [87]. Alternative pathways to convert
membrane lipids to TAGs have been shown in both eukaryotes and prokaryotes, and involve
phospholipase and phospholipid/diacylglycerol acyltransferase (PDAT). Mus et al. (2013) showed that
the expression of a PDAT and/or a putative phospholipases increased in P. tricornutum under nitrogen
starvation, and remodeling of lipid classes such as PC, PE or galactosylipids contributed to lipid
accumulation [87]. To regulate EPA production, it is important to understand the mechanisms that
determine in what lipid fraction EPA is present. EPA is not present as a free FA but is either
incorporated in the membranes or accumulated in TAG.

5.5. Genetic Drivers for n-3 LC-PUFA Synthesis

It is important to identified genetic drivers for increased n-3 LC-PUFA synthesis as they can be
used in different optimization approaches such as selective breeding, conditioning and metabolic
engineering to enhance the n-3 LC-PUFA production in Chromista. Genetic transformation methods
based on overexpression and knockdown techniques are already developed for P. tricornutum [126,127].
Thus, metabolic engineering approaches may be pursued to increase the amount of EPA (20:51-3).
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According to Hoffman et al. (2008), five main strategies are applicable for engineering of the FA
synthesis in both plants and yeast; (1) Increasing the precursor pool, (2) Inhibition of B-oxidation or
lipase hydrolysis, (3) Overexpression of FA biosynthetic enzymes, (4) Regulation of thioestarase (TE)
for optimizing the FA chain length, and (5) Regulation or introduction of desaturases to control the
saturation profile [25].

Following these strategies in P. tricornutum, several target genes can be identified partly from the
co-expression cluster and from the literature. Strategy 1 has a wide range of targets. Increasing
availability of NADPH by overexpression of the ME produced by Phatr2_51970 might be suitable to
provide reduction equivalents for FA synthesis [17]. Overexpressing acetyl-CoA by ACL (ATP:CL)
and Phatr2_22974 (acetyl-CoA synthetase) may establish a larger acetyl-CoA pool in the plastid and
the cytosol, respectively [22,99]. A larger precursor-pool may also require an increase in transporters,
such as the putative plastidal sodium-dependent pyruvate transporter (Phatr2_3046) and the
acetyl-CoA transporter (Phatr2_54049). Both these transporters show co-expression in Subcluster 2
(Figure 3). Also, a possible bottleneck in n-3 LC-PUFA synthesis is the qualitative and quantitative
acyl-CoA pool. The acyl-CoA pool in turn is dependent on the activity of LACSs regulating the
activation of free FAs. In order to provide a suitable acyl-CoA pool the specific activities of LACSs
from P. tricornutum have to be characterized. Potential targets are the putative ACS3 and
Phatr2_12420, which are co-regulated in the Subcluster 2 (Figures 3 and 5). Several ACS in different
Chromista have been isolated and characterized already [128]. When a LACS from N. oculata was
expressed in a LACS-deficient Saccaromyces cerevisiae strain, it showed high activity for long chain
FA such as eicosadienoic acid (EDA, 20:2n-6), LA (18:2rn-6), SA (18:0) and middle chain unsaturated
FA [129]. Reverse transcription-PCR analysis of two LACSs from Thalassiosira pseudonana encoded
by TplacsA and Tplacsl appeared to be constitutively expressed during cell cultivation [130].
Co-expression of Tplacsl in a yeast deletion strain (faa4dD) TpLACSA showed a broad substrate
specificity by inducing the formation of several PUFAs (18:3n-6, 18:4n-3, 20:4n-6, 20:5n-3, 22:6n-3),
but with highest activity towards DHA (22:6n-3). The TpPLACSA has been shown to be active during
the incorporation of DHA in TAGs [130]. Due to their high substrate specificity, LACS are after
identification suitable target genes for increasing the synthesis of PUFAs [109]. Overexpression of
TpLACSA from T. pseudonana might improve the incorporation and production of n-3 LC-PUFAs in
P. tricornutum.

Genes of the B-oxidation pathway are suitable targets for creating knockdown mutants (Strategy 2),
but complete elimination of the lipid degradation path may lead to negative effects on the growth and
the health of the cell [22,131]. For example, in Arabidopsis thaliana the gene-knockouts of both
peroxisomal LACS involved in B-oxidation resulted in an alteration of the FA composition, (an
increase of monounsaturated long chain FA) and growth inhibition, which was compensated by supply
of an external carbon source [131]. Most genes in B-oxidation of P. tricornutum are single copy genes.
Therefore, knockouts of peroxisomal or mitochondrial localized genes such as ACDI and FAOI would
probably be lethal and strategies of inhibiting B-oxidation might not be suited for P. tricornutum.
Initial activation of B-oxidation in plants and yeast involves import of FA into the peroxisome by an
ATP-binding cassette (ABC) transporter and activation of these FAs by ACSs [131,132]. A similar
system of peroxisomal transport and the activation of FAs might also exist in P. tricornutum via the
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peroxisomal located LACS encoded by ACLI and an ABC transporter. LACS as well as an ABC
transporter (encoded by Phatr2_15212) are co-regulated in the cluster (Figure 3).

If other strategies are used, overexpression of genes in type II FAS (Strategy 3) is probably not
required in P. tricornutum for increasing n-3 LC-PUFA synthesis, because if enough energy and
precursors are supplied, an upregulation of genes encoding enzymes involved in de novo FA synthesis
might occur naturally. For instance, in the beginning of the light period, the FA synthesis is
upregulated to serve as a sink for excess electrons [97].

In Strategy 4, the feedback inhibitions caused by long chain fatty acyl-ACPs can be suppressed by
overexpression of acyl-ACP TE [109,133]. Overexpression of the acyl-ACP TE with specificity for
long chain FAs (18:0, 18:1) may improve the n-3 LC-PUFA synthesis. A positive effect of TEs on FA
compositions was shown by overexpression of acyl-ACP TE specific for shorter chain FA from plants
in P. tricornutum, resulting in an increase of saturated FAs for TAG assembling [109]. Gong et al.
(2011) characterized a 4-hydroxybenzoyl-CoA thioesterase PtTE (Phart2_33198) from P. tricornutum,
with an N-terminal mitochondrial targeting peptide [134]. Overexpression in Escherichia coli showed
activity for C18:1-ACP and lower activity for saturated FAs (16:0, 18:0). Overexpression of
Phart2_33198 (PtTE) in P. tricornutum increased the total FA content up to 72%. While PA (16:0)
and POA (16:1n-7) showed a higher content, EPA (20:5r-3) showed only a minor increase [134]. So
far no plastidial acyl-ACP TE involved in n-3 LC-PUFA synthesis has been identified.

Strategy 5 is based on the regulation and overexpression of desaturases to change the FA profile.
Desaturases and elongases from P. tricornutum that are not functionally characterized or predicted to
be involved in a specific pathway are listed in Table 1 and represent potential targets for identification
and later on overexpression. Targets for modifying desaturation activity may be Phatr2_50443 and
Phatr2_55137. Interestingly, P. tricornutum possesses only one ER acyl-CoA A9 desaturase and one
plastidial acyl-ACP A9 desaturase (Figure 5), whereas in the diatom Fistulifera sp., six A9 desaturases
have been functionally characterized [135]. Four desaturases showed acyl-CoA- and two acyl-ACP
dependent A9 desaturation activity for C16 and/or C18 FAs, indicating that this diatom has more genes
for a possible sustainable FA synthesis [135]. Putative FA elongases encoded by Phatr2_9255 and
Phatr2_16376 indicated by co-expression in the cluster are additional potential targets (Table 1 and
Figure 3). In general, the rate-limiting factor of PUFA production in transgenic plants are acyl-CoA
dependent elongases, because of the inefficient exchange of acyl molecules back and forth between the
desaturation and elongation steps [25]. An advantage would be if the n-3 LC-PUFA pathway possesses
acyl-CoA-dependent A6 and AS desaturases, similar to mammalian desaturases. However, such
acyl-CoA-dependent A6 and AS desaturases have only been identified in green algae species, and
successfully expression resulting in an increase of the n-3 LC-PUFA level has only been seen in
plants [25,136].

Regulation of the transesterification steps might be an alternative target for overcoming the
elongation bottleneck and could be consider as an additional strategy to the strategy of Hoffmann et al.
(2008) [25]. Overexpression of genes encoding high substrate specific acyltransferases would lead to a
higher esterification rate of acyl-donor to a specific sn-position of the glycerol-3-phosphate or the PC.
The two ER-localized enzymes of the Kennedy pathway (GPAT and LPAAT) and the LPLAT are
responsible for the incorporation of activated FAs into membrane lipids, or precursors of membrane
lipids [117,118]. Recently, it was shown that an ER-membrane bound TpGPAT from the marine
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diatom T. pseudonana affected FA composition and accumulation in triacylglycerides and
phospholipids by overexpression in a GPAT-deficient yeast strain [128]. In the lipid profile, the
amount of PA (16:0) in triacylglycerides and phospholipids increased by 18% and 12%, respectively,
whereas monounsaturated FA were reduced. In vitro enzyme tests showed that TpGPAT has a high
preference towards PA (16:0) and a lower towards ARA (20:4n-6) as acyl-donor for esterification of
the sn-1 position of the glycerol-3-phosphate [128]. Two GPATSs of the thraustochytrid 7. aureum,
which were isolated and expressed in plants, exhibited high substrate specificity for the esterification
of glycerol-3-phosphate with LC-PUFAs (20:3n-6, 20:4n-3, 20:5n-3, 22:6n-3) [137]. Whereas GPATSs
link FAs to glycerol-3-phosphates backbones, radiolabeling studies of flaxseed indicated that LPAAT
links C18 FA to the sn-2 position of PC [117,118]. Heterologous LPAATs activities of the
eustigmatophyceae N. oculata were also measured in plants, and they showed high substrate specificity
towards C18 FA or C20 FA [137]. This finding shows that diverse acyltransferases such as the
LPAAT and GPAT are probably required in EPA synthesis in P. tricornutum for the esterification of
EPA to the sn-2 position of PC [113]. Also, the lysophosphatidylcholine acyltransferase (LPCAT),
belonging to the group of LPLATS, may be involved in esterification steps, because LPCAT in plants
converts the acyl-group to either the sn-1 or the sn-2 position of a PC [118]. LPLATS in plants are part
of the so-called acyl-editing, which shuffles FAs between the PC-pool and the DAG-pool, by activities
of acyltransferases and phospholipases [138]. In plants, acyl-editing mechanisms are very complex and
are possible bottlenecks in the FA synthesis [139]. In the co-expression network (Figure 3), several
genes are present and identified as enzymes potentially involved in acyl-editing (Phatr2_32057,
Phatr2_33864, see acyltransferase mentioned in Section 5.3) and so in the EPA pathway of
P. tricornutum.

To conclude, possible genetic driver such as precursors, cofactors, acyl-CoA dependent elongases,
LACSs, lipases and acyltransferases have been identified in P. tricornutum, and thus show potential as
targets for several approaches. Furthermore, the strategies/genetic drivers above can be used to modify
n-3 LC-PUFA synthesis in commercial approached Chromista, such as Nannochloropis or Isochrysis.

6. EPA Synthesis in Other Chromista

The EPA synthesis in Chromista differs depending on enzyme affinities for glycerol-backbones and
desaturation positions. For instance, most eustigmatophyceae are overall identical to P. tricornutum,
and synthesize EPA (20:5#r-3) in ER before incorporation into the galactosylglycerides in the plastid.
But in small details eustigmatophyceae species also differ to P. tricornutum because they preferable
synthesize EPA (20:5n-3) via the n-6 pathway by a ©3 desaturase activity converting ARA (20:4n-6)
to EPA (20:5n-3) [67,103]. In the eustigmatophyceae Nannochloropsis sp. and M. subterraneus, it is
predicted that this conversion step involves Al7 desaturase activity, but this is not yet
confirmed [67,103]. Eustigmatophyceae are important algae in industrial production today, and the
genus Nannochloropsis (including six different species) is most promising because of their growth
rate, their robustness and their haploid genome which is easy to engineer [140—144]. The major FAs in
Nannochloropsis species are POA (16:1n-7) followed by EPA (20:51-3) and PA (16:0) [77,99,145]. So
far, two A12 desaturases, two A9 desaturases, one ®3 desaturase and several elongases have been
shown to be involved in the synthesis of the main FAs in Nannochloropsis [146,147]. The
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characteristics of the desaturases and the elongases were shown by activity studies and overexpression
of target genes under regulation of different promoters, which were inserted into the genome via
homologous recombination [146]. Two A9 desaturases showed to be involved in the synthesis of one
of the main FAs of Nannochloropsis, POA (16:1n-7), by detection of high substrate activity towards
PA-CoA (16:0) and PA (16:0) linked to a glycerol-backbone [146]. Contrary to A9 desaturases, the
two A12 desaturases showed different activities. One desaturase is indicated to be involved in the
plastidial unsaturation of C16 FAs, and the other A12 desaturase likely has OA (18:1n-9) as substrate
and is probably involved in the EPA synthesis. The ®3 desaturase involved in EPA synthesis showed
high substrate preferences towards ARA (20:4rn-6) and LA (18:2n-6) [146]. Overexpression of the ®3
desaturase in Nannochloropsis resulted in a large increase of the EPA/ARA ratio, and a small increase
of ALA (18:3n-3) [146]. In vivo 14C.C18:1-CoA radiolabeling studies showed C18 FAs desaturation
by A6 and A5 desaturases when the FA was attached to the sn-2 position of PC, which is similar to in
P. tricornutum. In contrast to P. tricornutum, positional analysis of labeled lipids indicated
acyltransferase activities linking '*C-C20:4-CoA to the sn-1 and sn-2 position of PE [103,148].
Concomitantly, other lipids such as the betaine lipid DGTS and TAG were labeled to a small degree.
Also, the acyl moieties C16/C18 PC, C20/C20 PE and C20/C16, C20/C14 DGTS were produced.
Consequently, the apparent source of MGDGs is the ER-located acyl-PEs by being converted into
DAG and imported into the plastid. Molecular species of DGDGs use DGTS as precursor which has
EPA attached at the sn-1 position [67].

Whereas most algae utilize PC to assemble glycolipids and synthesize n-3 LC-PUFA:s, it has been
shown that Nannochloropsis sp. and M. subterraneus utilize PC, PE and DGTS. Conversely, the brown
algae D. membranacea has complete absence of PC, and the betaine lipid diacylglyceroltrimethylalanine
(DGTA) seems to have the role of the PC and therefore plays a key role in the EPA and
galactosylglyceride synthesis in D. membranacea [104]. DGTA is somewhat neglected when it comes
to lipid metabolism, but it seems to be more important for the PUFA synthesis of some species to have
a higher abundance of betaine lipids than previously thought [104,149].

Recently, eustigmatophyceae are of more interest which is reflected in the research making progress
by identifying genes that encode enzymes involved in the EPA synthesis. Still, no transcriptome data
are available and so the lack of characterized genes hampers the manipulation of the Section 5.5
identified genetic drivers.

7. DHA Synthesis in Other Chromista

Besides EPA (20:51-3), DHA (20:6n-3) is the other high-valuable n-3 LC-PUFA which can be
found in several Chromista species. These species possess specific A5 elongase and A4 desaturase
activities for the consecutive steps of converting EPA (20:51-3) into DHA (22:6n-3). Unlike mammals
and fish, Chromista do not produce DHA via the Sprecher pathway by shortening tetracosahexaenoic
acid (THA, 24:6n-3) in the B-oxidation pathway [150]. Chromista possess a simpler pathway to
synthesize DHA (22:6n-3). This makes Chromista favorable DHA producers and their enzymes more
interesting for metabolic engineering. The main DHA producers among Chromista are the three genera
of thraustochytrids (Thraustochytrium sp. and Schizochytrium, Aurantiochytrium) that accumulate high
DHA amounts in TAGs under nitrogen depletion [13]. Interestingly, the heterotrophic thraustochytrid
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Schizochytrium sp. (genera renamed to Aurantiochytrium) possesses an alternative anaerobic
polyketide synthase pathway (PKS) for the n-3 LC-PUFA synthesis [151]. A large multifunctional
enzyme complex carries out the multitude of individual reactions, utilizing malonyl-CoA and
producing free n-3 LC-PUFAs [151]. The major free FAs DPA (22:51-6) and DHA (22:6n-3) are then
activated to acyl-CoA and incorporated into TAGs [152]. To convert the major saturated components
of TAGs (14:0 and 16:0), Aurantiochytrium additionally contains additionally a short-chain FAS
complex [153]. Different from the type II fatty acid synthase (FAS) of P. tricornutum, the FAS of
Aurantiochytrium is a type I FAS synthesized from one or two polypeptides [110]. The synthesized
free FAs and the absence of genes homologous to a type II TE may indicate integration of TE activity
into the synthase [152]. Because PKS does not require aerobic desaturation, the pathway is
energetically favorable compared to the membrane-bond desaturases and elongases [27]. However, it
was shown that ATP:CL and ME play key roles in the lipid assembling in Schizochytrium sp. S31, by
providing acetyl-CoA and NADPH to the FAS and the PKS [154]. The energetically favorable
pathway for DHA/n-3 LC-PUFA production is not the only pathway in thraustochytrids. 7. aureum for
instance is capable of synthesizing n-3 LC-PUFAs through the standard n-3 LC-PUFA pathway.
AS and Al2 desaturase activity was detected in the PUFA pathway, indicating that either acyl-CoA
substrates are used or acyl-edition occurs after desaturation [155]. A gene-knockdown mutant deficient
in A12 desaturase showed a change in FA composition, but maintained high production of DHA via
the PKS pathway [155]. This indicates that DHA (22:6n-3) is synthesized in the PKS pathway,
whereas GLA (18:3n-6) and EPA (20:51-3) are synthesized in the common PUFA pathway. Further
studies on Thraustochytrium sp. identified two genes for elongases (tselol and tselo2) and a A4
desaturase encoding gene to be enzyme is involved in LC-PUFA/DHA synthesis [156,157].
PCR-based gene identification studies revealed that many species within Thraustochytrium sp. and
Schizochytrium, but not Aurantiochytrium, possess A4 desaturates and A5 elongases [158].

Several desaturases in Chromista are characterized, such as the A4 desaturase of the haptophyta
L. galbana or P. lutheri [159]. The DHA-producing haptophyta P. lutheri contain STA (18:4n-3), EPA
(20:51n-3) and DHA (22:6n-3) as the main FAs. P. lutheri contain no PC, but have instead betaine
lipids (DGCC, DGAT, see Figure 2) [69]. DGCC is the glycerol-backbone for both the transfer of FAs
in the plastid and the synthesis of MGDG [69]. Radiolabeling studies indicated that the main common
LC-PUFA pathway started at PA (16:0), and involves possibly the n-6 pathway with the intermediates
DGLA (20:3n-6) and ARA (20:4n-6) [160]. Through labeling of 14C-20:3n-6, most radioactivity was
detected in EPA (64%—67%) and DHA (9%—-21%), which indicate a desaturase that converted either
ETA (20:4n-3) or ARA (20:4n-6) to EPA (20:51-3) [160]. Based on studies in the red algae
P. cruentum and the freshwater eustigmatophyceae M. subterraneus, A17 desaturase activity has been
proposed in P. lutheri [73]. No clear evidence of a A17 desaturase in M. subterraneus exists; however,
such an activity exists in the chloroplast of the red algae P. cruentum [73,160]. After lipid-linked ARA
(20:4n-6) is transported into the chloroplast, it is further desaturated to EPA (20:51-3) and incorporated
into galactosylglycerides [73]. The identified A5 elongase and A4 desaturase encoded by pavELO and
Pldes] can prolong EPA (20:5n-3) to DHA (22:6n-3) in P. lutheri [161]. The gene pavELO possesses
a unique substrate specificity towards C20 FA (EPA (20:5#n-3) and ARA (20:4n-6)) expressed in yeast.
Also, the A4 desaturase (encoded by Pldesl) showed desaturation activity for generating adrenic acid
(ADA, 22:4n-6) and DPA (22:5r-3) [162].
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When it comes to industrial DHA-production strains of Chromista, two different pathways—the
PKS and the common PUFA synthesis—are suggested to synthesis DHA (22:6n-3). In the genus
thraustochytrids similarities to desaturases and elongases in other Chromista were identified, but it is
still unknown which pathway thraustochytrids utilize for DHA synthesis.

8. Conclusions

Species within Chromista are promising candidates for sustainable production of high-value
PUFAs, with different species providing different opportunities and challenges. As the quest for PUFA
is increasing, comparative studies will provide exciting advances in our basic knowledge of the
metabolism of this group of organisms. This review reflects that the knowledge on biochemistry of
lipids and genetic regulation of the FA and lipid synthesis is evolving rapidly, and will continue to do
so in the coming years.

Biosynthesis of PUFAs in Chromista has mainly been studied by biochemical/metabolic studies
including FA composition analysis, desaturation/elongation activity measurements, pulse-chase
radiolabeling and inhibitor studies [28]. In this review, the diatom P. tricornutum has been used to
exemplify the complexity of n-3 LC-PUFA synthesis in Chromista. Full genome sequences,
biochemical analysis, and the fact that recent studies demonstrate that homologous recombination is
feasible in the challenging diploid genome of P. tricornutum makes this diatom a good model
organism [86,163]. However, industrial application of P. tricornutum is unlikely [22]. Possible
bottlenecks in P. tricornutum synthesis of n-3 LC-PUFAs were identified with the help of a
co-expression network study of genes coding for proteins involved in lipid synthesis. Our analysis
points to enzymes producing precursors and cofactors (acetyl-CoA pool and NADPH) for the n-3
LC-PUFAs synthesis as suitable targets for further improvements in n-3 LC-PUFA content by using
different approaches such as selective breeding, environmental conditioning and genetic engineering.
Other key players in n-3 LC-PUFAs synthesis are TE, acyl-CoA-dependent elongases, LACSs and
acyltransferases. This knowledge was compared with knowledge from Chromista species with greater
interest for industrial applications. In general, genetic drivers could be identified but most genes
encoding the genetic drivers are still uncharacterized in P. tricornutum and in most Chromista. This
hampers the application of, for example, genetic engineering. However, with 15 sequenced available
genomes of algae, a new era has started that will result in a rapid improvement of our understanding of
transcriptional lipid metabolism and gives us the opportunity to characterize the identified genetic
drivers [91,106]. Genetic transformation has been shown to be successful in more than 30 strains of
algae, and expression stability can be controlled by endogenous promoters, species-specific codon
usage and intron sequences [22]. Currently, most commercial interest for engineering lipid metabolism
is on the Nannochloropsis genus, which under nitrogen starvation can accumulate more than 55% of
cell dry weight as FA with >5% in the form of EPA [145]. The established homologous recombination
technique for the haploid genome is a powerful tool to drive lipid research in this organism and also to
introduce genes for DHA production in this heterokont [140—144]. Furthermore, it has been shown in
Nannochloropsis and Pavlova that genetic breeding can yield to a higher lipid or n-3 LC-PUFA
content, respectively [164—166]. With the knowledge of the genetic drivers and the biochemical
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pathway, selective breeding can be improved by easier selection of triggers for creating a genetic
bottleneck that selects for cells with a high capacity for lipid production.

It seems clear that manipulation of, for instance, elongases and acyltransferase can lead to a higher
n-3 LC-PUFA content in biologically interesting Chromista, as it has been shown in the patents of the
species of Nannochloropsis [146,147]. However, it remains to be seen at which point the algal
physiology may be limiting for that approach. Therefore, a combination of approaches such as
metabolic engineering, conditioning and selection may be more suitable for both increasing the
biomass density and increasing the n-3 LC-PUFA content in the biomass.

The intake of n-3 LC-PUFAs is a dietary requirement for humans for healthy cognitive
development in infants, as well as reducing the risk of chronic diseases for adults. As the need for a
sustainable n-3 LC-PUFA source increases proportionally to the increase in global populations, more
research is required in alternative biological sources, therefore providing a potential long-term source
of n-3 PUFAs. Even though much research has to be done on the physiological and molecular levels,
Chromista are a promising long-term alternative source of n-3 LC-PUFAs for humans and fish feed.
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Appendix: Definitions and Abbreviations

Acetyl-CoA carboxylase (ACCase): Catalyzation of acetyl-CoA to malonyl-CoA in the
chloroplast and the cytosol.

Acyl-CoA synthetase (ACS): Substrate specific esterification of a FA to a glycerol-backone
(see Kennedy pathway).

Acyl-editing: Shuffling the FAs between the PC-pool and the DAG-pool by activities of
acyltransferases; phospholipid/diacylglycerol acyltransferase (PDAT), lysophospholipid
acyltransferases (LPLAT) and phospholipases.

ATP-citrate lyase (ATP:CL): Synthesis of citrate to acetyl-CoA.

Betaine-type glycerolipids: Membrane compartments; diacylglyceryltrimethylhomoserine
(DGTS), diacylglyceryl glucuronide (DGGA), diacylglycerylhydroxymethyltrimethylalanine (DGTA),
diacylglycerylcarboxyhydroxymethylcholine (DGCC).

Galactosylglycerides: Membrane compartments; eukaryotic and prokaryotic species of
Monogalactosyldiacylglycerol  (1,2-diacyl-3-O-(B-D-galactopyranosyl)-sn  glycerol, MGDG),
digalactosyldiacylglycerol ~ (1,2-diacyl-3-O-(a-D-galactopyranosyl)-(1—6)-O-f  galactopyranosyl
sn-glycerol, DGDG).
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Glycosylglycerides: Represent in the thylakoid and the non-photosynthetic membrane; MGDG,
DGDG and sulphoquinovosyldiacylglycerol (1,2-diacyl-3-O-(6-deoxy-6-sulfo-a-D-glucopyranosyl)-sn
glycerol, SQDG).

Fatty acid synthase (FAS): Synthesize malonyl-ACP to short chain FAs in several condensation
steps, type I FAS: FAS synthesized from one or two polypeptides, type II FAS: discrete,
monofunctional enzymes encoded by distinct genes.

Fatty acyl-ACP thioesterase (FAT): Releases free FAs from acyl-ACPs, synthesized from de
novo fatty acid biosynthesis.

Kennedy pathway: Esterification of glycerol-3-phosphate by acyl-CoA:glycerol-3-phosphate
acyltransferase (GPAT). The formed lysophosphatidic acid (LPA) 1is converted by
acyl-CoA:lysophosphatidic acyltransferase (LPAAT) into phosphatidic acid (PA) by adding a second
FA to the sn-2 position. Dephosphorylation of the sn-3 position forms through the phosphatidic acid
phosphatase (PAP) activity. Diacylglycerol (DAG) is formed which can be synthesis to TAG.

Long chain acyl CoA synthetase (LACS): Activation of FA by esterification to coenzyme A.

Malic enzyme (ME): Possess different localizations (plastidial, mitochondrial), synthesize malate
and NAD(P) to pyruvate and NAD(P)H.

Phosphoglycerides: Membrane compartments; phosphatidylcholine (PC), phosphatidylglycerol
(PG), phosphatidylethanolamine (PE).

Polyketide synthase (PKS): Multi-domain enzymes or enzyme complexes that synthesize PUFAs
while being attached to ACP-domains.

Pyruvate dehydrogenase complex (PDC): Complex of three enzymes transforming pyruvate into
acetyl-CoA by a process called pyruvate decarboxylation.

Thioesterase (TE): Hydrolyze thioester bonds.

Triacylglycerides (TAGs): Lipid storage compartments in algae, three FAs are esterificated to
a glycerol.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).
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Abstract

The lipid-producing model alga Nannochloropsis oceanica has a distinct photosynthetic
machinery. This organism possesses chlorophyll a as its only chlorophyll species, and has a
high ratio of PSI to PSII. This high ratio of PSI to PSII may affect the redox state of the plasto-
quinone pool during exposure to light, and consequently may play a role in activating photo-
protection mechanisms. We utilized pulse-amplitude modulated fluorometry to investigate
the redox state of the plastoquinone pool during and after bright light pulses. Our data indi-
cate that even very intense (5910 umol photons s 'm™ of blue light having a wavelength of
440 nm) light pulses of 0.8 second duration are not sufficient to completely reduce the plasto-
quinone pool in Nannochloropsis. In order to achieve extensive reduction of the plastoqui-
none pool by bright light pulses, anaerobic conditions or an inhibitor of the photosynthetic
electron transport chain has to be utilized. The implication of this finding for the application of
the widely used saturating pulse method in algae is discussed.

Introduction

Pulse Amplitude Modulated (PAM) fluorometry has proven a valuable technique for studying
the photosynthetic performance of plants and algae in situ [1, 2].

A PAM fluorometer assesses variable chlorophyll fluorescence by applying very weak mea-
suring light pulses that ideally do not induce photosynthesis. The fluorescence induced by
these low energy light pulses can be electronically isolated from the fluorescence induced by
other light sources. Consequently, the fluorescence signal obtained by a PAM fluorometer is
easily interpreted and independent of applied light sources, which could include photosynthet-
ically active light or additional saturating light pulses. Sophisticated PAM fluorometry tech-
niques have been developed that allow for the assessment of photosynthetic performance and
for the characterization of different mechanisms that modulate chlorophyll fluorescence.

Modulation of chlorophyll fluorescence

The main modulator of chlorophyll fluorescence is the redox state of Q,, a plastoquinone that
is the first stable electron acceptor of Photosystem II (PSII). From Q4 the electron passes to
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Abbreviations: DBMIB, 2,5-dibromo-3-methyl-6-

isopropylbenzoquinone; LHCII, Light Harvesting

Complex II; NPQ, Non-photochemical Quenching;

PAM, Pulse Amplitude Modulation; PQ,
Plastoquinone; PSI, Photosystem I; PSII,
Photosystem II; PTOX, Plastid terminal oxidase.

Qg, which is a PSII-associated member of the plastoquinone pool. If Q, is oxidized, excitation
energy captured in the light harvesting complexes associated with PSII (LHCII) is efficiently
used for charge separation, and the fluorescence emission will thus be low [3]. However, if Q4
is already reduced, and therefore unable to accept an electron, excitation energy captured by
chlorophylls in the light harvesting complexes will be given off as fluorescence.

A second mechanism that modulates the fluorescence yield is state transitions. If an alga or
a plant receives an unusually high amount of light energy, electrons can accumulate in the elec-
tron transport chain leading to the generation of reactive oxygen species. In order to avoid the
production of reactive oxygen species, some plants and algae are able to move some of their
light harvesting complexes (LHCs), which are usually associated with PSII to Photosystem I
(PSI). This re-balances the photosynthetic electron transport chain, as fewer electrons are gen-
erated by PSIT and more electrons are being disposed of by PSI. While state transitions have
been established in plants [4] and certain algae [5], state transitions are not thought to be a
major contributor to modulating fluorescence in heterokont algae, such as Nannochloropsis.

State transitions can also be induced by oxygen depletion [6, 7]. When cells are deprived of
oxygen, which is their usual mitochondrial terminal electron acceptor, they will no longer be
able to re-oxidise NADH to NAD" [8]. Consequently, electrons will accumulate within the
cell, and eventually also reduce the PQ pool.

A third mechanism that modulates fluorescence is the conversion of certain pigments
within the light harvesting complexes, enabling them to dissipate excitation as heat. Violax-
anthin, which is a light harvesting xanthophyll pigment, can be converted via antheraxanthin
into zeaxanthin, which is efficient in converting excess excitation energy into heat. This pro-
tective pathway is termed the xanthophyll cycle, and has been demonstrated in plants and
green algae. It is also thought of as a major modulator of fluorescence in heterokont algae [9].

An additional, often neglected fluorescence modulating mechanism is the decrease in chlo-
rophyll fluorescence yield occurring when oxidised plastoquinones interact with chlorophyll a
molecules. This type of fluorescence modulation was termed “non-photochemical quenching
of chlorophyll a by oxidised plastoquinone” by Haldimann and Tsimilli-Michael in 2005 [10],
and was first described by Vernotte et al. in 1979 [11]. The effect of this quenching mechanism
can be observed in conditions that reduce the plastoquinone pool, such as anaerobic condi-
tions [12].

Photochemical vs. non-photochemical quenching

A decrease in fluorescence is often termed “fluorescence quenching”, indicating that the
energy captured by the light harvesting complexes is dissipated by other means than via emit-
ting fluorescence. If excitation energy is utilized by PSII to perform a charge separation, a
“photochemical quench”, mainly modulated by the availability of oxidized Q4, is present. A
decrease in the chlorophyll fluorescence yield that is not caused by photochemistry is called
non-photochemical quenching (NPQ) as a collective term. Both state-transition-dependent
quenching and xanthophyll-cycle-dependent quenching are established types of non-photo-
chemical quenching.

The saturating light pulse method

The saturating light pulse method is an experimental approach that has been devised to deter-
mine the amount of photochemical quenching. This approach uses saturating light pulses that
have been shown to completely reduce the PQ pool in plants and green algae. In this condition,
no electron acceptors are available for Q,, and consequently every Q4 will be reduced, thus
eliminating all photochemical quenching. For work in plants and green algae a standard
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nomenclature for different fluorescence levels has been adopted. The maximum fluorescence
yield that can be achieved during a bright light pulse is termed F,,,. In contrast, the lowest pos-
sible fluorescence yield, F, (both F,,, and F, are defined in dark, aerobic conditions), is the
ground fluorescence of the light harvesting complexes of the system recorded in measuring
light, which is weak enough to not cause any reduction of Q. During measuring light, the PQ
pool stays largely oxidized.

The saturating light pulse method is also able to assess non-photochemical quenching. For
this purpose, a reference condition is chosen where non-photochemical quenching is absent. In
plants and algae, this is the case in dark and oxygenated conditions, where light harvesting com-
plexes have been shown to be associated with PSII, and the xanthophyll cycle is not engaged.
After exposure to light or other conditions known to modulate chlorophyll fluorescence, the
decrease in chlorophyll fluorescence induced by saturating light pulses is interpreted as NPQ.

The saturation pulse method has also been applied to heterokont algae, such as Phaeodacty-
lum [13, 14] or Nannochloropsis [15]. However, the suitability of applying this method in Nan-
nochloropsis has not been tested in detail.

Saturation pulse method in Nannochloropsis

In this report, we investigate if the saturation pulse method can be applied to the heterokont
alga Nannochloropsis. This alga has emerged as a model organism due to its ability to produce
triacylglycerols and w3-fatty acids [16, 17], as well as pigments and antioxidants [18].

The photosynthetic machinery of Nannochloropsis is similar to other heterokont algae.
However, some Nannochloropsis-specific features in the pigmentation and photosystem ratio
have been recognized. Unlike many other heterokont algae, which utilize both chlorophyll a
and c in their light harvesting complexes, Nannochloropsis only possesses chlorophyll a [19].
Also, contrary to green algae and plants, where the ratio between PSI and PSII has been shown
to lie between 0.53-0.67 [20], the PSI to PSII ratio in Nannochloropsis is about 1.7 [21]. This
high ratio of PSI to PSII may make it difficult to fully reduce the PQ pool by bright light pulses
used in the saturating light pulse method.

Materials and methods
Preparation of cell cultures

Nannochloropsis oceanica CCMP1779 obtained from the National Center for Marine Algae
and Microbiota (NCMA) was utilized in the study. Pre-cultures were incubated at 18°C and a
light intensity of 200 pmol photons ms ™. In all liquid cultures, f/2 medium was utilized [22].

For experiments, cultures with cells in the exponential growth phase were harvested and
concentrated to a chlorophyll concentration of 40 ug Chl a/ml.

The samples were dark acclimated for three hours prior to starting PAM measurements.

Chlamydomonas reinhardtii was included in certain measurements. The strain CC-4532
mt- obtained from the Chlamydomonas Resource Center at the University of Minnesota was
utilized. TrisAcPO,4 (TAP) medium was utilized for the liquid Chlamydomonas cultures. The
pre-cultures of C. reinhardtii were incubated in the same conditions as the pre-cultures of Nan-
nochloropsis, and a chlorophyll a concentration of 40 ug/ml was used for experiments. Chlamy-
domonas samples were dark-acclimated one hour prior to measurements.

PAM fluorometry

For the PAM measurements, a MultiColor PAM fluorometer (Walz, Germany) coupled to an
Oxygraph oxygen measurement device (Hansatech, United Kingdom) was used. A volume of
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2 ml of cell sample was used for every measurement. During measurements, 0.8 second long
bright light pulses of 1600 umol photons m™*s™ of blue light (440 nm) were applied every min-
ute. In the result part, data from every fourth measurement is shown. Our experimental setup
for measuring oxygen and chlorophyll fluorescence simultaneously, allowed usage of light
intensities as high as 1600 umol photons ms™. The MultiColor PAM instrument used also
enabled us to choose between saturating light pulses of white and blue light. To assure that the
bright light pulses used were saturating (a saturating light pulse is usually defined as a white
light pulse having a light intensity above 2000 umol photons m2s™), we chose to use light
pulses of blue light, having a wavelength that matches the 440 nm absorption peak of chloro-
phyll a. Plants and alga absorb only about half the photons in white light, due to the absorption
properties of their pigments. The effective light intensity of blue light is therefore about twice
as high as white light. The intensity of blue light used in these experiments is consistent with
the intensity required to achieve saturating light pulses.

Experiments investigating the effects of anaerobic conditions and high light with and with-
out the use of a b¢f complex inhibitor were performed with the setup combining PAM mea-
surements and oxygen measurements. Since this experiment setup restricted the intensity of
the bright light pulses to 1600 pmol photons m s, an additional experiment was conducted
investigating ten bright light pulse intensities ranging from 715 to 5910 ymol photons m2s™.
This experiment was performed in aerobic conditions, allowing a different setup where the
illumination source could be moved closer to the sample, yielding a higher maximum light
intensity of the bright light pulses.

The inhibitor 2,5-dibromo-3-methyl-6-isopropylbenzoquinone (DBMIB) (stock solution:
20 mM) was added to a final concentration of 20 uM.

The cells were left in complete darkness for 12 minutes before DBMIB was added. After 12
more minutes, actinic white light (960 pmol photons/m?s) was turned on for 32 minutes. The
same actinic light intensity was used for illuminating untreated cells. To obtain anaerobic con-
ditions, cells were placed into the sealed chamber of the oxygen electrode, with respiration in
the dark leading to oxygen depletion.

Processing of PAM data

The raw data was extracted from the MultiColor PAM and the Oxygraph software packages,
and MATLAB was utilized to normalize and plot the data. To facilitate comparison of fluores-
cence signals between the different experiments, the raw data was normalized (the F, value
prior to the first bright light pulse was set to zero, while the averaged F,,, values of the first
group of pulses in each experiment, were set to 100).

The variable fluorescence kinetics after bright light pulses were analysed to gain insights
into the reduction state of the PQ pool. For this the rate constant () of the chlorophyll fluores-
cence signal after a bright light pulse (A(t)) was determined by fitting the data to an exponen-
tial decay function with baseline offset (y) using MATLAB.

A(t) :An'e_/:rJr}' (1)
Results and discussion

In this study, we investigated if the saturation pulse methodology can be applied to the hetero-
kont model alga Nannochloropsis. In particular, we were interested if the bright pulses of light
intended to induce maximum fluorescence yield (F,,) has the same effect in Nannochloropsis
as in green algae and plants.
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Saturating light pulse analysis under different conditions

To investigate the effect of bright light pulses in Nannochloropsis we selected parameters rou-
tinely used for saturating light pulse analysis in plants and green algae. We chose light pulses
with a length of 0.8 s and an intensity of 1600 pumol of 440 nm (blue) photons m™s™. To assess
if these pulses fully reduce the PQ pool we investigated three conditions known to completely
reduce the PQ pool in plants and green algae. These conditions include (A) high light treat-
ment (B) anaerobic conditions and (C) blocking the photosynthetic electron transport chain
by utilizing the cytochrome bgf complex inhibitor DBMIB (Fig 1).

Following the standard methodology, light pulses in dark-adapted samples were used to
assess the maximum fluorescence yield in the absence of non-photochemical quenching (Fig
1A’,B” and 1C’). The fluorescence yield of these saturating light pulses is marginally lower than
the fluorescence yield observed in high light conditions (Fig 1A”). In anaerobic conditions
(Fig 1B”), the maximum fluorescence initially increases, and then decreases again over time.
The biggest increase in pulse-induced fluorescence is seen in the presence of DBMIB in high
light (Fig 1C™). Normalized fluorescence yields from the experiments summarized in Fig 1 are
displayed in Fig 2.

The maximum fluorescence levels in the Nannochloropsis experiments displayed in Fig 1
follow a different pattern compared to well-documented observations from plants and green
algae. In these organisms, bright light pulses induce the maximum fluorescence yield in dark
aerobic conditions, while reduction of the PQ pool (through light or anaerobic conditions)
leads to NPQ and a reduced light pulse-induced maximum fluorescence. In Nannochloropsis,
light pulse induced fluorescence yields that are higher than the ones observed in dark-adapted,
aerobic conditions can be achieved through actinic light and anaerobic conditions.

The low fluorescence yield in dark aerobic conditions may indicate the presence of a fluo-
rescence quenching mechanism, which is diminished in high light conditions, anaerobic con-
ditions and especially in the presence of DBMIB. This fluorescence quenching may occur
within the light harvesting complexes, or may also be caused by an incomplete reduction of
the primary fluorescence modulator Q4 in dark aerobic conditions, due to an incomplete
reduction of the PQ pool. In order to gain further insight into the reduction state of the plasto-
quinone pool of Nannochloropsis in different experimental conditions, the kinetics of change
in variable chlorophyll fluorescence after bright light pulses were investigated.

The fluorescence level after 10 ms of bright illumination (commonly referred to as the I
level in the OIDP nomenclature [23]) is thought to reflect the accumulation of electrons on
Qa. This initial level is quite similar in the dark conditions of all three experiments (Fig 2A’,
2B’ and 2C’, and also in high light, anaerobic conditions and in the presence of DBMIB in
darkness. Only in DBMIB-treated cells in high light is this initial fluorescence level visibly ele-
vated (Fig 2C").

There are two models to explain the fast-rise (O to the I level) and the subsequent slower
phases (IDP) of chlorophyll fluorescence induction. The first model assumes the existence of
different populations of PSII that differ in their ability to transfer electrons from Q4 to Qg
[24]. The basis for the difference in Q4 to Qg transfer could be an intrinsic property of PSIIs or
be based on differences in accessibility to oxidized PQ. The second model used to explain the
two phases of the fluorescence induction assumes that the reduction of Q, is the cause of the
initial fast fluorescence increase (O to I), whereas the reduction of the plastoquinone pool
leads to the subsequent slow increase in fluorescence (I to P). The second model assumes that
oxidized plastoquinones quenches fluorescence, most likely via transient electron transfer
between oxidized plastoquinones and chlorophyll a [10]. Light-induced reduction of the plas-
toquinone pool requires movement of plastoquinones through the thylakoid membrane and
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vertical line shows the data recorded in darkness (A’), and the data recorded in the presence of high actinic light (A”).
The zero time point is defined as the time point when the actinic light was turned on. Panel B, also split by a vertical
line, shows the data recorded when oxygen was still available to the cells (B’), and the data recorded after the cells
entered anaerobiosis (B”). The red graph shows the oxygen concentration throughout the experiment, and the zero
time point is defined as the moment when the oxygen was depleted. Panel C, split by two vertical lines, shows the
fluorescence data recorded in darkness before the addition of DBMIB (C’), in darkness after the addition of DBMIB
(C”) and after the application of high actinic light (C™). The zero time point is defined as the moment when the actinic
light was turned on.

https://doi.org/10.1371/journal.pone.0175184.g001

docking of oxidized plastoquinones to PSII prior to electron transfer from Q4 [25]. The second
phase being slow and showing temperature dependence is in line with the second model [26].
Common to both models is that they both predict that a fully reduced PQ pool will abolish
fluorescence quenching. The saturation pulse method uses bright light pulses to reduce the PQ
pool and thereby determine the maximum fluorescence yield. However, the fluorescence induc-
tion kinetics observed during bright light pulses in Nannochloropsis in darkness and in high
light (Fig 2) do not show a typical OIDP transient. The lack of fluorescence increase beyond the
first inflection point of the fluorescence induction curve (the I level in plants) can be interpreted
as the PQ pool already being reduced at this inflection point, or that the PQ pool remains oxi-
dized during the bright light pulse. Anaerobic conditions, which are known to reduce the PQ
pool in a variety of organisms, reveal an OIDP transient that is similar to the one observed in
plants, thus indicating that the PQ pool is oxidized in aerobic conditions, and can be reduced
by bright light pulses in anaerobic conditions. Chlorophyll fluorescence kinetics in dark-
adapted cells in the presence of DBMIB do not possess a typical OIDP transient. There is also
no OIDP transient in DBMIB-treated and in highlight-treated cells. Surprisingly, the lack of the
OIDP transient in DBMIB-treated cells could indicate that the PQ pool is not reduced by satu-
rating light pulses, even if electron transport through the cytochrome bgf complex is blocked.

Fluorescence decay kinetics as indicator of PQ reduction

To gain insights into the reduction state of the PQ pool after bright light pulses, the decrease in
chlorophyll fluorescence immediately following the pulses was analysed. After bright light
pulses, the reduced Q" is re-oxidized, leading to a gradual decrease in chlorophyll fluores-
cence over time. In plants and green algae the oxidation of Q4 is due to different processes
that can be kinetically grouped within three time domains.

Post-illumination oxidation of Q" in the fastest time domain is dependent of the availabil-
ity of oxidized Qg that is present immediately after a bright light pulse. This Qp-dependent
Qa oxidation is based on (a) the oxidation of Q5™ by Qg or Qg (half time ~300 ps, [27, 28]),
(b) the exchange of Qp? with an oxidized PQ (half time of electron transport from Q4 to Qp
when Qg has to bind first ~1,3-2 ms [27]), and (c) the diffusion of oxidized PQ between the
cytochrome bgf complex and PSII (half time ~15 ms [28]). Consequently, the decrease in chlo-
rophyll fluorescence due to these fast Q,~ oxidation events is mostly completed after 50 ms.

Post-illumination oxidation of Q4" in the second fastest time domain (half time 200 ms) is
due to recombination of Q. with the donor side of PSIIL. It has been demonstrated that the
kinetics of Q4~ oxidation by donor-side electron acceptors is dependent on the redox state of
the PQ pool [29] and independent of oxygen concentration [30].

Post-illumination oxidation of Q4" the third fastest time domain (half time of several sec-
onds) is due to the oxidation of the PQ pool by oxygen-dependent consumption of electrons
[30]. The responsible oxidases may be located in the chloroplast (e.g. the plastid terminal oxi-
dase, abbreviated PTOX), or coupled by electron shuttles to the cytoplasmic and mitochon-
drial electron transport chain [31].
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Fig 2. Variable chlorophyll fluorescence emitted by Nannochloropsis oceanica cells during bright light pulses. Graph series A shows the high light
experiment performed without DBMIB (A'—fluorescence signal of dark adapted cells in darkness, A"fluorescence signal in high light). Graph series B shows
the anaerobic experiment (B'—fluorescence signal of aerobic cells, B"fluorescence signal of anaerobic cells). Graph series C shows the results from the high
light experiment performed in the presence of DBMIB (C'—fluorescence signal of dark-adapted cells in darkness without inhibitor, C™—fluorescence signal of
cells in darkness after the addition of DBMIB, C"—fluorescence signal of cells in high light, and in the presence of DBMIB). In both experiment A, B and C, the
colour of the fluorescence curve indicates when in the experiment the particular curve was recorded. The colours of the fluorescence curves proceed from
dark blue (the first recorded curves) via light blue, green, yellow and orange to red (the last recorded curves). The bar diagram (ABC) displayed in the upper
right panel summarizes the Fy, values in the different phases of the three experiments.

https://doi.org/10.1371/journal.pone.0175184.g002

We have analysed the chlorophyll fluorescence decrease in the second fastest phase, which-
in analogy to higher plants -, we assume to rely on the recombination of Q5" with the donor
side of PSII, to gain insights into the reduction state of the PQ pool after saturating light pulses.
Fig 3A shows rate constants for the fluorescence decrease after bright light pulses in different
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conditions (fluorescence curves displayed in Fig 2). The fit parameters obtained for fitting Eq
1 to fluorescence transients after a light pulse can be found in S1 and S2 Tables.

Subjecting the cells to anaerobic conditions and treatment with DBMIB (in dark-adapted
conditions and high light) leads to a significant decrease in the decay constants compared to
dark aerobic conditions (Fig 3A). This distribution of rate constants indicate that the PQ pool
has a higher degree of reduction after saturating light pulses in anaerobic conditions and in the
presence of DBMIB (dark-adapted and high light) compared to aerobic conditions (dark-
adapted and high light). We therefore concluded that bright light pulses with an intensity of
1600 umol photons m2s™ of blue light (440 nm) leave the PQ pool oxidized.

The apparent inability of bright light pulses to reduce the PQ pool in standard (dark aero-
bic) conditions was further investigated. For this we varied the light pulse intensity (from 715
to 5910 pumol photons m2s™") and analysed the rate constants of the fluorescence curves in aer-
obic dark conditions in the presence and absence of DBMIB (Fig 3B). We also determined the
fluorescence kinetics subsequent to bright pulses of light in the green alga Chlamydomonas
under the same conditions.

Increasing the light intensity does not decrease the rate constants in untreated Nannochlor-
opsis cells, while a light-dependent decrease in rate constants for Chlamydomonas can be
observed. The rate constants for untreated Nannochloropsis cells are higher than the rate con-
stants for untreated Chlamydomonas cells. This indicates that even light pulses with very high
light intensity are unable to reduce the PQ pool in Nannochloropsis.

Addition of DBMIB reduces the rate constants after bright light pulses in Nannochloropsis
and Chlamydomonas to a similar level. This data indicate that in the presence of DBMIB, the
PQ pool of both Nannochloropsis and Chlamydomonas PQ is reduced after the application of
bright light pulses. This would be expected as DBMIB is thought to block electron transport at
the cytochrome bef complex.

Conclusion and implications
Effect of bright light pulses

According to our interpretation of the fluorescence data, bright light pulses of 0.8 s are not suf-
ficient to reduce the PQ pool in untreated Nannochloropsis oceanica cells.

The most likely reason for this is the unusually high PSI:PSII ratio of about 1.7 [21, S1 Fig]
in Nannochloropsis. In plants, the PSI:PSII ratio has been found to lie between 0.53 and 0.67
[20]. The excess of PSI in Nannochloropsis may therefore be able to maintain a partially oxi-
dized PQ pool, even during bright illumination.

Our finding that the PQ pool in Nannochloropsis is not reduced by bright light pulses has
implications for interpreting results obtained by the saturating light pulse method, since a fully
reduced plastoquinone pool is a prerequisite for the application of saturating light pulse analy-
sis. Therefore, caution should be exercised when the saturating light pulse method is applied to
assess photosynthetic performance in Nannochloropsis.

The lack of a traditional plant OIDP transient

Our experiments in anaerobic conditions show a conventional OIDP transient, while in aero-
bic conditions, no IDP transient can be distinguished. We can think of two likely reasons for
the presence of the OIDP transient in anaerobic conditions. (1) One or more oxygen-depen-
dent electron transport pathways may oxidize PQ, but this electron sink is lost in anaerobic
conditions. The oxygen-dependent electron sink could consist of a Mehler-type reaction [32]
or be mediated by a chloroplast-located oxidase. Analysis of the Nannochloropsis gaditana
genome indicates the presence of a plastid terminal oxidase (PTOX) homologue. (2) With a
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Fig 3. (a) Rate constants of the chlorophyll fluorescence decay after a bright light pulse for all phases of the
three experiments performed. Averages of the rate constants after bright light pulses displayed in the different
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groups in Fig 2 are shown. A shows the average of decay rates in the high light experiment performed without
DBMIB (A’'-fluorescence signal of dark adapted cells in darkness, A"™—fluorescence signal in high light). B
shows the anaerobic experiment (B'—fluorescence signal of aerobic cells, B’—fluorescence signal of anaerobic
cells). Graph series C shows the results from the high light experiment performed in the presence of DBMIB
(C—fluorescence signal of dark-adapted cells in darkness without inhibitor, C"—fluorescence signal of cells in
darkness after the addition of DBMIB, C"~fluorescence signal of cells in high light, and in the presence of
DBMIB). (b) Decay rates of chlorophyll fluorescence kinetics after bright light pulses in Nannochloropsis
oceanica and Chlamydomonas reinhardtii without and with the addition of DBMIB under varying intensities of
bright light pulses.

https://doi.org/10.1371/journal.pone.0175184.g003

limited amount of possible electron acceptors present in anaerobic conditions, Nannochlorop-
sis PSI may exhibit variable fluorescence, depending on electron acceptors within PSI becom-
ing reduced. In plants and algae it is usually assumed that PSI does not possess variable
fluorescence, and only contributes to the base fluorescence level (Fy). This may be different in
Nannochloropsis. Detailed fluorescence emission spectra may be utilized to discern a possible
PSI-dependent variable fluorescence in future studies.

Effect of DBMIB

Rate constants of fluorescence kinetics after bright light pulses indicate that DBMIB blocks
electron transport in Nannochloropsis. As in plants and algae, the cytochrome bgf complex is
the likely target for DBMIB. Interestingly, high light-induced reduction of the PQ pool in
DBMIB-treated Nannochloropsis cells appears to abolish one or more chlorophyll fluorescence
quenching mechanisms within minutes. A plant-derived interpretation of the observed
increase in maximum chlorophyll fluorescence is that PSII is gaining more excitation. This
interpretation is counter-intuitive for DBMIB-treated Nannochloropsis, as the correct physio-
logical response would be to avoid electron generation by PSII when the PQ pool is reduced.
Alternatively, the increase in fluorescence in high light and DBMIB-treated Nannochloropsis
cells may indicate PSII damage. In any case, the high light-induced changes in DBMIB-treated
cells serves as a reminder that plant-based interpretations may not be suitable for interpreting
chlorophyll fluorescence in Nannochloropsis.

Photoprotection in Nannochloropsis

The inability of high light to induce a reduced PQ pool in Nannochloropsis is also of rele-
vance for investigating photoprotection mechanisms in this alga. The most prominent
photoprotection mechanisms observed in plants and green algae are the xanthophyll cycle
and state transitions. In plants and green algae, state transitions are initiated by a reduced
PQ pool [4], while the xanthophyll cycle is initiated by a low pH in the thylakoid lumen
[33]. However, in Nannochloropsis it is unlikely that high light induces state transitions, as
the PQ pool remains partially oxidized. This might be one reason why state transitions so
far have not been detected in Nannochloropsis. Furthermore, electron transport through
the PQ pool and concomitant proton translocation occurs even at high light intensities in
Nannochloropsis. Therefore the pH-dependent xanthophyll cycle is likely more easily
induced in Nannochloropsis than in green algae and plants, where electron transport stalls
during high light illumination. When investigating mechanisms involved in photoprotec-
tion, the most common method for reducing plastoquinone is to subject the cells to high
light, usually not in the presence of DBMIB [15, 34]. Thus, an oxidized PQ pool under
high light intensities is in line with the observed predominance of the xanthophyll cycle as
a photoprotection mechanism in Nannochloropsis.
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Supporting information

S1 Fig. 77K spectrum of Nannochloropsis, indicating a high ratio of PSI:PSII. 77K spectros-
copy spectrum of Nannochloropsis cells normalized to a chlorophyll concentration of 2.5 pmol
chlorophyll ml™. The spectrum is normalized to 1.

(PNG)

S1 Table. Fluorescence decay parameters. Parameters resulting from the fitting of Eq 1 to the
decay part (0.8-3 s) of the fluorescence curves shown in Fig 2. The amplitudes (A,), decay
rates (L), constants (y) and R* values are shown as averages for the parts of the different experi-
ments. Group A’ and A” correspond to the groups of fluorescence curves recorded in darkness
(A’) and high light (A”) in the high light experiment performed without DBMIB. Group B’
and B” correspond to the groups of fluorescence curves recorded in aerobic conditions (B’)
and anaerobic conditions (B”) in the anaerobic experiment performed in darkness. Group C’,
C” and C”™ correspond to the groups of fluorescence curves recorded in darkness without
inhibitor (C’), in darkness after the addition of DBMIB (C”), and in high light (C™) in the high
light experiment performed with DBMIB.

(CsV)

S$2 Table. Fluorescence decay parameters. Standard deviations within the groups of variables
that were averaged to obtain the parameters shown in table S1 Table.
(CSV)
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$1 Table. Fluorescence decay parameters.

Parameters resulting from the fitting of Eq 1 to the decay part (0.8-3 s) of the fluorescence
curves shown in Fig 2. The amplitudes (A0), decay rates (A), constants (y) and R2 values are
shown as averages for the parts of the different experiments. Group A’ and A” correspond to the
groups of fluorescence curves recorded in darkness (A’) and high light (A”) in the high light
experiment performed without DBMIB. Group B’ and B” correspond to the groups of
fluorescence curves recorded in aerobic conditions (B’) and anaerobic conditions (B”) in the
anaerobic experiment performed in darkness. Group C’, C” and C”* correspond to the groups of
fluorescence curves recorded in darkness without inhibitor (C’), in darkness after the addition
of DBMIB (C”), and in high light (C”*) in the high light experiment performed with DBMIB.

A
Amplitude 0,2172
Rate [s7-1] 4,6144
Constants 0,0218
RA2 0,0007

A"
0,2374
4,6884
0,0140
0,0006

B'
0,1893
4,5260
0,0205
0,0005

S2 Table. Fluorescence decay parameters.

B"
0,1704
3,3483

-0,0019
0,0005

c
0,2034
4,5980
0,0219
0,0006

c"
0,2009
3,1441
0,0359
0,0006

Standard deviations within the groups of variables that were averaged to obtain the
parameters shown in table S1 Table.

A
StdAmp 0,0045
StdRate 0,0939
StdConst 0,0009
StdRA2 0,0001
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A"
0,0077
0,2056
0,0016
0,0002

0,0017
0,1567
0,0006
0,0001

B"
0,0105
0,1224
0,0014
0,0001

c
0,0008
0,0644
0,0009
0,0002

c"
0,0013
0,1738
0,0053

0,00007

c
0,2191
2,7820

-0,0018
0,0006

o

0,002
0,0857
0,0036
0,0003
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Abstract

Heterokont algae are significant contributors to marine primary productivity. These algae
have a photosynthetic machinery that shares many common features with that of Viridiplan-
tae (green algae and land plants). Here we demonstrate, however, that the photosynthetic
machinery of heterokont algae responds to light fundamentally differently than that of Viridi-
plantae. While exposure to high light leads to electron accumulation within the photosyn-
thetic electron transport chain in Viridiplantae, this is not the case in heterokont algae. We
use this insight to manipulate the photosynthetic electron transport chain and demonstrate
that heterokont algae can dynamically distribute excitation energy between the two types of
photosystems. We suggest that the reported electron transport and excitation distribution
features are adaptations to the marine light environment.

Introduction

Heterokont algae have emerged as the result of a secondary endosymbiotic event [1,2] and
dominate carbon fixation within the oceans [3,4]. However, the features that make heterokont
algae so successful in the marine environment remain unresolved. Although separated by
more than a billion years of evolution from a common ancestor, the photosynthetic machinery
of Viridiplantae (green algae and land plants) and heterokont algae retains common features
[2]. Both groups of organisms have two types of photosystems, which are linked by an electron
transport chain that includes a pool of plastoquinone molecules. Another common feature is
the presence of light-harvesting complexes, which house chlorophylls and carotenoids. There
are, however, differences between Viridiplantae and heterokont algae in the type of chloro-
phylls and carotenoids they possess, as well as in the proteins involved in regulating light-har-
vesting and photoprotection [5,6]. A particularly interesting question is how these organisms
utilize differences in their photosynthetic machineries to respond to the environmental condi-
tions they encounter.

Viridiplantae dominate primary production on land, while heterokont algae dominate pri-
mary production in marine environments. Compared to terra firma, the light environment in
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the oceans is more dynamic, with wave-induced lensing exposing algae to rapid variations in
light intensity [7,8]. It has been established that Viridiplantae can respond to high light by
redistributing light-harvesting complexes from photosystem II (PSII) to photosystem I (PSI)
[9]. This “state transition”, which in Viridiplantae is activated by a reduced plastoquinone
pool, has not been demonstrated in heterokont algae, where a pH-dependent conversion of
carotenoids [10] that is also present in Viridiplantae [11], is known to dissipate excess excita-
tion energy [12,13]. In addition to forming a light-dependent pH-gradient, some green algae,
including C. reinhardtii [14] and heterokont alga P. tricornutum [15,16] also maintain a pH-
gradient during darkness, by oxygen-dependent chlororespiration.

Assessment of chlorophyll fluorescence, using a set of techniques originally developed for
Viridiplantae, can provide exquisite insights into the photosynthetic electron transport chain
and can be used to assess the photosynthetic performance [17]. It has been demonstrated that
the maximum fluorescence yield can be obtained after applying a bright (saturating) light
pulse that completely reduces the pool of electron acceptors (the plastoquinone pool), which is
accepting electrons from PSII. As the plastoquinone pool is in equilibrium with the primary
modulator of chlorophyll fluorescence, the PSII-bound Q4 [18], a complete reduction of the
plastoquinone pool guarantees that Q4 molecules in all reaction centers are reduced, and thus
that the maximum fluorescence yield is achieved [19]. Surprisingly, a detailed interpretation of
chlorophyll fluorescence recently revealed that short, bright light pulses have a different effect
on the electron transport chain in the heterokont alga N. oceanica than in Viridiplantae. While
bright light pulses completely reduce the plastoquinone pool in Viridiplantae, bright light
pulses applied to Nannochloropsis fail to do so [20]. This observation has potentially important
implications for assessing photosynthetic performance that relies on achieving the maximum
fluorescence yield as a reference point [21,22]. Furthermore, if the photosynthetic electron
transport chain in heterokont algae also remains oxidized during longer exposures to high
light, research into photoprotection mechanisms in this group of organisms has to be reinter-
preted, and may uncover a novel light protection strategy. In this study, we set out to clarify
the effect of high light exposure on the diatom Phaeodactylum tricornutum and the Eustigma-
tophyte Nannochloropsis oceanica, both marine heterokont algae.

Results

In order to determine whether bright light pulses completely reduce the plastoquinone pool,
and thus induce the maximum fluorescence yield, we employed a reference condition that is
known to result in a reduced photosynthetic electron transport chain. In darkness and in the
absence of oxygen, metabolically generated electrons accumulate within algal cells. This leads
to accumulation of electrons on electron carriers within the photosynthetic electron transport
chain, including the plastoquinone pool [23,24]. If light pulse-induced fluorescence yield in
the presence and absence of oxygen are identical, then the plastoquinone pool is reduced in
both conditions. Using this assay, we observe that the light pulse-induced fluorescence yield in
the Viridiplantae model organism Chlamydomonas reinhardtii is diminished in anaerobic con-
ditions (Fig 1A) due to the state transition-associated move of light-harvesting complexes
from PSII to PSI [25]. Conversely, the light pulse-induced fluorescence yield in N. oceanica
and P. tricornutum increases in oxygen-free conditions (Fig 1A and 1B). We also investigated
the effect of different light pulse intensities on the maximum fluorescence yield (S1 Fig) and
Q, oxidation after light pulses in P. tricornutum. In these experiments, we used the cyto-
chrome bf inhibitor DBMIB as an alternative to anaerobic conditions to guarantee the reduc-
tion of the plastoquinone pool. DBMIB binds to the Q, site of the cytochrome bgf complex,
and thereby disables the Q-cycle and electron donation to plastocyanin. Light pulses applied in
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Fig 1. Variable fluorescence recorded during the shift from aerobic to anaerobic conditions. Variable fluorescence
for (A) C. reinhardtii, (B) N. oceanica and (C) P. tricornutum. Black lines show variable fluorescence, and red lines
show oxygen concentration, which was recorded simultaneously.

https://doi.org/10.1371/journal.pone.0209920.9001

the presence of DBMIB therefore leads to complete reduction of the PQ pool and maximum
fluorescence yield. This effect has been established for C. reinhardtii [26-28], N. oceanica [29-
31] and P. tricornutum [32,33]. While DBMIB has been shown to have a quenching effect on
chlorophyll fluorescence [34], this effect is constant, as samples were pre-incubated with
DBMIB and the concentration did not change during the experiment.

Comparing untreated cells to DBMIB-treated cells indicates that in untreated cells in
aerobic conditions the maximum fluorescence yield is not reached, not even at very high
light intensities (S1 Fig). That the plastoquinone pool is not completely reduced can also
be seen when investigating decay rates following a light pulse (S1 Fig). No matter by how
much the light intensity of the light pulse is increased, the decay rates in DBMIB-treated
cells was always lower, and the maximum fluorescence always higher than in untreated
cells, except for in C. reinhardtii, where the light pulses were shown to yield a more or less
reduced plastoquinone pool at higher light intensities (see S1 Discussion of S1 Fig). This
conclusion is also in line with results obtained by analysing the fluorescence kinetics after
light pulses. When the plastoquinone pool was reduced in the presence of DBMIB, the
fluorescence decay rates were similar to the decay rates obtained in anaerobic conditions,
even at low light intensities.

Similarly the decay rates of untreated cells at low chlorophyll concentration, even at very
high light intensities, were similar to those obtained in aerobic conditions when a higher chlo-
rophyll concentration was used (S1 Fig). Similar experiments to the one here presented for P.
tricornutum, have also been published for N. oceanica and C. reinhardtii [20].

We can therefore conclude that routinely applied bright light pulses are not able to
completely reduce the plastoquinone pool of the heterokont algae N. oceanica and P. tricornu-
tum in the presence of oxygen (Fig 1B and 1C).

The obvious question arising from our initial observation of the effect of short light pulses
is what effect a longer light exposure has on the reduction state of the plastoquinone pool, as it
is-in analogy to Viridiplantae-generally assumed that the plastoquinone pool is reduced
under high light intensities. Furthermore, we will determine whether modulating the reduc-
tion state of the photosynthetic electron transport chain induces a redistribution of excitation
energy between the two photosystems in heterokont algae. This question has been previously
addressed in the heterokont algae P. tricornutum [35], concluding that observed changes in
fluorescence yield are not caused by a changing association of light-harvesting complexes
between the two photosystems.

The current view in the model organisms P. tricornutum and other heterokont algae, is
that chlorophyll fluorescence yield is modulated by pH-dependent mechanisms [12]. As
chlorophyll fluorescence at room temperature cannot distinguish pH-dependent excita-
tion quenching from other possible modes of quenching, such as a state transition, we
chose to obtain spectral information of the fluorescence emission at 77 K (raw spectra
shown in Fig 2, fluorescence ratios shown in Fig 3). This technique does not have as long a
tradition of use in heterokont algae as it does in Viridiplantae [36], and we were initially
taken aback by the dynamic behaviour we report and interpret here for the first time.
These spectral dynamics allowed us to assign spectral components (Fig 4, see S2 Fig for a
detailed demonstration of the procedure) that will be used to further discuss excitation
distribution dynamics (Fig 3).
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Fig 2. Raw spectra recorded by 77 K spectroscopy. 77 K fluorescence spectra from C. reinhardtii (A), N. oceanica (B) and P. tricornutum (C) recorded after
exposure to high light (A, B, C), exposure to high light in the presence of DCMU (A’, B’, C’) and during oxygen-depletion in the dark (A”, B”, C”) using a 435 nm
LED for excitation. All spectra have been baseline-corrected and normalized to the peak wavelength of PSI in each species.

https://doi.org/10.1371/journal.pone.0209920.9002

Assigning identities to fluorescent components

The wavelengths used to indicate different fluorescent components were determined by

deconvoluting 77 K fluorescence spectra (an example of such a deconvolution is shown in 52

Fig).
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Fig 3. Fluorescence ratios for light harvesting complexes and PSII over time. Fluorescence ratios normalized to PSI over time during high light (A, B, C), high

light in the presence of DCMU (A’, B, C’) and during dark, anaerobic conditions (A”, B”, C”). (A, A’, A”) show ratios for C. reinhardtii, (B, B’, B”) show ratios for
N. oceanica and (C, C’, C”) show ratios for P. tricornutum. Fluorescence spectra for the fluorescent components located in each organism, which led to the selection
of the wavelengths representing PSII, PSI and light harvesting complexes, are shown in Fig 4.

https://doi.org/10.1371/journal.pone.0209920.9003

The fluorescence maxima of the fluorescent components found in C. reinhardtii were
located at 680 nm, 686 nm and 716 nm (Fig 4A and 4A’) and were assigned to light harvesting
complexes (LHCs) [37], PSII [38] and PSI [39], respectively. For N. oceanica, we identified
fluorescent components at 684 nm, 695 nm and at 723 nm (Fig 4B and 4B’), and assigned

these components to LHCs [40], PSII [40] and PSI [40,41].
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Fig 4. Fluorescent components found to be present in Chlamydomonas, N. oceanica and P. tricornutum.
Calculated fluorescence spectra for photosynthetic components comprising fluorescence emission spectra at 77 K of
(A) C. reinhardtii, (B) N. oceanica, and (C) P. tricornutum. In panels (A, B, C), the fluorescence spectra have been
normalized to unity, while in panels (A’, B’, C’), the size of the respective fluorescing components correspond to their
contribution to the overall fluorescence spectrum. The amplitude of the fluorescing components change throughout
the experiments, but to give an example of their contribution in a spectrum, the reference sample of the high light
experiments performed on C. reinhardtii, N. oceanica and P. tricornutum were chosen. The fluorescence components
were calculated as shown in S2 Fig.

https://doi.org/10.1371/journal.pone.0209920.9004

For P. tricornutum, four components were identified with peak wavelengths at 686 nm, 688
nm, 710 nm and 715 nm (Fig 4C and 4C’). The component with a peak wavelength at 688 nm
was assigned to PSII [42], and the 715 nm component was assigned to PSI due to spectral simi-
larities with other diatom PSI, for example Chaetoceros gracilis [43] and Cyclotella meneghini-
ana [44]. The spectral component peaking at 710 nm is likely due to fluorescing light
harvesting complex-aggregates, which have been demonstrated in diatoms, and particularly in
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P. tricornutum [5,45-47]. Isolated fucoxanthin chlorophyll a/c binding proteins (FCPs) from
P. tricornutum have their 77 K fluorescence maximum at 680 nm [40], while the 77K fluores-
cence maximum for FCPs from Chaetoceros gracilis has been found at 683 nm [48]. The fluo-
rescent component having a fluorescence maximum at 686 nm does not match fluorescence
components that have been previously reported for isolated diatoms. This fluorescence emis-
sion may be due to highly fluorescent red-shifted emissions by fucoxanthin-chlorophyll bind-
ing proteins (FCPs) as recently described in the diatom Cyclotella meneghiniana [49].

Modulation of the plastoquinone pool reduction state by high light

Exposure of N. oceanica and P. tricornutum to high light intensities results in a redistribution
of excitation energy between the two types of photosystems. Upon illuminating these hetero-
kont algae, the excitation is directed towards PSII (Fig 3B and 3C). This favouring of PSII indi-
cates that the photosynthetic electron transport chain requires electron input, suggesting that
the plastoquinone pool is largely oxidized. The response to high light is therefore opposite to
what is observed in Viridiplantae, such as C. reinhardtii, where the plastoquinone pool is
reduced during the initial exposure to bright light and excitation consequently is directed
away from PSII (Fig 3A).

Oxidation of the plastoquinone pool by DCMU treatment under high light

Exposure to the herbicide DCMU blocks electron generation by PSII, and in combination
with light, leads to oxidation of the plastoquinone pool. The DCMU-treated and light-exposed
heterokont algae, as well as C. reinhardtii, show a physiological response consistent with an
empty plastoquinone pool by transferring excitation to the electron-generating PSII (Fig 3A’,
3B’ and 3C’). The magnitude of change in the fluorescence signal in the heterokont algae is,
however, small compared to in C. reinhardtii. This is consistent with the assumption that the
plastoquinone pool in the heterokont algae is mostly oxidized in dark aerobic conditions,
while being partly reduced in C. reinhardtii. The plastoquinone pool of C. reinhardtii is also
more reduced if acetate is included in the growth and experimental medium, as was the case in
our experiments.

Reduction of the plastoquinone pool by oxygen depletion

Exposure of algal cells to oxygen-free conditions in the dark results in an in vivo redox titra-
tion, as electrons accumulate within the cells, and consequently accumulate on electron carri-
ers with increasingly negative redox midpoint potential. Oxygen depletion induces a transient
increase in excitation towards PSI in the heterokont algae. A similar response to oxygen deple-
tion is also present for the Viridiplantae model organism C. reinhardtii. Shifting excitation
towards PSI in oxygen-free conditions is consistent with the need to oxidize a reduced photo-
synthetic electron transport chain. Prolonged oxygen depletion results in a clear increase in
excitation directed towards PSI in N. oceanica (Fig 3B”) and a more subtle redistribution of
light energy to PSII in P. tricornutum and C. reinhardtii (Fig 3A” and 3C”).

Discussion

While C. reinhardtii is considered a model for plants concerning excitation distribution
between the two photosystems, it is noteworthy that, especially in the presence of acetate in the
growth medium, chlororespiration is uniquely prominent in this alga [14], a feature shared
with the diatom P. tricornutum [15,16].
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Exposure to high light in heterokont algae induces a redistribution of excitation energy
between PSI and PSII that is opposite to the distribution pattern observed in C. reinhardtii.
This regulation of excitation distribution is consistent with a high-light induced oxidation of
the electron transport chain in heterokont algae. The incomplete reduction of the plastoqui-
none pool upon short light-pulses in heterokont algae, as employed by the saturating pulse
method [21] would lead to a systematic under-assessment of the maximum fluorescence yield,
and thus influence the assessment of photosynthetic performance when this technique is
utilized.

Carotenoid dependent quenching versus structural rearrangement

Are the observed changes in distribution of excitation energy between PSI and PSII in hetero-
kont algae due to a carotenoid-specific quenching that affects light-harvesting complexes asso-
ciated with PSI and PSII differently, or do light-harvesting complexes change their association
between PSI and PSII? The complex dynamics of excitation distribution in high light condi-
tions likely involve contributions by the well-characterized, pH-dependent, carotenoid-medi-
ated excitation quenching mechanisms [10,11]. However, oxygen-depletion experiments do
not change the thylakoidal pH, and application of DCMU has been shown to prevent the gen-
eration of a pH-gradient, and thus will not trigger the conversion of excitation-quenching
carotenoids in Nannochloropsis [50] and P. tricornutum [51]. However, it has also been dem-
onstrated that in dark-adapted green algae of C. reinhardtii [14], the prasinophycean alga Man-
toniella squamata [52], the heterokont alga P. tricornutum [16] and T. pseudonana [53]
chlororespiration can generate an oxygen-dependent pH gradient and thus potentially engage
carotenoid conversion and the associated non-photochemical quenching. In addition, there is
evidence that chlororespiratory activity in green algae is involved in the synthesis of caroten-
oids [54]. Oxygen-depletion may therefore collapse the pH-gradient, as chlororespiration is
oxygen dependent, and result in the conversion to the non-quenching carotenoid and conse-
quently cause a loss of non-photochemical quenching and an increase in chlorophyll
fluorescence.

Studying the effect of high light exposure, Lepetit and co-workers [32] report the de novo
synthesis of excitation-quenching carotenoids, which accumulate with a half time of 3-4
hours. De novo synthesis thus appears too slow to account for the rapid high light-induced
dynamics we observe.

We observed complex spectral changes of 77 K fluorescence emission both in dark oxygen-
depleted conditions and in DCMU-treated samples under high light. While abolishing chlor-
orespiration by oxygen depletion in the dark may abolish the pH-gradient, and thus relax
carotenoid-mediated non-photochemical quenching, this is not known to change energy dis-
tribution between the two photosystems. As we also observe changes in 77K fluorescence spec-
tra in DCMU-treated cells exposed to high light, this redistribution of excitation energy
appears to be independent of the thylakoidal pH and the associated carotenoid-dependent
excitation quenching and may indicate a redistribution of light-harvesting systems.

Regulation of excitation energy

In Nannochloropsis in anaerobic conditions, an immediate response shifts excitation energy
towards PSI within 10 minutes, which is followed by a shift of excitation energy back to PSII,
which is completed after about 30 minutes. These two phases likely indicate a fine-tuning of
excitation distribution that is mediated by a single mechanism, or the consecutive action of
two independent mechanisms. Whether these mechanisms are identical to the multistep
model for non-photochemical excitation quenching in Nannochloropsis gaditana suggested by
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Chukhutsina and co-workers [55] and in P. tricornutum by Giovagnetti and Ruban [45]
requires further study. Compared to Viridiplantae, the fluorescence signal indicative of this re-
distribution is smaller in heterokont algae. It has recently been demonstrated that PSI-LHC
complexes of heterokont algae possess trapping times that are three times shorter than those of
plants [56]. Therefore, re-directing excitation from PSII to PSI will lower the overall PSII fluo-
rescence emission, while only a small increase in PSI fluorescence is observed. This is unlike
the situation in Viridiplantae, where redistribution results in higher PSI fluorescence emis-
sions in addition to lower PSII emission, and these changes in emission provide a clear beacon
for a changed distribution of excitation energy. The small changes in the magnitude of fluores-
cence emission in heterokont algae may have contributed to the original assessment by Owens
[35] that excitation energy is not redistributed in the heterokont alga P. tricornutum in depen-
dence of the reduction state of the plastoquinone pool. This conclusion was obtained with the
assumption that the photosynthetic machinery of heterokont algae responds to light in the
same manner as Viridiplantae, an assumption we can now amend.

What is the sensor that triggers the redistribution of light energy between the two photosys-
tems? The excitation distribution induced in dark and oxygen-depleted conditions suggests
that the reduction state of an electron carrier is used to modulate the distribution of excitation
in heterokont algae. The plastoquinone pool is a possible candidate for this role, as it is a mod-
ulator of fluorescence, and also acts as a sensor for shifting excitation energy in cyanobacteria
[57] and Viridiplantae [58].

The redox-dependent response may share components and organization with the redox-
dependent pigment synthesis and synthesis of light-harvesting systems described for P. tricor-
nutum [32]. A second sensing system may be responsible for the shift in excitation distribution
induced by prolonged anaerobic conditions, where more electron carries with a more negative
redox midpoint potential will become reduced. Here ferredoxins and thioredoxins are poten-
tial candidates, as these electron carriers are know to also have a redox-dependent regulatory
function in carbon fixation in Viridiplantae and to a lesser extend in heterokont algae [59,60].
The slow change in excitation energy distribution during prolonged anaerobic condition
could also indicate the conversion of carotenoids. Here the production availability of NADPH,
may enable the conversion of carotenoids, as this electron carrier has been demonstrated to be
required as a cofactor for the diatoxanthin epoxidase that is not available in dark aerobic con-
dition in P. tricornutum [61].

Avoiding a reduced plastoquinone pool

The photosynthetic machineries of the heterokont algae Nannochloropsis and P. tricornutum
are tuned to avoid reduction of the photosynthetic electron transport chain during high light
illumination. As this is in contrast to Viridiplantae, it is tempting to speculate on the physio-
logical reasons for this adaptation. We propose that differences in the characteristics of the
electron transport chain are based on the different light environments that terrestrial and
marine organisms experience. C. reinhardtii was isolated from soil, and is thus, like Viridiplan-
tae in general, adapted to an environment that largely lacks rapid variation in light exposure.
In contrast, marine heterokont algae can experience wave lensing-induced high-light [7,8],
and have therefore evolved a photosynthetic electron transport chain that is tuned to avoid
high light-induced over-reduction. If environmental conditions are encountered that tempo-
rarily overwhelm the photosynthetic machinery, a build up of protons is the likely conse-
quence, which triggers the well-characterized carotenoid-dependent energy dissipation
mechanism [12]. These proposed functions of electron transport poise and xanthophyll cycle
in photoprotection is supported by the ability of four P. tricornutum species to thrive in
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fluctuating light without increasing the amount of energy-quenching carotenoids [45,62]. In
conclusion, our study provides key insights for re-interpreting previous studies and for direct-
ing future studies regarding the photosynthetic machinery and physiology of heterokont algae
and their adaption to the marine environment.

Materials and methods
Cell cultures

Nannochloropsis oceanica CCAP 211/46 was obtained from the Culture Collection of Algae
and Protozoa (Argyll, UK), Chlamydomonas reinhardtii CC-4532 MT- from the Chlamydomo-
nas Resource Center at the University of Minnesota, and Phaeodactylum tricornutum CCMP
632 was obtained from the National Center for Marine Algae and Microbiota (East Boothbay,
ME, USA).

N. oceanica and P. tricornutum were grown on f/2 medium [63] and C. reinhardtii was
grown on TrisAcPO, (TAP) medium [64]. Pre-cultures of the algae were incubated at 18°C
and with a light intensity of 200 umol photons ms™". Before experiments, the cell cultures
were harvested and either diluted with fresh medium or up-concentrated by centrifugation to
a chlorophyll concentration of 1 ug Chl/mL in case of the 77 K spectroscopy experiments, and
20 pg Chl/mL (in case of C. reinhardtii and N. oceanica), and 40 pg Chl/mL (in case of P. tricor-
nutum) for the PAM experiments. The chlorophyll concentration used for PAM experiments
was adjusted to result in an oxygen consumption rate of approximately 15 umol mL'min* for
each organism. Additional PAM experiments were performed for Phaeodactylum with a lower
chlorophyll concentration of 0.2 pmol Chl/mL in order to be sure to avoid self-shading. In
these additional experiments, DBMIB with a working concentration of 1 uM [32] was used to
ensure a reduce plastoquinone pool. After being diluted or up-concentrated to the correct
chlorophyll concentration, the cultures were dark-acclimated for one hour prior to
experiments.

PAM experiments

The response of the photosynthetic machinery to anaerobic incubation was investigated using
a PAM fluorometer (Multi-color PAM, Walz, Germany) coupled to an oxygen-measuring
device (Oxygraph, Hansatech, United Kingdom). This setup allowed us to record variable
chlorophyll fluorescence and oxygen concentration simultaneously. A weak measuring light of
440 nm was used to assess variable fluorescence throughout the experiment, and bright light
pulses of 440 nm having a duration of 0.8 s, and a light intensity of 1600 ymol photons m2s™
of blue light, corresponding to an effective light intensity of 3200 umol photons ms™ of white
light were applied every 4 minutes. For every measurement, 2 ml of standardized cell cultures
were used. In order to analyse the fluorescence decay of the recorded induction curves, a cus-
tom written MATLAB script was used [20].

77K experiments

For the 77 K experiments, algae were exposed to three experimental conditions: (1) high light,
(2) high light in the presence of the photosystem II (PSII) inhibitor 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU), and (3) anaerobic conditions in darkness. Samples were dark-
adapted for 1 hour in aerobic conditions, before being exposed to the three experimental con-
ditions. In the high light + DCMU experiment, DCMU dissolved in water, having a concentra-
tion of 10 mM was added 1:1000 to algae samples, to a working concentration of 10 uM. The
light intensity for the high light exposure (in presence and absence of DCMU) was 1000 umol
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photons m™s™" of white light. In the anaerobic experiment, oxygen depletion was achieved by
bubbling the algae with N, gas containing 0.5% CO,. Aliquots of the algae were taken every 5
minutes in triplicate. In the high light experiments, one zero sample was taken first. Then,
another zero sample was taken after the addition of DCMU. In the high light experiment per-
formed without the addition of DCMU, two zero samples were taken at the same time points
as the zero samples without and with inhibitor were taken in the DCMU experiment. This was
done to standardize the sampling procedure. The experiment was continued for 30 minutes.
The samples were frozen in liquid nitrogen immediately and stored in liquid-nitrogen-filled
dewars before fluorescence measurements at 77K.

Fluorescence spectra at 77 K were acquired using a Jaz spectrophotometer (Ocean Optics,
USA) in a custom designed setup [65]. The software used for recording spectra was the Spec-
traSuite software (Ocean Optics, USA). A 435 nm LED served as the excitation light source,
and a long-pass filter was used to filter out the LED.

Processing of 77 K data

The fluorescence spectra recorded at 77 K were processed using custom-written MATLAB
scripts. First, the 77 K fluorescence spectra, which were recorded in triplicate for each experi-
mental condition, were base line-subtracted and normalized to the wavelength corresponding
to photosystem I (PSI) for each organism (Fig 2, PSI spectra shown in Fig 4). After base line-
subtraction and normalization, the triplicate spectra were combined and standard deviations
were calculated.

In order to generate the plots shown in Fig 3, every wavelength in the spectrum recorded at
one particular time point was divided by the same wavelength in the zero spectrum in the
same experiment, which, being aerobic and dark adapted, served as the reference sample. For
the high light experiment that contained DCMU, dark-adapted samples 5 minutes after expo-
sure to the herbicide were used to obtain the reference spectra. From these ratio spectra, the
wavelengths found to correspond to the fluorescing components present in the respective
organisms were plotted (Fluorescence ratios over time for all fluorescent components are
shown in Fig 3, while the fluorescence spectra for the individual components are shown in Fig
4).

The spectra associated with different photosynthetic components were identified by nor-
malizing all spectra in one time series to a wavelength connected to one particular component,
and subsequently subtracting one spectrum in the time series from another. Using this method
repetitively allowed us to eliminate the fluorescence contribution of one fluorescing compo-
nent at a time. To demonstrate the approach and its validity, a step-wise example of this pro-
cess is presented in S2 Fig for the C. reinhardtii experiment performed with high light. The
same procedure was performed on all 77 K datasets and resulted in resolving three spectral
components for C. reinhardtii and Nannochloropsis, and four spectral components for P. tri-
cornutum (Fig 4). The extracted spectral components were identical for all conditions for each
organism, except for a slight shift in wavelengths in the case of DCMU treatment in all
organisms.

Supporting information

S1 Fig. PAM fluorometry results for P. tricornutum cells and previously published results
for N. oceanica and C. reinhardtii for comparison. (A, B, C) Light pulse-induced maximum
fluorescence yield (normalized to Fy) for untreated and DBMIB-treated cells of C. reinhardtii
(A), N. oceanica (B) and P. tricornutum (C) in dependence of light pulse intensity. The results
for C. reinhardtii and N. oceanica have been published previously [20], and were included here
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for comparison with the newly obtained data for P. tricornutum cells at low (0.2 uM chloro-
phyll concentration). (A’, B’, C’) Chlorophyll fluorescence kinetic decay rates after light pulses
of untreated and DBMIB-treated cells of C. reinhardtii (A’), N. oceanica (B’) and P. tricornu-
tum (C’) in dependence of light pulse intensity. The previously published results for C. rein-
hardtii and N. oceanica [20] were included for comparison with newly obtained data for P.
tricornutum at low (0.2 uM) chlorophyll concentration. (A”, B”, C”) Chlorophyll fluorescence
kinetic decay rates after light pulses (1600 umol photons m s of blue light) of C. reinhardtii
(A”), N. oceanica (B”) and P. tricornutum (C”) undergoing anaerobic transition. The fluores-
cence data behind the decay rates shown in panels A”, B” and C” is shown in Fig 1.

(TIFF)

S2 Fig. Example of deduction of fluorescent components for Chlamydomonas. An example
of the procedure used to isolate the spectra of fluorescing components. The dataset recorded
for C. reinhardtii during high light treatment (A) was normalized to 675 nm (B). This is a
wavelength that is assumed to be associated with light harvesting complexes in C. reinhardtii,
and also a wavelength that is thought to be little impacted by changes in fluorescence from the
PSII core complexes. To eliminate the fluorescence contribution of light harvesting complexes,
one of the spectra in the time series was subtracted from the other. In this example, the t = 0_1
spectrum was subtracted from the other spectra, resulting in the spectra shown in (C). The
next step was to neutralize the contribution of PSII. Therefore, all spectra in (C) were normal-
ized to the local fluorescence maximum (in (C) seen as a minimum) around 687 nm, resulting
in the spectra displayed in (D). The t = 0_2 spectrum was omitted in this panel because of it
non-existent local peak at 687 nm. To compensate for the contribution of PSII to the spectra,
one spectrum was chosen to be subtracted from the other spectra. This time, the t = 15 m spec-
trum was used, resulting in the spectra in (E), now thought to only to contain spectral informa-
tion of PSI. The PSI fluorescence component can be obtained directly from (E), while the PSII
fluorescence component can be calculated by subtracting the PSI component from a spectrum
where the LHC component has already been subtracted (C, D). When both the PSI and the
PSII fluorescence spectra are known, the fluorescence spectrum of LHCs can be found by sub-
tracting a linear combination of the PSII and the PSI spectra from one of the raw spectra (A,
B).

(TIFF)

S1 Discussion of S1 Fig. Discussion of the PAM fluorometry results shown in S1 Fig.
(DOCX)

S1 Dataset. Raw data from PAM fluorescence experiments and 77 K spectroscopy experi-
ments.
(Z1P)
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S1 Fig. PAM fluorometry results for P. tricornutum cells and previously
published results for N. oceanica and C. reinhardtii for comparison.

(A, B, C) Light pulse-induced maximum fluorescence yield (normalized to FO) for
untreated and DBMIB-treated cells of C. reinhardtii (A), N. oceanica (B) and
P. tricornutum (C) in dependence of light pulse intensity. The results for
C. reinhardtii and N. oceanica have been published previously [20], and were
included here for comparison with the newly obtained data for P. tricornutum cells at
low (0.2 uM chlorophyll concentration). (A’, B’, C*) Chlorophyll fluorescence kinetic
decay rates after light pulses of untreated and DBMIB-treated cells of C. reinhardtii
(A”), N. oceanica (B’) and P. tricornutum (C’) in dependence of light pulse intensity.
The previously published results for C. reinhardtii and N. oceanica [20] were
included for comparison with newly obtained data for P. tricornutum at low (0.2 uM)
chlorophyll concentration. (A”, B”, C”) Chlorophyll fluorescence kinetic decay rates
after light pulses (1600 umol photons m-2s-1 of blue light) of C. reinhardtii (A”),
N. oceanica (B”) and P. tricornutum (C”) undergoing anaerobic transition. The
fluorescence data behind the decay rates shown in panels A”, B” and C” is shown in

Fig 1.
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S2 Fig. Example of deduction of fluorescent components for Chlamydomonas.

An example of the procedure used to isolate the spectra of fluorescing components.
The dataset recorded for C. reinhardtii during high light treatment (A) was
normalized to 675 nm (B). This is a wavelength that is assumed to be associated with
light harvesting complexes in C. reinhardtii, and also a wavelength that is thought to
be little impacted by changes in fluorescence from the PSII core complexes. To
eliminate the fluorescence contribution of light harvesting complexes, one of the
spectra in the time series was subtracted from the other. In this example, the t = 0_1
spectrum was subtracted from the other spectra, resulting in the spectra shown in (C).
The next step was to neutralize the contribution of PSII. Therefore, all spectra in (C)
were normalized to the local fluorescence maximum (in (C) seen as a minimum)
around 687 nm, resulting in the spectra displayed in (D). The t = 0_2 spectrum was
omitted in this panel because of it non-existent local peak at 687 nm. To compensate
for the contribution of PSII to the spectra, one spectrum was chosen to be subtracted
from the other spectra. This time, the t = 15 m spectrum was used, resulting in the
spectra in (E), now thought to only to contain spectral information of PSI. The PSI
fluorescence component can be obtained directly from (E), while the PSII
fluorescence component can be calculated by subtracting the PSI component from a
spectrum where the LHC component has already been subtracted (C, D). When both
the PSI and the PSII fluorescence spectra are known, the fluorescence spectrum of
LHCs can be found by subtracting a linear combination of the PSII and the PSI

spectra from one of the raw spectra (A, B).
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S1 Discussion of S1 Fig

The decay kinetics of variable chlorophyll fluorescence after light pulses
indicate recombination of an electron at Q, with the donor side of PSII. This
recombination has been shown to be dependent on the reduction state of the
plastoquinone pool [66] and independent of oxygen concentration [67]. In aerobic
conditions (S1 Fig 1A’’, B*’, and C*’), the plastoquinone pool is oxidized, and a high
recombination rate is observed. After transition to anaerobic conditions the
plastoquinone pool becomes reduced, and the recombination rates decrease, indicating
a reduced plastoquinone pool. Following this argumentation, the plastoquinone pool
is reduced during bright light pulses in C. reinhardtii (S1 Fig 1A’), while it remains
oxidized in N. oceanica (S1 Fig 1B’) and P. tricornutum (S1 Fig 1C’) during bright
light pulses, even at higher light intensities.

The saturating behaviour of the normalized maximum fluorescence yield (F.)
under different light intensities indicates that the plastoquinone pool is reduced in C.
reinhardtii at relatively low light intensities (convergence of the normalized
maximum fluorescence yields of untreated and DBMIB-treated samples, S1 Fig 1A),
while no clear saturation is achieved in N. oceanica (S1 Fig 1B) and P. tricornutum
(S1 Fig 1C). The F, for all organisms is higher in DBMIB-treated cell than in
untreated cells. This is due to the differential quenching effect of DBMIB on
minimum fluorescence yield (F,) and F, [34], where F, is preferentially quenched.
Thus, after normalization to F,, the maximum fluorescence yield is higher in DBMIB-
treated samples. In the presented experiments, DBMIB concentrations were used that
are known to inhibit electron transport through the cytochrome bjf complex in
different organisms. The DBMIB concentration for C. reinhardtii and N. oceanica
was 20 uM, while the DBMIB concentration used for P. tricornutum was 1 uM.
These differences in concentration are useful for demonstrating that the quenching
behaviour of DBMIB does not influence the F, convergence of DBMIB-treated cells

and untreated cells. If this were the case, it would be expected that F, between
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DBMIB-treated and untreated samples would be most similar in P. tricornutum,
where we see the largest difference in the data.

Together, fluorescence decay rates after light pulses, and F,values at different
light intensities indicate that the plastoquinone pool of C. reinhardtii is reduced at a
light intensity of approximately 3000 gmol photons m-s', while the plastoquinone
pool remains oxidized in N. oceanica and P. tricornutum even at higher light

intensities.

66. Diner BA. Dependence on the deactivation reactions of photosystem II on the
redox state of the plastoquinone pool A varied under anaerobic conditions;
Equilibria on the acceptor side of photosystem II. Biochim Biophys Acta.
1977;460: 247-258.

67. Laisk A, Eichelmann H, Oja V. Oxidation of plastohydroquinone by
photosystem II and by dihydrogen in leaves. Biochim Biophys Acta. 2015;1847:
565-575.
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Chlorophyll fluorescence emission spectroscopy of oxygenic organisms at 77 K
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Abstract

Photosynthetic fluorescence emission spectra measurement at the temperature of 77 K (—=196°C) is an often-used technique
in photosynthesis research. At low temperature, biochemical and physiological processes that modulate fluorescence are
mostly abolished, and the fluorescence emission of both PSI and PSII become easily distinguishable. Here we briefly
review the history of low-temperature chlorophyll fluorescence methods and the characteristics of the acquired emission
spectra in oxygen-producing organisms. We discuss the contribution of different photosynthetic complexes and
physiological processes to fluorescence emission at 77 K in cyanobacteria, green algae, heterokont algae, and plants.
Furthermore, we describe practical aspects for obtaining and presenting 77 K fluorescence spectra.

Additional key words: fluorescence; low temperature; photosynthesis.
Introduction

Historical background

“Chlorophyll fluorescence is red and beautiful” (Govindjee
1995) and has fascinated researchers for a long time (see
reviews by Govindjee 1995, 2004). Chlorophyll (Chl)
extracts prepared from leaves possess a very intense red
fluorescence that caught the attention of Brewster in the
1830’s (Brewster 1834). Correlations between the weaker
in vivo Chl fluorescence emission and photosynthetic
performance have been suggested (Miller 1887, as
referenced by Govindjee 1995, 2004), but Kautsky and
Hirsch were the first to unambiguously relate Chl
fluorescence yield to the rate of photosynthesis (Kautsky
and Hirsch 1931). The utility of Chl fluorescence for
exploring photosynthesis was consequently demonstrated
in many different photosynthetic organisms. Many
breakthroughs in our understanding of photosynthesis are
the result of researchers’ creativity to develop techniques

to resolve the spectral and temporal characteristics of Chl
fluorescence in intact photosynthetic systems and by
purifying individual components thereof.

One Chl fluorescence-based technique, which has been
widely adopted, was developed by Seymour Steven Brody
while working on his Ph. D. in the Rabinowitch laboratory
at the University of Illinois at Urbana Champaign (Brody
1958, Rabinowitch and Govindjee 1969). It had been
previously demonstrated that lowering the temperatures
sharpens spectral characteristics, such as absorption and
fluorescence, due to the loss of intramolecular vibrations.
However, the improved spectral resolution was not the
primary motivation for Brody to investigate fluorescence
characteristics of the green algae Chlorella at liquid
nitrogen temperatures. Brody wanted to eliminate bio-
chemical and physiological processes (Hirsch and Rich
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2010), and thereby gained direct insights into excitation
and electron transfer processes involved in photosynthesis
using Chl fluorescence as a reporter. Around the same time
during which Brody investigated fluorescence emission by
the green alga Chlorella (Brody 1958), Litvin and
Krasnovsky (1957) investigated fluorescence emission of
plant material at 77 K.

One immediate finding of these measurements was that
in addition to the main Chl fluorescence band at 685 nm,
which is readily observed at room temperature, a second
emission band with peak intensity at 720 nm becomes
more prominent at lower temperatures (Fig. 1) (Brody
1958). Frederick Cho and Govindjee demonstrated that at
even lower temperatures - at liquid helium temperatures (4
K) (Rabinowitch and Govindjee 1969, Cho 1970a, b, Cho
and Spencer 1966) a third emission band at 695 nm can be
separated (Fig. 2).

FLUORESCENCE INTENSITY

1 1 1
650 675 700 725 750
WAVELENGTH [nm]

0 L
600 625

Fig. 1. Chlorophyll fluorescence emission by Chlorella cells at
room temperature and —193°C. The original figure legend:
,.Fluorescence spectra of Chlorella at room temperature (crosses)
and —193°C (open circles). The fluorescence intensities indicated
are the same for both curves. The decrease in fluorescence yield
at 690 mp is probably due to the increased scattering of the
exciting and fluorescent light”.

Remarks: The fluorescence yield at 690 nm is expected to be
about two times larger at —196°C compared to room temperature
fluorescence yield, as suggested by Brody in the original figure
legend. The term my is a historical notation that is equivalent
with nanometer (nm).

This publication represents the first report of the increased long-
wavelength chlorophyll fluorescence emission at 77 K, which has
been established to be mainly associated with PSI.

Data was digitized from Brody (1958).
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Fig. 2. Chlorophyll fluorescence emission of Chlorella
pyrenoidosa as a function of temperature

(4): Chlorophyll fluorescence emission at specific wavelengths
as a function of temperature in Chlorella pyrenoidosa as a
function. The excitation light wavelength was 400 nm. The
original figure legend: “Emission at 685 mp (F685), at 696 mu
(F696), and at 760 mp (F738; also referred to as F720 in the text)
as a function of temperature (—196 to 20°C).” Panel B has been
digitized from Cho et al. (Cho et al. 1966).

(B): Chlorophyll fluorescence emission spectra of Chlorella
pyrenoidosa as a function of temperature (269, —247, -233,
-218, —196°C). Excitation light wavelength was 485 nm. The
original figure description: “Fig. 1. shows the emission spectra
measured in the 680—720 mp range for several temperatures
(269, 247, -233, -218, and —196°C). Upon warming the
sample, a shift from 695 mp to 699 mp in the location of the peak
of the “F697.5” band is noticeable. As the temperature decreases
from -196 to -269°C, the fluorescence increases steadily. The
total intensity at —269°C is about 2 times that at —196°C. The
profile of the fluorescence spectrum at —196°C shows clearly the
F689, F697.5, and F725 bands; at —269°C, the F689 appears as a
very sharp band and it dominates both F697.5 and 725, the
F697.5 band shows only as a shoulder at —269°C” Panel A4 has
been digitized from Govindjee and Yang (1966).

Remarks: The term my is a historical notation that is equivalent
with nanometer (nm). This figure was used to demonstrate that
the 738 nm (PSI) emission band is not a reabsorption artifact.

Associating these fluorescence emission bands with
the concept of two types of photosystems (PSI and PSII)
(Emerson 1957, Govindjee et al. 1960, Govindjee 1963) as
part of the Z-scheme of photosynthesis, was achieved by
the work of a community of researchers (reviewed by
Govindjee and Bjorn 2017). So it was recognized that in
red algae, which have a spectrally distinct light-harvesting
system, preferentially exciting these light-harvesting sys-
tems, the phycobilisomes, increases the fluorescence
emission at 685/695 nm (Krey 1966). Exciting Chl b in
higher plants also increased the fluorescence at 685/695 nm,
thus suggesting that Chl b-containing light-harvesting



systems are associated with PSII (Govindjee and Yang
1966, Rabinowitch and Govindjee 1969). Fractionation of
spinach thylakoids into PSlI-enriched and PSI-enriched
fractions confirmed the assignments of Chl fluorescence
emission bands at 685/695 nm to PSII and the emission
band at 720 nm to PSI (Boardman et al. 1966).

That the number of light-absorbing pigments
associated with PSI and PSII can be modulated in a
physiologically relevant manner was shown by Murata
(1969, 1970), in red alga using 77 K Chl fluorescence
measurements. These “state transitions,” are not unique to
red algae, but have also been observed in other organism
groups. Bonaventura and Myers (1969) showed dynamic
adjustment of energy distribution between the photo-
systems in a green alga using room temperature fluores-
cence paired with oxygen measurements. However, 77 K
Chl fluorescence emission measurements are by now the
preferred method to establish changes in the association of
light-harvesting systems between the two photosystems in
green algae and plants (Goldschmidt-Clermont and Bassi

Physical background

Excitation of molecules

When molecules interact with light, the energy contained
in the photons can be used to transfer an electron to an
energetically higher orbital, thus generating a molecule in
an excited state. Molecules with an extended conjugated
system of bonds are likely to interact with photons in the
visible spectrum. All Chls possess extended conjugated
bond systems and interact with photons centered at two
wavelengths that represent the first and second excited
state of the Chl. The absorption band at higher energy is
often termed “the blue absorption band”, “B band”
(consisting of several states) or “Soret band”, whereas the
lower energy absorption band can be referred to as the “red
absorption band” or the “Q band” (consisting of two states,
Qy and Qy) (Gouterman et al. 1963) (Fig. 3).

An excited Chl can return to the ground state through
dissipating of the energy difference between excited state
and ground state through different modes, which compete
with one another. The second excited state of Chls is
converted efficiently to the first excited state, and the
energy difference is released as heat. The energy of the
first excited state is either transferred to another pigment,
or converted into: (/) heat, (2) chemical energy by driving
charge separation, (3) a long-lived triplet state through a
reversal of the spin of the electron, or (4) the emission of a
photon. The energy of the emitted photon corresponds to
the energy difference between the lower vibronic sublevels
of the first excited state and ground state. This “Stokes-
shifted” photon is the fluorescence that is the basis of many
spectroscopic techniques, including 77 K fluorescence
emission analysis.

The fluorescence characteristics of photosynthetic
machinery is dependent on the emission characteristics of
individual Chls and the cooperative excitation-coupling

77 K CHLOROPHYLL FLUORESCENCE EMISSION

2015, Minagawa 2011).

We use the term “77 K Chl fluorescence” in this review
article, as the majority of researchers currently uses this
expression. It is derived from the fact that the boiling point
of liquid nitrogen under standard conditions is 77.355 K
(195.795°C). However, several expressions have been
used more frequently in the past, including “Chl fluores-
cence at liquid nitrogen temperatures” and “Chl fluores-
cence at —196°C”.

We have limited this review to steady-state fluores-
cence emission at 77 K and discuss the underlying physical
processes, spectra, and its components. In addition to
steady-state Chl fluorescence measurements at 77 K, many
powerful techniques that use low-temperature Chl
fluorescence emission have been developed, including
time-resolved techniques (Strasser et al. 2004). Our focus
here is on the physiological interpretation of information
obtained from 77 K Chl fluorescence spectra. For this, we
provide a visual overview of spectral features and
physiological responses in different organism groups.

network these Chl form. A single Chl molecule possesses
a fluorescence emission band, which reflects the transition
from the first excited state to the ground state (Clayton
1980). This fluorescence band around 685 nm is broadened
at room temperature as vibronic sublevels with higher
energy are populated. Energy levels of excited states of
individual Chls are also influenced by the protein and lipid
environment that a Chl experiences. In vivo, the second
broad fluorescence emission band around 735-740 nm is
thought to be due to an increased emission wavelength
through self-absorption at shorter wavelengths (Franck
etal.2002).

The overall emission of photosynthetic systems is a
combination of main and vibronic sublevel emission,
environment of individual Chls, and the energetic
landscape of the Chl collective. For example, in plants,
Chls associated with the PSII reaction center fluoresce at
685 and 695 nm — due to the main transition emission, and
around 735-740 nm — due self-absorption enhanced fluo-
rescence in this region. In intact PSII, Chls in the
peripheral antennae, when isolated fluoresce at 680 nm,
are coupled efficiently to the Chls within the PSII reaction
center. Thus, only a small amount of 680 nm fluorescence
emission is observed in intact systems, as the low energy
Chls within the PSII reaction center (with a main emission
at 685 and 695 nm) emit fluorescence. Furthermore,
fluorescence emission from vibronic sublevels of Chls
within the peripheral antennae and reaction center is
emitted as a broad band centered at 730 nm. PSI has
additional fluorescence emission that combines with that
of PSII, light-harvesting complexes, and vibronic sublevel
emission to generate the combined fluorescence emission
pattern of an organism (Fig. 4).
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Fig. 3. Diagram relating the energy levels with the absorption
spectrum and the fluorescence of chlorophyll (Chl) a. The data
on energy levels in Chl @ was obtained from Frank et al. (1994),
absorption data for Chl a was obtained from Chen and
Blankenship (2011), and the fluorescence data was retrieved
from http://omlc.org/spectra/PhotochemCAD/html/122.html.

Table 1 gives an overview of major emission bands
observed in various photosynthetic materials.

Excitation transfer

In whole, intact photosynthetic systems, Chl fluorescence
represents a tiny fraction of all excitation energy captured
by pigments in intact photosynthetic organisms, as energy
is efficiently channeled into charge separation (Hillier and
Babcock 2001). The bulk of the light-absorbing molecules
in known photosynthetic organisms — except Heliobacteria
— are not positioned within the photosynthetic reaction
centers, but in separate peripheral light-harvesting sys-
tems. Light energy, absorbed by pigments in these light-
harvesting systems is transferred via other pigments within
the light-harvesting system (Forster 1965, Sener et al.
2011) to the reaction center antennae and finally to the
reaction center core, where the excitation energy is used to
accomplish a charge separation event.

Pigments
Oxygenic organisms employ three main classes of pigments
for light harvesting: Chls, phycobilins, and carotenoids.
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Fig. 4. Chlorophyll fluorescence emission spectra of spinach
thylakoids at 77 K and decomposition in Gaussian components.
A typical fluorescence emission spectrum with Gaussian
decomposition representing known fluorescence emitters from
spinach. The main components represent Feso (LHCII), Fess
(CP47/CP43), Feos (CP47), Fro0 (aggregated LHCII trimer), F720
(PSI core complex), and F73s (LHCI). This figure has been
digitized from Yamamoto et al. (2013), and a modified legend
has been provided.

Chls and phycobilins possess a large absorption cross-
section and are very fluorescent — features that make them
well suited to participate in the Forster-type exchange of
excitation. Indeed, the consortia of Chls (i.e., the light-
harvesting systems of plants) and phycobilins (i.e., phyco-
bilisomes, the light-harvesting system of cyanobacteria)
are very efficient in channeling excitation to the Chl-
containing reaction centers.

Carotenoids absorb light efficiently between 450—
550 nm and display tiny fluorescence yields (Frank et al.
2006). Thus, the efficient excitation transfer between
carotenoids and Chls cannot be understood by a Forster-
type excitation transfer theory. Instead, energy transfer
between carotenoids and Chls may be understood to be
mediated by the singlet—singlet excitation energy transfer
process (Owens 1992, Young and Frank 1996). Table 2
gives an overview of common pigments found in various
organisms.

Fluorescence emission spectroscopy

A way to assess the interaction of light-harvesting systems
with the reaction centers is to expose a sample to mono-
chromatic light centered on a specific pigment absorption
maximum and monitor the fluorescence emission. In
cyanobacteria and red algae, phycobilins have an
absorption spectrum that is distinct from the Chls of the
reaction centers. For this reason, many early insights into



photosynthesis were obtained in phycobilin-containing
organisms. Alga and plants expand the range of absorbed
photons with Chls b and ¢, which are distinct from the
Chl a of the reaction centers. The association of light-
harvesting systems with the reaction centers can, therefore,
be probed by exciting the light-harvesting system
pigments and monitoring the fluorescence emission that is
specific for PSII and PSI.

Room temperature fluorescence emission of plants

In whole, intact photosynthetic systems, only 1-2% of
excitation energy captured is lost as fluorescence
(Maxwell and Johnson 2000). At room temperature, PSII
emits 90% of fluorescence while PSI contributes the
remaining 10% (Govindjee 1995). Due to the low room
temperature fluorescence emission of PSI compared to
PSII, the overlapping fluorescence spectra of the main
fluorescence emission band of Chls associated with PSI,
and vibronic emission of Chls associated with PSII around
720-730 nm (Franck ez al. 2002), it is difficult to assess
the magnitude of PSI fluorescence emission. Another
factor that makes the assignment of fluorescence to PSI
and PSII difficult at room temperature is the modulation of
fluorescence yield due to the reduction state of the electron
acceptors within the photosystems. The prime modulator
of overall Chl fluorescence at room temperature is the
reduction state of the first stable electron acceptor of PSII,
a quinone named Qa (Duysens and Sweers 1963). In
contrast, there is almost no modulation of PSI fluorescence
yield by the reduction state of the electron acceptors of PSI
at room temperature, which is due to the efficient
quenching of excitation by P700" (Dau 1994a, b).

Fluorescence at low temperatures

Fluorescence emission spectra at 77 K offer a key advan-
tage over room temperature measurements, as modulation
caused by physiological acclimations and biochemical
reactions are eliminated. Compared to room temperature,
the 77 K fluorescence yield of the PSII core complex is
about two times higher, and fluorescence yield of PSI
increases by a factor of around 20 (Mukerji and Sauer
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1988, Dekker et al. 1995), thus PSII and PSI fluorescence
signatures become discernable from each other.

Electron transport reactions, apart from those involved
in primary charge separation and charge stabilization
within the photosystems, are inhibited at 77 K. Electrons
accumulate on the acceptor side of PSII, and on the
acceptor side of a fraction of PSI (Sétif er al. 1984,
Schlodder et al. 1998) after brief illumination, and remain
at the electron acceptors, even during low-intensity
illumination, such as applied during the collection of
fluorescence emission spectra. However, when samples
are dark-adapted and remain unexposed to light after being
frozen freezing at 77 K, fluorescence yield changes upon
illumination at 77 K reflecting the electron transport within
the reaction centers (Ley and Butler 1980). Lowering the
temperature to 77 K also leads to a decrease in energy and
thus electrons occupy lower vibrational levels, reflected by
a sharpening of the fluorescence emission band compared
to room temperature. Excitations are more likely trapped
on the longer wavelength Chls, as the energy of the
vibrational ground state is higher in the shorter-
wavelength Chls. Thus, at temperatures lower than 77 K,
more fluorescence within PSII is emitted at 695 nm (in
addition to 685 nm), PSII and PSI fluorescence emission
shifts to longer wavelengths, and emission of additional
low energy pigments increase. For example, in plants
fluorescence of Chls in LHCII complexes (Rabinowitch
and Govindjee 1969, Cho and Spencer 1966) are thought
to trap excitation below liquid nitrogen temperature
increasingly, thereby contributing to fluorescence emis-
sion at 680 nm (Rijgersberg et al. 1979).

Having a discernible PSI-specific fluorescence signal
enables the investigation of the association of light-
harvesting systems with PSI or PSII, by exciting pigments
(such as Chl b, ¢, carotenoids, and phycobilins) that are
preferentially located in the peripheral light-harvesting
systems. Furthermore, direct excitation of Chl @ and the
resulting fluorescence emission patterns can be used to
determine the stoichiometries of the photosystems
(Murakami 1997), and has provided major insights into
physiological adaptations of photosynthetic organisms.

Technical and practical aspects for 77 K fluorescence measurements

Several methodologies have been developed to obtain
77 K fluorescence spectra with a variety of instruments
and sample preparation procedures. The following section
contains an overview of these techniques and procedures.

Fluorometer and measurements

In a fluorometer that is capable of quantifying fluorescence
emission, monochromatic light is used to excite a sample
at the desired wavelength. The fluorescence is detected at
an angle of 90° to the incident excitation beam. The
illumination and detection wavelength can be modulated
by optical filters in combination with monochromators.
For obtaining 77 K fluorescence emission and excitation

spectra, instruments that use monochromators in combi-
nation with full spectrum excitation light sources and
photomultiplier tubes have traditionally been used (Hipkins
and Baker 1985). However, for obtaining fluorescence
emission measurements, a less costly instrument that uses
LEDs as an illumination source and a CCD-array spectro-
meters can also be employed (Lamb ez al. 2015; Fig. 5).
To obtain useful spectral data that lacks artifacts, care
must be taken to avoid spectral distortions by self-shading
(see Fig. 6) (Govindjee and Yang 1966, Weis 1985). A
dilution series of the sample can be used to find the
concentrations where spectral distortions occur. Com-
paring these dilution spectra reveals that self-shading
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Table 1. Assignment of fluorescence emission signals at 77 K.

Band assignment  Origin of 77 K fluorescence

Key reference

Feao phycoerythrin
Feas phycocyanin
Feeo allophycocyanin
Feso LCM,
Lhca, Lheb, Lhef (Lhev), Lhxr, RedCLH
Fess PSII core: CP43, IsiA
Feos PSII core: CP47
Fr10-720 Lhc aggregates
F720-760 PSI reaction center antenna (cyanobaceria)

PSI peripheral antenna (plants)
chlorophyll vibronic sublevels

Sobiechowska-Sasim et al. 2014
Sobiechowska-Sasim et al. 2014
Sobiechowska-Sasim et al. 2014
Rijgersberg et al. 1979

Andrizhiyevskaya et al. 2005
Andrizhiyevskaya et al. 2005
Yamamoto et al. 2013
Karapetyan et al. 2014

Table 2. Distribution of photosynthetic pigments. 'Many
cyanobacterial species contain Chl @ as their only chlorophyll-
type pigment. *Heterokont algae.

Bilins Chla Chlb Chle Chldf
N Al A1

Cyanobacteria \
Red algae \
Diatoms?
Eustigmatophyta?
Brown algae?
Dinoflagellates?
Cryptomonads \
Green algae

Plants (Viridiplantae)

L 2L 22222 2
2 2 2 <

Fig. 5. Custom-built fluorometer. Images of a custom-built
instrument setup published by Lamb et al. (2015). During data
acquisition the instrument is covered by a black cloth, which has
been omitted to show the setup. A: Dewar that holds the samples
immersed in liquid nitrogen. The dewar part that orientates the
sample in regards to the LED and detection fiber is supported by
a white piece of plastic at the bottom, B: a 3D-printed housing,
C: an excitation LED, D: a long-pass filter, and E: an optical fiber
detector (at right angle to excitation LED). (Lamb ef al. 2015).

leads to decrease in fluorescence yield of the bands
associated with PSII (685/695 nm) compared to the PSI

band, and a red shift of fluorescence emission spectra.
With the sensitivity of modern instruments, compromises

110

200

between spectra quality and signal-to-noise levels are
unlikely to occur, but strategies and models for com-
pensating for unavoidable self-absorption artifacts in
tissues have been developed (Cordon and Lagorio 2006).

Optical filters can be employed to avoid spectral
artifacts that are inherent to the optical components of the
instruments and the characteristics of the sample. A
(narrow) band pass filter can be used to eliminate stray
light that has been transmitted by the excitation mono-
chromator. Another artifact that can be removed by
inserting a (narrow) band pass filter is the elimination of
photons due to harmonic transmission by the excitation
monochromators (i.e., photons with 1.5-times the exci-
tation wavelength and 2-times the excitation wavelength
may also pass the monochromators). This 1.5-times
wavelength harmonic is of relevance when Chl is exited by
435-nm light (resulting in an artefactual peak at 652.5 nm),
whereas the 2-times wavelength transmission artifact is of
relevance if Chl is excited in the UV part of the spectrum.

Furthermore, a long-pass filter can be used to avoid
excitation light, which is scattered by the sample, from
entering the detector (Lakowicz 1983a, b).

Data processing of fluorescence spectra

Before measurements are reported, it is necessary to
correct the spectra, and explicitly state the measuring
configuration used. Corrections to spectra are necessary
due to spectral features of the illuminating light source, as
well as the spectral response of the detector used. Useful
instructions and background for obtaining corrected
spectra have been provided before (Lakowicz 1983a,b;
Hofstraat et al. 1992).

A feature of most Chl fluorescence data is that they are
reported in “relative fluorescence units.” The reason that
most of the time non-quantified spectra, which report the
fluorescence yield per absorbed photon, are reported, is the
impracticality imposed by the lack of suitable equipment,
as well as differences in the optical properties of samples,
including scattering. Other factors that limit quantitative
reporting of Chl fluorescence are changes in optical
properties of the samples due to freezing, and difficulty in
attaining reproducible orientation of the sample within the



RELATIVE FLUORESCENCE INTENSITY

0 1 1 1 1 1
650 675 700 725 750 775 800
WAVELENGTH [nm]

Fig. 6. Chlorophyll fluorescence emission of chloroplast frag-
ments as a function of chlorophyll concentration. The original
figure legend: “Emission spectra at —196°C of chloroplast
fragments of spinach showing the effect of using different
concentrations of chloroplasts. Exciting wavelength is 430 mp.
Further information from the text explaining the data: “The
concentration is expressed on the graphs in per cent absorption at
680 my, ranging from about 100°-~ to 2%. These experiments
show that reabsorption of the 696 mp and 685 mp emission bands
is insignificant at less than 5%~ absorption at 680 mp, but
becomes significant at the higher concentrations. Thus, the 738
mp band must be a "real" band (i. e. not due to reabsorption of
the main band). (Further quantitative investigation is, however,
required because our present data have not been corrected for
reabsorption within a single chloroplast fragment.)”

This figure has been digitized from Govindjee and Yang (1966).
Remarks: The term my is a historical notation that is equivalent
with nanometer (nm). This figure was used to demonstrate that
the 738 nm (PSI) emission band is not a reabsorption artifact.

used dewar. One way of standardizing the fluorescence
measurements is the inclusion of a known quantity of
fluorescent dye. The emission spectra of the included dye
can then be used to normalize spectra against each other
(see section on fluorescein below).

Dewars and cryostats

The dewar is at the heart of 77 K fluorescence measure-
ments as it maintains the sample at low temperatures.
Named after its inventor Sir James Dewar, a dewar is a
specialized vacuum flask that houses low-temperature
liquids, such as nitrogen or helium. For 77 K fluorescence
measurements, the dewar takes the form of an open vessel,
where a vacuum separates two glass walls. The dewar
consists of a larger reservoir that houses the majority of
liquid nitrogen and a thinner extension, which orientates
the sample within the fluorometer. Samples that have
already been frozen in liquid nitrogen are transferred to the
dewar and maintained at a temperature of 77 K for the
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duration of the measurement. Dewars that have been
designed to hold tubes for EPR experiments and other
spectrophotometric measurements are commercially
available. However, researchers who are lucky enough to
have access to a good glassblower may find custom-
designed dewars to be a cheaper alternative.

In addition to the relatively simple dewar-based setup,
which can be adapted to many fluorometers, highly
sophisticated instruments that interface with a defined
suite of devices is also available. These instruments use
cryostats, which allow precise temperature control down
to liquid helium temperatures (4°C) and have optical
interfaces for specific instruments or fiber optics.

Sample tubes

Unlike the situation for spectrophotometers, no standard-
ized optical path length is used for 77 K experiments. In
some laboratories, dewars made for EPR experiments are
used, and thus matching EPR tubes with an inner diameter
of 3—5 mm are used for measurements. An alternative to
these commercial, closed-end tubes is an open-ended tube
design, which provides a very cost-effective and practical
alternative. The liquid samples can enter the tube by
simply lowering the tube into the sample liquid. Once the
tube is filled with the desired amount, the user seals the
tube using their thumb and then freezes the sample in
liquid nitrogen. The frozen liquid may escape from an
open tube during measurements, and it is good practice to
measure Chl fluorescence without a sample to assess
contamination. In our experience, contamination does not
occur even after measuring up to one hundred tubes. The
real advantage of the open tube design is the ease of
cleaning the tube so they can be reused continuously.
When tubes are stored in a liquid nitrogen dewar for a long
time, a film of ice can form, which should be removed with
tissue paper, before inserting the sample into the dewar for
measurements.

Fluorescein

An approach to compare the amplitude of fluorescence
spectra is to introduce a fluorescent molecule to the sample
at a known concentration. This allows the spectra from
different samples to be normalized irrespective of their
sample preparation properties, thus providing a quanti-
tative insight into the changes between samples. One such
molecule that can be included in the sample is fluorescein
(Sjoback et al. 1995). When light is used to excite Chl a, it
has an excitation maximum between 435-460 nm, and this
light also excites fluorescein. The emission maximum of
fluorescein is then observed at 508 nm (El Bissati et al.
2000), 545 nm (Walters and Horton 1991), or 535 nm
(Krause et al. 1983, Krause and Weis 1984).

Glycerol
Glycerol has frequently been added to samples before

freezing to 77 K as a cryoprotectant. This treatment
reduces the formation of ice crystals during the freezing
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procedure, therefore reducing damage to the sample and
preventing light scattering. Unfortunately, glycerol treat-
ment has been found to alter 77 K spectra in cyanobacteria
(Mullineaux 1994) by reducing the affinity of phyco-
bilisomes to PSII, resulting in increased fluorescence
emission by the phycobilisomes (Mullineaux 1994). A
detailed study on the effect of glycerol on the photo-
synthetic machinery of the cyanobacterium Spirulina
platensis (Li et al. 2007) revealed that glycerol weakens
energy transfer of the terminal phycobilisome emitter
(Lcm) to the reaction center of PSII as well as interfering
with energy transfer between phycobilins.

Sample preparation

Samples for measurement of fluorescence at 77 K can
either be suspensions, such as algae, extracted thylakoids,
and chloroplasts, or photosynthetic tissues, such as whole
leaves. Dependent on the sample type, different sample
preparation methods for measurements at 77 K have been
developed. For standardization, samples are diluted or
concentrated to the same Chl concentration. This concen-
tration must be low enough to avoid self-shading of exci-
tation and re-absorption of the emission light, yet high
enough to obtain a high signal to noise ratio.

Cell suspensions and thylakoids

The fluorescence emission of many single-celled orga-
nisms can be measured in their respective growth medium.
However, some cyanobacteria and alga accumulate
fluorescent molecules within their growth medium, and
thus washing with fresh culture medium may be required.
When cells are spun down for washing with the fresh
medium, it is crucial to develop a rapid procedure to do so,
as prolonged exposure to new conditions, such as the
absence of light within the centrifuge or changes in pH
may elicit a physiological response. A physiological
response that has severe consequences for Chl fluores-
cence within a short period is anaerobic incubation
(Hohmann-Marriott et al. 2010) that can rapidly occur
within cell pellets.

Thylakoids of cyanobacteria, algae, and plants contain
the photosynthetically active protein complexes. For some
experiments, it is desirable to remove the thylakoids from
the organisms to control physical conditions, such as pH
and the concentrations of ions, and to administer artificial
electron donors and acceptors. Isolated chloroplasts and
thylakoid membranes can be stored (Farkas and Malkin
1979) in the freezer. Once isolated and resuspended in
their buffered media, samples can be inserted directly into
sample tubes and frozen using liquid nitrogen, and are
ready for 77 K fluorescence analysis. An alternative to
freezing cells and thylakoids within the medium is to soak
these samples up within filter paper and then rapidly freeze
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the sample by plunging it in liquid nitrogen. The resulting
samples can then be treated like leaf tissue.

Photosynthetic tissues

For the photosynthetic tissue of multicellular organisms,
such as plants and macroalgae, sample preparation differs
from that of unicellular organisms. Leaf disks can be
prepared readily and inserted into a dewar. However, the
orientation of the tissue is a crucial parameter, as is the
case for plant leaves, where the upper and lower side of the
leaves have different spectroscopic properties (Bjorkman
and Demmig 1987). Therefore, a tissue sample must have
a known orientation that is stable during measurements.
Due to the high Chl concentration, there is substantial self-
shading in most intact photosynthetic tissues. To overcome
self-shading, Egelbert Weis developed a method that
dilutes the Chl concentration within tissues to a lower
concentration (Weis 1985). For this, the tissue sample is
ground up in a liquid nitrogen-cooled mortar, and water
(Pfundel and Pfeffer 1997) or quartz (Weis 1985) is added
to dilute the sample. The ground sample is then inserted
into a closed, cooled glass tube with a small diameter. The
original description of the method for “diluted leaf
powder” (Weis 1985) also demonstrates the spectral shifts
of fluorescence emission spectra that occur due to
self-shading.

Processing of 77 K fluorescence emission data
Recorded raw 77 K fluorescence spectra are usually
processed, before presenting them in publications, in order
to remove artifacts. After compensating spectra for light
source and instrument response curves (see ‘“Data
processing section”), remaining artifacts arise from the
fluorescence of the medium the samples are suspended in,
and scattering. Recording of media fluorescence emission
spectra can be used to compensate for these artifacts.
Spectral features of the medium that fall outside the
fluorescence spectra of the sample can be used to scale the
medium fluorescence and subtract it from the sample
spectrum. Some bacteria and algae produce fluorescent
molecules that accumulate in the medium. The fluo-
rescence of these molecules together with scattering
artifacts can form a broad spectral band that extends into
the Chl fluorescence spectra. This spectral band can often
be effectively subtracted from the Chl fluorescence
spectrum by an exponential or Gaussian function. These
functions can be anchored at a wavelength were no, or very
little Chl fluorescence is expected, which is usually at 800
nm or 850 nm in oxygenic organisms. Adjusting the
fluorescence level at 850 nm to zero, even without the
subtraction of a logarithmic function for artifact removal,
is often performed to display data in figures.
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77 K fluorescence emission of isolated complexes and organisms

Photosystems

The dominant room temperature fluorescence emitted by
PSII, together with its variability, has been an early focus
of spectral analysis in photosynthesis research. The insight
that two photosystems are working in concert in oxygenic
photosynthesis (Rabinowitch and Govindjee 1969) lead to
a hunt for the fluorescence signal that is emitted by the
second type of reaction center. Fluorescence measurement
at 77 K played a crucial part in establishing the identity of
the second type of photosystem we now know as PSI. The
discovery and miss-assignments of Chl fluorescence
signals have been reviewed by Govindjee (2004) and
Strasser et al. (2004).

Photosystem II

In this section, we focus on the fluorescence emitted by
PSII. As PSII is associated with different light-harvesting
systems in different organisms, we only discuss the
fluorescence characteristics of the PSII reaction center
antennae that contain Chl @, which are well established.
There remains uncertainty about a functional assignment
within PSII in Chl d-containing Acaryochloris species, as
well as Chl d- and f~ containing cyanobacteria capable of
red light photoacclimation (FaRLiP) (Gan et al. 2015). The
77 K spectra of Chl d- (Miyashita et al. 1996) and Chl f-
(Chen ef al. 2012) containing PSII are discussed in details
in the original literature.

PSII is composed of the reaction center core and the
reaction center antenna. The PSII reaction center core
houses 6 molecules of Chl a, and 2 S-carotenes, 2 phaeo-
phytins, and 2 quinones are associated with D1 (PsbA) and
D2 (PsbD). Four of these Chls are part of the special set of
Chls that mediates charge separation, while the remaining
2 Chls energetically couple the special set of Chls to the
reaction center core antenna. The 32 Chl @ molecules, and
6 p-carotenes, which make up the core antennae pigments,
are housed in the proteins CP43 (PsbC) and CP47 (PsbD).
The absorption and fluorescence spectra of isolated CP43
and CP47 (Fig. 74,B) and isolated PSII (Fig 7C,B) reaction
centers of plants and cyanobacteria are very similar
indicating a very stringent conservation through evolution.

At room temperature, PSII emission originates pre-
dominantly from Chls fluorescing at 695 nm. Upon further
cooling to 77 K, a distinct fluorescence at 685 nm also
gains prominence. The emission at 695 nm was early on
correctly assigned to be emitted by Chls within PSII
(reviewed by Govindjee 2004). The fluorescence emission
at 685 nm, however, was first thought to emanate from the
antenna complexes of plants (reviewed by Strasser et al.
2004). This fluorescence emission was later also assigned
to the PSII reaction center antenna proteins CP43
(Rijgersberg et al. 1979) and CP47 (Nakatani ef al. 1984).
More recent studies on isolated plant PSII particles
(Andrizhiyevskaya et al. 2005) confirm the association of
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Fig. 7. Fluorescence emission from PSII, isolated PSII and CP43
and CP47 from cyanobacteria and plants. Fluorescence emission
spectra of CP43 (black) and CP47 (red) (A) excited at 488 nm,
isolated PSII that contains a histidine-tag, (B) excited at 435 nm
from the cyanobacterium Synechocystis sp. PCC 6803. Fluores-
cence emission spectra CP43 (black) and CP47 (red) (B) excited
at 488 nm, and isolated PSII (D) excited at 435 nm from plant
Arabidopsis thaliana. The fluorescence spectra have been
digitized from Boehm et al. (2011) (4, C), Liu et al. (2011), and
Irrgang et al. (1988) (D).

695 nm emission with CP47, but indicate that the 685 nm
emission arises from fluorescence emitted by both CP47
and CP43 at 77 K. Compared to room temperature, the
fluorescence emission by PSII increases by a factor of
about two when cooled to temperature of 77 K. At this
temperature, PSII still contributes to long wavelength
fluorescence, which overlaps with PSI fluorescence
emission at 720/740 nm (Butler 1977).

PSII assembly and repair

The de novo assembly of PSII subunits is a fascinating
topic (Eaton-Rye and Sobotka 2017) that also informs our
understanding of the evolution of photosynthesis (Cardona
2016). In both cyanobacteria and plants, the assembly of
PSII begins with binding of cytochrome bsso to the D2
subunit in the thylakoid membrane, forming the D2 pre-
complex (Komenda e al. 2012, Nickelsen and Rengstl
2013). The D1 pre-complex is then bound, resulting in the
heterodimeric reaction center pre-complex. Addition of
the CP47 pre-complex to the heterodimeric reaction center
pre-complex forms the RC47 complex (Boehm et al.
2012). The CP43 core antenna also forms a pre-complex
with other subunits that bind to the RC47 complex.
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Repair of damaged PSII shares common features with
the assembly of PSII (Jarvi et al. 2015). Damage to PSII
reaction centers by light often affects D1 and results in the
removal and consequent degradation of the damaged D1
protein (Komenda et al. 2012, Mulo et al. 2012). The
repair of the damaged PSII involves the synthesis and
insertion of a new D1 polypeptide into the PSII complex
(Kyle et al. 1984, Jarvi et al. 2015). This repair mechanism
allows minimal energy expenditure during this process
(Nixon et al. 2005, Takahashi and Badger 2011). Sub-
complexes can be characterized by the presence or absence
of fluorescence signal specific for the CP43 and CP47. In
addition, increased fluorescence yield of peripheral light-
harvesting complexes indicates that the assembly is not
well coordinated or that PSII is damaged. Fluorescence
spectroscopy at 77 K has provided valuable insights into
the assembly and repair of the photosynthetic machinery
(McCormac et al. 1996, Mysliwa-Kurdziel et al. 1997,
Komenda et al. 2012, van Wijk et al. 1995).

RELATIVE FLUORESCENCE
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Fig. 8. Fluorescence emission from isolated PSI and PSI super
complexes from cyanobacteria and plants. The fluorescence
emission spectra (excited at 440 nm) of isolated PSI (black),
isolated CP43” and (blue) isolated CP43’-PSI supercomplex
(red) of the cyanobacterium Synechocystis PCC 6803 are shown
in panel 4. The fluorescence emission spectra (excited at 440 nm)
of isolated PSI-Lhca-super complex (black), Lheb-trimers (blue)
PSI-Lhca-(Lhcb-trimer) super complex (green) of the plant
Arabidopsis thaliana is shown in panel B. The emissions in both
panels are normalized to the maximum of the Soret band.

The fluorescence spectra in panel 4 have been digitized from
Bibby et al. (2001a).

The fluorescence spectra in panel B have been digitized from
Galka et al. (2012).
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Photosystem I

The discovery and assignment of the fluorescence emis-
sion at 720/730 nm to PSI is closely linked to the
establishment of the two photosystem model for oxygenic
photosynthesis (reviewed by Govindjee 2004). PSI
complexes show a wide variety of emission spectra
depending on the species and physiological conditions, but
are located between 720-730 nm in oxygenic phototrophs,
with some cyanobacteria having emission bands centered
at wavelengths as long as 760 nm (Karapetyan et al. 2014).

The PSI reaction center of cyanobacteria (Fig. 84),
green algae, and plants (Fig. 8B) consists of two proteins
(PsaA and PsaB) which together house around 85 Chls
(Jordan et al. 2001). In addition, several smaller protein
complexes contain about 10 Chl ¢ molecules in cyano-
bacteria and plants. Cyanobacteria — which can form PSI
trimers — are known to expand the trimeric PSI in stress
conditions by circular antenna system that contributes an
additional 180 (Boekema et al. 2001) to 218 (Bibby et al.
2001a) Chl @ molecules.

The absorption cross-sections of PSI of green algae,
red algae, heterokont algae, and plants are further
expanded by light-harvesting systems that belong to the
three trans-membrane helix family of light-harvesting
complexes (Busch e al. 2010). In plants, four of these
light-harvesting complexes (Lhca) are associated with PSI,
adding 52 Chl a and 9 Chl b molecules. An additional 20
Chl @ molecules interface the Lhca with the reaction center
(Mazor et al. 2015). An unknown number of light-
harvesting systems are associated with the PSI of red algae
and heterokont algae.

In cyanobacteria and plants, fluorescence around
720 nm is emitted by Chls within the reaction center
antennae (Karapetyan et al. 2014). Plants also possess an
additional pool of long wavelength emitters located in the
Lhca antenna (Morosinotto et al. 2003), specifically within
Lhca3 and Lhca4 (Wientjes et al. 2011). This assignment
is in agreement with previous greening studies, which
indicated that the fluorescence emission at 736 nm is
emitted by peripheral antennae complexes (containing
Chl b), while the emission around 724 nm is emitted by the
PSI reaction center antennae (Mullet ez al. 1980a,b).

In plants, the fluorescence emission of PSI at 77 K is
not modulated by the reduction state of P700. However, in
red alga (Ley and Butler 1977) and cyanobacteria,
(Karapeyan et al. 2014), modulation of the fluorescence
yield dependent on the reduction state of P700 have been
reported, but during steady-state fluorescence emission
measurements, this modulation can be neglected.



77 K CHLOROPHYLL FLUORESCENCE EMISSION

Interpretation of 77 K fluorescence in different organism groups

Cyanobacteria and red algae

Cyanobacteria are a diverse group of oxygen-producing
organisms, which share many features of their photosyn-
thetic machinery with their ancestors, which gave rise to
the chloroplasts of photosynthetic eukaryotes (Hohmann-
Marriott and Blankenship 2011). This evolutionary
relationship is reflected in the photosynthetic machinery of
red algae, which uses similar pigments and protein
structures as cyanobacteria. Several cyanobacteria have
achieved model status, including unicellular Synechocystis
and Synechococcus species, as well as multicellular,
nitrogen-fixing Anabaena and Nostoc species, while the
unicellular Cyanidioschyzon and multicellular Porphyr-
dium species are red algal model systems. In the following
section, we mainly discuss the well-characterized photo-
synthetic machinery of cyanobacteria with the inference
that the photosynthetic machinery of red algae is similar.

Peripheral
complexes
What makes cyanobacteria a rewarding species for
spectroscopic studies are their light-harvesting pigments,
the phycobilins, which are covalently linked within
phycobiliproteins. The phycobiliproteins can be assembled
into large structures, the phycobilisomes (de Marsac 2003,
Marx et al. 2014). Phycobilins absorb light within the
“green gap” between the two main absorption bands of
Chl a. Phycobilisomes are in many conditions primarily
associated with PSII, but as discussed in detail later, can
dynamically (Mullineaux 2014) adjust this association and
can form supercomplexes with both photosystems (Liu et
al.2013). There are several types of phycobilins; including
phycoerythrobilin, phycocyanobilin, and allophyco-
cyanobilin, but not all species of cyanobacteria contain all
of these phycobilins. For example, Synechocystis sp. PCC
6803 contains phycocyanin, allophycocyanin, and phyco-
erythrin, while the latter is absent in Synechococcus sp.
PCC 7002. Phycoerythrin absorbs excitation between
475-575 nm (maximum 565 nm), and fluoresces maxi-
mally at 640 nm; phycocyanin absorbs excitation between
525-635 nm (maximum 620 nm), and fluoresces at
maximally at 644 nm; allocyanophycin absorbs between
550-665 nm (maximum 650 nm), and fluoresces
maximally around 660 nm (Sobiechowska-Sasim et al.
2014). Excitation of phycobilins in cyanobacteria and red
algae at 77 K induces fluorescence emission by
phycobilins, which are pronounced when the interactions
of phycobilisomes with the reaction centers are disturbed
(Kana et al. 2014). The terminal phycobilisome emitter,
i.e., the protein containing the pigments that energetically
couple the phycobilisomes to the core reaction center
antenna, is different for PSI and PSII. An allophycocyanin
(ApcD) interfaces with PSI (Dong et al. 2009), while PSII

light-harvesting systems and super-

interfaces with a multidomain protein named Lcum
(encoded by apcE) (Tang et al. 2015), which contains a
phycocyanobilin with a geometry usually found in phyto-
chromes. This pigment within Loy absorbs maximally
around 655 nm and fluoresces maximally around 670 nm.
As the number of Chl per reaction center is higher in PSI
(96 Chl a molecules) (Jordan et al. 2001) than that in PSII
(35 Chl @ molecules) (Umena et al. 2011), exciting Chls at
435 nm preferentially excites PSI, while photons with a
wavelength of 590/635 nm preferably excite PSII in
cyanobacteria. The PSI/PSII ratio in cyanobacteria is much
higher than 1, and consequently more than 90% of Chls
can be associated with PSI.

Some cyanobacteria can utilize other Chls, in addition
to Chl a, to perform oxygenic photosynthesis. A poly-
phyletic group of organisms, the prochlorophytes, possess
a membrane-embedded antenna system that houses Chl b
along with Chl a, which is related to the stress-induced
antenna protein isiA and the PSII-subunit CP43 (La Roche
et al. 1996), with similar fluorescence emission spectra.
Chl d is used by the Acaryochloris marinus, and Chl d and
Chl £ (Li and Chen 2015) are used by a diverse group of
cyanobacteria that take advantage of environments rich in
far-red photons.

Photosystem I

Cyanobacterial PSI has species-specific long wavelength-
emitting Chls ranging from 727-760 nm with 2-7 Chls
estimated to contribute to the emission (Karapetyan et al.
2014). There is also a spectral range of emission in red
algal PSI, ranging from 708 nm for P. cruentum to 728 nm
for C. caldarum. Trimeric PSI complexes are commonly
found in cyanobacteria under a variety of conditions
(Fig. 84) (Boekema et al. 1987, 2001; Garczarek et al.
1998) and Synechocystis sp. PCC 6803 (Bibby et al.
2001a,b). Some cyanobacteria can form monomeric, tri-
meric, and tetrameric PSI, with each possessing different
optical characteristics including Chl fluorescence emission
bands at 77 K (monomer at 725 nm, trimer at 730 nm, and
tetramer at 715 nm) (Li ef al. 2014). In red algae, however,
PSI appears to be monomeric (Gardian et al. 2007).

Red algae have light-harvesting complexes related to
the Lhca and Lhceb of alga and plants, which are absent in
cyanobacteria (Busch et al. 2010). These three-trans-
membrane helix proteins, named Lhcr, are exclusively
associated with the PSI of red algae. As in cyanobacteria
(Kondo et al. 2007, Watanabe et al. 2014), there is good
evidence that a specific pool of phycobilisome proteins is
associated with PSI in red algae also (Busch ef al. 2010).

State transition

State transitions are dynamic adjustments of the
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Fig. 9. Fluorescence emission characteristics of state transition in
cyanobacteria, green algae, and plant during state transition. State
1 is indicated by the black trace while state 2 is indicated by the
red trace. The cyanobacterium Synechococcus 6301 was excited
at 600 nm (4) and 430 nm (B). Synechococcus cells were locked
in the state 1 by treating the cells with far-red light, which
preferentially excites PSI, while the cells investigated in the state
2 were dark-acclimated. The green algae Chlamydomonas
reinhardtii was excited at 455 nm (C). Chlamydomonas cells
were locked in the state 1 by application of the PSII inhibitor
DCMU under the light, and in the state 2 by treatment with the
uncoupler FCCP. The plant Arabidopsis thaliana was excited at
435 nm (D). To lock the Arabidopsis cells in different states,
excitation light favoring PSII and PSI, respectively, was utilized.
Spectra were and normalized to the Soret emission band for all
figures.

Data has been digitized from Mullineaux and Allen (1990) for
Synechococcus 6301, Iwai et al. (2008) for Chlamydomonas
reinhardtii, and Dietzel et al. (2011) for Arabidopsis thaliana.
State 1 is shown in black and state 2 is shown in red.

Remarks: Excitation light at 600 nm preferentially excites
phycobilins over chlorophyll a, thus panel 4 indicates that
phycobilisomes donate more energy to PSII in state 1. Synecho-
coccus 6301 can synthesize phycocyanin and allophycocyanin,
while genes for phycoerythrin synthesis are missing, and there-
fore no fluorescence emission characteristic of phycoerythrin
is observed.

photosynthetic machinery that modulate the distribution of
absorbed light energy between PSI and PSII (Fig. 94)
(Mullineaux 2014). 77 K fluorescence studies in cyano-
bacteria and red algae (Murata er al. 1966), played a

Green algae and plants

Green alga and plants share a common ancestor and con-
sequently share features of their photosynthetic machinery
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crucial role in establishing the concept of state transition,
as changes in energy distribution could be -easily
investigated by preferentially illuminating the phycobilins
while monitoring the fluorescence emission bands specific
for PSI and PSII (Murata 1969). These studies indicate that
both PSI and PSII receive excitation that was absorbed by
phycobilins (Mullineaux 1992). Whether state transitions
are based on a physical movement of phycobilisomes
between PSI and PSII, or energy transfer occurs between
Chl @ in PSII and PSI, in a process called “spillover”
(Biggins and Bruce 1989), was debated for a long time
(McConnell et al. 2002, Li et al. 2004). However, there is
now good evidence that the movement of phycobilisomes
is a critical part of state transitions (Joshua and Mullineaux
2004), while spill-over appears not to be the major route
for transferring energy from the phycobilisomes to PSI
(Mullineaux 2008). A recent detailed study on the move-
ment of phycobilisomes in different red algae (Kana et al.
2014) found that phycobilisomes have very limited
mobility in the thermophilic red algae C. caldarium, while
the mesophilic red algae P. cruentum exhibited phyco-
bilisome movement in analogy to state transitions
observed in cyanobacteria.

Stress-induced adaptations

Iron limitation induces changes in the composition of the
photosynthetic machinery in cyanobacteria. Under iron
limitation, proteins encoded by the isiAB operon are
expressed (Pakrasi et al. 1985a,b, Laudenbach et al. 1988,
Riethman and Sherman 1988, Burnap et al. 1993). While
isiB codes for a thioredoxin that can functionally replace
ferredoxin, IsiA possesses homology to the Chl a-binding
PSII protein CP43 (Burnap et al. 1993, Falk et al. 1995),
and can function as a PSI antenna system under stress
conditions. During iron limitation, 18 IsiA from an antenna
ring around trimeric PSI in Synechococcus sp. PCC 7942
(Boekema et al. 2001) and Synechocystis sp. PCC 6803
(Fig. 84) (Bibby et al. 2001a,b). It was also suggested that
IsiA could replace CP43, thus acting as an alternative
antenna complex for PSII (Pakrasi et al. 1985b), or as an
excitation energy dissipater, with the ability to protect PSII
from photoinhibitory damage during iron starvation (Park
et al. 1999). The induction of the IsiA protein under strong
light, even in the presence of iron, confirmed its photo-
protective role (Havaux et al. 2005). The presence of IsiA
can be discerned by an increase in 685 nm emission
(Burnap et al. 1993, Falk ef al. 1995, Park et al. 1999), and
an increase in energy partitioning to PSI. The latter is
reflected by a more prominent fluorescence emission by
the red Chls of the PSI reaction center antenna Chls around
at 720 nm.

(Keeling 2013). The green algae Chlamydomonas
reinhradtii has many features that make it a valuable



organism for photosynthesis research, such as toolboxes
for genetic manipulation, and the ability to grow non-
photosynthetically. However, Chlamydomonas possesses
many features that are altered or unique compared to plants
(Erickson et al. 2015).

Peripheral
complexes
In plants and green algae, the absorption cross-section of
the reaction center is extended by membrane-embedded
light-harvesting systems. In addition to Chl a that is also
found in the reaction center core and reaction center
antennae, plants and green algae also synthesize Chl b that
is associated with peripheral membrane-bound antenna
complexes (LHCs). These antenna complexes and non-
pigment-containing linker complexes form different
supercomplexes with PSI and PSII, some of which can be
isolated and structurally and spectroscopically charac-
terized (Fig. 10) (Tokutsu and Minagawa 2013, Wei
et al. 2016).

light-harvesting systems and super-
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Fig. 10. Fluorescence emission spectra of photosynthetic compo-
nents of the green algae Chlamydomonas reinhardtii. (A) The 77
K fluorescence emission spectrum (excitation wavelength
440 nm) of trimeric LHCII complexes isolated from C. rein-
hardtii (Natali and Croce 2015). (B) The 77 K fluorescence
emission spectra of an isolated His-tagged PSII core complex
(black) (excitation wavelength 435 nm) (Sugiura and Inoue
1999), and the 77 K fluorescence emission (excitation wave-
length 440 nm) of PSII-LHCII super complex (red) (Drop et al.
2014). (C) The 77 K fluorescence emission spectra of LHCI-PSI
super complex (excitation wavelength is 435 nm) (Kargul ef al.
2003). (D) The 77 K fluorescence emission spectrum of a whole
cell in state 1 (black) and state 2 (red) (excitation wavelength
440nm) (Iwai et al. 2008).

Panel 4 was digitized form Natali and Croce (2015). Panel B was
digitized from Sugiura and Inoue (1999) and Drop et al. (2014).
Panel C was digitized from Kargul et al. 2003 (2003). Panel D
was digitized from Iwai ez al. 2008 (2008).

77 K CHLOROPHYLL FLUORESCENCE EMISSION

Major and minor light-harvesting complexes

The protein complexes that house the pigments of the
peripheral antennae can be grouped into monomeric Chl-
binding complexes often called minor antennae complexes
and trimer-forming LHCs (Busch er al. 2010) that are
predominantly associated with PSII (Lhcb) or PSI (Lhca).
Some Lhcb proteins in plants and algae can change the
association between PSII and PSI during state transitions.
Lhcb can form homo- and hetero-trimers that house 24
Chl @ molecules, 18 Chl » molecules, and 12 carotenoids,
with isolated trimers emitting fluorescence maximally
between 678-680 nm at 77 K (Standfuss and Kiihlbrandt
2004). Modeling in combination with mutational deletion
of Chl ligands (Novoderezhkin et al. 2005) identified a
spatially clustered group of three Chls as the final emitters,
i.e., these Chls are likely to donate excitation to the PSII
reaction center. These Chls are likely responsible for fluo-
rescence emission at 680 nm (Feso). Lhcb can also form
aggregated states that may be involved in photoprotection
through excitation quenching, and exhibit a red-shifted
fluorescence emission at 77 K (700715 nm) (Ruban et al.
1997, 2012).

Photosystem II

The PSII of green alga and plants is organized in a dimer
and Lhcb trimers can interface with both reaction centers
of this dimer. Excitation transfer from the trimer to the
reaction center is accomplished via three pigment-
containing protein subunits (CP29, CP26, and CP24)
associated with each reaction center monomer. Structural
studies show that the subunit CP29 contains 10 Chl a
molecules, 3 Chl 5 molecules, 3 carotenoids, and CP26
contains 9 Chl @ molecules, 3 Chl b molecules, 3 carote-
noids (Wei et al. 2016). Mutational analysis and modeling
suggest that CP24 contains 5 Chl a molecules, 5 Chl b
molecules, and two carotenoids (Passarini et al. 2009).
These minor Chl-containing complexes are not known to
contribute to 77 K fluorescence in intact systems largely.

Photosystem I

In contrast to PSI of cyanobacteria, the green algal and
plant PSI possess tightly associated Lhca (Ben-Shem et al.
2003). The PSI supercomplex of Pisum sativum contains
the reaction center proteins (PsaA and PsaB) as well as
four Lhca (Lhcal-4) that form the peripheral antennae as
a “dimer of dimers” (Mazor et al. 2015). Around 20
additional Chls energetically link the PSI reaction center
with the peripheral antennae (Ben-Shem ez al. 2003). The
fluorescence emission of plant PSI is mainly due to Chl a
in the Lhca antenna (Croce et al. 1998). Specifically, it is
thought that one Chl a dimer within each Lhca (Qin et al.
2015) is the emitter of long wavelength fluorescence,
whereas the reaction center core is only a minor contri-
butor to this emission. Interestingly, no long wavelength
emission was observed in PSI isolated from a prasinophyte
green algae (Swingley et al. 2010).
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State transition

The term “state transition” and its historical development
has been introduced in the section on cyanobacteria. It
became apparent that algae and plants also perform state
transitions (Bonaventura and Myers 1969). As in cyano-
bacteria, the physiological basis for state transitions in
green algae and plants appears to be the imbalance of
electrons produced by PSII and utilized by carbon fixation
(Minagawa 2011). However, in green algae and plants, the
excitation coupling of Lhcb, not the excitation coupling of
phycobilisomes to the two photosystems, is modulated. In
the presence of a (partly) oxidized PQ pool, Lhcb are
tightly excitationally coupled to PSII. Upon reduction of

Heterokont algae

Heterokonts comprise many photosynthetic algae
including diatoms (Bacillariophyceae), brown algae
(Phaeophyceae), and Eustigmatophyceae. Four mem-
branes surround the chloroplast of these algae, indicating
a secondary (Cavalier-Smith 1999) or even more complex
endosymbiotic history (Keeling 2013).

Phaeodactylum

Major and minor light-harvesting complexes
Phaedactylum tricornutum is a pennate diatom that,
despite several clade-unspecific features regarding its live
cycle and morphology, has achieved model status. The
photosynthetic machinery of Phaeodactylum, however,
shows features that are consistent and typical for most
diatoms. In addition to light absorbed by Chl a4, diatoms
use alternative pigments, in particular, c-type Chls (c1-3)
and carotenoids, with fucoxanthin being the most
common. This composition of pigments was used to name
the light-harvesting systems that are typical of many
heterokont algae, the fucoxanthin-Chl-binding proteins
(FCP) (Gundermann and Biichel 2014). The peripheral
light-harvesting systems of most heterokont algae can be
preferentially excited using the Soret band of Chl ¢ (465
nm) and fucoxanthin (530 nm), while Chl a-specific
photons can be used to excite the reaction center antenna
preferentially.

FCP is related to the three transmembrane-helix LHCs
of plants and algae. The FCP can be grouped into three
fractions: (1) FCPs, which are unique to heterokont algae
(Lhcef), (2) FCPs, which are related to red algal Lhca
(Lher), and (3) FCPs, which related to LhcSR, a protein
complex characterized in the green algae Chlamydomonas
and the moss Physcomitrella (Lhex) (Gundermann and
Biichel 2014). Homology modeling in combination with
spectroscopic and biochemical characterization suggest
that each Lhcf can bind 6 Chl @ molecules, 4 Chl ¢ mole-
cules, and 5-6 carotenoids, which in addition to fuco-
xanthin may also include lutein, diadinoxanthin, and
diatoxanthin (Gundermann and Biichel 2014). In addition
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the PQ pool, some Lhcb are phosphorylated (Allen 1992)
and consequently more Lhcb donate excitation to PSI.
Whether much physical movement of the Lhcb is required
for state transition is still unclear. It seems unlikely that a
substantial mass migration of Lhcb between PSII-rich
grana and PSI-rich stroma occurs, but instead, Lhcb may
make additional contact with PSI. State transitions can be
readily observed (Fig. 9B) by exiting samples at either the
Chl a (430/440 nm) or Chl b (450/455 nm) Soret
absorption band, while observing the emission bands of
PSII (685/695 nm) and PSI (720/740 nm), with Chl b
excitation providing a more specific signal for changes in
excitation distribution.

to Lhcf, another distantly related three-transmembrane
helix protein belonging to the “red lineage Chl a/-binding-
like proteins” (RedCAP) is also present in heterokont
algae.

Lhecf can form trimers (Lepetit et al. 2007, Nagao et al.
2013) analogous to the Lhcb trimers in plants and algae.
While some uncertainty about the association of Lhcf to
PSII to heterokont algae remains, there is good evidence
that Lhcf associates predominantly with PSI (Juhas and
Biichel 2012).

The fluorescence emitted by PSl-associated FCP has
two prominent bands at 685 nm and 697 nm (Fig. 114).
These fluorescence bands, however, are emitted by a group
of Chl a, which are unlikely to be at homologous locations
to the terminal emitter in the Lhca and Lhcb of plants
(Gundermann and Biichel 2014). The absence of emission
bands associated with Chl ¢ species indicates that all Chl ¢
is efficiently coupled to Chl @ within the FCPs.

Photosystem 11

PSII core complexes form dimers in diatoms, such as
Phaeodactylum, and exhibit a fluorescence emission band
with a maximum at 692 nm (Fig 10B) (Yokono et al.
2015). This emission band appears to be a combination of
a 692 nm and a 684 nm emitter located in CP47 (Yokono
et al. 2015), while CP43 fluorescence emission is absent at
77 K. A different 77 K fluorescence emission pattern is
observed in monomeric PSII, where the maximum
fluorescence is emitted around 687 nm (Yokono et al.
2015). There is little biochemical evidence that any FCPs
are associated with PSII to form stable super complexes in
heterokont algae (Grouneva et al. 2011) or at least not into
very stable super complexes (Nagao ez al. 2010). However,
spectroscopy-based studies reveal that the functional
antenna size of PSII can be dynamically adjusted, thus
suggesting a functional association between PSII and some
FCPs (Miloslavina et al. 2009).

Photosystem I
Isolated PSI of diatoms has a long wavelength emission at
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Fig. 11. Fluorescence emission spectra of photosynthetic
components of heterokont diatom algae (Phaeodactylum and
Chaetoceros gracilis). (A) The 77 K fluorescence emission
spectrum (excitation wavelength 435 nm) of FCP from
Phaeodactylum tricornutum (Litvin et al. 2016). (B) The 77 K
fluorescence emission spectrum (excitation wavelength 425 nm)
of PSII monomer (red) and dimer (black) from Phaeodactylum
tricornutum, excited at 425 nm (Yokono et al. 2015). (C) The 77
K fluorescence emission spectrum (excitation wavelength 425
nm) of FCP-PSI super complexes from Chaetoceros gracilis,
excited at 450 nm (Ikeda ez al. 2008). (D) The 77 K fluorescence
emission spectra (excitation wavelength 425 nm) of whole cells
of Phaedactylum tricornutum with different levels of non-
photochemical quenching (Lavaud and Lepetit 2013).

Panel 4 was digitized form Litvin et al. (2016).

Panel B was digitized from Yokono et al. (2015)

Panel C was digitized from Ikeda et al. (2008)

Panel D was digitized from Lavaud and Lepetit (2013).

715-720 nm (Fig. 11C) (Berkaloff et al. 1990, Veith and
Biichel 2007, Ikeda et al. 2008). In addition, there is also a
broad emission centered at 740-750 nm, which is a
combination of vibronic sub-bands of all Chls within the
sample.

Nannochloropsis

Nannochloropsisis species are heterokont algae belonging
to the Eustigmatophyceae family. Nannochloropsis
oceanica and gaditana have received increased attention
as they can accumulate high amounts of lipids. The
architecture of the photosynthetic machinery of Nanno-
chloropsis species has recently been investigated in detail
(Herbstova et al. 2015, Litvin et al. 2016).
Eustigmatophyceae are unique among the heterokont
algae in lacking Chl ¢ and fucoxanthin in their LHCs.
Thus, Chl a serves as the only Chl of both PSI and PSII, as
well as in the peripheral LHCs. Nannochloropsis species

77 K CHLOROPHYLL FLUORESCENCE EMISSION

RELATIVE FLUORESCENCE

1 1 1 1 I
660 680 700 720 740 760
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Fig. 12. Fluorescence emission spectra of photosynthetic compo-
nents of heterokont algae Eustigmataphyceaen alga Nanno-
chloropsis. (4) The 77 K fluorescence emission spectrum
(excitation wavelength 440 nm) of isolated VCP from
Nannochloropsis oceanica (excited at 435 nm) (Litvin et al.
2016). (B) The 77 K fluorescence emission spectrum of isolated
PSII from Nannochloropsis oceanica (excitation wavelength 435
nm) (Litvin et al. 2016). (C) The 77 K fluorescence emission
spectrum of isolated PSI-LHC complexes isolated from
Nannochloropsis gaditana (mainly dimeric: black, mainly
monomeric: blue) (Alboresi et al. 2017) and PSI-supercomplex
(red) (Litvin et al. 2016) (excitation wavelength 440 nm). (D)
The fluorescence emission spectrum of whole cell
Nannochloropsis oceanica (excitation wavelength 435 nm).
Panels 4 and B were digitized from Litvin et al. (2016). (C) was
digitized from Alboresi et al. (2017).

use predominantly the carotenoids violaxanthin and
vaucheroaxanthin as light-harvesting pigments and for
photoprotection. Chl @ and the carotenoids are housed in
LHCs, called VCP for viola-/vaucheriaxanthin Chl protein
(Fig. 124) (Litvin et al. 2016).

Light-harvesting complexes

Nannochloropsis species possess LHCs that can be
clustered according to their evolutionary origin as diatoms
including Lhex and Lhev — the Eustigmatophycean version
of the diatom Lhcf, and Lhcr. Furthermore, RedCLH, a
light-harvesting protein first identified in Chromera velia,
is also present (Litvin et al. 2016). Biochemical isolation
suggests that VCP can form trimers (Litvin et al. 2016).
VCP seems to be very rich in carotenoids, with about one
carotenoid per two Chls, with violaxanthin and vaucheria-
xanthin being the dominant carotenoids (Litvin et al.
2016). Until high-resolution structural data of Lchv is
available, it may be assumed that VCPs bind pigments
analogous to Lhca, Lheb (in green algae and plants), and
Lhcf (in diatoms).
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Photosystem I1

Biochemical separation procedures suggest that the PSII
complexes can contain about 4-5 VCPs per PSII core
(Litvin et al. 2016) that belong to the Lher family.
Interestingly, 77 K fluorescence spectra of isolated PSII
particles show no fluorescence emission band at 685 nm
and PSII that lack CP43 are present when PSII is isolated
(Fig 11B) (Litvin et al. 2016). Whether this 77 K fluores-
cence emission pattern in combination with the CP43-
lacking PSII complexes indicate that PSII has structural
features, which are different from green algae and plants,
needs to be resolved in the future.

Photosystem I

The PSI reaction center core complex of Nannochloropsis
has very similar fluorescence emission characteristics
(Fig. 11C) to those observed in diatoms (Herbstova et al.
2015), with a single emission band around 715 nm.
However, Nanochloropsis PSI supercomplexes with
associated complexes can be isolated, which contain Lhcr,
Lhex, and RedCAP (Bina et al. 2017, Litvin et al. 2016),
the latter being a Chl-binding protein also present in other
heterokont algae.

Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
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