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Summary

1. Summary

Emiliania huxleyi is the most abundant calcifying microalgae in the ocean, and plays an
important role in the global carbon and sulfur cycle, as well as constituting feed for animal
plankton. The microalga has attracted much interest due to its ability to form complex calcite
structures, so called coccoliths.

This thesis presents a comprehensive metabolome analysis of two life-cycle stages of the
E. huxleyi species complex, with regard to growth phase and nutrient starvation. E. huxleyi
naturally occurs in a diploid, calcifying and a haploid, non-calcifying stage. Therefore,
comparison of these stages on metabolomic level could allow identification of "key metabolites”
involved in calcification. Knowledge of such metabolites could help elucidate the coccolith
formation process, and facilitate in vitro coccolith production for industrial application as
custom-designed nanoparticles. Furthermore, metabolomes can differ dependent on the
organism’s growth phase. Therefore, metabolomic analysis during different growth phases
could allow further interpretation regarding physiology of these life-cycle stages. An additional
factor for comparative metabolome analysis is nutrient limitation, as this is a common scenario
in oceanic waters, proposed to enhance with advancing climate change. How microalgae
respond to environmental changes will determine their success in the ocean, and therefore have
implications on the ecosystem.

In the first part of this thesis, growth phase-dependent profiles of pigments and lipid
associated fatty acids were obtained for both life-cycle stages. Highest cellular pigment and
fatty abundances were observed in the metabolically most active early-exponential growth
phase, whereas they decreased prior to cell numbers in the late-exponential phase, indicating
restriction of photosystems and membrane structures before other cellular components,
adapting to the decreased energy demand of non-dividing cells. These results underpin the
importance of analyzing several time points to draw physiological conclusions. In the later
growth phases, especially the diploid stage of E. huxleyi displayed exceptional capability of
fine-tuning its photosynthetic machinery on pigment level, by activating photoprotection via
xanthophyll cycle-mediated non-photochemical quenching, and changing absorption spectra by
interconversions of fucoxanthin and chlorophyll ¢ derivatives. These results extend the
knowledge of E. huxleyi’s exceptional photosynthetic capacity, which include no photo-
inhibition under extremely high light for the diploid stage. Responses were not as pronounced
in the haploid stage, supporting less efficient photosynthesis previously reported for this stage.
This result could possibly back up the hypothesis of distinct ecological niche occupation of the

two life-cycle stages, which has been suggested previously.
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In the second part of this thesis, a comprehensive metabolome analysis was conducted,
focusing on E. huxleyi’s responses towards phosphorus (P) and nitrogen (N) starvation. Eleven
different metabolome analysis methods were applied, based on gas and liquid chromatography,
coupled to mass spectrometry, flame ionization, UV-vis, or charged aerosol detection, to obtain
information regarding primary metabolites, and more specifically amino acids, carboxylic
acids, osmolytes and polyamines, as well as pigments, polar and neutral lipid fatty acids,
triacylglycerides (TAG), alkenes and alkenones (long chain polyunsaturated ketones). P-
starvation resulted in a “metabolic overflow” for both life-cycle stages, including increased
abundances for many generic and especially N-rich metabolites, such as pigments, osmolytes
and lipids. Results indicate that P-starvation mainly arrests the cell-cycle, as P is needed for
nucleic acid synthesis, but enzymatic functionality is not affected. Diploid E. huxleyi cells also
showed an upregulation of xanthophyll cycle-mediated photoprotection via non-photochemical
guenching, as observed in the later growth phases. Results further underpin the highly effective
adaptation of photosynthetic machinery of the diploid stage, possibly contributing to its success
in P-limited waters. N-starvation had a severe effect on the diploid stage, resulting in a decrease
of most central metabolites. The haploid stage was also affected, although it showed different
priorizations in response to N-starvation than the diploid stage, again highlighting possible
niche separation. As previously reported transcriptomic responses suggested the down-
regulation of metabolism regarding both P- and N-starvation, the data presented in this work
underlines the importance of instantaneous biochemical flux, which determines the
metabolomic phenotype.

The data obtained under nutrient replete conditions highlight differences between the
calcifying and non-calcifying stage, which could be connected to calcification, such as higher
osmolyte, polar lipid fatty acid and alkenone abundance in the diploid, calcifying stage. These
are most likely required for osmolytic regulation in connection with Ca?* import and additional
vesicle structures for calcification. However, the connection between alkenones and coccolith
vesicles is still under debate. No further metabolites were identified that could be specific for
the calcification process.

In conclusion, the data obtained in this thesis extends the knowledge of differences between
E. huxleyi life-cycle stages on the metabolomic level, and highlights the diploid E. huxleyi’s
capacity to survive in oligotrophic waters, due to efficient scavenging, recycling and storage of
limiting nutrients, as well as efficient adaptation of photosynthesis. The established
metabolomic analysis methods applied in this work provide a valuable tool for metabolome
analysis in other microalgal species.
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2. Introduction

In the first section of this chapter, the microalga Emiliania huxleyi, analyzed in this thesis, will
be reviewed regarding phylogeny, origin, occurrence, life-cycle, ecological implication and
calcification (2.1). In the second section, the role of pigments in microalgal photosynthesis will
be introduced, with additional focus on E. huxleyi’s pigment composition (2.2). The third
section will cover the central carbon metabolism (2.3). The fourth section consists of the
description of microalgal lipids (2.4). In the fifth section, the effect of macronutrient limitation
on microalgae will be elucidated (2.5). The sixth section summarizes state of the art of
metabolomic analysis methods (2.6).

2.1 The organism Emiliania huxleyi

2.1.1 Taxonomical classification

Emiliania huxleyi is a marine microalga, which belongs to the haptophytes, more specifically
to the order of Isochrysidales (Lee, 2008; Lee, 2016). It is also classified as a coccolithophore,
as it produces coccoliths, which are highly structured calcium carbonate shells that cover the
cell (Figure 1 a) (Paasche, 2001). E. huxleyi is the most abundant coccolithophore and has been
extensively studied because of its capacity to form large blooms (Holligan, 1983; Brown &
Yoder, 1994; Tyrrell & Merico, 2004). Due to light scattering on the coccoliths, blooms can be
easily monitored by satellite (Figure 1 b), as cells shed their coccoliths in late stages of the
bloom (Holligan, 1983; Balch, 1996; Vardi, 2012; Lehahn, 2014).

Figure 1: E. huxleyi cell and bloom. (a) SEM image of E. huxleyi PLY-B92/11 (Durak, 2016) (image license
CC BY 4.0). (b) LANDSAT satellite image of an E. huxleyi bloom in the English Channel, 24 July 1999
(image courtesy of Andrew Wilson & Steve Groom, NASA).

Oxygen isotope records show the first appearance of E. huxleyi around 270,000 years ago

(Thierstein, 1977). E. huxleyi is thought to have evolved during the cretaceous epoch (Latin
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creta, meaning chalk), naturally sequestering carbon as coccoliths and removing it from the
CO2 rich atmosphere (Tyson & Funnell, 1987). It has existed through the two latest glacial-
interglacial cycles (Paasche, 2001), and became dominant among coccolithophores around
70,000 years ago, a time in which atmospheric pCO> was low (Bijma, 2001). E. huxleyi’s
closest relation is Gephyrocapsa oceanica, and these two are phylogenetically isolated from the
other coccolithophores (Edvardsen, 2000; Fujiwara, 2001). The next closest relative is the non-
calcifying Isochrysis galbana (Edvardsen, 2000; Fujiwara, 2001).

The reference genome of the E. huxleyi strain CCMP 1516 was recently published by Read
and coworkers (2013), along with sequences from 13 other E. huxleyi strains. So far, E. huxleyi
was considered a single species, however these results revealed a pan genome, a core genome
(~two-thirds of the genome) with variably distributed genes in different strains, highlighting
that E. huxleyi is a species complex. Authors state that this is reflected by the ability of different
E. huxleyi strains to form blooms from arctic to tropical temperatures. Sequencing revealed an
estimated genome size of 141.7 Mb (97 % complete) for the haploid genome of strain
CCMP 1516, with a high GC content (~65 %), as well as a high proportion of repetitive
elements (>64 %). 30,569 proteins were predicted, of which the majority has transcriptomic
evidence (93 %) (Read, 2013).

E. huxleyi is not genetically accessible. However, the availability of the genome sequence
has been of great value for genomic, transcriptomic, proteomic and metabolomic approaches
(Jones, 2011; Rokitta, 2011; Bochenek, 2013; Obata, 2013; Jones, 2013; Rokitta, 2014; Mausz
& Pohnert, 2015; McKew, 2015; von Dassow, 2015; Zhang, 2016; Rokitta, 2016). The genome
of the two life-cycle stages analyzed in this work (E. huxleyi RCC 1216 and RCC 1217) has not
been sequenced. However, this is one of the few strains where two stable life-cycle stages exist
in laboratory culture, allowing comparison of the calcifying and non-calcifying stage with
identical genetical background (Houdan, 2005; von Dassow, 2009; Rokitta, 2011; Mausz &
Pohnert, 2015).

2.1.2 Life-cycle stages of E. huxleyi

E. huxleyi drives a haplo-diplontic life-cycle (Klaveness & Paasche, 1971; Klaveness, 1972b;
Green, 1996; Paasche, 2001), as illustrated in Figure 2. A diploid (2N), coccolith-bearing non-
motile stage (C for coccolith, 2N) and a haploid (1N), non-calcifying, motile stage (S for scales,
1N) exist, which is covered in organic scales (Green, 1996; Paasche, 2001). Diploid cells have
a diameter of 4-5 um (Paasche 1967; Klaveness 1972b), haploid cells appear smaller due to the
missing coccoliths (Paasche, 2001). A diploid, non-calcifying naked stage (N for naked, 2N)

can be found in laboratory cultures (Klaveness, 1972b; Green, 1996). This stage can develop

4



Introduction

from C, 2N cells if the media is not changed regularly (Paasche, 2001), or under low nitrogen
and phosphorus concentrations (Nanninga & Tyrrell, 1996). All three stages can exist
independently, reproducing vegetatively by mitosis (Billard, 1994). The occurrence of two
ploidy stages suggests the possibility of sexual reproduction, however this has not been
confirmed (Billard, 1994).

vegetative vegetative
reproduction

reproduction

™

meiosis?
_—

syngamy?

mutatior\ / meiosis?

N

vegetative
reproduction

Figure 2: The haplo-diplontic life-cycle of E. huxleyi. In nature, a diploid (2N), calcified (C), non-motile life-
cycle stage and a haploid (LN), motile, scale-covered (S) life-cycle stage exist. A naked (N), diploid (2N) stage
can develop in laboratory culture. All three stages can exist individually and reproduce vegetatively.
Transitions between C and S cells have been observed. Question marks indicate that the exact process of
interconversion has not been elucidated. Syngamy describes the fusion of two haploid gametes to form a
diploid zygote. Image from Paasche, 2001, redrawn with permission from Phycologia (license no.
4021410463644).

The haploid life-cycle stage is poorly investigated in its natural surroundings (Mausz &
Pohnert, 2015). Field studies show that blooms of E. huxleyi are dominated by calcified diploid
cells, as haploid non-calcifying cells only account for a minor fraction (Frada, 2012). These
blooms typically occur during early summer, after the spring diatom bloom (Holligan, 1993),
which leaves the water depleted in macronutrients (Tyrrell & Taylor, 1996). Blooms develop
in up to 30 m depth (Lehahn, 2014), in high-latitude seas with relatively shallow mixed layers,
and are characterized by high light intensities (Iglesias-Rodriguez, 2002). Cell densities can

reach up to 10,000 cells mL* (Holligan, 1983; Holligan, 1993), and blooms can span up to
hundreds of thousands of square kilometers (Holligan, 1983; Brown & Yoder, 1994; Tyrrell &
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Merico, 2004). Viruses typically terminate E. huxleyi blooms (Bratbak, 1993; Schroeder, 2002;
Wilson, 2002; Lehahn, 2014). These are large, lytic double stranded DNA viruses, specific to
E. huxleyi, belonging to the family of phycodnaviridae (van Etten, 2002), typically 170-190 nm
in diameter (Wilson, 2002). Viruses selectively infect and lyse only the diploid life-cycle stage
of E. huxleyi (Frada, 2008). Also, virus-induced changes of life-cycle stage from diploid to
haploid stage have been observed, leading to the hypothesis of an escape strategy, ensuring
survival of the species in a time-space independent manner (Frada, 2008). This hypothesis
implies that both life-cycle stages could occupy distinct ecological niches.

It has previously been speculated that haplo-diplontic life cycles could have evolved in an
environment that is either seasonally variable or contains two different niches (Stebbins & Hill,
1980). As the haploid stage has long been overlooked by research, evidence on field level is
lacking. However, the morphological differences of the two life-cycle stages, containing either
calcification machinery or flagella, already suggest differences, i.e. regarding energy
distribution (Rokitta, 2011). Transcriptome analyses have confirmed that the diploid and
haploid life-cycle stages of E. huxleyi analyzed in this work (RCC 1216 and RCC 1217), utilize
different parts of their genetic repertoire, with regard to calcification and motility (von Dassow,
2009; Rokitta, 2011). Results also suggested that the haploid stage has a more streamlined
nitrogen and general metabolism, indicating the ability to thrive in post-bloom waters,
containing limited nutrients (Rokitta, 2011).

The hypothesis of distinct ecological niche occupation has been postulated for other haplo-
diplontic microalgal species (Houdan, 2006). For example, the haploid, motile, holococcolith-
bearing stages of Coccolithus braarudii and Calcidiscus leptoporus thrive in low-nutrient, low-
turbulent regimes, whereas their diploid, non-motile heterococcolith-bearing stages cope better
with high nutrient, high-turbulence regimes (Houdan, 2006). This is in line with Margalef’s 2-
dimensional niche space model, in which haploid dinoflagellates thrive in low-nutrient, low-
turbulence environments, whereas diploid diatoms prefer high-nutrient, high-turbulence
habitats (Margalef, 1978).
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2.1.3 Ecological implications of E. huxleyi

Marine microalgae are responsible for the majority of primary production in the ocean
(Falkowski & Raven, 2007), and for ~50 % of global photosynthesis (Field, 1998; Friend,
2009), thereby supporting aquatic animals (Muller-Feuga, 2000). E. huxleyi is the most
abundant coccolithophore (Okada & Mcintyre, 1979; Winter, 1994; Iglesias-Rodriguez, 2008;
Mohan, 2008), and plays a role in the global carbon, oxygen and sulfur cycle, exerting an
important impact on the environment (Charlson, 1987; Westbroek, 1993; Malin & Steinke,
2004; Rost & Riebesell, 2004; Poulton, 2007).

Through photosynthesis, E. huxleyi produces organic carbon that is consumed by
zooplankton grazers (Sikes & Wilbur, 1982; Hansen, 1996; Nejstgaard, 1997). Studies have
estimated the fixation of up to 24,000 tons of organic carbon from a large E. huxleyi bloom, the
majority of which was consumed by grazers or exported to depth within one week (Lehahn,
2014). Next to carbon fixation via photosynthesis, the process of coccolith formation sequesters
carbon, reducing atmospheric CO> and therefore global warming (Salter, 2007). Inorganic
carbon is fixed long term, as coccoliths are deposited on the ocean floor after cell death, and
are fossilized (Buitenhuis, 1996). These aggregates form major chalk formations, such as the
cliffs of Dover or Rugen (Saruwatari, 2008). Coccolithophores can account for 2 % of total
carbon fixation on some systems (Poulton, 2007). However, calcification also leads to CO>
production, therefore making the influence on the carbon cycle more complex (Frankignoulle,
1994).

Furthermore, E. huxleyi produces dimethylsulfoniopropionate (DMSP) (Turner, 1988;
Gage, 1997; Keller, 1999; Spielmeyer, 2011; Gebser & Pohnert, 2013). This is an osmolyte
with cryoprotective and antioxidative properties (Sunda, 2002). DMSP is cleaved to
dimethylsulfoxide (DMS) intracellularly and secreted (Alcolombri, 2015). DMS is a gas that
has been proposed to be involved in cloud nucleus formation (Shaw, 1983; Charlson, 1987),
however, this process seems to be more complex and is possibly not regulated by DMS (Quinn
& Bates, 2011).
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2.1.4 The coccolith formation process

E. huxleyi’s cellular components are those of a typical eukaryotic microalga, apart from a
special compartment in the diploid life-cycle stage, the coccolith vesicle (Figure 3) (Paasche,
2001). As a descendent from secondary endosymbiosis, it contains four chloroplast membranes
(Falkowski, 2004; Reyes-Prieto, 2007). E. huxleyi is surrounded by a coccosphere, made of
several interlocking coccolith layers which are held together by polysaccharides (Young, 2003;

Hoffmann, 2015). Haploid cells lack this coccolith producing machinery (Paasche, 2001).

Figure 3: Cross section of calcifying E. huxleyi strain. Intracellular structures are chromatin (Ch),
chloroplast (Chl), coccolith vesicle (CV), endoplasmatic reticulum (ER), Golgi complex (G), mitochondrion
(M), nucleus (N), nuclear envelope (NE), reticular body (RB), vacuole (V), christalline matter (X).
Extracellular coccoliths (EC) can be divided into a connecting wall (a) between the lower (b) and upper
element (c). Image from (Moheimani, 2012), reproduced with permission from Elsevier (license no.
4021350274687).

E. huxleyi’s coccoliths are composed of calcium carbonate in the form of calcite (Mann &
Sparks, 1998, Didymus 1994). The precipitation reaction can be described by the following
equation (Falkowski & Raven, 2007):

Ca2* 4+ 2HCO3 — CaCO; + CO, + H,0 Eq.1

Calcite in coccoliths does not exclusively crystalize in the typical rhombohedral form
(Figure 4 a), but forms complex crystal units (Young, 1999). The overall coccolith structure
resembles a shirt stud, composed of two rings with spokes, held together by a tubular middle
section (Figure 4 b) (Paasche, 2001). A coccolith is composed of 30-40 segments, each
representing a single crystal (Young, 1992; Young, 1999), consisting of four parts; the central

area element, inner tube element and the proximal and distal shield elements (Figure 4 c)
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(Young, 1992). Coccoliths are produced (Figure 4 d, e) in the coccolith vesicle, which is
connected to the nucleus. In a first step, an organic baseplate forms in the coccolith vesicle, on
which the crystallization takes place (Klaveness, 1972a; Westbroek, 1984). Next, the proximal
shield/protococcolith ring appears (van der Wal, 1983; Westbroek, 1984), which crystallizes in
rhombohedral shape, typical of calcite (Mann & Sparks, 1988; Young, 1992). The crystal then
however grows upwards and inwards, deviating from the rhombo-hedical structure, creating the
inner tube and central area element (Paasche, 2001). In a last step, the distal shield element is
formed (Paasche, 2001). The coccolith is subsequently turned out through the cell envelope and
inserted between older coccoliths on the cell surface, however, details of this process are
unknown (Paasche, 2001). Only one coccolith is formed at a time (Paasche, 2001), the process
can take less than one hour (Paasche, 1962). Coccolith vesicles and reticular bodies are found
in naked, non-calcifying diploid cells (N, 2N) as well, although slightly deformed and inactive
(Klaveness & Paasche, 1971; van der Wal, 1983).

The underlying mechanism for the cell’s control on crystal growth is so far unknown.
However, organic components in the coccolith vesicle seem to be involved (Paasche, 2001).
Polysaccharides line the base plate and the inner wall of the coccolith vesicle (Figure 4 f),
representing an organic “skin” around the crystals and baseplate (van der Wal, 1983). An acidic
polysaccharide, named coccolith polysaccharide, is thought to be involved, as it binds calcium
ions and prevents calcium carbonate precipitation in supersaturated solutions (Westbroek,
1984; de Vrind-de Jong, 1986; de Vrind-de Jong, 1994). In in vitro crystallization, it binds to
calcite crystal surfaces (Didymus, 1993; Henriksen, 2005) and induces the change from

rhombohedral to tubular, elongated calcite formation (Kayano, 2011).
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Figure 4: The process of coccolith formation in the coccolithophore E. huxleyi. (a) The typical
rhombohedral calcite crystal structure. Calcite crystals formed by E. huxleyi are more complex (Young,
1999). (b) Complete coccolith and (c) the four elements of a coccolith calcite crystal (Young, 1992). (d) Steps
of coccolith crystallization, starting from a protococcolith ring, ending with a complete complex crystal
(Young, 1999). (e) Steps of coccolith formation illustrated in coccolith vesicle (cv) with reticular body (rb)
and nucleus (n) (Paasche, 2001). (B) A base plate forms in the coccolith vesicle. (C) The reticular body
expands and the proximal shield/protococcolith ring appears. (D) The crystal grows upwards and inwards.
(E) The finished coccolith. (f) lllustration of coccolith formation controlled by polysaccharides, which are
suggested to form a “skin” around the coccolith (Westbroek, 1984). All images were reproduced with
permission of the publishers. Image a, image d, Elsevier, licence no. 4020870847225; image b, image c,
Nature Publishing Group, license no. 4021360061139; image e, International Phycological Society, license
no. 4021361471858; image f, The Royal Society, license no. 4021370348299.
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Calcification is an energy consuming process that competes with other cellular processes
(Paasche, 2001). Evolution of calcifying species indicates beneficial properties of this trait.
Several hypotheses were proposed, trying to underpin purposes or advantages of calcification
in E. huxleyi.

For example, it was hypothesized that the coccolith shell protects the cell and creates a
suitable microenvironment around the cell surface (Young, 1994). The fact that naked diploid
life-cycle stages (N, 2N) have not been identified in E. huxleyi blooms could support this
assumption, as they possess neither coccoliths nor organic scales that could be necessary for
survival in the ocean (Paasche, 2001). In line with cell protection, coccoliths have been
suggested to protect against predators (Sikes & Wilbur, 1982). However certain zooplankton
grazers are not disturbed by the presence of coccoliths (Sikes & Wilbur, 1982; Hansen, 1996;
Nejstgaard, 1997) and furthermore the calcifying diploid life-cycle stage is infected by viruses,
whereas the non-calcifying, haploid stage is not (Bratbak, 1996; Frada, 2008). Therefore this
theory does not seem to be valid (Paasche, 2001). However, coccoliths have recently been
proven to play a role in mechanical protection against harsh environmental conditions, as the
polysaccharide matrix and the interlocking architecture of coccoliths stabilize calcified cells
regarding hydrostatic pressure, thereby even outperforming technical ceramics in strength to
weight ratio (Jaya, 2016).

A further hypothesis suggested that coccoliths could aid in light protection, as diploid,
calcifying E. huxleyi strains don’t show any signs of photoinhibition under high light intensities
(Nanninga & Tyrrell, 1996; Ragni, 2008; Loebl, 2010). This hypothesis was disproven, as cells
without coccoliths did not show signs of photoinhibition (Nanninga & Tyrrell, 1996). However,
it has been shown that coccoliths protect the cell against ultra violet (UV) radiation (Gao, 2009;
Guan & Gao, 2010; Gao, 2012), especially UV-B (Xu, 2016).

It was also suggested that calcification presents a form of carbon concentrating mechanism,
as coccolith production produces CO3, enhancing CO2 supply to the Calvin cycle for carbon
fixation. However, it has been shown that this CO; is not obligatory for photosynthesis and
cannot drive the observed concentration mechanism (Raven & Crawfurd, 2012; Beardall &
Raven, 2016).

Another hypothesis proposed that coccoliths could help the non-flagellated diploid stage
regulate its sinking rate (Linschooten, 1991; Young, 1994; Lecourt, 1996). Evidence supports
this assumption on several levels. Calcium carbonate has a higher density than organic matter
and seawater (Paasche, 2001) and it has been shown that cells sink faster, the more coccoliths
they carry (Lecourt, 1996). Furthermore, senescent or nutrient limited cells have more
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coccoliths (Linschooten, 1991; Lecourt, 1996; Paasche, 1998) and could therefore sink to
deeper nutrient-rich water levels (Linschooten, 1991; Young, 1994; Lecourt, 1996). In line with
this argument, light limited cells have less coccoliths (Balch, 1996), theoretically allowing them
to rise to lighter areas in the water column (Paasche, 2001). However, sinking rate is also
influenced by the cellular lipid content, as E. huxleyi contains many poly-unsaturated fatty acids
(Pond & Harris, 1996) and alkenones (Yamamoto, 2000) which enhance buoyancy (Fernéndez,
1994; Fernandez, 1996; Paasche, 2001).

2.2 Pigments in microalgae

2.2.1 The role of pigments in oxygenic photosynthesis

Photosynthetic organisms convert energy from light into chemical bonds, with the help of water
and CO». This requires two reactions, which take place in the chloroplast. The light reaction
comprises absorption of light energy, subsequently leading to production of NADPH and ATP,
which are used in the dark reaction to fix COz in form of carbohydrates in the Calvin cycle
(Falkowski & Raven, 2007).

Pigments can be divided into light harvesting pigments (chlorophylls and some carotenoids)
and photoprotective pigments (carotenoids). The first step in the light reaction is performed by
light harvesting pigments. These are located in light harvesting protein complexes (LHC),
which are part of the photosystem I (PS 1) and photosystem 11 (PS I1) complexes. In the process
of light harvesting, a chlorophyll molecule is excited by a photon, lifting the molecule from its
ground state (So) into an excited state (S3). Rapid relaxation to a lower state (S1) allows transport
of excitation energy to another chlorophyll molecule, typically chlorophyll a. Via several
chlorophyll a molecules, excited energy is transferred to the reaction center of the photosystem,
where it initiates charge separation in special chlorophylls (P680 or P700). In PS 11, the reaction
center chlorophyll P680 releases an electron to pheophytin, causing linear electron flow from
PS 1l via plastoquinone, the cytochrome bef complex and plastocyanin to PS I. Here P700 is
excited, which donates an electron to ferredoxin, subsequently leading to the reduction of
NADP* to NADPH. The electron in P680 is replaced by an electron extracted from water,
thereby releasing oxygen and protons. Together with protons from linear and cyclic electron
flow, this causes a proton gradient in the thylakoid lumen, fueling the ATP synthase for ATP
production (Ke, 2001; Croce & van Amerongen, 2014).

Plants and green algae typically contain chlorophyll a as main light-harvesting pigment, and
chlorophyll b as accessory pigments. Diatoms, dinoflagellates and haptophytes, such as
E. huxleyi, contain chlorophyll a and chlorophyll c. Other accessory chlorophylls exist, such as
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chlorophyll d and chlorophyll e (Croce & van Amerongen, 2014). In some microalgae,
carotenoids also function in light harvesting (Blankenship, 2014). Because light consists of a
broad spectrum of wavelengths, pigments differ in their absorption capacity, to ensure capture
of as much light as possible (Ke, 2001).

Photoprotective carotenoids are important under stress conditions, such as high light, where
reaction centers of photosystems can be saturated, preventing fast energy transfer. This can
cause excited chlorophylls to go into a harmful triplet states, leading to production of phototoxic
singlet oxygen species (reactive oxygen species, ROS). Carotenoids quench triplet chlorophylls
or singlet oxygen species, emitting energy as heat, so that chlorophyll can return to its ground
state. Some carotenoids, xanthophylls, can also prevent excited chlorophylls from going into
triplet state, by non-photochemical quenching, also emitting energy as heat (Pogson, 2005).

This particular type of non-photochemical quenching is performed via the xanthophyll
cycle, involving dissipation of excess energy (Llewellyn, 2007). Two types of this cycle exist,
dependent on the species-specific pigment repertoire (Figure 5). Higher plants, Chlorophyceae
and other individual species (i.e. Rhodophyceae, Chrysophyceae, Xantophyceae) use the
violaxanthin-dependent cycle, while marine microalgae, such as E. huxleyi, rely on the

diadinoxanthin-dependent pathway (Demmig-Adams & Adams 11, 1993).
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Figure 5: The two different xanthophyll cycles in microalga. (a) The diadinoxanthin cycle. (b) The
violaxanthin cycle. Image from (Tanabe, 2011), license CC BY 4.0.
2.2.2 E. huxleyi’s pigment composition
Strains of the E. huxleyi species complex possesses a highly unique pigment profile (Stolte,
2000; Zapata, 2004). Next to chlorophyll a E. huxleyi contains the accessory chlorophyll ¢
(Green & Durnford, 1996; Jeffrey, 1997), allowing extension of the spectral absorption towards
blue light (Larkum, 1994; Green & Durnford, 1996), which is important in deeper oceanic
waters (Brunet, 2011; Kirk, 2011; Croce & van Amerongen, 2014). Chlorophyll c is structurally
similar to chlorophyll a and chlorophyll b, however, it does not contain a phytol chain and
ring D is not reduced (Jeffrey, 1997). Different E. huxleyi strains can contain several different
chlorophyll ¢ pigments, such as chlorophyll ¢z, chlorophyll cs, divinyl chl c3, monovinyl c3 and
chlorophyll c.-MGDG (Garrido, 2000; Garrido, 2016). All chlorophyll ¢ derivatives have a
similar yet not identical spectral absorption (Jeffrey, 1972; Fawley, 1989; Saitoh, 1993; Zapata,
2006).

Next to light-harvesting, chlorophyll ¢ pigments may play a role in LHC stabilization
(Jeffrey & Anderson, 2000; Hoober & Eggink, 2001). As oxidized chlorophylls, it is proposed
that chlorophyll ¢ forms strong coordination bonds with ligands of LHC apoproteins, due to the

higher lewis strength of the central Mg atom, therefore aiding in LHC assembly, similar to
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chlorophyll b (Hoober & Eggink, 2001). Chlorophyll ¢ molecules are proposed to be
noncovalently attached to fucoxanthin-chlorophyll a/c polypeptides, as occurs in the
chlorophyll a/b complex of PS Il in plants (Kdhlbrandt, 1994). Non-polar chlorophyll c2-
MGDG additionally allows hydrophaobic interactions, and could therefore act as a space filler
in the thylakoid membrane (Jeffrey & Anderson, 2000). Furthermore, a transporting role has
been proposed for this chlorophyll, as the lipid component could help deliver chlorophyll c2
from the inner chloroplast membrane to the light-harvesting antenna in the thylakoids (Jeffrey
& Anderson, 2000).

To aid absorption of the limited light spectrum in oceanic waters, E. huxleyi also contains
various light-harvesting fucoxanthins (Stolte, 2000; Zapata, 2004; Garrido, 2016). Strains can
contain several different fucoxanthins, such as fucoxanthin, 19’-hexanoyloxy-fucoxanthin
(hex-fucoxanthin), 19’-hexanoyloxy-4-ketofucoxanthin (h4k-fucoxanthin), 19’-butanoyloxy-
fucoxanthin (but-fucoxanthin), cis-fucoxanthin and cis-199-19’-hexanoyloxyfucoxanthin
(Stolte, 2000; Zapata, 2004; Airs & Llewellyn, 2006). The derivatives differ marginally in their
absorption features (Egeland, 2000; Airs & Llewellyn, 2006). It is not clear whether
fucoxanthins also function as secondary carotenoids in photoprotection (Kim, 2012).

Additionally, E. huxleyi contains further carotenoids functioning in photoprotection, such
as diadinoxanthin, diatoxanthin, and a- and B-carotene (Stolte, 2000; van Lenning, 2004;
Zapata, 2004; Garrido, 2016).

2.3 The central carbon metabolism in microalgae

After light absorption by pigments and subsequent linear electron flow in the light reaction, the
produced ATP and NADPH are used in the dark reaction, the Calvin cycle. Here CO: is fixed
in form of glyceraldehyde-3-phosphate, which is subsequently converted to hexoses by
gluconeogenesis (Oesterhelt & Wachtveitl, 2012). This reaction takes place in the chloroplast
stroma (Falkowski & Raven, 2007). Hexoses can be stored in form of different glucans
(Barsanti & Gualtieri, 2006). E. huxleyi’s carbon storage glucan is a 1,6-linked B-D-glucan with
branching at position 3, and 1,6-linkages in the side chains (Varum, 1986).

Carbon allocation seems unique in E. huxleyi compared to other algae. For example, *4C-
labeling experiments showed that in the strain NIES 837, only a small amount of 3-glucan was
formed as a photosynthetic product in both nutrient-replete exponential and stationary phase
cultures (Tsuji, 2015). The majority of carbon/energy storage was performed by alkenones
(long chain ketones) and low molecular-mass compounds, including mannitol (Tsuji, 2015).
Mannitol had been proposed to be a major storage compound in E. huxleyi previously (Obata,
2013; Mausz & Pohnert, 2015). In contrast, B-glucan is the major carbon storage molecule
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haptophytes and diatoms that don’t produce alkenones, also under nutrient replete conditions
(Myklestad, 1989; Hirokawa, 2008).

Energy and biosynthesis intermediates are generated in a process termed dark respiration,
as it can function in the absence of light. It involves glycolysis, pentose phosphate pathway, the
tricarboxylic acid cycle and oxidative phosphorylation. In microalgae this process is thought to
have the same role as in other aerobic organisms (Raven & Beardall, 2003; Buchanan, 2015).

Glycolysis is a key pathway of metabolism, where hexoses from carbon fixation, storage,
or import are converted to pyruvate, thereby producing energy and reducing equivalents in form
of ATP and NADH. Further compounds are formed that can be used for biosynthesis (i.e.
glycerol 3-phosphate, acetyl-CoA, alanine). It can be assumed that glycolysis is
compartmentalized between the chloroplast and the cytosol for microalgae (Raven & Beardall,
2003; Khozin-Goldberg, 2016), as this has been observed in the chlorophyte Chlamydomonas
reinhardtii (Klein, 1986; Klock & Kreuzberg, 1991; Johnson & Alric, 2013), as well as in
diatoms (Smith, 2012). However, diatoms have additional glycolytic capabilities in the
mitochondria (Liaud, 2000; Kroth, 2008; Fabris, 2012). The exact location of glycolysis in
E. huxleyi has not been elucidated. Furthermore, E. huxleyi has not been shown to import
sugars, it only grows photoautotrophically. The pentose phosphate cycle is a competing
pathway of glycolysis, which converts glucose to pentoses and tetroses needed for biosynthesis
of nucleosides and amino acids. In the process, reducing equivalents in the form of NADPH are
produced (Raven & Beardall, 2003; Wiinschiers, 2012a).

The largest part of energy generation takes place in the mitochondria, involving the
tricarboxylic acid cycle (TCA), electron transfer reactions and oxidative phosphorylation. In
the TCA, carbon chains from carbohydrates, fatty acids (both entering as acetyl-CoA) and
several amino acids are oxidized to CO; and water, yielding NADH, FADH», ATP (Raven &
Beardall, 2003; Winschiers, 2012a). The cycle also provides intermediates for amino acid and
porphyrin synthesis (Winschiers, 2012a). In oxidative phosphorylation, electrons from NADH
and FADH: are passed through an electron transport chain to O, reducing it to water. The
transporting complexes are located in the inner mitochondrial matrix, and transfer protons into
the intermembrane space. The created proton gradient fuels an ATPase to generate ATP. The
majority of energy from hexoses is generated by oxidative phosphorylation (Le Williams & del
Giorgio, 2005; Jahn & Jahn, 2012).

In microalgae, fatty acid synthesis is presumed to take place in the chloroplast, although
enzymes have been predicted to be targeted to both the mitochondrion and chloroplast (Riekhof,
2005; Li-Beisson, 2016). Fatty acids are synthesized from malony-CoA, which is obtained by
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carboxylation of acetyl-CoA, using NADPH and ATP (Khozin-Goldberg, 2016). They can
subsequently be esterified to form lipid molecules in the chloroplast and endoplasmatic
reticulum (Winschiers, 2012c; Li-Beisson, 2016). Fatty acids can be recycled to acetyl-CoA
by B-oxidation (Li-Beisson, 2015), which can subsequently be used for energy and intermediate
generation in the TCA cycle or can be converted to back to hexoses in gluconeogenesis, in a
series of steps partly resembling reverse glycolysis. Some amino acids as well as glycerol can
also be recycled in gluconeogenesis (Winschiers, 2012a).

2.4 Lipids in microalgae

2.4.1 General classification of lipids

Lipids represent a major subcellular component, playing many essential roles, such formation
of biological membranes, storage and signaling molecules (Li-Beisson, 2016). The strict
definition of the term “lipid” is under debate. However, the general understanding is that lipids
are hydrophobic or amphipathic small molecules that are solvable in organic solvents, yet not
in water (Li-Beisson, 2016). This applies to several different compounds, such as fatty acids
and their derivatives, as well as chlorophylls, carotenoids, terpenes, steroids and bile acids
(Christie, 2013). Further, they can be categorized into “polar” and less polar lipids, termed
‘neutral”. This allows easy differentiation of microalgal lipids, as polar lipids mostly represent
membrane structures, whereas neutral lipids compose storage lipids, such as triacylglycerides
(TAG), hydrocarbons, ketones, as well as wax and sterol esters (Volkman, 1981; Christie, 2013,;
Li-Beisson, 2015).

2.4.2 Membrane lipids in microalgae

Polar lipids form lipid bilayer structures that compose cellular membranes (Harwood, 1998).
These structures provide matrices for interactions of membrane associated proteins (Han &
Gross, 2005) as well as subcompartments which contribute to cellular functions (Falkowski &
Raven, 2007; Shevchenko & Simons, 2010). Important membrane lipids in microalgae are
phosphoglycerides, such as phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and phosphatidylinositol (P1); glycosyl-glycerides, such as mono-
galactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and sulfoquinovosyl-
diacylglycerol (SQDG); and betaine lipids, such as diacylglyceryltrimethylnomoserine
(DGTS), diacylglycerylhydroxymethyltrimethyl-p-alanine (DGTA) and diacylglyceryl-
carboxylhydroxymethylcholine (DGCC) (Guschina & Harwood, 2006; Li-Beisson, 2016).
E. huxleyi has been reported to additionally contain the phospholipid phosphatidyl-S,S-
dimethylpropanethiol (PDPT), as well as an abundance of glycosphingolipids (GSL) and
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betaine-like glycerolipids (Fulton, 2014; Hunter, 2015; Malitsky, 2016). Phospholipids,
sphingolipids and betaine lipids generally constitute a large proportion of extraplastidial lipids
in microalgae, next to sterols (Murata, 1998; Khozin-Goldberg, 2016). Major components of
microalgal chloroplast thylakoid membranes are the glycosylglycerides MGDG, DGDG and
SQDG, the phospholipid PG, as well as betaine lipids, such as DGTS, DGTA or DGCC
(Murata, 1998; Guschina & Harwood, 2006; Li-Beisson, 2016). Next to forming the lipid
bilayers necessary for photosynthesis to take place, they aid in folding and assembly of protein
subunits in photosynthetic complexes, and are therefore highly important for efficient
photosynthesis (Murata, 1998; Kobayashi, 2016).

2.4.3 Storage lipids in microalgae

Microalgae are able to store energy in form of lipids (Hu, 2008). The role of neutral lipid storage
in microalgae is typically performed by TAG, which accumulate under stress conditions
(Fidalgo, 1998; Rodolfi, 2009). In E. huxleyi, only small amounts of TAG have been detected
(Volkman, 1986; Bell & Pond, 1996; Malitsky, 2016). E. huxleyi produces polyunsaturated
long chain alkenones (ketones), alkenoates and alkenes, which are often abbreviated as
PULCA. Alkenones accumulate under stress conditions and have therefore proposed to be
metabolic storage lipids (Bell & Pond, 1996; Epstein, 2001; Prahl, 2003; Eltgroth, 2005; Pan
& Sun, 2011), which was confirmed by isotope labeling (Tsuji, 2015). The reason for this
difference could be the higher photostability of alkenones (Rontani, 1997), which would be
advantageous in E. huxleyi’s high-light habitat (Eltgroth, 2005). Alkenones have been
investigated intensively, as they are relevant for paleoclimatic temperature reconstructions, due
to the fact that double bond positions are influenced by temperature and alkenones are highly
resistant to decomposition (Brassell, 1986; Prahl & Wakeham, 1987; Conte, 1998; Miller,
1998; Conte, 2006). PULCA seem to be present as membrane-unbound lipids (Mouzdahir,
2001; Sawada & Shiraiwa, 2004; Eltgroth, 2005). Results about the exact location are
contradicting, as Sawada and coworkers (2004) stated they were highly abundant in an ER and
coccolith vesicle fraction, whereas Eltgroth and coworkers (2005) did not find PULCA
associated with the coccolith vesicle fraction, but in lipid droplets. PULCA are also proposed

to play a role in regulating buoyancy (Fernandez, 1994; Fernandez, 1996; Paasche, 2001).
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2.5 The effect of nutrient limitation on microalgae

2.5.1 Natural occurrence of nutrient limitation for E. huxleyi

Nutrient limitation is common in the ocean, as areas are naturally limited by different
macronutrients, such as nitrogen, phosphorus, silicate, iron and nickel (Moore, 2013; Palenik,
2015). Climate change, next to causing ocean acidification (Caldeira, 2005) by increased CO>
partial pressure (Solomon, 2007), is proposed to increase nutrient limitation, due to increased

stratification in warmer waters (Doney, 2006; Cermeno, 2008; Beman, 2011).

2.5.2 Phosphorus-starvation in microalgae

Phosphorus is an important nutrient, which constitutes ATP, coenzymes, DNA, RNA and
phospholipids (Barsanti & Gualtieri, 2006). It is involved in energy transfer, signal
transduction, macromolecule biosynthesis, photosynthesis and respiration (Plaxton & Carswell,
1999; Raghothama, 1999). In microalgae, P-starvation has been shown to decrease growth rate
(Dugdale, 1967; Latasa & Berdalet, 1994; Falkowski, 1997; Kozlowska-Szerenos, 2004; Hou,
2007; McKew, 2015; Kamalanathan, 2016). Comprehensive metabolome data regarding P-
starvation in microalgae is so far lacking, as studies often only assess certain metabolic groups,
complicating statements concerning general responses of microalgae to P-starvation.
Furthermore, responses appear non-generic, as different microalgal strains show diverging
patterns. For example, proteins have been shown to either decrease and not change under P-
starvation in Skeletonema costatum and Prorocentrum donghaiense, respectively, while
carbohydrates increased in both strains (Zhao, 2009). In Chlamydomonas reinhardtii and
Chlorella vulgaris, P-starvation did not affect chlorophyll a abundance (Kozlowska-Szerenos,
2004; Kamalanathan, 2016), whereas photoprotective carotenoids were increased selectively in
Chlorella vulgaris (Kozlowska-Szerenos, 2004). P-starvation resulted in lipid accumulation in
Phaeodactylum tricornutum, Chaetoceros sp., Pavlova lutheri (Reitan, 1994) and
Prorocentrum donghaiense (Zhao, 2009). No change was observed for Skeletonema costatum
(Zhao, 2009), whereas decreased lipid abundances were found in other species, such as
Nannochloris atomus and Tetraselmis sp. (Reitan, 1994).

These results indicate that some microalgae can cope better with P-starvation than others.
For example, marine microalgae efficiently scavenge, recycle and store phosphorus under
conditions where P is scarce, thereby prolong survival (Twining, 2010). Many marine
microalgae, including E. huxleyi, substitute phospholipids by non-P-containing betaine lipids
and galactolipids under P-starvation, thereby saving 10-30 % of P (van Mooy, 2009; Shemi,

2016). Furthermore, phytoplankton can accumulate polyphosphates as P-storage (Martin,
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2014). Also, P-starvation can lead to increased coccolith production in E. huxleyi (Paasche &
Brubak, 1994; Paasche, 1998; Kayano & Shiraiwa, 2009; Satoh, 2009). However, it appears
this effect is coupled to ceased cell division. When cells become P-limited, they eventually stop
dividing, but coccolith production proceeds unperturbed, forming further layers around the cell,
making it appear bigger (Shiraiwa, 2003).

E. huxleyi has been shown to bloom and become the dominant species in low-phosphorus
waters (Riegman, 1992; Egge & Heimdal, 1994; Tyrrell & Taylor, 1996; Riegman, 2000), often
after diatoms have bloomed (Holligan, 1993), leaving the water devoid of nutrients (Tyrrell &
Taylor, 1996). Therefore, it has been hypothesized that P-limitation is a key for E. huxleyi’s
bloom formation (Lessard, 2005). This could be explained by its exceptional ability to scavenge
inorganic P from external sources, as the number of phosphate transporters and alkaline
phosphatases is highly increased in E. huxleyi under P-starvation (Riegman, 2000; McKew,
2015; Shemi, 2016). Alkaline phosphatases are cell surface proteins which cleave phosphate
off dissolved organic material, such as DNA, RNA, nucleotides and proteins (Dyhrman &
Palenik, 2003; Landry, 2006; McKew, 2015). Other microalgae also use alkaline phosphatases
to scavenge external P (Kuenzler & Perras, 1965; Sakshaug, 1984; Dyhrman & Palenik, 1997;
Dyhrman & Palenik, 2003; Wurch, 2011). However, alkaline phosphatases in E. huxleyi have
been shown to have the highest affinity ever reported for phytoplankton species (Riegman,
2000), and are produced in higher abundance compared to other microalgae (Kuenzler & Perras,
1965).

2.5.3 Nitrogen-starvation in microalgae

Nitrogen is an element present in many cellular components, as it is part of all proteinogenic
amino acids. N-starvation in microalgae directly affects amino acid synthesis (Barsanti &
Gualtieri, 2006), and therefore protein production (McKew, 2015). Photosynthetic proteins
seem to be more strongly affected than cytoplasmic proteins (Rhiel, 1986; Kolber, 1988;
Falkowski, 1989; Geider, 1993), leading to a decreased PS Il efficiency (Berges, 1996; Zhang,
2013), in line with decreases of N-containing chlorophylls (Latasa & Berdalet, 1994; Berges,
1996; Li, 2008; Zhang, 2013; McKew, 2015; Kamalanathan, 2016). At the same time
photoprotective pigments can be increased, for example in Phaeodactylum tricornutum,
Thalassiosira weissflogii, Dunaliella tertiolecta and Parietochloris incisa (Geider, 1993;
Berges, 1996; Solovchenko, 2008). As a result of N-starvation, carbon and nitrate assimilation
are affected (Hipkin, 1983; Kaffes, 2010). In many algae, N-starvation leads to increased lipid
accumulation, especially in form of triacylglycerides (TAG) (Fidalgo, 1998; Rodolfi, 2009), as

photosynthetate is channeled into storage molecules (Scott, 2010).
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E. huxleyi efficiently scavenges external inorganic and organic N sources under N-
limitation, as observed on proteomic level (McKew, 2015). It can grow well on various forms
of organic nitrogen, such as urea, purines, acetamide and formamide (Antia, 1975; letswaart,
1994; Palenik & Henson, 1997; Bruhn, 2010; McKew, 2015). Next to viral termination, N-
starvation is thought to be the main reason for bloom termination (Bratbak, 1993; Egge &
Heimdal, 1994; van der Wal, 1995).

2.6 Metabolome analysis methods

2.6.1 Common approaches for metabolome analysis

A metabolite is an intermediate or a product of biochemical pathways, representing the endpoint
of the “omics cascade’, consisting of genome, transcriptome, proteome and metabolome
(Dettmer, 2007). The sum of all metabolites in a cell is termed "metabolome”. Metabolite levels
represent the ultimate response of a biological system to genetic or environmental changes
(Fiehn, 2002). Due to the complexity of the metabolome, consisting of numerous metabolites
with diverse physico-chemical properties in different abundance levels, no single-instrument
platform can currently analyze all metabolites (Dettmer, 2007). Furthermore, due to the highly
dynamic nature of metabolites, metabolomics can only represent a “snap-shot” of the metabolic
constellation of a particular time point (Villas-Bbas, 2007).

Two approaches that can be chosen for metabolome analysis, namely metabolic
fingerprinting and metabolic profiling. Metabolic fingerprinting is an untargeted analysis of a
sample, allowing comparison of metabolite patterns, whereas metabolomic profiling represents
targeted analysis of specific metabolite classes, providing quantitative data for physiological
interpretations (Dettmer & Hammock, 2004; Villas-Bbas, 2007). In this work, only
metabolomic profiling was applied. Here methods can be utilized to analyze a broad range of
metabolites. If specific analytes cannot be identified with the applied method, additional
approaches can be performed to identify specific metabolite groups. Both approaches require
separation of compounds, e.g. by capillary electrophoresis, gas or liquid chromatography (GC
or LC) and detection by e.g. ultraviolet-visual (UV) spectrophotometers, nuclear magnetic
resonance spectroscopy or mass spectrometry (MS) (Dettmer, 2007; Villas-Boas, 2007).

Performance of high quality metabolome analysis requires proper sampling and sample
handling (van Gulik, 2010). As metabolites have a very fast turnover, sample quenching needs
to be performed to stop metabolic activities. This can be performed by cold shock (freezing in
liquid nitrogen), cold quenching (i.e. injecting sample into cold methanol), freeze clamping, or
acid treatment (Dettmer, 2007). For cells that only reach low cell densities, additional
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enrichment through centrifugation or filtration may be necessary prior to sample quenching.
This is the case for E. huxleyi, which additionally does not separate well by centrifugation.
Therefore, it is necessary to perform quick filtration at unchanged light and temperature
conditions, followed by cold shock in liquid nitrogen (Obata, 2013). Analysis of metabolites
from complex biological samples requires metabolite extraction and separation from interfering
components, which can contribute to metabolite loss (Dettmer, 2007). For microalgal cells
liquid-liquid-phase extraction is often applied, involving homogenization of frozen sample,

followed by extraction with organic solvents (Roessner, 2000; Doebbe, 2010).

2.6.2 Principles of gas chromatography

GC is often applied to analyze a broad range of metabolites (Marriott, 2004; Villas-B6as, 2007).
Analytes are required to be volatile and thermally stable for GC analysis. Small molecules with
low boiling points (<200-300 °C) can easily be evaporated. However, non-volatile compounds,
such as amino acids, sugars, small organic acids, and other polar metabolites, as well as large
apolar metabolites such as fatty acids and sterols, need to be chemically derivatized to increase
volatility (Villas-Boas, 2007). This is often achieved by silylation or methylation, which
“covers” i.e. carboxylic, hydroxylic and amino groups with apolar functionality, resulting in
more volatile compounds (Dettmer, 2007; Villas-Boas, 2007). Samples are commonly injected
into the column in gas or liquid form. In liquid injection systems, the sample is injected into a
hot liner, where analytes evaporate. A carrier gas (i.e. He, Hz or N3) transports analytes from
the injector to the column. Here they are retained based on interactions with the stationary phase
and differences in vapor pressure, and are eluted with a temperature gradient. Long capillary
columns (10-100 m) commonly contain a polymer stationary phase and allow separation of a
broad array of analytes (Marriott, 2004; Villas-Bbas, 2007). Universal detectors used for GC
include MS, flame ionization detectors (FID), Fourier transform infrared spectrometers (FTIR)

and thermal conductivity detectors (Marriott, 2004).

2.6.3 Principles of liquid chromatography

LC is commonly performed as high-performance liquid chromatography (HPLC). This
technique allows separation of compounds solvable in a mobile phase, from apolar to ionic,
small to very large, acidic to alkaline (Villas-Bdas, 2007). In contrast to GC, non-volatile or
thermally labile high molecular compounds can be separated (Forcisi, 2013). The separation
principle involves a pump sending a pressurized mobile phase and the sample over a column
containing a stationary phase (Smith, 2004). Analytes are retained due to their individual

interaction with the stationary phase material, and are eluted subsequently, leading to separation
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of analyzes by retention time (van der Meeren & Vanderdeelen, 2013). Numerous different
stationary phases can be combined with different mobile phases, thereby expanding separation
possibilities compared to GC (Smith, 2004; Villas-Boas, 2007). Analytes eluting from HPLC
are commonly detected by MS, UV and fluorescence spectroscopy detectors, refractive-index
detectors, light-scattering detectors, electro-chemical amperometric/coulometric detectors,

conductivity and suppressed-conductivity detectors or chiral detectors (Smith, 2004).

2.6.4 Principles of mass spectrometry

Mass spectrometry allows the determination of molecular mass of free ions under high vacuum
(Gross, 2004). A mass spectrometer consists of an ion source, which ionizes analytes, a mass
filter that separates ions according to their mass-to-charge ratio (m/z), and a detector, that
measures the ion current (Villas-Bdas, 2007). Results are represented as a mass spectrum,
showing ion abundance and their m/z ratios (Hart-Smith & Blanksby, 2012).

The first step includes ionization of analytes that are introduced into the system, e.g. from
the GC or LC column. For gas phase analytes, the source of these ions is typically electron
impact ionization (EI), in which energetic electrons ionize compounds (Gross, 2004; Niessen,
2004). For liquid phase analytes (i.e. from LC), these need to be brought into the gaseous phase
as well as be ionized, for example by action of a strong electrical field, in electron spray
ionization (ESI) or by application of a heated nebulizer, in atmospheric-pressure chemical
ionization (Niessen, 2004). lonized analytes are subsequently sorted by mass analyzers, such
as quadrupole mass filters, ion traps, time of flight mass analyzers, Fourier transform ion
cyclotron resonance mass analyzers and orbitraps (Hart-Smith & Blanksby, 2012). Quadrupole
mass analyzers and ion traps will be described in more detail, as they are of relevance for the
measurements in this work.

The quadrupole mass filter consists of four electrodes, to which a combination of alternating
and direct voltages is applied. This allows selection for analytes with specific m/z-values or
wide m/z ranges, which pass through the quadrupole on stable flight paths, whereas others
collide with the electrodes and are neutralized (Villas-Bbas, 2007; Hart-Smith & Blanksby,
2012). The quadrupole ion trap (Paul trap) is very similar to a quadrupole mass filter, although
it doesn’t continuously transmit ions, but stores and ejects them when required (Villas-Boas,
2007). It consists of a ring electrode and two electrodes at either end, resulting in a chamber in
the shape of a hyperbola. Through alternating voltage an oscillating quadrupole electrical field
is formed, focusing ions, which can then be analyzed by mass (Villas-Boas, 2007; Hart-Smith
& Blanksby, 2012).
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ESI does not produce many fragment ions with structural information, which is why tandem
MS (i.e. LC-MS/MS) can be applied (Kruve, 2015). This includes selection of ions of a
particular m/z in the first MS, which are subsequently fragmented by collision with an inert gas.
A second MS separates these ions, which are then detected, allowing more advanced analysis
for structure elucidation or obtaining high specificity and sensitivity in target analysis (Villas-
Boas, 2007; Hart-Smith & Blanksby, 2012; Kruve, 2015).

2.6.5 Metabolomic analysis of lipids

Several different methods can be applied to analyze lipids. Most analyses require the extraction
of lipophilic compounds with organic solvents before measurement. Typical methods are based
on the "Folch” or "Bligh & Dyer” extraction protocols (Folch, 1957; Bligh & Dyer, 1959), which
involve different proportions of methanol and chloroform to extract lipids of various polarities,
including a phase separation with water, to separate contaminants (Christie & Han, 2010). The
dry weight of this total lipid extract can be determined, however it is important to note that this
fraction also contains triterpenoids, pigments and non-lipid contaminants (Li-Beisson, 2016).

The easiest and cheapest way to further analyze the lipid composition is via thin layer
chromatography (TLC). TLC allows 1D- or 2D separation of complex lipid samples due to their
polarity, resulting in separated lipid classes (i.e. MGDG, DGDG, PC, PE, PG, TAG). These can
then be stained (i.e. with primuline), and visualized with UV (Li-Beisson, 2016). Quantification
of lipids can be performed densiometrically by comparison with standards, or by analysis of
recovered lipids via GC or LC (Christie, 2011a). Joint systems exist, consisting of automatic
TLC coupled to HPLC (HPTLC), allowing higher accuracy of this method (Fuchs, 2011).

The most commonly used lipid analysis method is detection of lipid fatty acid composition
via GC-MS or GC-FID (Dodds, 2005). This requires derivatization of fatty acids to fatty acid
methyl esters (FAME), to neutralize carboxyl groups, thereby preventing hydrogen bond
formation, which negatively impacts stationary phase interaction (Christie, 2011b).
Derivatization can be performed by acid- or base-mediated catalysis. Both methods have
disadvantages, as acid-based catalysis can be too strong for fatty acids with epoxy,
cyclopropane or cyclopropene rings (Bao, 1998), and base-catalysis is not affective on free fatty
acids or fatty acids in sphingolipids, due to the amide-bond (Li-Beisson, 2016). Normally these
methods derivatize all lipids in the sample, so that differentiation between fatty acids from lipids
and naturally occurring free fatty acids is not possible. However, free fatty acids can be
separated from the total lipid extract and derivatized separately (Kaczmarzyk & Fulda, 2010),
or analyzed by fractional derivatization (Kail, 2012). The resulting FAME are separated and
quantified via GC-FID or GC-MS (Li-Beisson, 2016). While GC-FID is more commonly used,
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GC-MS is a powerful alternative, as it offers the additional value of clear compound
identification, whereas GC-FID only renders retention time and instrument response (Dodds,
2005). This can lead to misidentification of FAME due to coeluting compounds, contaminants
or artifacts (Ackman, 1990; Dodds, 2005).

The charged aerosol detection is a comparably new development (Dixon & Peterson, 2002)
which can be applied to detect TAG, after separation via HPLC (Moreau, 2006; Lisa, 2007).
The detection principle is based on nebulizing the effluent from the HPLC column using a
nitrogen flow, and evaporating resulting volatile analytes and solvents. Aerosol particles are
then charged with secondary stream of nitrogen that has passed a high-voltage platinum wire,
and the charged particle flux is measured by an electrometer (Moreau, 2006; Vehovec &
Obreza, 2010). This principle allows detection of many different analytes with great
reproducibility (Vehovec & Obreza, 2010).

A highly promising method for lipid analysis is termed “lipidomics’, as it allows analysis of
all lipids in a sample, providing information of the exact molecular species of each lipid (Han
& Gross, 2005). Analysis platforms include direct infusion ESI-MS/MS and LC-MS/MS (Li-
Beisson, 2016). This method requires analytical standards of each lipid, which is why studies
are often only comparative, as standards are not available for every lipid species (Shevchenko
& Simons, 2010). Lipidomics is not a standard analysis tool yet, due to expensive instruments
and requirement of specialist knowledge for handling and data processing (Li-Beisson, 2016).
However, it is a powerful tool used for elucidation of lipid composition in biological systems
(Welti, 2002; Yoon, 2012), and is highly promising in health and disease (Shevchenko &
Simons, 2010; Murphy & Nicolaou, 2013).

Furthermore, lipids can be analyzed in situ, without extraction, i.e. by staining with
lipophilic dyes (i.e. Nile red) and following microscopical visualization (Chen, 2009), or
directly by using electron microscopic techniques (Glauert, 1968; Fujita, 2010). Both chemical-
based lipidomics and in situ visualization are integrated by mass spectrometry imaging,
allowing insights to spatial compartmentation of the lipid metabolism (Passarelli & Winograd,
2011; Gorzolka, 2016). Here, typically three detection types are used, such as secondary ion
MS, desorption electrospray ionization and matrix-assisted laser desorption/ionization MS
(Horn & Chapman, 2014).
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2.7 Objective

Due to the natural occurrence of two life-cycle stages, of which only one stage calcifies, the
first objective was to compare the metabolome of these stages, to find life-cycle specific
differences that could possibly be connected to the calcification process. Only few E. huxleyi
strains exist where both diploid, calcifying (C, 2N) and haploid, non-calcifying (S, 1N) life-
cycle stages grow in stable individual cultures in the laboratory. Therefore E. huxleyi RCC 1216
(2N) and RCC 1217 (1N) were chosen for comparison.

Furthermore, it was important to analyze the effect of harvesting time point with regard to
metabolome analysis. Therefore, the metabolome of both life-cycle stages was analyzed at three
different growth phases; the early-exponential, late-exponential and stationary growth phase.
The focus was set on pigment and lipid analysis, to allow physiological comparison of both
life-cycle stages and growth phase-dependency of each stage.

A further interesting scenario for metabolome analysis is nutrient limitation. P- and N-
limitation is a quite common scenario in the ocean, and diploid E. huxleyi strains shows great
capacity to cope with P-starvation. Therefore, comprehensive metabolome analysis under these
nutrient-starvation scenarios would allow further elucidation about how the life-cycle stages

cope with nutrient starvation.
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3. Materials and Methods

3.1 Strains and cultivation conditions

3.1.1 Analyzed strains/life-cycle stages

The diploid, calcifying strain E. huxleyi RCC 1216 (C, 2N) and its haploid, non-calcifying life-
cycle stage E. huxleyi RCC 1217 (S, 1N) were obtained from the Alfred Wegener Institute,
Helmholtz Centre for Polar and Marine Research, Bremerhaven (S. Rokitta). They were
originally obtained from the Roscoff Culture Collection (Roscoff, France). RCC 1216 is also
known as AC 472, TQ 26, NIES-2697 and CCMP 3266. According to the culture collection,
this strain was isolated from the Tasman Sea in the Pacific Ocean, ~90 km from New Zealand’s
west coast (42.3° S 169.8° E), on the September 1, 1998, by I. Probert. (Roscoff Culture
Collection, 2017). As RCC 1216 and RCC 1217 are genetically identical, but present in
different ploidy stages, they will be referred to as diploid (2N) and haploid (1N) life-cycle stages
throughout this work.

3.1.2 Cultivation conditions

E. huxleyi was cultivated in a climate control chamber (Model SE-41 with 2 E-LBS lamp
benches and phenol-coated evaporator, PFL Plant Climatics). Temperature was set to 20 °C.
Cultures were illuminated with 350 umol m2s? on a 16:8 h light/dark cycle using tubular
fluorescent lamps (Master TL-D 18W/840, Philips). The absorption spectrum of the light source
is shown in Supplementary Figure 2. Cells were resuspended twice a day by gently shaking by
hand.

E. huxleyi can to be non-axenic, as bacteria are naturally associated with the strain (van
Oostende, 2013; Green, 2015). Therefore, pre-cultures were checked for contaminations before
main cultivations. If associated bacteria were found (one specific rod-shaped type of
bacterium), an antibiotic treatment with kanamycin was conducted (0.5 mg mL™?), after which
another round of pre-culture growth in media without antibiotics was conducted. Only axenic
cultures were used to inoculate main cultures, which were regularly monitored with regard to
contamination, by microscopical observation and plating on ESAW and LB-plates (Lysogeny
broth agar plates: 10 g L™ bacto-tryptone, 5g L yeast extract, 10 g L™* sodium chloride,
15 g Lt agar, pH 7.0).

3.1.3 Cultivation media
E. huxleyi was cultivated in photoautotrophic ESAW media, which is short for “enriched

seawater-artificial water”. The recipe was slightly modified from (Berges, 2001). Salt solutions
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I and 11 were freshly prepared and solved in deionized water (Table 1). The three main nutrients,
nitrate, phosphate and silicate, the two metal solutions, and vitamins were added from prepared
stock solutions (Table 2-Table 4). For main cultivations, media was directly sterile filtered
(sterile filters from Sartorius), as the C-source NaHCO3 outgasses slightly when autoclaving.

For stock cultures, autoclaved media was used, here vitamins were added afterwards.

Table 1: Composition of salt solutions I and 11 for ESAW media. c, concentration.

Solution Component Net weight/g Lt M/gmol?  Cfina/ MM L?
NaCl 21.19 58.44 363
NaxSO4 3.55 142.04 25
KCI 0.599 74.55 8.04

salt solution | NaHCOs 0.174 84.01 2.07
KBr 0.0863 119.01 725-10°
HsBOs 0.023 61.83 372-10°®
NaF 0.0028 41.99 65.7-10%
MgCl,-6H,0 9.592 203.3 47.2

salt solution 1l CaCl,-2H,0 1.344 147.02 9.14
SrCl2-6H0 0.0218 266.62 82:10°°

Table 2: Composition of different stock solutions for ESAW media. Prepare 100 mL of each of these four
stock solutions with deionized water. sol., solution; ¢, concentration.

Stock solution Component Stock sol. /g L* M /gmol?  Cfina/ MM L1
T:Tr]a,_te,’_.l NaNO; 46.7 84.99 549103
Ehnﬂiptfafe’ NaH;PO,-H.0 3.09 137.99 21-10°%
ii"rﬁfti_l NazSi035Hz0 11.2 212.16 105-10°
Tﬁ:i’ t_l FeEDTA 2.408 367.1 6.5610°%

Table 3: Composition of metal stock solution Il for ESAW media. Prepare 100 mL. c. concentration.

Stock solution Component Net weight /gL  M/gmol!  Cina/ MM L
ZnS047H,0 0.073 287.53 254-10°
Co0S04:7H0 0.016 281.1 5.69-10°°
MnSQO41H,0 0.409 169.02 2.42:10°°

1””?;&'_' n Na:M0oO,2H,0* 1.48-10° 241.95 6.1-10°
Na,SeOs* 1.73-10* 172.94 1-10°®
NiCl>-6H,O0* 1.49-10°3 231.7 6.3-10°
Na;EDTA-2H,0 3.09 372.24 8.29-10°°

*Stock solutions of individual metals can be prepared:

Na>Mo04-2H0 stock solution: 148 mg / 100 mL, add 1 mL to metal Il solution
Na>Se03-2H0 stock solution: 17.3 mg / 100 mL, add 1 mL to metal 11 solution
NiCl>-6H20 stock solution: 149 mg/ 100 mL, add 1 mL to metal Il solution
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Table 4: Composition of vitamin stock solution for ESAW media. Prepare 100 mL, filter sterilize and freeze
aliquots at -20 °C. ¢, concentration.

Stock solution Component Net weight/gLt M/gmol?!  Cfipa/ MM L?
o thiamin-HCI (B1) 0.1 337.27 297-10°
‘1"2{"& biotin (B) 0.002 24431 4.09-10°
cyanocobalamin (B1,) 0.001 1355.37 1.47-10°

Biotin stock solution: 20 mg/ 20 mL, add 1 mL to vitamin solution
B12- stock solution: 20 mg/ 10 mL, add 1 mL to vitamin solution

3.2 Main cultivation setups for generation of metabolomic samples

3.2.1 Growth phase-dependent metabolome analysis

In this experiment, both E. huxleyi life-cycle stages were cultivated in nutrient-replete ESAW
media. Pre-cultures were grown under identical conditions and used as inoculum when in
exponential growth. Per life-cycle stage, six biological replicates were inoculated at
2000 cells mL?, in 2 L glass bottles containing ESAW-media with no headspace. Cell number
was monitored daily in triplicate (Z2 Coulter® Particle Counter and Size Analyzer, Beckman
Coulter). At three chosen time points, two biological replicates were harvested for metabolome
analysis. The media was analyzed with respect to pH (Metrohm) and total alkalinity, using a
photometric test (Sarazin, 1999).

3.2.2 Metabolome analysis under nutrient-starvation

To analyze the effect of nutrient starvation, two separate cultivations were conducted. In each
setup, both life-cycle stages were grow in nutrient replete media (n=3), and P- or N-starved
media (n=3), which contained either 22.4 uM or 2.24 uM phosphate for the P-starvation setup,
or 549 uM or 54.0 uM nitrate, for the N-starvation setup. Cells were inoculated from nutrient-
replete exponential pre-cultures at 2000 cells mL™ in 2 L glass bottles containing the respective
ESAW media without any headspace. Cell numbers were monitored daily in triplicate (Z2
Coulter® Particle Counter and Size Analyzer, Beckman Coulter). Additionally, samples for
nutrient concentration in the media were taken daily, therefore triplicate samples of culture were
centrifuged (14,0009, 2min) at 4°C and frozen at -20°C until analysis. Nutrient
concentrations were analyzed with commercial photometric tests, for nitrate in seawater and o-

phosphate (Spectroquant®, Merck).

3.3 Measurement of total alkalinity
Total alkalinity (TA) is defined as the excess of proton acceptors over proton donors (Dickson,
1981), and therefore indicates how much dissolved inorganic carbon can be taken up by the

media. At the initial pH of seawater or ESAW media (pH=8.2), HCOz3" is the major proton
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acceptor, with smaller amounts of CO3%. Total alkalinity can be roughly seen as the amount of
protons that can be accepted by these acceptors. It is measured by acidic titration to the
alkalinity equivalence point, where TA equals 0 (pH ~4.3). The amount of added acid to reach
this point can be used to estimate the TA (Wolf-Gladrow, 2007). Total alkalinity was

determined according to Sarazin (Sarazin, 1999).

3.4 Metabolome analysis

3.4.1 Harvest of cells for metabolome analysis

Cells for metabolome samples were harvested by vacuum filtration, applying -500 mbar to
filtrate aliquots of culture onto polycarbonate filters (Whatman® Nuclepore™ Track-Etched
Membranes). Different filter pore sizes were used for the life-cycle stages, 3.0 um for diploid,
and 0.4 um for haploid stages. For the growth phase experiment, 200 mL aliquots were
harvested for pigment and lipid samples. For the N-starvation setup, GC-MS metabolome
analysis required 500 mL of culture, filtered in smaller volumes to ensure filtration did not take
longer than two minutes, as metabolites have high turnover. For pigment and lipid analyses,
250 mL were harvested. LC-MS/MS analyses only required 20 mL of culture volume. All filters

were instantly frozen in liquid nitrogen and stored at -80 °C until analysis.

3.4.2 Cellular content analysis via FTIR

Diploid and haploid life-cycle stages were cultivated in nutrient replete ESAW media, as
described above (3.2.1), and harvested in late-exponential phase (3.4), so that ~1.4-108 cells
were present per filter. Using 3 mL 5 M sodium chloride solution (analytical grade, Sigma-
Aldrich) cells were removed from the filter and centrifuged (2,500 g, 2 min). The supernatant
was decanted, and cells of both life-cycle stages were resuspended in 2 mL 0.2 M hydrochloric
acid (analytical grade, Fisher Chemicals), to remove coccoliths. After direct centrifugation
(20,238 g, 2 min), the supernatant was carefully removed with a pipette. A washing step
followed with 1 mL of the 5 M sodium chloride solution. After repeated centrifugation and
removal of the supernatant, the pellet was shock frozen in liquid nitrogen and lyophilized (-
55 °C, 0.03 mbar, Alpha-14, Christ).

Fourier transform infrared (FTIR) analysis was performed by J. L. Klocke and T. Kottke
(Physical and Biophysical Chemistry Group, Department of Chemistry, Bielefeld University).
FTIR spectra were measured on a spectrometer (IFS 66/S, Bruker) equipped with a
photoconductive mercury cadmium telluride detector and an attenuated total reflection setup
(DuraSamplIR 11, diamond crystal, Smiths) with nine active reflections. Lyophilized biomass

was pressed onto the crystal and absorption spectra were recorded with air as reference. The
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scanning velocity was set to 150 mHz, and the spectral resolution to 2 cm™. Fourier
transformation was performed with Mertz phase correction, a zerofilling factor of 2 and
Blackman-Harris-3-term apodization. For every sample, multiple measurements were totaled
and averaged to a total number of 6144 scans. OPUS 5.5 (Bruker) was used to correct baselines,
and spectra were normalized to the amide Il band (1539 cm™). Reference spectra of
hexatriacontane (98 %, Sigma-Aldrich), tetradecane (99 %, Acros organics), trans-7-
tetradecene (97 %, Sigma-Aldrich) and calcium carbonate (>99 %, Sigma-Aldrich) were
recorded, to validate the contribution of alkenes and calcium carbonate to the bands. Literature

comparison was used to identify the other bands.

3.4.3 GC-MS based metabolome analysis

In order to extract metabolites, filters were allowed to thaw on ice. Cells were gently removed
from the filter with 1 mL ice-cold methanol (80 % v/v, HPLC-grade) containing 10 uM of
internal standard ribitol (>99 %, Sigma-Aldrich). The metabolite extract was transferred to
screw cap vials containing 0.1 mm silica beads (Carl Roth), up to the 0.4 mL mark. Cells were
subsequently homogenized in aribolizer (Precellys 24 homogenizer, Peglab), using three cycles
of 45 sec at 6,500 rpm with incubation on ice in between cycles. After centrifugation at room
temperature (5 min, 14,000 rpm), 700 pL of the supernatant were dried under nitrogen gas.
Derivatization was carried out as reported by (Doebbe, 2010). In detail, 100 uL of a
methoxylamine hypochloride (Sigma-Aldrich)-pyridine solution (20 mg/mL) was added,
samples were incubated while stirring at 37 °C for 90 min. After addition of 100 pL N-Methyl-
N-(trimethylsilyDtrifluoroacetamide (Macherey-Nagel) samples were incubated a further
30 min. The mixture was centrifuged (4 min, 2,500 rpm) and the supernatant was transferred to
GC-sampling vials for subsequent GC-MS analysis.

Analysis was performed using a TraceGC gas chromatograph and ITQ ion trap mass
spectrometer equipped with an AS 3000 autosampler (Thermo Scientific, Germany), as
reported previously. (Doebbe, 2010). In short, 1 pL of sample was injected in splitless mode
onto a 30 m x 0.25 mm VF-5 ms column coated with 0.25 pum of 5 % diphenyl and 95 %
dimethylsiloxane (Varian Deutschland GmbH, Darmstadt, Germany). Injector and interface
temperature were set to 250 °C, ion source to 220 °C. Helium as a carrier gas was set to
1 mL min'L. The oven temperature was held at 80 °C for 1 min and then raised to 300 °C at 6 °C
mint. Mass spectra were recorded at 20 scans s™ in the scanning range of 50-750 m/z. The
resulting chromatograms were evaluated with Xcalibur software (Version 2.0.7, Thermo
Scientific, Germany). Identification of metabolites was performed with previously measured

standards and data base comparison NIST 05 library, National Institute of Standards and
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Technology, Gaithersburg, MD, Thermo Finnigan and the Golm Metabolome Data base
(GMD), Max Planck Institute of Molecular Plant Physiology, Golm, Germany (Kopka, 2005)).
Metabolites were reported as identified compound (level 1), or putatively identified compound
(level 2) according to (Sumner, 2007). Normalization was performed to the internal standard
and number of cells in the sample. All chromatograms were additionally reviewed manually, to

increase data-confidence.

3.4.4 Pigment analysis via UV-vis-HPLC
All work was carried out in a preferably dark environment. Cells from thawed filters were
removed with 1 mL of 90 % (v/v) acetone (analytical grade), saturated with calcium carbonate.
The extract was transferred to screw cap vials containing 0.1 mm silica beads (Carl Roth), up
to the 0.4 mL mark. Cells were disrupted in a ribolizer (Precellys 24 homogenizer, Peglab),
using three cycles of 45 sec at 6,500 rpm, including 15 sec break between each cycle, followed
by centrifugation of samples (14,000 rpm, 5 min). The supernatant was transferred to a HPLC
vial. If not immediately measured, samples were coated with N2 gas and stored at -20 °C.
Pigment separation and detection was performed via HPLC (Frommolt, 2001). The system
from Thermo Finnigan consisted of a TSP degasser, TSP AS 3000 autosampler, TSP P4000
pump, TSP column oven and TSP UV6000 detector. 20 puL of pigment sample was separated
on a AccucoreTM Polar Premium RP-C18 column (150 mm x 4,6 mm, 2.6 um particle size,
Thermo Scientific) with a pre-column Accucore C8 filter (10 mm x 4.6 mm, 2.6 um). Eluent A
consisted of 0.1 M ammonium acetate/methanol (15:85, v/v), eluent B of
methanol/acetonitrile/acetone (44:43:13, v/v). All solvents were HPLC-grade, except for
acetone (analytical grade). The column was equilibrated for 5 min with 100 % A and a flow
rate of 0.5 mL min*. The solvent composition changed to 75 % A and 25 % B at 31 min, and
then to 100 % B at 47 min, which was held until the end of the run at 70 min. The UV-vis-
detector scanned the wavelength-range 190-800 nm with a bandwidth of 1 nm and a scan rate
of 1 Hz. Additionally, a discrete channel was recorded at 440 nm. The resulting chromatograms
were evaluated with Xcalibur software (Version 2.0.7, Thermo Scientific, Germany).
Identification of pigments was performed by comparison with commercially available pigment
standards (DHI group) (Supplementary Table 2). Peak areas were normalized to the number of
cells in the sample. Values were stated as relative abundance, as quantification was not possible,

due to the limited concentration of internal standards.

32



Materials and Methods

3.4.5 Lipid isolation and separation

Cells were removed from the thawed filters with 1 mL of methanol (HPLC grade) and
vortexing. The extract was transferred to screw cap vials containing 0.1 mm silica beads (Carl
Roth), up to the 0.4 mL mark. Cells were disrupted in a ribolizer (Precellys 24 homogenizer,
Peqlab), using three cycles of 45 sec at 6,500 rpm, including 15 sec break between each cycle.
Lipids were extracted using a modified Folch protocol (Bogen, 2013). Briefly, lipids were
extracted twice with 4 mL methanol and 8 mL chloroform in total, initiating phase separation
by addition of 3 mL of deionized water, with which contaminants were eliminated. The extract
was evaporated to dryness with nitrogen gas.

Column chromatographies were performed to separate the neutral from the polar lipid
fraction as described previously (Chen, 2009). In short, single-use chromatography columns
were built in glass pipettes, containing cotton wool and silica gel (Silica gel 60 for column
chromatography, 0.063-0.200 mm, 70-230 mesh ASTM, Merck). The column was equilibrated
with chloroform (HPLC grade), the sample was dissolved in chloroform and loaded onto the
column and the neutral lipids were eluted into a glass vial (Supelco) with 7 mL chloroform.
Then a new vial was placed under the column, and polar lipids were eluted with the same
amount of methanol (HPLC grade). Subsequently, all fractions were evaporated to dryness
under a nitrogen gas stream and stored at -20 °C until further use.

Obtained neutral and polar lipid fractions were further analyzed regarding their fatty acid
composition (FAME), as described in 3.4.6. The neutral lipid fraction was divided into two
halves, to analyze FAMEs, as well as triacylglycerides (3.4.7), alkenes (3.4.8) and alkenones
(3.4.9).

3.4.6 FAME analysis via GC-MS

Half of the neutral and polar lipid fractions were derivatized to gain fatty acid methyl esters
(FAMES) as described by Jaeger et al. (Jaeger, 2016) and analyzed via GC-MS. Briefly, lipids
were dissolved in chloroform containing internal standard glycerol triheptadecanoate (Sigma-
Aldrich). 1.1 mL of methanol and hydrochloric acid (10:1 v/v) were added. After vortexing,
samples were heated for 2 hours at 80 °C in sealed glass vials. FAMEs were extracted by
addition of 1.0 mL hexane and chloroform (4:1 v/v), after 10 min of gentle shaking, the upper
phase was taken for analysis via GC-MS, as described in section 3.4.3. Fatty acids were
identified and quantified with calibration curves (Supplementary Table 1) of the Supelco
37 Component FAME Mix (Sigma-Aldrich) and additional database comparison (NIST 05

library, National Institute of Standards and Technology, Thermo Finnigan).
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3.4.7 TAG analysis via CAD-HPLC

The internal standard glycerol trineptadecanoate (>99 %, Sigma-Aldrich) was added to the non-
derivatized half of the neutral lipid fraction, which was analyzed with regard to its TAG
abundance via charged aerosol detector HPLC (CAD-HPLC). The Ultimate 3000 SD system
contained a dual gradient pump with a Corona ultra RS detector (Thermo Scientific™ Dionex™
Corona™ ultra RS™ Charged Aerosol Detector). The detector’s nebulizer was set to 15 °C, the
corona filter to 4. Samples were separated on an Accucore C8-column (150 x 4.6 mm, 2.6 um,
Thermo Scientific), heated to 40°C, using eluent A (methanol/water, 65:35 v/v, both LC-MS
grade), eluent B (acetonitrile, LC-MS grade) and eluent C (isopropanol, GC-MS grade). The
flow rates of the gradient eluent and inverse gradient pumps were aligned to 0.8 mL min* and
1.2 mL min, respectively. The gradient eluent pump was equilibrated with 100 % A 10 min
pre-run, the gradient was set to 50 % A and 50 % B at 2 min, 45 % A and 55 % B at 15 min,
100 % B at 23 min, holding until 30 min, then 35 % B and 65 % C at 60 min. The inverse
gradient pump was equilibrated with 66,7 % B and 33 % C 10 min pre-run. The gradient was
setto 33.3% of A, Band C at 2 min, 40 % A, 26.7 % B and 33.3 % C at 15 min, 66.7 % A and
33.3 % C at 23 min, holding until 30 min, 66.7 % A and 33.3 % B until 60 min. Chromatograms
were evaluated with Chromeleon 7.0 (Thermo Scientific), integrated peak areas were
normalized to the internal standard and the number of cells in the sample.

3.4.8 Alkene analysis via GC-MS

The non-derivatized neutral lipid fraction, analyzed regarding its TAG content as described in
3.4.7, was further analyzed via GC-MS according to 3.4.3, after addition of the internal standard
hexatriacontane (analytical standard grade, Sigma-Aldrich). Comparison of resulting peaks
with literature revealed alkenes (Volkman, 1980b). The peak area was normalized to the

number of cells present in the analyzed sample.

3.4.9 Alkenone analysis via GC-FID

Alkenone analysis was performed by K. Fahl (Marine Geology and Paleontology, Alfred
Wegener Institute, Helmholtz Centre for Polar and Marine Research, 27570 Bremerhaven,
Germany). The non-derivatized neutral lipid fraction was subjected to a further purification
step, via single-use chromatography. In contrast to instruction in 3.4.5, finer silica gel was used
(Silica gel 60 extra pure for column chromatography, 0.063-0.200 mm, 70-230 mesh ASTM,
Merck), which had been baked at 350 °C for three hours and kept in a desiccator three days
before use. Column equilibration was performed with dichloromethane (GC-MS grade) and

hexane (GC-MS grade). Samples were dissolved and loaded with hexane. The first fraction was
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eluted with dichloromethane/hexane (1:1 v/v) and contained unwanted lipids, such as TAGs.
Pure dichloromethane was used to elute the alkenone fraction. Fractions were collected in glass
tubes, dried with nitrogen gas and kept at -20 °C. For GC-FID analysis samples were diluted in
100 puL hexane with internal standard hexatriacontane (analytical standard grade, Sigma-
Aldrich).

Measurements were performed with a Hewlett Packard gas chromatograph (HP6890,
column 30 m x 0.25 mm; film thickness 0.25 pm; liquid phase: HP 5). 1 uL of sample was
injected using a cold injection system, which was set to 60 °C, then went to 105 °C at 3 °C s,
then to 320 °C at 10 °C s, holding there for 60 s. The GC temperature profile started at 60 °C,
after one minute went to 270 °C at 20 °C min™, further to 320 °C at 1 °C min’, holding there
for 20 min. Alkenones were identified by comparison of retention time and previously
measured standards. Peak areas were normalized to the internal standard and number of cells
present in the sample. Further, alkenone-related parameters were calculated from the obtained
data. The alkenone unsaturation index indicates the proportion of unsaturation among
alkenones (Brassell, 1986; Prahl & Wakeham, 1987):

Cz7.oMe
C37.2,Me+C37.3Me

Uk = Eq. 2

Based on the UX 37, calculation of sea surface temperature (SST) is possible, as an alkenone-
producing organism produces more less unsaturated alkenones at higher water temperatures.
Several different calibrations have been reported, describing the relationship between
unsaturation of alkenones and the temperature of the surrounding waters. A global summer
calibration was reported for waters of a temperature range of 1-30 °C . (Muller, 1998), reflected
in equation 3. More specific calibrations were published for E. huxleyi B92/21 (equation 4) and
E. huxleyi G1779Ga (equation 5) (Conte, 1998). All three calibrations were applied in this

work.
UK’ = 0.005 + 0.033 - SST Eq. 3
UK = 0.053 + 0.009 - SST + 0.001 - SST>  Eq. 4

UK = 0.025 + 0.001 - SST 4+ 0.001 - SST>  Eq.5
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3.4.10 Metabolite extraction for LC-MS/MS analyses

The following metabolite analyses via LC-MS/MS were performed by the project partners
(ZeBiCa? project) E. Heidenreich and F. Kirschhofer (Analytical Biochemistry, Department of
Bioengineering and Biosystems, Institute of Functional Interfaces, Karlsruhe Institute of
Technology, 76344 Eggenstein-Leopoldshafen, Germany). The extraction of metabolites was
identical for all four methods, and included addition of 1 mL 80 % (v/v) methanol (LC-MS
grade) to thawed filters. Ultrasonication was used to homogenize cells (15 min, room
temperature), after which filters were removed. The sample was centrifuged (13,000 g, 10 min)

and the supernatant was transferred to a fresh glass vial for further analysis.

3.4.11 Amino acid analysis via LC-MS/MS

This analysis was performed by E. Heidenreich and F. Kirschhofer (Analytical Biochemistry,
Department of Bioengineering and Biosystems, Institute of Functional Interfaces, Karlsruhe
Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany). Free amino acids were
derivatized to amino acid butyl esters analyzed via LC-MS/MS as described previously
(Casetta, 2000; Harder, 2011). Samples were spiked with isotope labeled standards (labeled
amino acid standards set A, Cambridge Isotope Laboratories). Briefly, samples were dried with
nitrogen gas and then derivatized with 300 pL butanol/HCI, including incubation at 65 °C and
450 rpm for 20 min in a thermoshaker. After derivatization samples were dried again and
resolved in 500 pL 0.1 % trifluoroacetic acid (>99 %, Sigma-Aldrich) in deionized water.
20 puL of sample were separated on an Agilent 1100 HPLC system (Agilent), using a
Multospher 120 RP18 AQ-5um column (Chromatographie Service) with 0.1 % trifluoroacetic
acid in water (eluent A) and 0.1 % trifluoroacetic acid in acetonitrile (eluent B). The gradient
was run at 0.6 mL min, starting with 15 min equilibration with 90 % A before each run. The
eluent changed to 70 % A at 15 min, holding until 19 min, changing to 50 % at 26 min, holding
until 28 min, and ending at 30 min with 90 % A. Amino acids were detected on an APl 4000
quadrupole mass spectrometer (Applied Biosystems/MDS Sciex), equipped with an
electrospray ionization (ESI) source. Peaks were analyzed with Analyst software (Version 1.6,
AB Sciex), and amino acids were quantified with calibration curves of the standards and

normalized to internal standard recovery as well as number of cells in the sample.
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3.4.12 Small organic acid analysis via LC-MS/MS

This analysis was performed by E. Heidenreich and F. Kirschhofer (Analytical Biochemistry,
Department of Bioengineering and Biosystems, Institute of Functional Interfaces, Karlsruhe
Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany). Analysis of small
organic acids was performed using a modified version of a published derivatization method
(Han, 2013). The derivatization reagent contained a 1:1 mixture of 50 mM 3-
nitrophenylhydrazine (98 %, Sigma-Aldrich) in methanol and 30 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, crystalline, Sigma-Aldrich) in
methanol. 10 pL succinic acid-d3 (Sigma-Aldrich, internal standard, 5 pg mL™? in methanol),
10 pL of 10 % (v/v) pyridine (dried, Merck) in methanol and 50 pL derivatization reagent were
added to 30 puL sample. Samples were incubated for 60 min at room temperature and diluted
1:10 with methanol/10 mM ammonium acetate (50/50, v/v). LC-MS/MS analysis was
performed with the same instruments as described in 3.4.11, however separation differed. A
Lichrospher 100 A RP-C18 EC column was used (125 mm x 4 mm, 5 pum, Merck), and
methanol (eluent A) and 10 mM ammonium acetate in water (eluent B) were used with a flow
rate of 0.5 mL min. Column equilibration was performed with 30 % A for 15 min before each
run. 30 uL of sample were injected, and the gradient changed to 80 % A at 20 min, holding
until 25 min, then returning to 30 % A at 30 min. Organic acids were quantified with calibration
curves of standards and normalized to internal standard recovery as well as number of cells in

the sample.

3.4.13 Osmolyte analysis via LC-MS/MS

This analysis was performed by E. Heidenreich and F. Kirschhofer (Analytical Biochemistry,
Department of Bioengineering and Biosystems, Institute of Functional Interfaces, Karlsruhe
Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany). Osmolyte analysis did
not require derivatization. Samples were diluted in acetonitrile/10 mM ammonium acetate
(50:50, v/v) and analyzed via LC-MS/MS using the instruments described in 3.4.11. Separation
of 20 pL of sample was performed using a Luna NH2 100 A LC column (250 mm x 2 mm,
5 um, Phenomenex), with acetonitrile (eluent A) and 10 mM ammonium acetate (eluent B).
The flow rate was set to 0.4 mL min, and the column was equilibrated before each run with
80 % A for 2 min. The gradient changed to 50 % A at 1 min, holding until 6 min, then going
back to 80 % A, which was held until 18 min. Standards for comparison were bought (DMSP,
Biozol Diagnostica) or synthesized in the analytical biochemistry group (Institute of Functional
Interfaces, Karlsruhe Institute of Technology) according to (Gebser & Pohnert, 2013)

(dimethylsulfonioacetate, homarine, trimethylammonium propionate and trimethylammonium
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butyrate standards), including substance validation via LC-MS/MS and NMR. Identified
compounds were quantified with calibration curves of standards, values were normalized to the

number of cells.

3.4.14 Polyamine analysis via LC-MS/MS

This analysis was performed by E. Heidenreich and F. Kirschhofer (Analytical Biochemistry,
Department of Bioengineering and Biosystems, Institute of Functional Interfaces, Karlsruhe
Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany). A modified version of
Escribano’s derivatization method (Escribano & Legaz, 1988) was applied to derivatize
polyamines. 250 pL deionized water, 250 pL saturated sodium bicarbonate solution and 400 pL
0.02 M dansylchloride (=99 %, Fluca) in acetone (HPLC grade) were added to 100 pL of
sample. Samples were incubated at 60 °C for 30 min. Dansyl derivatives were extracted with
cyclohexane (99.9 %, Merck), the organic phase was recovered and dried with nitrogen gas.
Samples were dissolved in 1 mL acetonitrile/water (50:50 v/v) with 0.1 % acetic acid for LC-
MS/MS analysis using the instruments described in 3.4.11. Separation was achieved on a
Gemini 100 RP-18-3u column (Phenomenex), using water with 0.1 % acetic acid (eluent A)
and acetonitrile (LC-MS grade) (eluent B). The flow rate was 0.4 mL min™* and 20 pL of sample
were injected. Column equilibration was performed with 50 % A for 15 min before each run,
followed by a change to 10 % A at 9 min, holding until 14 min, and returning to 50 % A at
15 min. Polyamine standards measured were putrescine (1,4-diaminobutane, 99 %, Sigma-
Aldrich), cadaverine (purum, >97.0 % (GC), Sigma-Aldrich), spermidine (>99 % (GC), Sigma-
Aldrich) and spermine (>99.0 % (GC), Sigma-Aldrich). At this point it is important to note that
no polyamines were detected in the samples analyzed in this work.

3.5 Statistical analysis

To determine whether changes between different treatments were statistically significant, a two-
tailed t-test was performed. Significance was determined if p-values were below 0.05,
differentiating two levels, as indicated by the number of asterisks (<0.05 (*) and <0.01 (*%*)).
Discussed results represent mean values or fold-changes of mean values, with standard
deviation (SD).
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4. Results
In this work the diploid, calcifying (C, 2N) strain E. huxleyi RCC 1216, and its haploid, non-
calcifying (S, 1N) life-cycle stage RCC 1217 were analyzed. They will be referred to as diploid
(2N) and haploid (1N) life-cycle stages hereafter. Cultivation of E. huxleyi was established in
pretests not discussed in detail this work. The metabolome harvesting method and several
analysis methods were adapted, to allow metabolome analysis of a microalga that grows to
comparably low cell densities and cannot be harvested by centrifugation.

In this chapter, results regarding optimization of fatty acid analysis are presented in the first
section (4.1). In the second section, results from non-invasive FTIR measurements are reported,
elucidating differences in cellular composition of the diploid and haploid E. huxleyi life-cycle
stages, regarding proteins, carbohydrates and lipids (4.2). In a third section, growth phase-
dependent pigment and fatty acid profiles are presented for both life-cycle stages grown under
nutrient-replete conditions (4.3). In the last section, a comprehensive metabolome analysis of
both life-cycle stages under nutrient replete, as well as nutrient-starvation conditions (P, N), is
presented, including analysis of primary metabolites, osmolytes, pigments, fatty acids, TAGs,

alkenes and alkenones (4.4).

4.1 Optimization of FAME analysis

It is common to analyze lipids as their respective fatty acid methyl esters (FAME), enabling
their detection and quantification via GC-MS or GC-FID and classification regarding fatty acid
chain length (Dodds, 2005). However, it is important to note that for both instruments, the
detector’s response varies with regard to the number of carbons and double bonds in a FAME
molecule (Ackman & Sipos, 1964; Ulberth, 1999; Ackman, 2002; Dodds, 2005), underlining
the necessity of calibration (Marriott, 2004).

To test the response of the instrument used in this work (TraceGC gas chromatograph and
ITQ ion trap mass spectrometer, Thermo Scientific), FAME calibration curves were measured
using commercially available FAME standards. The individual FAMEs showed varying non-
linear responses and calibration curves were best fitted by second degree polynomial regression
(quadratic polynominal) (Figure 6, shown for each FAME individually in Supplementary
Figure 1). Unsaturated FAME, especially with shorter chains, had low responses (Figure 6 a),
whereas some unsaturated, some mono- and all polyunsaturated FAME showed medium
responses (Figure 6 b). Longer chain saturated and unsaturated FAME had the highest

responses (Figure 6 c).
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Figure 6: Calibration curves for individual FAMEs measured via GC-MS (ITQ), fitted by second degree polynomial regression (y=ax?+bx+c). Dilutions of a commercially
available FAME mix (Supelco) containing 37 individual FAMEs in different concentrations. Curves are grouped in different categories regarding detection response. (a)
FAMEs with small response. (b) FAMEs with medium response. (c) FAMEs with high response. Y-axis is fixed for all diagrams for better comparison. Mean values and

standard deviation (SD) of four technical replicates.
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Especially in the lower concentration range, FAME calibration curves were not linear in the
measurements (Figure 7 and Supplementary Figure 1). Furthermore, the instrument was
particularly sensitive regarding short-chain fatty acids, such as Cs:o (Figure 7). Here, the limit

of detection was 3.9 pg mL™, higher compared to the other FAME.
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Figure 7: Representative FAME from each of the three groups. Box shows zoomed in proportion. Mean
values and SD of four technical replicates.

To avoid misinterpretation, second degree polynomial regression (Supplementary Table 1)
was applied to correct FAME abundance data post-run. An example for non-corrected and
corrected FAME abundance is shown in Figure 8 for fatty acids belonging to E. huxleyi’s polar

lipid fraction, highlighting the differences of the resulting fatty acid profile.
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Figure 8: The effect of post-run FAME correction. (a) Uncorrected FAME concentration, normalized to
internal standard and cell number. (b) Corrected FAME concentrations, using quadratic calibration
equations for each individual FAME before normalizing to cell number. Mean values and SD of one
biological replicate measured in technical triplicate.

Throughout this work, the misinterpretation of short-chain FAMEs via GC-MS became

clear on a further level. While analyzing the triacylglycerols via CAD-HPLC, Cgo TAG was
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detected in E. huxleyi samples. As these belong to the neutral lipid fraction, Cs.oc FAME should
also be detected in the neutral lipid FAME, analyzed via GC-MS. This, however, was not the
case. A test with different TAG standards revealed discrepancies between HPLC and GC-MS,
as illustrated in Figure 9 for Cg.0 TAG/FAME. Based on a calibration curve with eight dilution
steps (200-1.6 ng pL1), only the highest five concentrations were detectable via GC-MS. This
was partly due to the added dilution (factor 8) introduced by the FAME derivatization

procedure.
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Figure 9: Comparison of TAG detection via CAD-HPLC and GC-MS. Curves were fitted by second degree
polynomial regression. (a) Dilution curve of Cs:o TAG standard (200-1.6 ng uL?, glyceryl-trioctanoat,
Supelco) measured as whole TAG via HPLC. (b) Measurement of the same samples after derivatization to
FAME via GC-MS. Note dilution (factor 8) introduced by derivatization step. Only the five highest
concentrations of eight in total were detectable via GC-MS. n=1.

4.2 Cellular composition of E. huxleyi determined via FTIR
The results described in this section were submitted as part of a manuscript:

Wordenweber, R., Rokitta, S. D., Heidenreich, E., Corona, K., Kirschhofer, F.,
Fahl, K., Klocke, J. L., Kottke, T., Brenner-Weil}, G., Rost, B., Mussgnug, J. H.,
Kruse, O. (submitted): Phosphorus and nitrogen starvation reveal life-cycle
specific responses in the metabolome of Emiliania huxleyi (Haptophyta).

Fourier transform infrared (FTIR) spectroscopy is a method allowing quick determination of a
cell’s composition, with respect to proteins, carbohydrates and lipids (Naumann, 1991;
Giordano, 2001). It can be especially advantageous in high-throughput screening of different
species, as it requires only a small amount of biomass and no time- and labor-intensive
extraction or derivatization methods, as the whole cell is analyzed (Johnson, 2004).

To determine whether the diploid (2N) and haploid (1N) E. huxleyi life-cycle stages differed
with respect to their cellular content, Fourier transform infrared (FTIR) spectroscopy was

carried out using cells from the mid-exponential growth phase. FTIR analysis was performed

42



Results

by J. L. Klocke and T. Kottke (Physical and Biophysical Chemistry Group, Department of
Chemistry, Bielefeld University, Bielefeld, Germany).

First tests showed that it was not possible to detect cellular components via FTIR for the
diploid cells, as their coccoliths interfered with the measurements (Figure 10 a). This was
verified by comparison with the spectrum obtained with calcium carbonate, of which coccoliths
are made (Figure 10 a, red discontinuous line). The haploid non-calcifying stage was assessed
without problems (Figure 10 b). Extension of the protocol by an acidification step proved to
successfully remove coccoliths (Figure 11 a). For sake of comparison, the haploid, non-
calcified stage was treated accordingly (Figure 11 b). The effect of acidification on the overall
cellular composition of this stage proved to be minor, with slight deviations at 1730 cm™ and
at around 1200 cm™ because of the change in pH (Figure 10 b, Figure 11 b).

Peaks were identified by comparison with measured standards and literature. The left side
of the spectrum showed an unspecific region, peaks originating from O-H, N-H and C-H
stretching vibrations (3700-3100 cm™ and 3000-2800 cm™). The peak at ~1730 cm™ derived
from C=0O vibrations of ester groups (Giordano, 2001; Stehfest, 2005), mainly indicating
phospholipids. These were also indicated by contributions of phosphodiester vibrations at 1230
and ~1085 cm™ (Giordano, 2001; Naumann, 2001; Stehfest, 2005; Pelusi, 2016). Proteins were
indicated by amide 1 and Il bands at 1650 and 1538 cm™ (Giordano, 2001; Stehfest, 2005). An
unspecific region originating from C-H bending vibrations was found at 1470-1350 cm™.
Carbohydrates were indicated by associated coupled stretching and bending vibrations at 1200-
900 cm! (Stehfest, 2005). The peaks at 3013 and 963 cm™ showed =C-H stretching modes and
hydrogen-out-of-plane modes of trans double bonds of unsaturated hydrocarbons, such as
alkenones (Pelusi, 2016).

Comparison of spectra for both life-cycle stages showed high similarities (Figure 11 c, d).
The contribution of alkenones was slightly larger for the diploid stage (1.1-fold), and this
difference was significant (t-test, p-value=0.01). Other than that, no differences were observed
for the cellular content of both life-cycle stages, regarding proteins, carbohydrates and lipids.
Therefore, both life-cycle stages did not differ significantly on this level of analysis.

In the following parts of this thesis, further in-depth metabolomic analysis is applied, to
obtain a more detailed picture of biochemical pathways, with regard to growth phase

(section 4.3) and nutrient-starvation (section 4.4).
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Figure 10: FTIR spectra of the diploid (2N) and haploid (1N) E. huxleyi life-cycle stages without further
pretreatment. (a) The dominant signals in the diploid sample (black line) at 1408 and 873 cm* are assigned
to calcium carbonate (red discontinuous line) of the coccoliths, which interfere with the measurement. (b)
The haploid, non-calcifying life-cycle stage can be assessed without further treatment. Mean values of six
technical measurements are denoted.
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Figure 11: FTIR spectra of the diploid (2N) and haploid (1N) E. huxleyi life-cycle stages with acidification
treatment. Analysis of acidified lyophilized biomass harvested in the late exponential growth phase (n=4).
(a) FTIR spectra of four biological replicates of the 2N life-cycle stage. (b) FTIR-spectra of four biological
replicates of the 1N life-cycle stage. Mean values of six technical measurements are denoted.

45



Results

4.3 Growth phase-dependent metabolomic analysis of E. huxleyi life-cycle
stages

The metabolome is highly dynamic, as concentrations of numerous metabolites change in the
time frame of seconds (Dettmer, 2007). In microalgae, growth phase-dependent changes in the
metabolome have been observed, including highest abundances for numerous primary
metabolites in the exponential growth phase (Vidoudez & Pohnert, 2012), and accumulation of
assimilation products (storage lipids, sugars) with ceasing cell growth (Hodgson, 1991,
Kluender, 2009; Vidoudez & Pohnert, 2012). These changes can influence microalgal food
quality (regarding predators), chemical defenses and signal molecule production of the
microalgae, and are therefore ecologically relevant (Vidoudez & Pohnert, 2012; Mausz &
Pohnert, 2015).

Growth phase-dependency of the metabolome has been reported for the haploid and diploid
life-cycle stages of E. huxleyi analyzed in this work, however only primary metabolites that are
derivatizable to trimethylsilyl-esters were measured via GC-MS (Mausz & Pohnert, 2015). In
this work, the focus was set on pigments and lipids (more specifically fatty acids), to allow
precise conclusions about the physiological status of the cell during various stages of growth.

To reach this goal, E. huxleyi was grown under nutrient-replete conditions and harvested at
three different time points, in order to analyze the growth phase-dependent pigment and fatty
acid content. The diploid (2N) and haploid (1N) life-cycle stages were inoculated at
2000 cells mL* and grown in nutrient-replete ESAW media (Figure 12 a). Cell numbers were

assessed daily.
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Figure 12: Growth characteristics for two life-cycle stages of E. huxleyi under nutrient-replete conditions.
(a) Cell numbers for 2N (dark grey boxes) and 1N (light grey circles) stages grown in ESAW media. Arrows
indicate harvesting time points ti-ts. (b) Total alkalinity analyzed in harvested samples at respective
harvesting time point. Dashed line indicates the value at the beginning of the cultivation. Mean values and
standard deviations (SD) of triplicate technical measurements of six (to-t1), four (ti-t2), or two biological
replicates (cell number) and of two biological replicates (total alkalinity).
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Both stages grew similarly until the late-exponential phase, where the diploid strain reached
a higher cell number on day seven, after which cell numbers converged again, entering
stationary growth phase. Maximal cell numbers were 1.7-10° +8.7-10% cells mL* for the diploid
and 1.3-10°% +2.3-10° cells mL*. Metabolome samples were harvested at three time points, as
indicated by the arrows. These can be defined as early-exponential (t1), late-exponential (t.) and
stationary phase (t3). Cell numbers at these harvesting time points, for the diploid and haploid
life-cycle stages, respectively, were 1.3-10°+2.0-10* and 1.1-10°+7.1-10% cells mL? at t,
1.1-10°%44.8-10* and 1.1-10°+£5.5-10* cells mL? at t;, as well as 1.4:10°+3.2:10° and
1.3-10£2.3-10° cells mL™* at ts. At the end of the cultivation, particle counting indicated a
higher number of small particles (~1 um), which were confirmed by light microscopy to be
shed coccoliths.

There was no significant difference (p=0.207, determined via two-tailed t-test) for the
maximal specific growth rates reached on day 4 in both life-cycle stages (2N: 1.1+0.2 vs. 1N
1.3+0.1d%). At harvesting time points, growth rates for 2N and 1N, respectively, were
0.6+0.2 d* and 1.0+0.1 d? for the t;, 0.15+0.26 and 0.30+0.05 d* for t,, and -0.09+0.3 and
0.05+0.02 d** for ts.

At the pH of seawater (~8.2), most dissolved inorganic carbon exists in form of bicarbonate
(HCO3"), which is why many marine microalgae rely on HCOs3™ as their carbon source. As the
diploid E. huxleyi stage takes up more HCO3" for calcification (Kottmeier, 2016), limitation
might occur. Measurement of total alkalinity (TA) of the media allows a rough estimation of
dissolved inorganic carbon (DIC) uptake capacity of the media (Wolf-Gladrow, 2007). TA
decreased in the diploid life-cycle stage with progressing growth (0.85+0.02 mM at tz), due to
calcification, but it was not depleted (Figure 12 b). No significant changes were observed for
the haploid stage. The pH of the media increased to 8.5 at the end of the cultivation for the
diploid stage, whereas the increase was even more prominent for the haploid stage (Table 5).

Table 5: pH of nutrient-replete E. huxleyi diploid (2N) and haploid (1N) cultures harvested in early-
exponential (t1), late-exponential (tz) and stationary growth phase (ts) (n=1).

pH [-]
Growth phase 2N 1IN
early-exponential 8.24 8.14
late-exponential 8.28 8.96
stationary 8.51 9.17

Metabolome analysis with regard to pigments and fatty acids was performed with the

samples collected from each time point (Figure 12). Extractions were performed separately, and
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pigment abundance was measured via UV-vis-HPLC. Extracted lipids were separated into

neutral and polar lipid fractions and analyzed as their respective FAMEs via GC-MS.

4.3.1 Pigment composition in different growth phases

In this result section, the general pigment content and differences between both life-cycle stages
at each respective time point will be described first. In a second step, the differences between
growth phases will be addressed.

It is important to note that pigment results are presented in relative abundance per cell, as
quantification via external standard calibration curves was not possible due to limited
concentration of many commercially available standards. This is a common issue for marine
microalgae, as they contain many uncommon pigments (Egeland, 2011). As analytes can give
variable responses in UV-vis-spectrometers, it is possible that the abundance of one pigment is
not necessarily comparable to another pigment (Jeffrey, 1997; Smith, 2004). For example,
chlorophyll a is known to give a smaller response compared to fucoxanthin, at the same injected
weight (Jeffrey, 1997). Studies have reported that fucoxanthin derivatives give comparable
responses, the same is true for chlorophyll ¢ derivatives (Egeland, 2011; Garrido, 2016). This
does not influence conclusions about relative changes between life-cycle stages and growth
phases.

Ten pigments could be detected in both life-cycle stages and all growth phases (Figure 13).
They were identified as chlorophyll a, chlorophyll c2, chlorophyll c.-MGDG, chlorophyll cs,
diadinoxanthin, diatoxanthin, fucoxanthin, h4k-fucoxanthin, hex-fucoxanthin and p-carotene,
based on comparison of retention times and absorption spectra from commercially available

standards (Supplementary Table 2).
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Figure 13: Relative pigment abundances per cell for E. huxleyi life-cycle stages harvested in different
growth phases. Diploid (2N, dark grey) and haploid (1N, light grey) stages are shown. Cells harvested in (a)
early-exponential phase (t1), (b) late-exponential phase (t2), (c) stationary phase (ts). Note different scale of
y-axis. Statistical differences between both life-cycle stages are indicated by asterisks, as determined via t-
test (* indicates p-value <0.05, ** <0.01). Mean values and SD of two biological and two technical replicates
are shown. Chl c2-MGDG, chlorophyll c.-monogalactosyldiacylglycerol.
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The haploid stage generally showed a higher variability between biological replicates, as
indicated by the higher standard deviation (SD). Comparison of both life-cycle stages in the
individual growth phases revealed a similar pigment composition in the early-exponential
growth phase, where not significant differences were observed (Figure 13 a). However, life-
cycle specific differences were observed between both stages in the late-exponential and
stationary phase, as the diploid stage contained significantly more h4k-fucoxanthin than the
haploid stage in both later growth phases, as well as more diatoxanthin in the stationary phase
(Figure 13 a, b).

Hex-fucoxanthin was a highly abundant pigment in both life-cycle stages. It was found in
significantly higher abundance (p<0.05) compared to chlorophyll a at all time points for the
diploid stage, as well as in late-exponential phase for the haploid stage. However, as stated
above, chlorophyll a gives a smaller detection response compared to fucoxanthin, which is why
hex-fucoxanthin is not necessarily present in higher abundance than chlorophyll a. Direct
comparison of fucoxanthin derivatives is possible due to high structural similarity. Hex-
fucoxanthin comprised 76-87 % of total fucoxanthins in both life-cycle stages and all growth
phases. In comparison, fucoxanthin (5-15 %) and h4k-fucoxanthin (4-15 %) proportions were
minor.

The chlorophyll ¢ derivatives are also comparable with regard to detection response.
Chlorophyll ¢z and chlorophyll cs were the most abundant chlorophyll ¢ pigments in both life-
cycle stages, together making up 80-86 % of total chlorophyll c. In contrast, the proportion of
chlorophyll c.-MGDG was comparably small, amounting to 15-20 % of total chlorophyll c. The
proportion of chlorophyll ¢z and c3 varied slightly between growth phases and life-cycle stages.
In the diploid stage, both chlorophyll ¢z and c3 were similarly abundant in the early-exponential
(p=0.06) and stationary phase (p=0.09), whereas the chlorophyll cs abundance was significantly
higher in the late-exponential phase (p=0.02, 1.1-fold). This was not the case for the haploid
stage, as no significant differences between chlorophyll ¢z and chlorophyll c3 were observed.

To further examine growth phase-dependent changes in pigment composition in the
individual life-cycle stages, the fold-change of cellular pigments was calculated, comparing

pigment abundance of harvesting time points to the first harvesting time point (Figure 14).
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Figure 14: Heat map of the fold-changes of pigments per cell in E. huxleyi life-cycle stages, comparing
growth phases. Diploid (2N) and haploid (1N) stages are shown. (a, d) Early-exponential growth phase (t1)
compared to early-exponential growth phase (t1). (b, e) Late-exponential growth phase (t2) compared to
early-exponential growth phase (t1). (c, f) Stationary growth phase (t3) compared to early-exponential
growth phase (t1). Asterisks indicate p-value of t-test (* indicates <0.05, ** indicates <0.01). Fold-changes
were calculated from mean values of two biological and two technical measurements.

In the diploid life-cycle stage (2N), nine of ten pigment abundances decreased in the late-
exponential phase compared to the early-exponential phase (Figure 14 b). Eight of them were
significantly decreased, including all chlorophylls, diadinoxanthin, fucoxanthin, hex-
fucoxanthin and B-carotene (2.7-6.3-fold). Diatoxanthin increased non-significantly (1.5-fold).
In the stationary phase, significant decreases were even more prominent for the same eight
pigments (3.6-13.7-fold), compared to the early-exponential phase (Figure 14 c). Diatoxanthin
was significantly increased (2.8-fold).

In the haploid-life cycle stage, the decreasing pattern of pigment abundances was similar,
although the change was not significant, due to a higher SD. All pigment abundances non-
significantly decreased (2.6-8.7-fold) from early to late-exponential phase (Figure 14 e). The
decrease was more pronounced for all pigment abundances in the stationary phase compared to
the early-exponential phase (6.0-21.3-fold), however again statistically non-significant
(Figure 14 ).

Pigment abundances are often additionally normalized to chlorophyll a (Stolte, 2000;
Zapata, 2004; Llewellyn, 2007; Lefebvre, 2010), which allows even more detailed
interpretations of a cell’s physiological status. The resulting pigment ratios are shown in
Figure 15. Also, a de-epoxidation ratio can be calculated (Llewellyn, 2007; Ragni, 2008), which
describes the activity of the xanthophyll cycle (photoprotection via non-photochemical
quenching), in which diatoxanthin (dtx) and diadinoxanthin (ddx) are involved:
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Figure 15: Heat map of the fold-changes of pigment to chlorophyll a ratios in E. huxleyi life-cycle stages,
comparing growth phases. Diploid (2N) and haploid (1N) E. huxleyi life-cycle stages. (a, d) Late-exponential
growth phase (t2) compared to early-exponential growth phase (t1). (b, €) Stationary phase (t3) compared to
early-exponential growth phase (t1). (c, f) Stationary phase (t3) compared to late-exponential growth phase
(t2). Asterisks indicate p-value of t-test (* indicates <0.05, ** indicates <0.01). Fold-changes were calculated
from mean values of two biological and two technical measurements. Chl, chlorophyll; caro, carotenoids;
MGDG, monogalactosylgdiacylglycerol; fuco, fucoxanthin; ddx, diadinoxanthin; dtx, diatoxanthin; g-caro,
p-carotene.

As mentioned above, the abundance of chlorophyll a per cell decreased during growth in
both life-cycle stages. Trends for pigment to chlorophyll a ratios were similar for both life-cycle
stages, although most changes were non-significant for the haploid stage. Only significant
changes will be mentioned hereafter, fold-changes in parenthesis are depicted for the late-
exponential- and stationary phase, respectively.

Regarding the general pigment distribution, the ratio increased in the diploid stage for total
chlorophyll ¢ to chlorophyll a (both 1.3-fold) and carotenoids to chlorophyll a (1.2- and 1.5-
fold) in the late-exponential and stationary phase, compared to the early exponential growth
phase. Taking a more detailed look into the individual chlorophyll ¢ pigments, the increase was
especially caused by chlorophyll ¢z (1.7 and 1.9-fold). Furthermore, fucoxanthin abundance
decreased in the diploid stage compared to chlorophyll a (1.4- and 2.0-fold), whereas both h4k-
fucoxanthin (2.0-fold in stationary phase) and hex-fucoxanthin per chlorophyll a increased (1.4-

and 1.5-fold).

52



Results

Regarding the xanthophyll cycle carotenoids, the ratio of diatoxanthin to chlorophyll a
especially increased in the diploid stage (6.6- and 19.3-fold), similar to the results on a cellular
basis (Figure 14). Consequently, the calculated de-epoxidation ratio increased in the diploid
stage in the late-exponential (3.7-fold) and even more in the stationary phase (7.9-fold), whereas
it only increased in the late-exponential phase in haploid stage (2.1-fold in late-exponential
phase). Absolute values for the de-epoxidation ratio are shown in Table 6. As mentioned above,
increased de-epoxidation ratios indicate increased xanthophyll cycling and therefore a more
intense photoprotection via non-photochemical quenching.

Table 6: The de-epoxidation ratio of xanthophyll cycle pigments for diploid (2N) and haploid (1N) E. huxleyi
life-cycle stages harvested in three different growth phases. Mean value and SD of two biological and three

technical measurements. Asterisks indicate significant difference of values at later growth phases compared
to the early-exponential growth phase (p-value of t-test, * indicates <0.05, ** indicates <0.01).

De-epoxidation ratio [-]

Growth phase 2N 1IN
early-exponential 0.08+0.003 0.18+0.08
late-exponential 0.29+0.10* 0.37+0.09*
stationary 0.62+0.03** 0.20£0.10

4.3.2 Lipid composition in different growth phases

The two lipid fractions, polar and neutral, were analyzed as FAMESs via GC-MS. The relative
abundance was corrected via quadratic regression as discussed in section 4.1. This section is
divided into two parts, according to the affiliation of fatty acids to either polar or neutral lipid
fraction. For every part, the general fatty acid composition is presented first, including a

comparison of both life-cycle stages. Secondly, growth phase-dependent changes are displayed.

4.3.2.1 Fatty acids associated with the polar lipid fraction

The applied FAME analysis method allowed elucidation of the fatty acid composition of polar
lipids, which represent membrane lipids. In the fatty acid pool associated with the polar lipid
fraction, fourteen chain lengths were identified, ranging from Ci4.0 to C22:6n3 (Figure 16). The
odd-numbered Cis:0 has been reported for E. huxleyi previously (Volkman, 1981; Pond &
Harris, 1996; Riebesell, 2000; Rontani, 2007; Evans, 2009; Fulton, 2014). Generally, the most

abundant lipids were C16:0, C18:0, C18:1n9c, C18:3n3, C18:4n3, C22:6n3, although there were life-cycle
stage- and growth phase-specific differences, as supported by t-test (p<0.05).

The diploid stage contained a higher abundance of certain fatty acids compared to the
haploid stage. For example, it contained a significantly higher abundance of C14 in the early-
exponential growth phase (Figure 16 a). The diploid stage also contained significantly more

polyunsaturated fatty acids (Cis:inoc, Cis:2nec, Cis:3n3, Cis:ans and Caz:ens) in all growth phases
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(Figure 16 a, b, c) and a higher abundance of longer chain fatty acids (C22:0, C22:1n9 and C22:6n3)

in the late-exponential and stationary growth phase (Figure 16 b, c).

Early-exponential growth phase

[N Ny

Fatty acid [ag cell”]

OO0 of & F & D OVO Q&
v@@%@ ‘000 N
@@@@00000®®@

Qv Vv VR @&
a
280 Late-exponential growth phase
—_— ksl
a JE2Nt [ JINt, p
©
(&)
(@]
S,
S
(&)
@
2
©
L

9,909 ob o_,’\ > 5 O %
SIS Cb Q 0 SSIOSIAIZENEN

™ Q\’Q\' Q\/ Q\/ Qv
b
280 Stationary growth phase
JEE 2Nt [ JINt, s
210

Fatty acid [ag cell]

Sod o & @ DOV O &

>
ORI N 0 VNS
P S B g PPk ’L\”L

\/\/\/\/'»Q'\"\/OO\/\/\/ g
Y Qe VUL

c

Figure 16: Fatty acid abundances [ag cell’*] associated with the polar lipid fraction (PL) for E. huxleyi life-
cycle stages harvested in different growth phases. Diploid (2N, dark grey) and haploid (1N, light grey) stages
are shown. Cells harvested in (a) early-exponential phase (t1), (b) late-exponential phase (t2), (c) stationary
phase (ts). Note different scale of y-axis. Statistical differences between both life-cycle stages are indicated
by asterisks, as determined via t-test (* indicates p-value <0.05, ** <0.01). Mean values and SD of two
biological and three technical replicates are shown.
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To further examine growth phase-dependent changes regarding polar lipids in the individual
life-cycle stages, a fold-change was calculated, comparing cellular fatty acid abundance of
specific harvesting time points, to those detected at the first harvesting time point (Figure 17).
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Figure 17: Heat map of the fold-changes of fatty acids per cell associated with the polar lipid fraction in
E. huxleyi life-cycle stages, comparing growth phases. Diploid (2N) and haploid (1N) stages are shown.(a, d)
Early-exponential growth phase (t1) compared to early-exponential growth phase (ti). (b,e) Late-
exponential growth phase (tz) compared to early-exponential growth phase (t1). (c, f) Stationary growth
phase (ts) compared to early-exponential growth phase (t1). Asterisks indicate p-value of t-test (* indicates
<0.05, ** indicates <0.01). Fold-changes calculated from mean values of two biological and three technical

measurements.In the diploid life-cycle stage, all fatty acid abundances significantly decreased in
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the late-exponential (1.7-11.0-fold) and stationary phase (2.0-17.9-fold), compared to the early-
exponential growth phase (Figure 17 b, ¢). For certain fatty acids, the decrease was even more
pronounced in the stationary phase. In the haploid life-cycle stage, significantly decreased fatty
acid abundances were detected in the late-exponential growth phase for all fatty acids (1.6-10.0-
fold) except for Ci40, and in the stationary phase for all fatty acids (1.4-16.0-fold) except for
C1a:3n3 (Figure 17 e, f). These results show that in the later growth phases, membrane production

is decreased, in line with pigment production.
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4.3.2.2 Fatty acids associated with the neutral lipid fraction

The results presented in this section represent fatty acids belonging to the neutral lipid fraction.
This fraction is composed of free fatty acids, TAGs, PULCA as well as wax and sterol esters.
However, the applied derivatization method only allows derivatization of free fatty acids and
TAGs, as is further elucidated in the discussion (4.3.2). Therefore, all fatty acids presented in
this section originate from free fatty acids and TAGs.

Ten different fatty acids could be identified in the neutral lipid fraction (Figure 18). Four
fatty acids, previously detected in the polar lipid fraction, were not detected (C14:0, C20:0, C20:2,
C22:1n9). In both stages, the most abundant fatty acids were Cie:0, C1s:0 and Cis:1ngc, followed by
C22:0 and C22:6n3, depending on the growth phase. Both life-cycle stages had a relatively similar
composition of fatty acids associated with the neutral lipid fraction (Figure 18), however, there

were some significant differences between life-cycle stages in the individual growth phases (t-
test, p<0.05). In the early-exponential growth phase, the haploid stage contained a higher

abundance of unsaturated fatty acids (Cieo, Ciso, C22:0) and monounsaturated fatty acids
(C1s:1n9c, Cas:1nat), whereas the diploid stage contained significantly more Ca2:6n3 (Figure 18 a).
In the late-exponential growth phase, the diploid stage contained a higher abundance of
unsaturated Cisg fatty acids (Cig:1ngc, C18:3n3 and Cis:4n3), and no Cis:1nat, in contrast to the haploid
stage (Figure 18 b). C22:6n3 Was not detected in any life-cycle stage at this time point. With
respect to the neutral lipid fraction, there were no significant life-cycle specific differences in

the stationary growth phase (Figure 18 c).
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Figure 18: Fatty acid abundances [ag cell’!] associated with the neutral lipid fraction (NL) for E. huxleyi
life-cycle stages harvested in different growth phases. Diploid (2N, dark grey) and haploid (1N, light grey)
stages are shown. Cells harvested in (a) early-exponential phase (t1), (b) late-exponential phase (t2), (c)
stationary phase (ts). Note different scale of y-axis. Statistical differences between both life-cycle stages are
indicated by asterisks, as determined via t-test (* indicates p-value <0.05, ** <0.01). Mean values and SD of
two biological and three technical replicates are shown.
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To investigate growth phase-dependent changes of neutral lipid associated fatty acids in the
individual life-cycle stages, the fold-change was calculated, representing changes of specific
harvesting time points to the first harvesting time point (Figure 19). In cases where a fatty acid
wasn’t detected, calculation of fold-change was not possible. Here, the tendency of fold-change
was set to the maximum/minimum of the scale to indicate either increase or decrease, and

marked with a diagonal slash.
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Figure 19: Heat map of the fold-changes of fatty acids per cell associated with the neutral lipid fraction in
E. huxleyi life-cycle stages, comparing growth phases. Diploid (2N) and haploid (1N) stages are shown. (a, d)
Early-exponential growth phase (t1) compared to early-exponential growth phase (ti). (b,e) Late-
exponential growth phase (t2) compared to early-exponential growth phase (t1). (c, f) Stationary growth
phase (ts) compared to early-exponential growth phase (t1). Asterisks indicate p-value of t-test (* indicates
<0.05, ** indicates <0.01). The grey box indicates that component was not detected. Fatty acids detected in
one treatment but not in the other were marked with /, indicating tendency of fold-change. The fold-changes
calculated from mean values of two biological and three technical measurements.

In the diploid stage, all neutral lipid associated fatty acid abundances decreased significantly
in the late-exponential (7.2-17.5-fold) and stationary phase (8.6-13.2-fold), compared to the
early-exponential phase (Figure 19 b, ). Cisanot and Coz2:en3 Were not detected in the late-
exponential phase, therefore the fold-change tendency was set to the minimum of the scale, to
indicate the decrease. The pattern was similar in the haploid stage, with nine fatty acid
abundances significantly decreasing in the late-exponential (10.1-11.2-fold) and even more in
the stationary phase (10.7-12.9-fold), compared to the early exponential phase (Figure 19 e, f).
Here, C22:6n3 Was only detected in the stationary phase, not in the other two stages (marked by
grey boxes), therefore also here the fold-change tendency was set to the maximum of the scale,

to indicate the increase. These results show that neutral lipid fatty acids, here representing free
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fatty acids and TAGs, decreased in the later growth phases (except for Cz2:6n3 in the haploid
stage) in line with pigments and polar lipid fatty acids.

An interesting target for industrial use from E. huxleyi is the ®-3 fatty acid Coo:en3
(docosahexaenoic acid, DHA), which has been shown to be beneficent for human nutrition
(Das, 2002; Voigt, 2002; Calder, 2003). The productivity of DHA was calculated per liter
culture and day (Figure 20). Despite highest cellular abundances in the early-exponential
growth phase, as reported above (Figure 16, Figure 18), the late-exponential phase was the ideal
harvesting time point, as cell numbers were higher, leading to a higher productivity for DHA,

especially in the polar lipid fraction of the diploid life-cycle stage.
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Figure 20: Growth phase dependent productivity of the industrially relevant »-3 fatty acid DHA
(docosahexaenoic acid, Cz2:6n3) in the diploid (2N) and haploid (1N) E. huxleyi life-cycle stages. Productivity
of DHA [ng L d!] in the polar lipid fatty acids (PLFA) and neutral lipid fatty acids (NLFA). Mean values
and SD of two biological and three technical replicates are shown.
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4.4 Comprehensive metabolome analysis of E. huxleyi life-cycle stages
under phosphorus- and nitrogen-starvation

The results described in this section were submitted as part of a manuscript:

Wodrdenweber, R., Rokitta, S. D., Heidenreich, E., Corona, K., Kirschhéfer, F.,
Fahl, K., Klocke, J. L., Kottke, T., Brenner-Weil}, G., Rost, B., Mussgnug, J. H.,
Kruse, O. (submitted): Phosphorus and nitrogen starvation reveal life-cycle
specific responses in the metabolome of Emiliania huxleyi (Haptophyta).

In nature, marine microalgae often have to cope with nutrient-starvation, as certain areas of the
ocean are naturally limited by different nutrients, such as nitrogen, phosphorus, silica, iron and
nickel (Moore, 2013; Palenik, 2015). Advancing climate change is proposed to enhanced
nutrient limitation, due to increased thermal stratification in the upper layers of the ocean
(Doney, 2006; Cermeno, 2008; Beman, 2011). The impact on microalgae is enhanced by
concomitant ocean acidification, as nutrient and ion assimilation processes are perturbed (Shi,
2010; Beman, 2011). How phytoplankton cope with these changes will determine the fate of
whole species and the ecosystem.

Comprehensive metabolome studies on E. huxleyi are rare to date. Furthermore, diploid
stages have received the most attention, rendering haploid life-cycle stages poorly investigated.
So far, three comprehensive studies have been conducted, focusing on GC-MS based
metabolome analysis of a diploid strain (CCMP 1516) under nutrient-replete conditions (Obata,
2013), the effect of virus infection on the same strain (Rosenwasser, 2014), and GC-MS based
metabolome analysis of E. huxleyi RCC 1216 and 1217 with regard to growth phases under
nutrient-replete conditions (Mausz & Pohnert, 2015). In contrast, the study presented in this
work is the first broad metabolome study including specific pigment and lipid analysis, and
regarding nutrient-starvation responses.

In this work, diploid and haploid E. huxleyi life-cycle stages (RCC 1216 and 1217) were
grown under P- and N-starvation, and metabolites, representative for several biochemical
pathways, were analyzed by adapted GC-MS, GC-FID, LC-MS/MS, and HPLC methods.

To generate biomass for metabolomic analysis under nutrient-starved conditions, two
separate cultivations were carried out. Both were conducted with nutrient-replete, as well as
nutrient-limited ESAW medium, which contained 10 % of either P or N. Both life-cycle stages
were inoculated at ~2000 cells mL* and grown for 7-8 days, reaching final cell numbers of ~2-
3-10° cells mL™* for nutrient-replete cultures and of ~1-2-108 cells mL* for nutrient-limited
cultures (Figure 21 a, b). Samples for metabolome analysis were harvested during the
exponential phase, as indicated by the arrows. Nutrient-replete controls of the haploid stage
reached higher specific growth rates than the diploid stage during the exponential phase (P-
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starvation setup: 1N: 0.86+0.47 d* vs. 2N: 0.74+0.34 d™; N-starvation setup: 1N: 0.92+0.32 d-
1vs. 2N: 0.75+0.12 db). Cell numbers of starved cultures stalled from day six onwards
compared to the nutrient-replete controls, which kept growing. At this point, respective limiting
nutrients were not detectable in the supernatant, as they were consumed on day four
(Figure 21 c, d). Nutrient-replete cultures were not limited at any time.

The total alkalinity, indicating availability of the C-source HCOgs, was analyzed at
harvesting time point. It did not change in haploid cultures, but decreased due to calcification
in diploid cultures, reaching values of ~1.2 mM, but was not depleted (Figure 21 e, f). There
was also no difference between nutrient-replete and limited cultures, confirming that the only
limitation stems from nutrient depletion. Therefore, metabolome sampling point for the starved
cultures can be defined as the transition phase between late-exponential and stationary phase,
at least for P-starved 2N and N-starved 1N.
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Figure 21: Growth characteristics for the diploid (2N) and haploid (1N) E. huxleyi life-cycle stages under
nutrient starvation. (a) Cell numbers for the P-starvation setup with 2N (boxes) and 1N (circles), in nutrient-
replete (grey) and P-limited ESAW media (green), arrows indicate metabolome sampling time points. (b)
Cell numbers for the N-starvation setup with 2N (boxes) and 1N (circles), in nutrient-replete (grey) and N-
limited ESAW media (blue), arrows indicate metabolome sampling time points. (c) Phosphate concentration
in the media for the P-starvation setup. (d) Nitrate concentration in the media for the N-starvation setup.
(e) Total alkalinity at the metabolome sampling time points, 2N and 1N under nutrient-replete (grey) and
P-starved conditions (green). (f) Total alkalinity at the metabolome sampling time point, 2N and 1N under
nutrient-replete (grey) and N-starved conditions (blue). The dotted line indicates the total alkalinity at the
start of the cultivation (to). Mean values and SD of three biological and three technical measurements are
shown.
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Samples harvested at indicated time-points were analyzed with regard to their metabolome,
applying eleven different analysis methods to investigate the effect of nutrient starvation on the
metabolome of diploid and haploid E. huxleyi life-cycle stages. An overview of the applied
methods is shown in Figure 22 for metabolome analyses and Figure 23, for pigment/lipid
methods. Primary metabolite analysis was performed to detect changes in metabolites that can
be derivatized to trimethylsilyl-esters, free amino acids, small carboxylic acids, osmolytes and
polyamines. Pigments, as well as polar and neutral lipid associated fatty acids, were analyzed
analogously to the growth phase experiment (4.3). Additionally, the neutral lipid fraction was
further examined, with regard to whole triacylglyceride molecules, alkenes and alkenones. All
methods as well as the detected metabolites are explained in more detail below.

LC-MS/MS measurements were performed by E. Heidenreich and F. Kirschhofer
(Analytical Biochemistry, Institute of Functional Interfaces, Karlsruhe Institute of Technology,
Eggenstein-Leopoldshafen, Germany), GC-FID measurements were carried out by K. Fahl
(Marine Geology and Paleontology, Alfred Wegener Institute, Helmholtz Centre for Polar and
Marine Research, Bremerhaven, Germany).

GC-MS analysis of metabolites derivatized to trimethylsilyl-esters allowed identification of
several primary metabolites in both E. huxleyi life-cycle stages. More specific compound
classes were analyzed by LC-MS/MS measurements. Here four different derivatization and
separation methods were applied to quantify free amino acids, small carboxylic acids,
osmolytes and amines. Quantification was achieved with by external standard calibration and
recovery of isotope-labeled or non-labeled internal standards. This way, three different
osmolytes (dimethylsulfoniopropionate (DMSP), glycine betaine and homarine), six small
carboxylic acids (a-ketoglutarate, citrate, lactate, malate, pyruvate, succinate), as well as 19 of
the canonic proteinogenic amino acids were quantified. No amines were detected in the
analyzed E. huxleyi life-cycle stages. The same is true for the osmolytes dimethylsulfonio-
acetate, trimethylammonium propionate and trimethylammonium butyrate. UV-vis-HPLC
measurements allowed detection of ten photosynthetic pigments. Furthermore, fatty acids of

polar and neutral lipids were detected as FAME, measured via GC-MS.
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Figure 22: Workflow for metabolome analysis using different derivatization methods and measurement instruments to detect different metabolite classes. MSTFA, N-
Methyl-N-(trimethylsilyl)trifluoroacetamide; 3-NPH, 3-nitrophenylhydrazine; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride.
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Figure 23: Workflow for pigment and lipid analysis using different derivatization methods and measurement instruments to detect different classes.
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Whole TAG molecules were measured via CAD-HPLC, to get a more detailed insight into
the composition of neutral storage lipids. Twenty peaks were detected, five of which were
identified based on comparison with commercially available standards. Only TAG standards
with three identical fatty acid chains attached to the glycerol backbone are available, such as
even numbered Cg:o-C24:0 fatty acids, as well as odd-numbered C1s:0-C19:0 and unsaturated Cis:1
and Cis:3. However, natural TAGs often contain combinations of different fatty acids, which
therefore cannot be identified with this method. The 15 unknown compounds were numbered
consecutively. It was not possible to quantify TAGs with this method. A rough estimation was
possible based on comparison with the internal standard Ci7:0, but as different TAG standards
showed different slopes when measuring external standard calibration curves, it was not
possible to quantify all TAGs, as these curves were not available for the unknown TAGs.

The majority of E. huxleyi’s neutral lipid fraction consists of polyunsaturated long-chain
alkenones, alkenoates and alkenes (PULCA) (Prahl & Wakeham, 1987; Sawada, 1996; Prahl,
2003; Eltgroth, 2005). Two isomers of a Ca1:2 alkene were detected via GC-MS analysis of the
non-derivatized neutral lipid fraction. This fraction also contained the alkenones, but proper
detection was not possible, as other compounds coeluted. Therefore, this neutral lipid fraction
was further purified by column chromatography, eluting alkenone compounds with
dichloromethane. This fraction was subsequently analyzed via GC-FID. Six alkenones were
detected, such as Ca7-Csg polyunsaturated methyl and ethyl alkenones. Alkenoates, which differ
from alkenones by an additional oxygen atom at the functional head group (COO-Me/Et vs.
CO-Me/Et), were not detected in either life-cycle stage under these conditions. Different
parameters can be calculated from alkenone data, which will be described in section 4.4.4.

The following section is divided into three parts. First, the metabolic profile of the nutrient-
replete diploid and haploid E. huxleyi life-cycle stages are compared, to find possible
similarities or exclusive patterns regarding ploidity. Secondly, the metabolic responses of both
life-cycle stages are described with regard to P-starvation. Thirdly, the responses of these life-
cycle stages are evaluated under N-starvation.

4.4.1 Comparison of life-cycle stages under nutrient-replete conditions
In order to reveal differences on metabolite levels between the diploid and haploid E. huxleyi
life-cycle stages, nutrient-replete samples of both cultivation setups (Figure 21 a, b) were used.

The quantified differences are shown in a heat map (Figure 24 a).
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Figure 24: Heat map of the fold-changes of increased (red) or decreased (blue) metabolites for the diploid
(2N) and haploid (1N) E. huxleyi life-cycle stage under macronutrient starvation. (a) Comparison of
metabolite abundance between nutrient-replete 2N and 1N life-cycle stages, over both cultivation setups.
(b, ¢) Fold-changes of metabolite abundance for P-starved 2N (b) and 1N (c) life-cycle stage compared to
the respective nutrient-replete control. (d, e) Fold-changes of metabolite abundance for N-starved 2N (d)
and 1N (e) cells compared to their respective replete control. Grey boxes indicate that the metabolite was
not detected. Metabolites that were detected in one treatment, but not in the other, were marked with /,
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indicating fold-change tendency, which was set to +1.5. Asterisks represent p-values as determined via t-test
(* represents p-values <0.05, ** represents p-values <0.01), grey color for some asterisks to facilitate
visualization. Elevated letters denote the instrument used to detect the metabolite ((.GC-MS, PLC-MS/MS,
CUV-vis-HPLC, YCAD-HPLC, °GC-FID). Metabolites marked with ° were identified by data base
comparison of m/z values (level 2, putatively identified compound), all other metabolites were additionally
confirmed by measured standards (level 1, identified compound). Values represent fold-changes of mean
values of six (a) or three (b-¢e) biological replicates measured in technical duplicates/triplicates. FAME, Fatty
acid methyl ester; MGDG, monogalactosyldiacylglycerol.

Significant differences (t-test, p<0.05) were found comparing the nutrient-replete
metabolome profiles of both life-cycle stages (Figure 24 a). Of 105 detected metabolites, 66
were increased in abundance, compared to the haploid stage. Forty-five of these were at least
1.5-fold increased, the change being significant for 35 metabolites. Unless stated otherwise,
only metabolites experiencing significant changes above 1.5-fold will be mentioned hereafter.

For example, abundances of glutamate, homoserine, lysine, threonine, valine, adenine,
melibiose and DMSP were higher in the diploid stage (1.7-5.0-fold). H4k-fucoxanthin was
found in higher abundance in the diploid stage (1.5-fold). Further pigment-associated
evaluation approaches that were applied to this dataset, such as calculated de-epoxidation ratios
and ratios of individual pigments to chlorophyll a will be described in section 4.4.5.

Several lipids were present in higher abundance in the diploid stage, such as polar lipid fatty
acids, (Cis:1n9c, Cis:2n6c, C18:4n3, C22:0 and Coz:6n3 (1.5-6.0-fold)), neutral lipid fatty acids (C14:0
(1.8-fold)), TAGs (Cs:0 and 12 unknown TAGs (1.9-9.1-fold)), alkenes (both Cs1:2 isomers (17.0
and 5.4-fold)), and all alkenones (3.9-18.1-fold), except for Css:3 e, (increase non-significant).

The diploid stage also contained 39 metabolites in lower abundance than the haploid stage.
Twenty-six of these were at least 1.5-fold changed, the change was significant of 17
metabolites. For example, the diploid stage contained a slightly lower abundance of aspartate,
citrate, lactate and glycerol 3-phosphate (1.8-3.1-fold). Other differences were more
pronounced, such as lower abundances of asparagine, glutamine, leucine, proline,
pyroglutamate, ascorbate and two unknown TAGs (3.6-79.4-fold). The diploid stage also
differed regarding its pigment composition, as it contained less chlorophyll a, chlorophyll c»,
chlorophyll c.-MGDG, fucoxanthin and hex-fucoxanthin (1.7-2.3-fold) than the haploid stage.
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4.4.2 The effect of P-starvation on E. huxleyi life-cycle stages

To examine the metabolic response of the two life-cycle stages regarding P-starvation, fold-
changes of metabolites abundances from P-starved cultures compared to their respective
nutrient-replete control were calculated (Figure 24 b, ¢). For both life-cycle stages, many
detected metabolites increased under P-starvation, as visualized by the high proportion of red
areas in the heatmap.

4.4.2.1 Metabolome changes under P-starvation in the diploid stage

In detail, 77 of 105 metabolites were increased in the diploid life-cycle stage under P-starvation
(Figure 24 b). Fifty-six of these were increased at least 1.5-fold, the change being significant
for 48 metabolites. Many amino acid abundances increased, such as alanine, arginine,
glutamate, isoleucine, leucine, phenylalanine, and threonine (1.6-2.7-fold), the highest increase
being detected for proline (5.1-fold). As glycine was not detected under replete conditions, it
technically also increased under P-starvation, as marked by the diagonal slash. Further
metabolites were increased in the range of 1.7-3.3-fold, such as malate, myo-inositol, galactose
and saccharose, while others experienced a more distinct increase (4.2-11.3-fold), such as
citrate, lactate, maltose and melibiose. All photosynthetic pigments were increased, with
significant changes for chlorophyll a, chlorophyll c.-MGDG, diatoxanthin, fucoxanthin, h4k-
fucoxanthin, hex-fucoxanthin and p-carotene (1.6-4.0-fold). Many lipid compounds were
increased under P-starvation in the diploid stage, including polar lipid fatty acids (C14:0, C1s:1ngc,
Ci18:1n9t, C18:3n3 and Cig:ans (1.6-2.3-fold)), neutral lipid fatty acids (C14:0, C18:0, C18:1n9c, C22:0 and
C22:6n3 (1.8-10.2-fold)), TAGs (TAG Cuso and six unknown TAGs (7.0-13.5-fold)), alkenes
(both Ca1:2 isomers (10.7- and 4.3-fold)) and all alkenones (7.0-10.6-fold).

Only 22 of 105 metabolites were decreased in abundance in the diploid stage under P-
starvation. The change was at least 1.5-fold for ten of these, and significant for five metabolites.
For example, asparagine, adenosine and one unknown TAG decreased 2.0-2.6-fold, while more
noticeable decreases were observed for glutamine (17.2-fold) and glycerol 3-phosphate (5.7-
fold).

4.4.2.2 Metabolome changes under P-starvation in the haploid stage

A similar pattern was detected for the haploid life-cycle stage under P-starvation (Figure 24 c).
Seventy-nine of 105 detected metabolites increased, 45 metabolites experiencing a change of
at least 1.5-fold, significant for 33 metabolites. Comparable to the results observed for the
diploid stage, several amino acids were increased, such as alanine, arginine, glutamate,

isoleucine, leucine, phenylalanine and valine (1.7-2.0-fold). The highest increase was again
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found for proline (3.9-fold). Other metabolites, such as myo-inositol, galactose and glycine
betaine, were found in moderately higher abundance (1.6-1.7-fold), while others, such as citrate,
adenine and melibiose, increased more distinctively (2.5-3.5-fold). P-starvation also increased
pigment abundance in the haploid stage, regarding h4k-fucoxanthin (2.0-fold) and B-carotene
(1.6-fold). Similar to the diploid stage, P-starvation also resulted in increased lipid abundances,
including polar lipid fatty acids (C22:1n9 (1.7-fold), C22:6n3 (1.6-fold)), TAGs (TAG Ci00, TAG
C14:0, TAG Cs and seven unknown TAGs (2.2-35.5-fold)) and all alkenones (3.7-5.0-fold),
except for Css:2 me, the increase being non-significant.

Only 19 of 105 metabolites were decreased in the haploid life-cycle stage under P-
starvation. Six metabolites were changed more than 1.5-fold, the change being significant for
five metabolites. Serine, arabinose, and fructose were moderately decreased in abundance (1.6-
2.6-fold), whereas maltose and saccharose were decreased more prominently (5.6-6.3-fold).
Technically P-containing metabolites glycerol 2- and glycerol 3-phosphate were also decreased
under these conditions, as they were not detected (manually added fold-change tendency
marked by diagonal slash).

4.4.3 The effect of N-starvation on E. huxleyi life-cycle stages

Fold-changes of metabolite abundances detected under N-starvation and the respective nutrient-
replete control were calculated, allowing interpretation of N-starvation induced changes on both
life-cycle stages (Figure 24 d, e). N-starvation resulted in generally decreased metabolite
abundance in the diploid stage. A quite different pattern was observed for the haploid stage,

where generally more metabolites were increased.

4.4.3.1 Metabolome changes under N-starvation in the diploid stage

In detail, 27 of 105 detected metabolites were increased in the diploid life-cycle stage
(Figure 24 d). Ten of these changed more than 1.5-fold, six increasing significantly. In the range
of 1.6-3.3 these included histidine, pyruvate and one unknown TAG, whereas the amino acids
phenylalanine, tryptophan and tyrosine were increased more distinctly (18.5-24.7-fold).

In contrast, 75 of 105 metabolites decreased in this stage in response to N-starvation. Thirty-
four metabolites were decreased at least 1.5-fold, 24 being significantly changed. Especially
amino acids were affected, in varying ranges, such as O-acetyl-serine, glycine, pyroglutamate
and serine (1.6-2.2-fold), arginine, aspartate, isoleucine and threonine (3.0-3.6-fold) and
asparagine, glutamate, glutamine, lysine and valine (4.2-7.1-fold). Other metabolites were also
found in lower abundance, such as a-ketoglutarate, succinate, adenine and homarine (1.6-3.5-

fold). Technically, N-containing glycine betaine also decreased, as it was not detected under N-
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starvation in contrast to nutrient-replete conditions (manually added fold-change tendency
indicated by diagonal slash). All pigments were decreased under N-starvation, however changes
were not significant. Several lipids were decreased, such as polar lipid fatty acids (C1s:0, C16:0,
Cis:0and Cug:3n3 (1.6-1.8-fold)) and TAGs (three unknown TAGs (1.7-3.4-fold)), indicating that
membrane lipids and storage of TAGs were impaired under N-starvation. Fatty acids of neutral

lipids, alkenes or alkenones were not affected.

4.4.3.2 Metabolome changes under N-starvation in the haploid stage

As mentioned above, metabolite responses to N-starvation in the haploid stage did not follow
the general decrease pattern observed in the diploid cells, with the exception of pigments
(Figure 24 e). Rather, many metabolites were increased, similar to the responses of both life-
cycle stages observed under P-starvation.

Fifty-eight of 105 metabolites were increased, 41 of them at least 1.5-fold, the change being
significant for 35 metabolites. Several amino acids were increased, some only moderately (1.6-
3.6-fold), such as alanine, aspartate, glycine, methionine, proline and threonine, others more
prominently (7.3-8.5-fold), such as isoleucine, leucine, phenylalanine, tryptophan and valine.
Tyrosine underwent the highest increase among amino acids (20.3-fold). Other metabolites
were increased, such as malate, galactose, DMSP and homarine (2.1-3.3-fold) and citrate, o-
ketoglutarate, pyruvate, melibiose and xylose (3.7-8.4-fold). Several lipids were increased
under N-starvation in the haploid, such as TAGs (TAG Cu40 and seven unknown TAGs (2.1-
8.9-fold)), alkenes (one Cs1:2 isomer (1.8-fold)) and all alkenones (4.0-10.5-fold), although the
increase was non-significant for Cas:3 et

Forty-five of 105 metabolites were decreased in the haploid stage under N-starvation. The
change was at least 1.5-fold for 14 metabolites, 10 of which changed significantly. These
included the N-rich amino acids asparagine and glutamine (5.4- and 5.7-fold, respectively).
Further decreases were found for ribose, glycerol 2- and glycerol 3-phosphate (1.7-2.0-fold).
Even more pronounced decreases were observed for mannitol and the N-containing osmolyte
glycine betaine (9.8- and 18.9-fold, respectively). All pigment abundances were generally
decreased, including significant changes for five pigments, of which diatoxanthin and
fucoxanthin were decreased more than 1.5-fold (2.0- and 1.8-fold, respectively). Lipids and
fatty acids were not impacted, except for one unknown TAG, which decreased in abundance
(2.5-fold).
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4.4.4 Calculation of alkenone-relevant parameters

Double bond positions of alkenones are influenced by temperature, for example a higher
proportion of less unsaturated alkenones is produced at higher temperature (Brassell, 1986;
Prahl & Wakeham, 1987). Therefore, the unsaturation ratio of Cs7 alkenones, the UX 37, can be

used to estimate the temperature of the water in which the alkenone producing organism grew:

C37.2Me
C37.2Me+C3z7.3Me

Uk = Eq. 2

As alkenones are also highly resistant to decomposition, this makes the UX 37 a valuable tool
to estimate sea surface temperature (SST) in paleoceanography (Brassell, 1986; Prahl &
Wakeham, 1987; Conte, 1998; Muiller, 1998; Conte, 2006). Numerous studies have analyzed
the relationship of alkenone composition and cultivation temperature (CT) for different
E. huxleyi strains in the laboratory (Volkman, 1980b; Volkman, 1980a; Brassell, 1986; Prahl &
Wakeham, 1987; Rontani, 1997; Conte, 1998; Epstein, 1998; Muller, 1998; Epstein, 2001;
Sawada & Shiraiwa, 2004; Eltgroth, 2005; Conte, 2006; Ono, 2009), often with the result of
strain-specific calibrations for the estimation of SST, which in this case equals CT. Therefore,
the data gathered in this work can also be used to verify the relationship between unsaturation
of alkenones and in this case the cultivation temperature (CT). The calculated values are shown
in Table 7. As the first applied calibration (CT?) did not equal the applied CT of 20 °C, other
calibrations specific for diploid E. huxleyi strains were applied to reach the best approximation.

Apart from the fact that alkenones were more abundant in the diploid stage under nutrient
replete conditions, this stage also had a higher UX's7, and subsequently a higher calculated
cultivation temperature. Although different calibrations were applied for CT calculation (CT?,
CT?, CT?), values did not correspond to the applied cultivation temperature (20 °C). The nearest
approximation was 17.1+1.4 °C for 2N and 13.5+1.1 °C for 1N.

Increased alkenone abundance in the diploid stage under P-starvation had no significant
effect on the UX'37 or CT. In the haploid stage P-starvation induced alkenone accumulation
resulted in a significantly higher UX'3; and CT. N-starvation didn’t affect the diploid stage
regarding these parameters, however the CT was significantly increased in the haploid stage

under these conditions.
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Table 7: Alkenone related parameters for E. huxleyi life-cycle stages under nutrient replete and nutrient
starvation conditions. Unsaturation index (U¥’s7), calculated cultivation temperature (CT) based on three
different calibrations for sea surface temperature (SST) for both separate cultivations, as well as the pooled
replete replicates from both cultivations. Mean values and standard deviations (SD) of n=3 are denoted.
Asterisk indicates statistical significance (* represent p-value <0.05, ** <0.01) of limitation to replete control,
or in case of all replete replicates, of the two different life-cycle stages.

Setup U¥g [1] CT![°C] CT?[°C] CT3[°C]
2N 0.3+0.02 9.0+0.54 12.7+055  16.4+0.51

o starvation 2N -P 0.3+0.02 9.0+0.66 12.7+0.66  16.3+0.62
1N 0.20.02 7.240.47 10.7¢0.55  14.5+0.50
1N -P 0.3t0.01**  8.4+0.40**  12.0:+0.42**  15.8+0.39%*
2N 0.40.06 10.8+1.71 143170  17.9+159

Nostarvation 2N -N 0.4+0.02 115+0.66  15.1+0.58  18.6+0.55
1N 0.20.02 5.620.59 8.70.81 12.740.72
1IN -N 0.3+0.02%*  9.3+0.52*%*  12.9+0.52**  16.6+0.49**

Al replete 2N 0.3t0.05%*  9.0+155%*  13.5+150%* 17.1+1.41**
1N 0.2+0.03 6.320.95 9.6+1.21 13.51.09

1Summer SST calibration for 1-30 °C, global core-top compilation (Miiller, 1998),
2SST calibration for E. huxleyi B92/21 (Conte, 1998),
3Conte SST calibration for E. huxleyi G1779Ga (Conte, 1998).

4.4.5 Calculation of pigment and de-epoxidation ratios

Complex pigment compositions that change under application of external stressors can help
determine the physiological response of a photosynthetically active cell. As shown above for
the growth phase experiment, ratios of individual chlorophylls to chlorophyll a and the de-
epoxidation ratio, allow further interpretation.

As mentioned above, chlorophyll a abundance increased significantly for both life-cycle
stages under P-starvation, compared to the nutrient-replete control. In contrast, total
chlorophylls to chlorophyll a decreased, significantly in the diploid stage (Figure 25). This
decrease was caused by a significant decrease of all three chlorophylls, especially chlorophyll c>
and chlorophyll c3. Although carotenoids did not change regarded as total carotenoids,
individual carotenoids did. For example, fucoxanthin and hex-fucoxanthin significantly
decreased relative to chlorophyll a in the diploid stage, h4k-fucoxanthin increased non-
significantly. In the haploid stage, the decrease for fucoxanthin was non-significant, however,
h4k-fucoxanthin increased significantly here. Furthermore, diatoxanthin per chlorophyll a
increased significantly in the diploid stage, leading to a significantly increased de-epoxidation
ratio, as also shown in Table8. This indicates activate xanthophyll cycle-mediated
photoprotection in response to P-starvation in the diploid stage, which is absent in the haploid
stage. In both life-cycle stages, B-carotene per chlorophyll a increased significantly.Under N-
starvation, changes were not very pronounced and seldom significant. In the diploid stage
diatoxanthin to chlorophyll a and subsequently the de-epoxidation ratio were significantly
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decreased (Table 8), indicating that photoprotection via xanthophyll cycle-mediated non-
photochemical quenching cannot function under N-starvation. This was also the case in the
haploid stage. Here the chlorophyll c2 to chlorophyll a ratio was significantly increased in the
haploid stage.

general pigment total chic/chla[] + *k * Fold-change
distribution total caro/chla[-] - A5
chic2/chla[-] 4 =*=* *% * 174
chlorophyll ¢ chl c2-MGDG /chla[] - *% 16
chic3/chla[] 4 =* dek aa
fuco/chla[-] A *

fucoxanthins hak-fuco/chla[] | % . "
& hex-fuco /chla[-] - *k 1
% ddx/chla[] - 34
© | xanthophyll cycle dix/chla[-] | *% * 76
8 de-epoxidation ratio [-] - *% * * 7.4
B-caro/chla[] - *% * -38.5

IR

Replete | Phosphorus starvation Nitrogen starvation

a b c d e

Figure 25: Heat map of the fold-changes of pigment ratios for diploid (2N) and haploid (1N) E. huxleyi life-
cycle stages under nutrient-replete and nutrient-starvation conditions. (a) Nutrient-replete 2N compared to
nutrient-replete 1N. (b, c) P-starved 2N (b) or 1N (c) compared to their respective nutrient-replete control.
(d, €) N-starved 2N (d) or 1N (e) compared to their respective nutrient-replete control. Asterisks indicate p-
value of t-test (* indicates <0.05, ** <0.01). Fold-changes were calculated from mean values of three
biological and two technical measurements. Chl, chlorophyll; caro, carotenoids; MGDG,
monogalactosylgdiacylglycerol; fuco, fucoxanthin; ddx, diadinoxanthin; dtx, diatoxanthin; p-caro, B-
carotene.

Table 8: The de-epoxidation ratio of xanthophyll cycle pigments for diploid (2N) and haploid (1N) E. huxleyi
life-cycle stages grown under nutrient-replete or P-/N-starved conditions. Mean value and SD of three
biological and two technical replicates. Asterisk indicates statistical significance (* represent p-value <0.05,
*% <0.01) of limitation to replete control, or in case of all replete replicates, of the two different life-cycle
stages.

Setup Life-cycle stage Nutrient status De-epoxidation ratio [-]
N replete 0.25+0.11
P-starvation P-starved 0.51+0.12**
N replete 0.25+0.21
P-starved 0.19+0.03
N replete 0.22+0.05
N- N-starved 0.17£0.02*
starvation IN replete 0.28+0.03
N-starved 0.22+0.04*
2N 0.24+0.05
All replete N replete 0.2640.11
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5. Discussion

5.1 Non-linearity of individual FAMEs measured via GC-MS (ITQ)
requires correction of data post-run

Lipids are often detected as their respective fatty acid methyl esters (FAME), which are easily
detectable via GC-FID or GC-MS (Dodds, 2005). The latter is advantageous due to the
additional spectral information for FAME identification, circumventing misinterpretation due
to occurring artefacts, which can happen with GC-FID (Roach, 2000; Mjgs, 2003). Regardless
of the chosen instrument, FAME calibration is necessary, as the detector’s response varies with
carbon and double bond number (Ackman & Sipos, 1964; Ulberth, 1999; Ackman, 2002;
Dodds, 2005).

The GC-MS instrument used in this work (TraceGC gas chromatograph and ITQ ion trap
mass spectrometer, Thermo Scientific) delivered highly variable responses for individual
FAMEs, which additionally were non-linear at low concentrations (Figure 6, Supplementary
Figure 1). This has been observed previously regarding quadrupole and ion trap GC-MS
instruments, as well as GC-FID (Dodds, 2005). To obtain the correct amount, correction of
FAME abundances via second degree polynomial regression was necessary (Figure 8,
Supplementary Table 1). The detection was also especially sensitive towards short-chain fatty
acids, which were not detected at low concentrations, in contrast to the other fatty acids
(Figure 7, Supplementary Figure 1). Particularly regarding complex biological samples this can
lead to misinterpretation of shorter fatty acid chains.

This is also true when comparing TAG containing short-chain fatty acids, measured via
CAD-HPLC, and the respective FAME, measured via GC-MS (Figure 9). The HPLC was able
to detect TAG in lower concentration ranges. This problem has been reported before (Holcapek,
2005; Lisa, 2007). However, the comparison of instruments was further complicated by the
dilution step introduced by FAME derivatization, so that technically concentrations were lower
for GC-MS measurements. Another issue is the higher volatility of short-chain fatty acids,
which can lead to partial evaporation both pre-derivatization and as FAME (Ulberth, 1999;
Schreiner, 2006). Therefore, observations about short-chain fatty acids need to be treated with

caution.
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5.2 Similar cellular content of life-cycle stages on FTIR level
The results discussed in this section were submitted as part of a manuscript:

Wodrdenweber, R., Rokitta, S. D., Heidenreich, E., Corona, K., Kirschhofer, F.,
Fahl, K., Klocke, J. L., Kottke, T., Brenner-Weil}, G., Rost, B., Mussgnug, J. H.,
Kruse, O. (submitted): Phosphorus and nitrogen starvation reveal life-cycle
specific responses in the metabolome of Emiliania huxleyi (Haptophyta).

FTIR is a valuable tool for quick non-invasive overview of the most important cellular
components (Naumann, 1991; Giordano, 2001; Johnson, 2004). In this experiment, the cellular
composition of the diploid and haploid E. huxleyi life-cycle stages was elucidated using FTIR.

On this level of analysis, no big differences between proteins, carbohydrates and lipids were
found regarding ploidy (Figure 11), although the diploid stage indicated slightly higher
alkenone abundance (1.1-fold). The general cellular composition is comparable with previous
FTIR analyses for diploid cells (Domenighini & Giordano, 2009; Pelusi, 2016).

This is the first report of haploid FTIR analysis for E. huxleyi, therefore, results can only be
compared with other analysis methods. The haploid stage has long been overlooked by research.
There are no reports of protein abundance in the haploid stage, the same is true for
carbohydrates. Certain phospholipids were found in slightly higher abundance in the haploid
stage, such as PDPT and PE (Hunter, 2015), in contrast to the suggestions from the FTIR
measurement. However, detailed lipid analysis in the following parts of this thesis will further
elucidate differences between both life-cycle stages. Alkenones have been reported to be
slightly higher in a different E. huxleyi stage, compared to its haploid stage, in a comparable
growth phase (Bell & Pond, 1996). Alkenones have been proposed to be storage lipids (Bell &
Pond, 1996; Epstein, 2001; Prahl, 2003; Eltgroth, 2005; Pan & Sun, 2011), which was
confirmed by Tsuji (2015). Sawada and Shiraiwa (2004) found them particularly associated
with the coccolith vesicle fraction, which could explain the higher abundance in the calcifying,
diploid stage, compared to the non-calcifying haploid stage, which does not contain coccolith
vesicles (Paasche, 2001). However, this role of alkenones is still under debate, as Eltgroth and
coworkers (2005) did not find alkenones associated with the coccolith vesicle, but packaged
into lipid bodies. Furthermore, they have been suggested to influence buoyancy (Fernandez,
1994; Fernandez, 1996; Paasche, 2001), which could explain a higher abundance in the non-
motile diploid stage.
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5.3 Growth phase-dependent metabolome analysis of E. huxleyi life-cycle
stages

Metabolic analysis of microalgal cells is highly dependent on the growth phase. The exponential
phase is typically the most active phase, as many primary metabolites are produced in high
abundance, to ensure efficient cell division (Vidoudez & Pohnert, 2012; Mausz & Pohnert,
2015). The transitional and stationary growth phases are characterized by cessation of growth,
and accumulation of assimilation products, such as lipids and sugars, has been observed
(Hodgson, 1991; Kluender, 2009; Vidoudez & Pohnert, 2012). To allow physiological
observations, for example comparison of calcifying and non-calcifying E. huxleyi life-cycle
stages, is therefore important to analyze the metabolome during different growth phases.

In this experiment, the diploid and haploid E. huxleyi life-cycle stages (RCC 1216,
RCC 1217) were grown under nutrient-replete conditions. Samples for pigment and lipid
analysis were harvested at three different time points, to assess metabolic composition of these
compounds with respect to the early-exponential, late-exponential and stationary growth phase.
Both life-cycle stages grew comparably (Figure 12), with no significant difference of maximum
growth rate, as observed before (Houdan, 2005; Rokitta & Rost, 2012; Mausz & Pohnert, 2015;
Rokitta, 2016). Diploid cells shed their coccoliths in stationary phase, typical for this life-cycle
stage (Holligan, 1983; Balch, 1996; Vardi, 2012; Lehahn, 2014). As ESAW medium contains
high levels of nutrients (Berges, 2001), which are typically not depleted during growth, (as seen
for P and N in results section 4.4), the cell’s stationary phase entry was probably caused by a
different factor, possibly changes in pH or total alkalinity.

5.3.1 Pigment abundance and composition changes with growth

In both life-cycle stages ten photosynthetic pigments could be identified (Figure 13), such as
chlorophyll a, three different chlorophyllsc (c2, c>-MGDG, c¢3), and the carotenoids
fucoxanthin, h4k-fucoxanthin, hex-fucoxanthin, diadinoxanthin, diatoxanthin and p-carotene.
The presence of these pigments is in line with reports of the exact same life-cycle stages
harvested in mid-exponential phase (van Lenning, 2004; Houdan, 2005).

No a-carotene was detected, as observed by Houdan and coworkers (2005). This might be
due to concentrations below the detection limit, as the a-carotene concentration is known to be
lower than the B-carotene concentration, which was close to the detection limit. Furthermore,
a-carotene has been observed to accumulate only under low light intensities in the diploid
E. huxleyi strain CCMP 370, whereas B-carotene is present under both high and low light (425
vs. 18 umol m2s?) (Garrido, 2016). As relatively high light intensities were applied in this
experiment (350 umol m2 s, this could explain the absence of a-carotene. Furthermore, both
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carotenes are precursor for all carotenoids (Lohr & Wilhelm, 1999; DellaPenna, 2004; Tanaka,
2008; Takaichi, 2011). The low concentration (or absence) of both precursors indicates that
these carotenes do not per se have a relevant function in photoprotection in E. huxleyi. The flux
is rather directed towards conversion into other carotenoids. This has also been observed for
other diploid E. huxleyi strains (Stolte, 2000; Zapata, 2004; Zapata, 2006; Garrido, 2016).

Over the course of cultivation, the abundance of all pigments decreased, except for
diatoxanthin, which even showed increases (Figure 14). A decrease of cellular pigment content
in the stationary growth phase has been reported for the diploid E. huxleyi strains CCMP 1516
(Llewellyn, 2007) and E. huxleyi PLY-61/7/3 (Llewellyn & Gibb, 2000), as well as for other
microalgae (Conover, 1975; Roy, 1988; Llewellyn & Gibb, 2000; Ruivo, 2011). In some cases,
pigment content decreased before cell numbers stalled, indicating shut down of pigment
synthesis before other cellular components.

From a metabolical point of view, the early to mid-exponential growth phase is the most
active one, characterized by high rates of photosynthesis and carbon assimilation, allowing
accumulation of carbon, biomass and energy storage compounds (Raven & Beardall, 2003;
Mausz & Pohnert, 2015). In this stage, as suggested by the results of this work, pigment
abundance is highest, possibly implying a larger antenna size, to absorb as many photons as
possible. However, antenna size is not correlated directly with efficiency. Increased absorption
is only effective as long as the reaction center can function efficiently, as energy from excessive
photons is lost as heat or, more severely, leads to the formation of triplet chlorophyll, which
either reacts with molecular oxygen to produce radical oxygen species, or needs to be quenched
by a carotenoid to return to its ground state (Pogson, 2005; Croce & van Amerongen, 2014).
The exponential growth phase ends when cells are limited by any essential component. After a
short transitional phase, cells enter stationary phase, ceasing cell division. It is likely that
decreased pigment abundances signify downscaling of light harvesting to minimize energy
generation, adapting to the lowered requirements of the non-dividing cell. All residual energy
goes into metabolism maintenance (Raven & Beardall, 2016) and the metabolism is
streamlined. This could explain why most pigment abundances decreased in the later growth
phases of this experiment.

In the following part, the results for individual pigments will be discussed regarding their
relevance in E. huxleyi. Pigment profiles of both life-cycle stages were highly similar.
Therefore, changes will be discussed mainly for the diploid stage and differences will be

discussed comprehensively at the end of the chapter.
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Hex-fucoxanthin was highly abundant in most growth phases and life-cycle stages
(Figure 13), and comprised a major proportion of total fucoxanthins (76-87 %). Over the course
of cultivation, the cellular abundance of all fucoxanthins decreased (Figure 14). The relative
proportion of hex-fucoxanthin and h4k-fucoxanthin increased compared to chlorophyll a, at the
expense of fucoxanthin (Figure 15).

Quantification of the exact amount of hex-fucoxanthin was not possible due to limiting
concentration of the standard. This is common for pigment analysis in marine microalgae, as
uncommon pigment standards are difficult to obtain in pure form and sufficient concentration
(Egeland, 2011). As analytes can give variable responses in UV-vis-spectrometers, especially
when they contain different numbers of chromophores, it is possible that the abundance of one
pigment is not necessarily comparable to another pigment (Jeffrey, 1997; Smith, 2004).
However, fucoxanthin derivatives have been shown to give a similar response to fucoxanthin
(Egeland, 2011), whereas chlorophyll a gives a smaller response compared to fucoxanthin
(Jeffrey, 1997). Therefore, it is difficult to state whether hex-fucoxanthin was present in higher
abundance than chlorophyll a in this work. However, Houdan (2005) was able to quantify hex-
fucoxanthin and showed that hex-fucoxanthin was just as abundant as chlorophyll a in the same
diploid E. huxleyi life-cycle stage (2N: 1.02-fold), whereas it was lower in the haploid stage
(1N 0.86-fold). A higher abundance of hex-fucoxanthin compared to chlorophyll a has also
been found in the diploid strains CS-57 (1.51-fold) and CS-282 (1.14-fold) (Zapata, 2004), here
authors quantified using self-isolated standards. This was also observed for other haptophytes,
such as Chrysochromulina polylepsis (CCMP 286, 1.11-fold), Phaeocystis antarctica
(DE 12.1, 1.05-fold) (Zapata, 2004). Other diploid E. huxleyi strains typically have a hex-
fucoxanthin or fucoxanthin to chlorophylla ratio under one, indicating strain-specific
differences (Haxo, 1985; Stolte, 2000; Zapata, 2004; Garrido, 2016).

The observed decreases of cellular fucoxanthin abundance in the later growth phases, as
well as shifts towards higher hex-fucoxanthin and h4k-fucoxanthin ratios to chlorophyll a, at
the expense of fucoxanthin, are well in line with results for the diploid E. huxleyi strains
CCMP 1516 (Llewellyn, 2007), CCMP 370 (Garrido, 2016) and another haptophyte,
Phaeocystis sp. (Buma, 1991).

Different E. huxleyi strains vastly differ in their fucoxanthin composition, highlighting the
differences between strains of the E. huxleyi species complex. For example, strains can have
either fucoxanthin or hex-fucoxanthin as their major carotenoid (Zapata, 2004). Furthermore,
only strains belonging to the coccolith morphotype A and R contain h4k-fucoxanthin, others
have but-fucoxanthin (van Lenning, 2004; Zapata, 2004; Cook, 2011). These morphotypes
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divide E. huxleyi into different categories based on coccolith structure. In contrast to lightly
calcifying types, type A and R form heavier calcified elements (Hagino, 2011; Read, 2013).
The life-cycle stages analyzed in this work belong to the morphotype R (van Lenning, 2004).
It is assumed that differences regarding fucoxanthin composition and coccolith morphology
reflect environmental adaptation of strains in the E. huxleyi species complex (Cook, 2011).

In order to explain these growth-dependent changes and strain-dependent differences, it is
necessary to understand the function of different fucoxanthin derivatives in photosynthesis.
Fucoxanthins are accessory pigments that participate effectively in light harvesting
(Siefermann-Harms, 1987; Jeffrey & Anderson, 2000; Llewellyn, 2007; Takaichi, 2011). They
are especially important in E huxleyi’s natural habitat, as irradiance is limited to blue-green
light below 600 nm in depths lower than 12 m (Kirk, 2011; Blankenship, 2014; Croce & van
Amerongen, 2014). Light of this range cannot be absorbed by chlorophyll a (or b), which is
why haptophytes, diatoms and other marine microalgae of the “red lineage” (Falkowski, 2004)
generally contain chlorophyll c, as well as a high proportion fucoxanthins (Haxo, 1960;
Govindjee & Braun, 1974; Zapata, 2006; Lepetit, 2012; Blankenship, 2014).

Fucoxanthin is proposed to be the biosynthetic precursor for hex-fucoxanthin and h4k-
fucoxanthin (Lohr & Wilhelm, 1999; Stolte, 2000; Llewellyn, 2007). The different derivatives
differ only slightly in their absorption spectrum. However, structural changes in a pigment
within direct vicinity of its chromophore are assumed to lead to conformational changes in the
protein complex, which in turn alter light harvesting and excitation energy transfer capacity
(Croce & van Amerongen, 2014). This has been assumed to happen in E. huxleyi, as
fucoxanthin interconversion occurs in response to increasing light intensity (Garde & Cailliau,
2000; Schliter, 2000; Stolte, 2000; Lefebvre, 2010). Therefore, results of this experiment
indicate that E. huxleyi most likely uses interconversions of fucoxanthins in the later growth
phases, to alter the absorption spectrum in line with photoprotection, to reduce light absorption
in the minimized photosystems.

E. huxleyi strains from different geographical origins have most likely adapted their
fucoxanthin composition with respect to the ecological composition of their individual niche,
and this could be manifested genetically (Falkowski & Chen, 2003; Cook, 2011). On the other
hand, strains with hex-fucoxanthin as main carotenoid could be a result of temporary adaption
to specific light conditions, as hex-fucoxanthin has been shown to be a special blue-light
harvester in E. huxleyi (Schliter, 2000; Garrido, 2016). Enhanced blue light conditions can
occur when using white light-emitting diode (LED) lamps (Garrido, 2016), as these naturally
enriched in blue light, relative to fluorescent lamps (Piasecki, 2010). As a cool white fluorescent
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lamps were used in this work, it is unlikely that the fucoxanthin composition was influenced by
the light source. The lamp’s absorption spectrum is shown in Supplementary Figure 2,
including comparison with an LED source.

The high abundance of hex-fucoxanthin or fucoxanthin compared to chlorophyll a,
indicated by this work and confirmed for the diploid strain by Houdan (2005), is unusual.
However, as stated above, hex-fucoxanthin concentration has even been reported to be higher
than chlorophyll a concentration for certain diploid E. huxleyi strains and other haptophytes
(Zapata, 2004). Chlorophyll a is typically the most abundant pigment, involved in light-
harvesting, excited electron transport, and charge separation in the reaction centers (Croce &
van Amerongen, 2011; Songaila, 2013). One purpose for higher hex-fucoxanthin abundance
could be the optimization of energy transfer efficiency, the underlying reason being the limited
light-harvesting capacity of carotenoids (Polivka & Frank, 2010; Croce & van Amerongen,
2014). As carotenoid excited-state lifetime is very short (~10 ps), excitations can get lost if not
immediately transferred to a nearby chlorophyll a (Polivka & Frank, 2010; Croce & van
Amerongen, 2014). For this reason, a high carotenoid to chlorophyll a ratio is found in
dinoflagellates, as their peridinin-chlorophyll a-binding protein contains eight peridinins
surrounding two chlorophyll a molecules (Hofmann, 1996; Schulte, 2009). Diatoms and
haptophytes, including E. huxleyi, contain a similar protein in their light-harvesting antenna, a
fucoxanthin-chlorophyll a/c-binding protein (FCP) (Caron, 1996; McKew, 2013a). In the
diatom Cyclotella meneghiniana, FCPs have been reported to contain four chlorophyll a, four
fucoxanthin and one chlorophyll ¢ (Papagiannakis, 2005). Another study even suggested there
might be double as many pigments per FCP (Premvardhan, 2010). However, including
additional chlorophyll a required for energy transport and charge separation, this results in a
higher overall proportion of chlorophyll a compared to fucoxanthin.

Therefore, in line with results from Houdan (2005) and Zapata (2004) (hex-
fucoxanthin/chlorophyll a >1), it is possible that certain diploid E. huxleyi strains, including the
diploid stage analyzed in this work, and some other haptophytes, could have a higher ratio of
fucoxanthin, or in this case, hex-fucoxanthin, to chlorophyll a in FCPs. This could enable more
efficient light harvesting. However, this assumption is not supported by further evidence, as
analysis of FCP composition in haptophytes is lacking. In general, FCPs are the most
recalcitrant and least understood of all light harvesting complexes (Larkum, 2016). In contrast,
plant and chlorophyte LHCs contain less carotenoids compared to chlorophyll, with 14
chlorophylls and 3-4 carotenoids per LHC (Liu, 2004; Grewe, 2014; Natali & Croce, 2015),
therefore shifting the absorption spectrum to higher wavelengths (Hildebrand, 2013).
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Chlorophyll a was also highly abundant both life-cycle stages and all growth phases
(Figure 13). As mentioned above, chlorophyll a has a smaller response in UV-vis detection
(Egeland, 2011), which is why it is probably more abundant than it seemed by relative
abundance in this work, possibly similarly abundant as hex-fucoxanthin, as observed by
Houdan (2005) for the same life-cycle stages. On a cellular basis, chlorophyll a decreased in
the two later growth phases (Figure 14). This has been shown to occur after the early- or mid-
exponential growth phase for different diploid E. huxleyi strains (van Bleijswijk, 1994; Pond &
Harris, 1996; Llewellyn, 2007) and other algae (Conover, 1975; Roy, 1988; Fidalgo, 1998;
Llewellyn & Gibb, 2000; Ruivo, 2011), implying a reduced antenna size in less metabolically
active phases. These results emphasize the importance of choosing the right harvesting time
point, as conclusions drawn from late-exponential phase pigment compositions can differ from
those harvested earlier. This could happen easily, as it is sometimes difficult to estimate the
time point of transitional phases in an ongoing cultivation.

Among all chlorophyll ¢ pigments, depending on the growth stage, chlorophyll c2 and
chlorophyll cs were similarly abundant, while chlorophyll c.-MGDG only made up ~20 % of
total chlorophyll ¢ (Figure 13). Pigment abundances of these chlorophylls were not quantified
due to limited concentration of available standards, however it is often assumed that all three
derivatives have a similar response in UV-vis detection (Egeland, 2011; Garrido, 2016), which
is why their abundance can probably be compared among each other. The cellular abundance
of all chlorophyll c derivatives decreased in the two later growth phases (Figure 14). However,
relative to chlorophyll a, total chlorophyll ¢ pigments increased in the later growth phases,
mainly due to chlorophyll c3 (Figure 15). Other E. huxleyi strains are reported to contain either
chlorophyll c, (Stolte, 2000; Zapata, 2004; Zapata, 2006; Mizoguchi, 2011) or chlorophyll c3
(Stolte, 2000; Zapata, 2004) as their main chlorophyll c. Here again, the chosen time point for
harvest could be biasing this conclusion.

Chlorophyll ¢ pigments are accessory pigments, participating in light harvesting, with
special importance in the limited light spectrum reaching aquatic environments (Croce & van
Amerongen, 2014). The different derivatives differ marginally in absorption spectra (Jeffrey,
1972; Fawley, 1989; Saitoh, 1993). Similar to fucoxanthins, interconversion of chlorophyll ¢
derivatives alters the architecture of pigment-protein complexes (Melkozernov & Blankenship,
2006), thereby changing spectral absorption properties (Garrido, 1995). This has been observed
under red light for the diploid E. huxleyi strain CCMP 370, where ratios of chlorophyll ¢, and
chlorophyll c3 to chlorophyll a increased compared to white light (Garrido, 2016). Therefore,
the observed interconversions in the later growth phases could indicate structural changes of
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light harvesting proteins, leading to alterations of the absorption spectrum as a means of
photoprotection, as observed for fucoxanthin derivatives in this work.

Diadinoxantin abundance was comparable in both life-cycle stages (Figure 13). In line with
the light harvesting pigments, it decreased in the later growth phases (Figure 14). However,
relative to chlorophyll a, the proportion increased (Figure 15). Two diadinoxanthin pools are
assumed to exist (Stolte, 2000), one involved in the xanthophyll cycle, where conversion of
diadinoxanthin to diatoxanthin results in non-photochemical quenching, dissipating excess
energy (Demmig-Adams & Adams IlI, 1993; Llewellyn, 2007), and one as substrate for
fucoxanthin synthesis (Goericke & Welschmeyer, 1992; Stolte, 2000; Bertrand, 2010). As
mentioned above, fucoxanthin is the precursor for hex-fucoxanthin (Lohr & Wilhelm, 1999;
Stolte, 2000; Llewellyn, 2007). Following these premises, sufficient diadinoxanthin needs to
be available, to ensure a high level of hex-fucoxanthin synthesis via fucoxanthin, and at the
same time the cell needs to guarantee efficient photoprotection via conversion of diadinoxanthin
to diatoxanthin at short notice, explaining relatively constant diadinoxanthin proportion in the
cell in all growth phases.

Diatoxanthin abundance was minor in the early-exponential phase, compared to the other
pigments (Figure 13), although here again it must be noted that abundance was not quantified,
due to limited concentration of available standard. With progressing growth, diatoxanthin
abundance increased per cell (Figure 14) and regarding chlorophyll a (Figure 15). This suggests
an intensification of the xanthophyll cycle, as reflected by the increasing calculated de-
epoxidation ratio (Table 6). This type of photoprotection is typically observed under high light
stress, also in diploid E. huxleyi strains (PLY 92, B11, CCMP 370) (Harris, 2005; Ragni, 2008;
Garrido, 2016). Increases de-epoxidation ratios have been observed previously in the stationary
growth phase, for the diploid E. huxleyi strain PLY-61/7/3, nine other haptophytes and ten
diatoms (Llewellyn & Gibb, 2000), as well as other microalgal classes, such as chlorophytes
(Dunaliella salina and Tetraselmis suecica), dinoflagellates (Amphidinium carterae,
Heterocapsa sp. and Gymnodinium catenatum) and bacillariophytes (Cylindrotheca closterium)
(Latasa & Berdalet, 1994; Ruivo, 2011).

Cells in late-exponential and stationary growth phases contain decreased overall pigment
abundance, therefore probably a smaller light-harvesting antenna, as discussed above. As the
light intensity is unchanged, the antenna need to absorb more photons per light harvesting
pigment. The xanthophyll cycle is activated in response to reactive oxygen species (ROS) stress
and/or electron pressure on the photosynthetic chain (Pogson, 2005). The principle is illustrated
in Figure 26. These results are in line with the increased a-tocopherol abundance (antioxidant,
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ROS scavenger) in the stationary and declining growth phases for the same life-cycle stages
(Mausz & Pohnert, 2015).

The fact that diatoxanthin was detected in the early-exponential phase confirms that the
diadinoxanthin de-epoxidase is also active under non-stressed conditions in the diadinoxanthin-
based xanthophyll cycle (Jakob, 2001), in contrast to the violaxanthin de-epoxidase in

violaxanthin-based xanthophyll cycle (Hager, 1975; Bratt, 1995).

acidified lumen
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Figure 26: Simplified schematic representation of xanthophyll cycle mediated quenching in photosystem 11
as a response to higher light availability. (a) An accessory pigment absorbs a photon and excitation energy
is transferred to the reaction center P680 via chlorophyll a, where charge separation occurs. (b) Upon stress
stimulation (light, temperature, drought), photochemistry is saturated (red P680). To avoid the excited
singlet chlorophyll (*chl®) crossing over into the dangerous triplet state (3chl™), diatinoxanthin in E. huxleyi
guenches the singlet chlorophyll, which emits fluorescence and relaxes into its ground state. The excited
diadinoxanthin is epoxidated by the diadinoxanthin de-epoxidase (DDE), which has been activated due to
the decreased pH from the acidified lumen, as protons accumulate here, because the ATP synthase is stalled.
Epoxidation results in diatoxanthin, which emits heat (Q) in the process of non-photochemical quenching.
It can be converted back to diadinoxanthin via the diatoxanthin epoxidase (DEP).

The question remains why growth-dependent pigment responses in the haploid life-cycle
stage exhibited the same pattern as in the diploid stage, but were seldom significant (Figure 14,
Figure 15). Also, both stages activated xanthophyll-cycling in the late-exponential phase, but
the diploid stage was able to increase photoprotection further in the stationary phase, whereas
xanthophyll-cycling ceased in haploid stage (Table 6).

The diploid life-cycle stage of this particular E. huxleyi strain has been shown to perform
more efficiently in photosynthesis. For example, a higher photosynthetic capacity has been
shown for the diploid stage under normal light intensities (Rokitta & Rost, 2012). This stage
additionally showed no signs of photoinhibition up to light intensities of 1000 umol m2 s,
whereas the haploid stage was inhibited at 400-500 pmol m? s (Houdan, 2005). Also, the

diploid stage contained a higher hex-fucoxanthin to chlorophyll a ratio (Houdan, 2005),
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indicating more specialized absorption of light, as discussed above. The results of this work
further expand the knowledge with regard to the diploid stage’s superior photosynthetic
efficiency, as it displayed a higher ability to activate and sustain xanthophyll cycle-mediated
non-photochemical quenching during later growth stages.

Both life-cycle stages are thought to occupy distinct niches (Frada, 2008; von Dassow, 2009;
Rokitta, 2011). Information about the haploid life-cycle stage in nature is rare, often only few
individuals are found in diploid dominated blooms (Frada, 2012). This difference in
photosynthetic endurance could be connected to the proposed difference in niche-occupation
for the life-cycle stages (von Dassow, 2009; Rokitta, 2011).

5.3.2 Lipid abundance and composition change with growth

The lipid composition of microalgal cells is known to be highly dependent on their growth
phase, as for example storage lipids can accumulate when cell growth ceases (Sukenik 1990,
Hodgson 1991). The knowledge of this growth phase-dependent composition allows
conclusions about the cell’s physiology. In this experiment, the abundance of fatty acids
associated with the polar and neutral lipid fraction were assessed during the early-exponential,
late-exponential and stationary growth phase of a diploid and haploid E. huxleyi life cycle stage,
grown under nutrient-replete conditions. The applied lipid-detection method via FAME
derivatization allowed elucidation of the fatty acid composition of polar lipids (i.e., membrane
lipids such as glyco-, phospho-, sphingo- and betaine lipids), as well as the fatty acids from
neutral lipids (i.e., TAGs, free fatty acids).

In both life-cycle stages, fourteen different fatty acids were detected in E. huxleyi’s polar
lipid fraction (Figure 16), while ten were found in the neutral lipid fraction (Figure 18). Chain
lengths ranged from Ci40 to Co26n3. The odd-numbered fatty acid Ciso was undoubtedly
detected in both fractions, and was not detected in the lipid isolation blanks or measurements
blanks. The occurrence of odd-chain fatty acids in eukaryotes, which typically contain even-
chain lengths, is unusual. However, Cis:0 has been reported for numerous different E. huxleyi
strains (Volkman, 1981; Bell & Pond, 1996; Pond & Harris, 1996; Riebesell, 2000; Rontani,
2007; Evans, 2009) and has been localized as one possible fatty acid chain of the phospholipid
phosphatidylethanolamine (PE) in the diploid E. huxleyi strain CCMP 374 (Fulton, 2014).
Furthermore, Cis to Co9 or even longer chain lengths up to Cs7 have been detected in certain
other microalgae (Douglas, 1969; Gillan, 1981; Rezanka, 1983; Rezanka & Podojil, 1984;
Gelin, 1997; Fidalgo, 1998; Allard & Templier, 2001; Kalacheva, 2002; Rezanka & Sigler,
2009; Schwarzhans, 2015).
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In the following two sections, results will be discussed in more detail for fatty acids of the
polar and neutral lipid fraction, respectively. In each section, the fatty acid composition in
general will be discussed first, then life-cycle specific differences will be addressed, and in a

last step growth phase-dependent changes will be elucidated.

5.3.2.1 Fatty acids associated with the polar lipid fraction

Several polar lipid fatty acids were highly abundant in all three growth phases, such as saturated
(C14:0, C16:0, C18:0), mono- (Cis:ingc) and polyunsaturated fatty acids (Cis:anz, Cis:ans, C22:6n3)
(Figure 16). These results are in line with a previous study analyzing the same strain (Fiorini,
2010), with the exception of C1g:0, which was only found in trace amounts. In the haploid stage,
only the saturated fatty acids were present as major fatty acids in all growth phases (Figure 16).
This general trend for the haploid stage was confirmed by Fiorini’s results, although the
difference was not as pronounced (Fiorini, 2010).

Most of the fatty acids detected in this strain have been reported as components of polar
lipids identified in other diploid and haploid E. huxleyi strains (Bell & Pond, 1996; Fulton,
2014), such as glycolipids (MGDG, DGDG, SQDG), phospholipids (PC, PDPT, PG, PE),
betaine lipids (DGCC, BLL, DGTS) and sphingolipids (GSL). However, there seem to be
strain-specific differences regarding the fatty acid composition of polar lipids. For example,
Cus:2nec Was detected in both life-cycle stages of E. huxleyi (RCC 1216 and RCC 1217) in this
work, which is in line with Fiorini and coworkers (2010). Intriguingly, this fatty acid is often
not reported in other E. huxleyi strains, with the exception of trace amounts in DWN 61/81/5
(Bell & Pond, 1996) and CCMP 1516 (Evans, 2009). Furthermore, other E. huxleyi strains
contain high abundances of Cis:5n3 (Volkman, 1981; Bell & Pond, 1996; Pond & Harris, 1996;
Dijkman & Kromkamp, 2006; Evans, 2009), identified as the major fatty acid found in
thylakoid membrane lipids MGDG and DGDG (Bell & Pond, 1996; Fulton, 2014). This
polyunsaturated fatty acid was not detected in either life-cycle stage in this work, in line with
previous results, where it was not detected in the diploid, and only found in trace amounts in
the haploid stage (Fiorini, 2010).

One reason for the absence of Cig:sn3 could be the oxidation of fatty acids during sample
preparation. Especially polyunsaturated fatty acids and their methyl esters are susceptible to
oxidation (Frankel, 1980; Knothe & Dunn, 2003). However, as Fiorini and coworkers (2010)
also found similar results for these life-cycle stages, and other polyunsaturated fatty acids, such
as Ca2:6n3 and Cag:4, are highly abundant in this work, this is probably not the reason.

A more plausible reason for the absence of Cig:sn3 could be related to the cultivation

temperature. At lower temperatures, membrane lipid fatty acids are more unsaturated, thereby
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maintaining membrane fluidity due to looser packaging of fatty acids, mediated by the rigid
kink of the cis double bond (Mansilla, 2004; van Wagenen, 2012). In all studies cited as
comparison for E. huxleyi strains containing Cis:sns, the cultivation temperature was 15 °C
(Volkman, 1981; Bell & Pond, 1996; Pond & Harris, 1996; Dijkman & Kromkamp, 2006;
Evans, 2009), whereas is was 19 °C in Fiorini’s work (2010) and 20 °C in this work. Therefore,
it is possible that this fatty acid is absent in this work and Fiorini’s work (2010), due to the
higher cultivation temperature. Increased fatty acid unsaturation ratios with lower temperature
have been observed for many microalgal species (Ackman, 1968; Thompson, 1992; Renaud,
2002; van Wagenen, 2012). This would also explain the relatively high proportion of
unsaturated fatty acids and the occurrence of Cig:2ne found in this work, as saturated, mono- and
diunsaturated fatty acids are consequently present in higher abundance at higher temperatures.

However, the o-3-fatty acid C22:6n3 did not seem to be affected, as it was detected in high
abundance in the diploid stage. This has been observed previously for Isochrysis sp., where
C1s:5n3 abundance increased at lower temperatures, whereas Cz2:6n3 abundance increased with
higher temperatures (Renaud, 2002). Next to Cig:sn3, Co22:6n3 and Cigunz also represent
polyunsaturated fatty acids in the typical thylakoid lipids MGDG and DGDG (Bell & Pond,
1996; Fulton, 2014). Therefore, it is possibly that these fatty acids compensate the loss of
Cus:5n3, to maintain thylakoid membrane structure at higher temperatures, applied in this work.

The low abundance of polyunsaturated polar lipid fatty acids in the haploid stage revealed
differences between life-cycle stages (Figure 16). This was also reflected in the total abundance
of polar lipid fatty acids, which was twice as high for the diploid compared to the haploid stage,
at every harvesting time point (Supplementary Table 3, Supplementary Table 4). As stated
above, polyunsaturated fatty acids have been reported to be major components of thylakoid
membrane glycolipids in E. huxleyi (Bell & Pond, 1996; Fulton, 2014). The composition of
thylakoid membranes directly influences photosynthesis, as thylakoid lipids form the lipid
bilayer and aid in folding and assembly of protein subunits (Murata, 1998; Kobayashi, 2016).
Therefore, low abundance of polyunsaturated fatty acids in the haploid stage probably reflect
thylakoid membrane differences. This could be connected to the less efficient photosynthesis,
which has been reported for this life-cycle stage (Houdan, 2005; Rokitta & Rost, 2012). This
assumption is supported by Fiorini and coworkers (2010), who also observed a higher
abundance of Cig:an3 in the diploid stage and connected it to less efficient photoabsorption and
photosynthetic activity in the haploid stage. Reconstruction of polar lipid data from Bell and
Pond (1996) showed a higher Cigns, Cis:sn3 and Cz2:6n3 @bundance in thylakoid membrane
glycolipids of the diploid stage of E. huxleyi DWN 61/81/5, compared to its haploid stage,
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further supporting this theory. In addition, untargeted glycerolipid analysis revealed four
thylakoid-associated lipids selectively indicative for the same haploid stage as analyzed in this
work, all containing saturated or monounsaturated fatty acids (Hunter, 2015). Therefore, it is
highly likely that the haploid stage has a different thylakoid membrane composition, with
tighter packaging of less unsaturated fatty acids, influencing structure and stability of this
membrane (Murphy, 1982; Demé, 2014), and in turn possibly influencing photosynthetic
efficiency (Kobayashi, 2016).

Furthermore, the observed differences could reflect differences regarding non-
photosynthetic, extraplastidial membranes of both stages. For example, the diploid stage
contained a much higher amount of Caz2enz than the haploid stage. In E. huxleyi this
polyunsaturated m-3 fatty acid is present in all glycosyl-glycerides (MGDG, DGDG, SQDG),
phosphoglycerides (PC, PDPT, PE, except PG) and betaine lipids (DGCC, DGTS, BLL) (Bell
& Pond, 1996; Fulton, 2014). Next to the aforementioned differences regarding thylakoid
membranes, this suggests differences in other membrane structures, of which phospho- and
betaine lipids are major components (Bell & Pond, 1996; Khozin-Goldberg, 2016). Less C22:6n3
in the haploid’s membrane could result in a more rigid bilayer formation. This could be
connected to the fact that the cell is only covered by organic scales, not protected by coccoliths.
Coccoliths have been proven to protect diploid cells against hydrostatic pressure (Jaya, 2016).
Another reason for the higher abundance of phospholipid related fatty acids in the diploid stage
could be the need for additional membrane lipid structures for the coccolith forming
endomembraneous apparatus and vacuole-like compartments for preconcentration of Ca?* ions
(Eltgroth, 2005; Sviben, 2016). The membrane composition of these organelles has not been
completely elucidated, but polar lipids have been found associated with the coccolith vesicle
fraction (Sawada & Shiraiwa, 2004; Eltgroth, 2005). These compartments are absent in the
haploid stage, as it does not calcify (Paasche, 2001), which could explain why general polar
lipid abundance was lower in this stage. The Ca2:6n3 containing betaine lipid DGTS was 2-fold
higher in the same diploid stage as analyzed in this work, compared to the haploid stage (Hunter,
2015), which could partly explain the differences observed in this work. However, this lipid
can also be found in thylakoid membranes, in addition to extraplastidial membrane structures
(Murata, 1998; Khozin-Goldberg, 2016). Interestingly, authors also found sialic
glycosphingolipid (sGSL) exclusively in the diploid stage (Hunter, 2015). This lipid is a marker
for viral susceptibility in E. huxleyi (Fulton, 2014) and is not found in the haploid stage (Hunter,
2015), due to resistance of this stage against infection (Frada, 2008). It contains C22:0, not
Co22:6n3, according to Fulton (2014). In this work, no significant difference between life-cycle
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stages was detected for C22:0. However, this fatty acid is also found in another GSL (Fulton,
2014), only present in the haploid stage (Hunter, 2015). These results highlight viral
susceptibility as a reason for different cell membrane composition between both life-cycle
stages. The haploid stage may be less photosynthetically efficient than the diploid stage
(Houdan, 2005; Rokitta & Rost, 2012), but it represents an “escape mechanism” for E. huxleyi,
as viral infection can induce changes from diploid to haploid life-cycle stages, thereby ensuring
survival of the species, when all diploid stages are killed (Frada, 2008).

For both life-cycle stages the polar lipid fatty acid abundance was highest in the early-
exponential phase, decreasing in the late-exponential and stationary phase (Figure 17). This is
in line with decreasing MGDG and PE abundance observed in the same life-cycle stages with
ongoing growth (Hunter, 2015). In the diploid E. huxleyi strain CCMP 1516, the fatty acid
content also decreased in late-exponential phase, although in that particular study total fatty
acids were analyzed (Evans, 2009). One other study showed more variable responses for
different diploid E. huxleyi strains regarding polar lipid abundance, which either increased,
decreased or did not change at all from exponential to stationary growth phase (Pond & Harris,
1996). The same contradicting results can be found for other microalgae (Dunstan, 1993;
Lombardi & Wangersky, 1995; Fidalgo, 1998; Edvardsen, 2000; Fujiwara, 2001).

Nonetheless, the observed decrease in polar lipid fatty acid abundance in the later growth
phases of both life-cycle stages analyzed in this work could be explained by the aforementioned
theory of decreased photosynthesis, as a means to adapt to the lowered energy demand of non-
dividing cells. It is highly likely that polar lipid and pigment abundances are co-regulated,
because polar lipids are important components of the chloroplast thylakoid membrane, directly
influencing photosynthesis, as they form the thylakoid membranes and aid in folding and
assembly of protein subunits (Murata, 1998; Kobayashi, 2016).

Furthermore, there is a direct connection between pigments and polar lipids in E. huxleyi,
due to the pigment chlorophyll c.-MGDG. The chlorophyll c2 moiety is esterified to a MGDG,
which predominantly contains Ciso and Cis.4 fatty acids in the diploid E. huxleyi strain
CCMP 370 (Garrido, 2000). In this work, pigments were inevitably co-isolated with the lipid
extraction (Li-Beisson, 2016) and eluted in the polar lipid fraction. The fatty acids of
chlorophyll c.-MGDG were subsequently derivatized and analyzed as FAME. In line with the
decreasing chlorophyll c.-MGDG abundance (Figure 14), the polar lipid fatty acids Ci4:0 and
Cis:4 also decreased in abundance with ongoing growth (Figure 16), indicating connections

between pigment and polar lipid fatty acid abundance.
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5.3.2.2 Fatty acids associated with the neutral lipid fraction

E. huxleyi’s neutral lipids consist of alkenones, alkenoates, alkenes, free fatty acids,
triacylglycerides (TAGs), wax and sterol esters. These accumulate in lipid bodies in
chloroplasts and cytoplasm (Eltgroth, 2005). The applied method of fatty acid methyl ester
(FAME) derivatization of the neutral lipid fraction, allowed the elucidation of the fatty acid
composition of TAGs and free fatty acids via GC-MS. As alkenones, alkenoates and alkenes
contain an acetyl group (CH3OH) instead of a carboxyl group (COOH), they were not esterified
with this method. However, their composition in both life-cycle stages was assessed with a
separate method for the nutrient starvation experiment, discussed in section 5.4. Furthermore,
fatty acids of wax and sterol esters, which occur in small amounts in E. huxleyi (Volkman,
1981), were not detected here, as they require base-catalyzed methylation (Kanya, 2007;
Christie, 2011c; Christie, 2011b).

Major fatty acids associated with the neutral lipid fraction of both life-cycle stages were
C16:0, C18:0, C18:1n9c, C22:0 and Ca2:6n3, the latter two depending on the growth phase (Figure 18).
In contrast to the polar lipid fraction the fatty acids Cia:0, C20:0, C20:2, C22:1n0 Were not detected.
It is possible that Ci4:0 was not detected due to the sensitivity of the detector towards low-
abundant short-chain fatty acids, as discussed in section 4.1. Unfortunately, no information on
exact fatty acid composition is available for the neutral lipid fraction of E. huxleyi, let alone the
haploid stage, as the focus is usually on alkenones.

For both life-cycle stages and all growth phases, the total abundance of neutral lipid fatty
acids was ~6-fold lower than that detected for the polar lipid fatty acids (Supplementary
Table 3, Supplementary Table 4). This indicates that neutral lipid fatty acids only comprise a
small proportion of E. huxleyi’s lipids, in line with reports for TAG and free fatty acids, which
have both shown to comprise ~2 % of total lipids under nutrient-replete conditions (Volkman,
1986; Bell & Pond, 1996; Pond & Harris, 1996; Rosenwasser, 2014; Malitsky, 2016). E. huxleyi
has been shown to have the capacity to produce up to 20 % TAGs of total lipids, as observed
under viral infection (Malitsky, 2016). Results from these studies were either stated as total free
fatty acids/TAGs, or as the sum of all three fatty acids for TAG (125 possible combinations,
ranging from Caz:0 to Ceo:11), therefore not allowing fatty acid specific comparison with the data
obtained in this work.

Comparison of both life-cycle stages showed slight differences in the abundance of
individual neutral lipid fatty acids (Figure 18). These especially regard the »-3 fatty acid C22:6n3
and will therefore be discussed together with changes of this fatty acid in the polar lipid fraction
at the end of this chapter.
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The neutral lipid fatty acids decreased markedly in the late-exponential and stationary
growth phase (Figure 19), in line with pigments (Figure 14) and polar lipid fatty acids
(Figure 17) and the general decrease of metabolism activity associated with these growth phases
(Raven & Beardall, 2003; Mausz & Pohnert, 2015). Comparison with other E. huxleyi strains
to this regard is challenging, as changes are typically assessed regarding PULCA, which can
markedly increase in the later growth phases in some diploid strains (Pond & Harris, 1996).
Studies have shown that even including PULCA, growth phase-dependent changes in diploid
E. huxleyi strain’s neutral lipids are highly strain-dependent, as they either increase, decrease
or do not change at all, dependent on analyzed strain (Pond & Harris, 1996).

However, results from the nutrient starvation experiment (4.3) showed that cells harvested
in late-exponential phase contained a comparably high amount of PULCA (Supplementary
Table 5, Supplementary Table 6). Therefore, it can be assumed that while TAG and free fatty
acid abundances decrease in the later growth phases, PULCA increases, in line with the
assumption of being a storage lipid (Bell & Pond, 1996; Epstein, 2001; Tsuji, 2015).

The fatty acid C22:6n3 (docosahexaenoic acid, DHA) belongs to the w-3 fatty acids, which
are of commercial interest, as they are essential for human nutrition (Das, 2002; Voigt, 2002;
Calder, 2003). The overall proportion of DHA in total lipids (polar and neutral fatty acids) for
the early-exponential, late-exponential and stationary growth phase, respectively, was 11.8 %,
25.7 % and 26.6 % in the diploid stage and 4 %, 4 % and 10 % in the haploid stage. These
results are comparable with other diploid E. huxleyi strains, where the proportion of DHA in
total lipids ranged from 20-36 % in the exponential phase (Pond & Harris, 1996; Evans, 2009;
Fulton, 2014; Boelen, 2016) to 16-38 % in the stationary phase (Pond & Harris, 1996; Evans,
2009; Boelen, 2016). Bell and Pond (1996) confirmed the lower abundance of DHA in polar
lipids in the haploid stage of E. huxleyi DWN 61/81/5, compared to its diploid stage. Reasons
for these life-cycle specific differences have been discussed in detail above (4.3.2.1). This
proportion of DHA in E. huxleyi is comparably high, higher than six other microalgae,
including the diatoms Phaeodactylum tricornutum, Thalassiosira weissflogii, Thalassiosira
pseudonana and Skeletonema costatum, the haptophyte Isochrysis galbana and the
cryptomonad Rhodomonas salina (Boelen, 2016).

The achieved DHA productivity in this cultivation was maximal in the late-exponential
growth phase, amounting to 33.2 ng Lt d? in diploid stage, when adding productivities for
polar and neutral lipids (Figure 20). Only one other study mentions DHA productivity in a
further undefined diploid E. huxleyi stage, resulting in 164 pug L' d* DHA (Boelen, 2013).
Differences could be strain-specific, or based on the fact that authors only analyzed one
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replicate and did not specifically quantify DHA, but estimated based on the internal standard
C19:0. Higher productivities have been reported for other haptophytes, such as Pavlova lutheri,
which produces DHA (1.3 mg L d?), and the w-3 fatty acid EPA (eicosapentaenoic acid,
C20:5n3, 3.6 mg L™t d*) when grown in continuous culture with 0.5 % CO; (Carvalho & Malcata,
2005). Nonetheless, commercial DHA production is typically performed with heterotrophically
growing microalgae and marine protists, as they reach higher biomass and therefore DHA
productivity (Ward & Singh, 2005; Martins, 2013). For example, the heterotrophically growing
dinoflagellate Crypthecodinium cohnii has been reported to produce 33 % DHA of total lipids
in a 220 h fed-batch cultivation with ethanol as a C-source, producing 83 g dry biomass L*,
resulting in a productivity of 1.3gL*d? (de Swaaf, 2003). This microalga is used for
commercial DHA production, in addition to marine stramenopiles (Thraustochytriaceae)
Ulkenia sp. and Schizochytrium sp. (Martins, 2013), which produce DHA in similar
productivity ranges (Ward & Singh, 2005).

In both the polar and neutral lipid fraction, DHA exhibited a pattern (Figure 16, Figure 18),
often involving high abundances of DHA in the early-exponential phase, which decreased in
the late-exponential phase, and increased again in the stationary phase. Not all three steps of
this pattern are realized for all life-cycle stages and lipid fractions, i.e. DHA did not increase
again in stationary phase in the diploid’s polar lipids, and DHA was not detected in the haploid’s
neutral lipid fraction in early-exponential growth phase. The accumulation of DHA in the
stationary phase has been reported for different diploid and haploid E. huxleyi strains before
(Bell & Pond, 1996; Pond & Harris, 1996; Boelen, 2016), in one study also along with higher
concentrations in the early exponential phase (Bell & Pond, 1996). However, these studies only
assessed DHA in the polar or total lipid fraction. The link between high DHA concentrations
and the stationary growth phase has also been observed for other algae (Dunstan, 1993; Fidalgo,
1998). In algae that produce EPA and DHA, EPA selectively increased in the later growth
phases (Boelen, 2016).

The selective accumulation of ®-3 fatty acids in the stationary phase, while all other fatty
acids decrease, could indicate an energy storage function of this fatty acid. For this experiment
this would imply that cells used as inoculum still contained relatively high amounts of DHA,
which was metabolized for more energy in the growth phase (late-exponential phase). When
cell growth ceased, superfluous energy was stored in form of this fatty acid, resulting in
decreased abundances of precursor fatty acids. Although accumulation of »-3 fatty acids has
been linked to the stationary phase, as indicated by the references above, the hypothesis of it
being a storage fatty acid has not been stated before and is not supported by further evidence.
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Nonetheless, knowledge of growth phase-dependent accumulation of w-3 fatty acids can be of
advantage for the use of microalgae as aquacultural feed (Bell & Pond, 1996; Sayanova, 2011,
Boelen, 2016).

In summary, the results of this work highlight the importance of analyzing more than one
time point for physiological studies, as the metabolome and therefore the physiological status

of the cell can differ prominently with regard to growth stage.
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5.4 Comprehensive metabolome analysis of E. huxleyi under phosphorus-
and nitrogen-starvation reveals life-cycle specific responses

The results discussed in this section were submitted as part of a manuscript:

Wodrdenweber, R., Rokitta, S. D., Heidenreich, E., Corona, K., Kirschhofer, F.,
Fahl, K., Klocke, J. L., Kottke, T., Brenner-Weil}, G., Rost, B., Mussgnug, J. H.,
Kruse, O. (submitted): Phosphorus and nitrogen starvation reveal life-cycle
specific responses in the metabolome of Emiliania huxleyi (Haptophyta).

The aim of this work was to analyze the effect of P- and N-starvation on the intracellular
metabolome of diploid and haploid E. huxleyi life-cycle stages. As these limitation scenarios
are very common in the ocean (Moore, 2013; Palenik, 2015), and are proposed to enhance with
advancing climate change (Doney, 2006; Cermeno, 2008; Beman, 2011), this dataset facilitates
the understanding of how the different life-cycle stages cope with nutrient starvation.

To generate biomass for metabolome analysis, two separate cultivations were performed,
each with nutrient replete controls and either P- or N-starvation. Both E. huxleyi life-cycle
stages grow comparably under nutrient-replete conditions (Figure 21 a, b). In the P-starvation
setup, replete cultures reached slightly higher cell numbers at the end of the cultivation,
compared to nutrient replete cultures in the N-starvation setup. Achieved growth rates were
comparable with those of the growth phase experiment (4.3) and those reported previously for
the same life-cycle stages (Houdan, 2005; Rokitta & Rost, 2012; Mausz & Pohnert, 2015;
Rokitta, 2016). At harvesting time point, nutrient-replete cultures were in mid-exponential
growth phase and not limited by nutrients or C-source (Figure 21 c-f). In contrast, cell numbers
of both life-cycle stages, starved by P or N, stalled on day six, and entered stationary phase.
This deceleration of growth was induced by the respective nutrient limitation, which was
detected in the supernatant on day four, for either P or N. The exact time point at which an
extracellular limitation was reached intracellularly, is difficult to clarify. However, clearly the
limitation had already affected the cells, as seen by the setbacks in growth and the significant
metabolome differences (Figure 24).

Thirty primary metabolite were identified in this work via GC-MS after TMS-derivatization,
some of them putatively via database comparison, as the standard was lacking. However, for
metabolites that were additionally identified via LC-MS/MS, LC-MS/MS values were chosen,
as these were quantified with internal partly labeled and external standards, therefore signifying
higher data confidence. Nonetheless, the number of identified primary metabolites via GC-MS
is in line with Obata (2013), who identified 26 metabolites with the same method for the diploid
E. huxleyi strain CCMP 1516.

93



Discussion

5.4.1 Life-cycle-specific metabolite patterns under nutrient-replete conditions

The comparison of life-cycle stages under nutrient-replete conditions, revealed a 50 %
difference regarding significantly and at least 1.5-fold difference of metabolite abundance
(Figure 24 a), of which the majority was found in higher abundance in the diploid stage (67 %).
Main distinctions were higher lipid and DMSP abundances in the diploid stage. In this section,
life-cycle specific differences under nutrient-replete conditions will be discussed in more detail.

DMSP is an osmolyte with cryoprotective and antioxidative properties (Sunda, 2002). It has
been detected in E. huxleyi strains previously (Turner, 1988; Keller, 1999; Spielmeyer, 2011,
Gebser & Pohnert, 2013), and is suggested to play an important role in the global sulfur cycle
(Bates, 1987; Malin, 1996). Among all osmolytes, DMSP was the most abundant in both life-
cycle stages (Supplementary Table 5, Supplementary Table 6) and was present in significantly
higher abundance in the diploid stage (Figure 24 a). When focusing on the replete cultivations
separately, nutrient-replete diploid strains contained 11.5-fold more DMSP than haploid cells
in the P-starvation setup (304423 fg cell™? vs. 32+12 fg cell’?, respectively) and 1.7-fold more
in the N-starvation setup (678+88 fg cell* vs. 402+65 fg cell™, respectively). Divergences in
this order of magnitude have been reported before (Keller, 1999) and possibly derive from
slightly offset harvesting time points.

DMSP has been reported as the most abundant osmolyte in the same diploid E. huxleyi life-
cycle stage previously (Gebser & Pohnert, 2013), along with smaller amounts of glycine betaine
and homarine, in line with the results of this work. Minor concentrations of dimethylsulfonio-
acetate, trimethylammonium propionate and trimethylammonium butyrate have been reported
(Gebser & Pohnert, 2013). These osmolytes were not detected in this work, possibly due to
detection limits. The absolute amount of DMSP was comparable with previous reports for the
same strain (Spielmeyer, 2011; Gebser & Pohnert, 2013). The higher abundance observed in
the diploid life-cycle stage has been reported previously for the same strain (2N: 580 fg cell*
vs. IN: 380 fg cell) (Spielmeyer, 2011). In a first approximation, this could mean that the
diploid stage relies on a higher DMSP abundance to maintain osmotic balance. The coccolith
production, occuring only in this life-cycle stage, requires large amounts of Ca?* and HCO3  to
be imported into the coccolith forming endomembraneous apparatus. Ca®* ions are pre-
concentrated in a vacuole-like compartment (Sviben, 2016), which could possibly require
stronger intracellular osmoregulation.

Comparison of carboxylic acids in both life-cycle stages under nutrient-replete conditions
revealed a higher citrate concentration in the haploid stage (Figure 24 a). This has been reported

for the same strain previously (Mausz & Pohnert, 2015). In addition, the haploid stage contained
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more lactate and less succinate than the diploid stage. These metabolites are associated with the
TCA and energy metabolism. Transcriptomic studies of the same life-cycle stages indicated a
higher transcript abundance of genes coding for proteins involved in these processes (Rokitta,
2011). Based on this evidence, it was hypothesized that the haploid life-cycle stage requires
more energy to fuel its flagellar apparatus (Rokitta, 2011). This could partially explain the
increased abundance of citrate and lactate in the haploid stage.

The pigment composition of both life-cycle stages under nutrient-replete conditions differed
significantly (Figure 24 a). The diploid stage contained a higher abundance of h4k-fucoxantin,
and a lower amount of various chlorophylls (chlorophyll a, chlorophyll ¢z, chlorophyll cz-
MGDG) and carotenoids (fucoxanthin, hex-fucoxanthin). In general, the pigment profile was
similar to that obtained in the growth phase experiment (Figure 13). The absolute pigment
abundance was comparable to the late-exponential and stationary phase of the growth phase
experiment. The higher abundance of hdk-fucoxanthin in the diploid stage is confirmed by the
results of the growth phase experiment (late-exponential and stationary growth phase).
However, other than that, life-cycle specific differences were not necessarily comparable
between both experiments. Also, in contrast to the observations in the growth phase experiment,
where total pigment abundance was similar for both stages in the late-exponential growth phase,
the total pigment abundance was higher in the haploid stage in this experiment. Additionally,
less variability was detected in the pigment abundance of the haploid stage in this experiment,
as indicated by SD. As this experiment reflects two separate cultivations with nutrient replete
control cultures, it can be assumed that the haploid stage does contain a higher abundance of
pigments per cell compared to the diploid stage. Houdan and coworkers (2005) found no
significant difference between pigment abundances of these life-cycle stages. However, this
measurement only represented one biological replicate measured in technical triplicate
(Houdan, 2005), therefore not representing biological variability, which clearly needs to be
considered when analyzing E. huxleyi’s pigment abundance, as shown in this work. Generally,
it is possible that both life-cycle stages were not in exactly the same growth phase in all
experiments, which could also explain differences in pigment abundance. Nevertheless, results
regarding photoprotection via xanthophyll cycle-mediated non-photochemical quenching
(Table 8) showed active photoprotection in both stages, confirming results from the growth
phase experiment, as values were comparable with the de-epoxidation ratios in the late-
exponential growth phase (Table 6), which represented increased photoprotection compared to

the early-exponential phase in both stages.

95



Discussion

The general composition of neutral lipid fatty acids was comparable to that observed in the
growth phase experiment (Figure 18), main lipids being Cieo, Cis:0, Cis:inoc and Coa2:ns,
depending on the setup (Supplementary Table 5, Supplementary Table 6). The short-chain fatty
acid Cu:0 was detected in this experiment, in contrast to the growth phase experiment. As
mentioned above, this is probably due to underestimation of short-chain fatty acids via GC-MS
(4.1). Some neutral lipid fatty acids were not detected in comparison to the growth phase
experiment, such as Cis:o, Cis:1not and Cigans. Here it is also possible that abundances were
below detection limit, as these compounds were found only in small abundance in the growth
phase experiment, or not at all (no Cig:1net in 2N in late-exponential phase, Figure 18 b). As
stated above, no reference data is available for E. huxleyi’s neutral lipid fatty acid composition.
On level of neutral lipid fatty acids, the diploid stage contained significantly higher abundance
of C14:0, compared to the haploid stage (Figure 24 a). This was not observed in the growth phase
experiment, as this short-chain fatty acid was not detected. Life-cycle specific differences of
neutral lipid fatty acids observed in the growth phase experiment were not observed here,
indicating variability in neutral lipid fatty acid abundance in the different experiments.

In contrast to neutral lipid FAME analysis, CAD-HPLC analysis allowed direct
observations regarding TAG storage lipids. Five TAGs with identical fatty acids were
identified, along with 15 unknown TAGs, which probably comprised combinations of different
fatty acids (Figure 24 a). Various medium-chain TAGs were found, such as Cg:o-C12:0, which
could be of interest as biofuel components (Knothe, 2009), as these chain lengths are rare in
biological systems. As discussed in section 4.1, there was a certain discrepancy between these
short-chain TAGs and detected neutral lipid fatty acids, due to the different analysis
instruments. Therefore, Cs:0-C12:0 are detected as TAG, but not as neutral lipid fatty acids via
GC-MS measurement as FAME. However, it can be assumed that the unknown TAGs are
comprised of combinations of detected neutral lipid fatty acids. Comparison of TAG data with
other E. huxleyi strains is not possible, as TAG is typically only reported as total TAG
(Volkman, 1986; Bell & Pond, 1996; Pond & Harris, 1996; Rosenwasser, 2014), or as the sum
of all three fatty acids for TAG (125 possible combinations, ranging from Ca2:0 to Ceo:11)
(Malitsky, 2016).

The diploid stage showed a significantly higher total abundance of TAGs compared to the
haploid stage (2.9-fold, Supplementary Table 5, Supplementary Table 6). This could indicate a
generally higher capacity of this life-cycle stage to store energy in this form. Furthermore, the

lower abundance in the haploid stage could be connected to the transcriptome derived
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postulation that this stage has a higher respiratory activity, thereby intensely using fatty
compounds to fuel mitochondrial energy generation for flagellar movement (Rokitta, 2011).

Furthermore, the diploid stage contained a significantly higher abundance of alkenones and
alkenes (Figure 24 a). This confirms the significantly higher amount for alkenones detected via
FTIR for this stage (Figure 1). Bell and Pond (1994) also reported a slightly higher alkenone
abundance in the diploid stage of E. huxleyi DWN 61/81/5 compared to its haploid stage, at a
comparable growth phase. PULCA have been found in various membrane fractions, but they
were found especially associated with coccolith forming vesicles in E. huxleyi (Sawada &
Shiraiwa, 2004), which could explain the higher abundance in the diploid stage. However,
another study did not find any alkenones with the coccolith vesicle fraction, therefore this role
of PULCA is still under debate (Eltgroth, 2005). Furthermore, alkenones have been suggested
to enhance buoyancy (Fernandez, 1994; Fernandez, 1996; Paasche, 2001). The haploid stage
contains flagella and is motile, but the diploid stage is non-motile (Green, 1996; Paasche, 2001).
Therefore, the diploid stage possibly contains more alkenones to counteract sinking. In addition,
alkenone unsaturation ratios were low under nutrient-replete conditions, indicating a high
proportion of triunsaturated alkenones (Table 7). The majority of reports on unsaturation
indices for other diploid E. huxleyi strains in exponential growth phase is higher, around ~0.5-
0.7 (Conte, 1998; Muller, 1998; Prahl, 2003). Reference values for haploid stages are lacking.
Nonetheless, similarly low values have been reported for various diploid strains (Conte, 1998),
once again highlighting strain specific differences of this species. Calculated cultivation
temperatures did not match the actual cultivation temperature (20 °C), even though different
calibrations were applied (Table 7). The nearest approximation was 17.1+1.4 °C for 2N and
13.5+1.1 °C for 1N. Discrepancies between calculated CT or SST have been reported for clonal
microalgal cultures before and highlight the difficulty of transferring laboratory derived
assumptions to natural systems (Conte, 1995; Conte, 1998; Eltgroth, 2005).

The general composition of polar lipids (Supplementary Table 5, Supplementary Table 6)
for nutrient-replete cultures was comparable to that observed for the diploid stage in the growth
phase experiment (Figure 16), with C14:0, C16:0, C18:0, C18:1n9c, C18:3n3, C18:4n3 and Cz2:6n3 &S major
fatty acids. The odd-numbered fatty acid Cis:0 was also identified here. Two fatty acids were
not detected, such as Czo:0 and Coo:2. This could again be due to the concentration being below
detection range, as these fatty acids were only found in low abundance in the growth phase
experiment. Confirming results from the growth phase experiment, Cigonoc Was present,
whereas Cig:sn3 was not. The total abundance of polar lipid fatty acids for nutrient-replete
cultures was generally higher in the diploid stage (Figure 24 a), especially with regard to
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Cis:1n9c, Cis:2nee, Cisans, C22:0 and Coo:ens, indicating differences in membrane composition.
These results confirm observations from the growth phase experiment (Figure 16), underlining
life-cycle specific differences in membrane composition. As mentioned in the discussion of the
growth phase experiment, one reason for this could be the additional endomembraneous
structures in the diploid life-cycle stage, required for calcium carbonate pre-concentration and
precipitation for coccolith production (Sviben, 2016). Furthermore, differences could also be
coupled to differences in thylakoid membrane composition, as well as viral susceptibility, as
discussed above (5.3.2.1).

Apart from the higher osmolyte, polar lipid fatty acid and alkenone abundance in the diploid
stage, which could possibly be connected to the calcification process in this stage, no specific
metabolites were identified that could be termed “key metabolites” for calcification. It is
possible that such metabolites were either not identified, below concentration limits or not
detectable with the applied analysis methods. On the other hand, it is possible that no such

metabolite exists.

5.4.2 P-starvation boosts metabolite contents in both life-cycle stages

The effect of nutrient starvation has been analyzed for other E. huxleyi strains with respect to
either lipids or pigments (Stolte, 2000; van Mooy, 2009; Loebl, 2010; McKew, 2015; Malitsky,
2016; Shemi, 2016). Comprehensive metabolome studies, comparable to the approach in this
work, have not been conducted for nutrient limitation scenarios. One transcriptomic study
exists, analyzing the effect of P- and N-starvation on the same life-cycle stages used in this
work (Rokitta, 2016). Based on these results, authors proposed a metabolic model, with which
the results from this work will be compared. Observations from transcriptomic studies cannot
necessarily directly be compared with metabolome data, as further regulatory processes
involved on post-transcriptional/-translational level (Feder & Walser, 2005). At the end of the
following N-starvation section (5.4.3), the agreements or disagreements of metabolic data from
this work with the proposed model are visualized (Figure 27, page 109).

Under P-starvation, 50.5 % of all detected metabolites were significantly changed more than
1.5-fold for the diploid stage, and 36.2 % for the haploid stage (Figure 24 b, c). Most these
changed metabolites were increased in both stages (90.6 % and 86.8 %, respectively). This
indicated a status of ‘metabolic overflow” compared to nutrient-replete conditions.

Although there was a 24 h offset in the metabolite sampling time of both life-cycle stages,
nutrient limitation was clearly sensed intracellularly. Transcriptomic studies for these life-cycle
stages showed that early and later P-starvation responses answer in an “all or nothing” manner,

differing not qualitatively but quantitatively (Rokitta, 2016).
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In both stages, P-starvation resulted in the increase of several amino acid abundances
(Figure 24 b,c). This could indicate that amino acids are no longer build into proteins, or that
proteins are recycled under these starvation conditions. The shutdown of cell cycling and
protein synthesis have been proposed from transcriptomic data for these life-cycle stages under
P-starvation (Rokitta, 2016). In agreement, the protein abundance has been shown to decrease
under P-starvation in the diploid E. huxleyi strain CCMP 1516 (McKew, 2015).

Proline was especially increased in both life-cycle stages under P-starvation
(Figure 24 b, c), indicating a special role of this amino acid in nutrient stress response. On
transcriptomic level, a prominent increase of mitochondrial amino acid oxidation was observed
under P-starvation, which proposedly leads to high levels of ammonia (Rokitta, 2016).
Transcripts of genes encoding for ornithine-urea cycle enzymes were decreased (Rokitta, 2016).
This cycle takes place over the mitochondrial membrane and removes ammonia and COz,
thereby producing arginine and polyamines (Winschiers, 2012b). Cessation of parts of this
cycle could lead to accumulation of intermediates, of which proline is proposed to be formed
(Miller, 2009; Szabados & Savoure, 2010). Furthermore, a prominent increase of transcript
abundance of the gene coding for proline oxidase was observed under P-starvation (Rokitta,
2016). Authors hypothesized that this enzyme, which catalyzes mitochondrial proline oxidation
(Phang, 2012), plays a superior regulatory role in cell-cycle arrest, possibly by inducing
mitochondrial oxidative stress and related signaling (Rokitta, 2016). The increase of proline
observed in this work could confirm these hypotheses on metabolic level.

DMSP abundance did not change under P-starvation in either life-cycle stage, still being the
most abundant osmolyte (Figure 24 b, ¢, Supplementary Table 5, Supplementary Table 6),
indicating continuous production of this osmolyte during P-starvation. A study analyzing
E. huxleyi in seawater mesocosm enclosures in a Norwegian fjord with P-limited water also
showed no difference in cellular DMSP, compared to mesocosms supplemented with P (Wilson,
1998). The betaine osmolyte glycine betaine, however, increased significantly in both life-cycle
stages in this work. As E. huxleyi replaces phospholipids with betaine lipids under P-starvation
(van Mooy, 2009; Abida, 2014; Shemi, 2016), it can be assumed that betaine compounds, such
as glycine betaine and homarine, are also used for betaine lipid synthesis under these conditions.

The generally high lactate content (D and/or L) (Supplementary Table 5, Supplementary
Table 6) increased in both life-cycle stages under P-starvation, although non-significantly in
the haploid stage (Figure 24 b, ¢). On transcriptome level, increases were observed for genes
encoding D-lactate dehydrogenases for both life-cycle stages under P-starvation (Rokitta,
2016). In combination with other increased transcripts, authors hypothesized an upregulation
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of the methylglyoxal pathway, with L-lactate as an intermediate, occurring under starvation and
during cell-cycle arrest (Rokitta, 2016). Next to production of cytostatic methylglyoxal, this
pathway represents an alternative way to synthesize cytoplasmic ATP under conditions where
glycolytic flux is disturbed (Inoue, 1985; Chakraborty, 2014). The presence of the glycolytic
bypass under P-starvation has been hypothesized for the diatom Thalassiosira pseudonana
(Dyhrman, 2012), the pelagophyte Aureococcus anophagefferens (Wurch, 2011) and the
chlorophyte Selenastrum minutum (Theodorou, 1991). The increased lactate content observed
on metabolome level in this work could further supports this theory. However, as accumulation
of an intermediate is not necessarily indicative of an upregulated pathway, flux-based analysis
IS necessary to confirm this theory.

Apart from lactate, cellular contents of small carboxylic acids doubled under P-starvation
in both life-cycle stages (Supplementary Table 5, Supplementary Table 6), including
metabolites from the tricarboxylic acid cycle, e.g. citrate and malate. Transcript abundance of
genes encoding enzymes involved in the respiratory electron-transfer chain was decreased
under P-starvation (Rokitta, 2016). Therefore, it is likely that malate and citrate accumulated
because of decreased mitochondrial respiratory activity. Furthermore, increased transcript
abundance of genes encoding malate-quinone-oxidoreductase was observed under P-starvation
in both life-cycle stages (Rokitta, 2016). Authors hypothesized that under these conditions,
electron transport to the respiratory chain via this enzyme is increased, in line with the higher
malate abundance observed in this work. An increased lipid turnover was further hypothesized
based on increased transcript abundances of genes encoding for enzymes involved in lipid
buildup and breakdown (Rokitta, 2016). This could further explain increased citrate abundances
observed in this work, as citrate can be converted to acetyl-CoA, which is proposed to be used
for de-novo fatty acid synthesis (Bellou & Aggelis, 2012; Miihlroth, 2013; Avidan & Pick,
2015).

Under P-starvation, several pigment abundances significantly increased per cell in both life-
cycle stages (Figure24 Db, c). For the diploid stage, two chlorophylls (chlorophyll a,
chlorophyll c.-MGDG) and five carotenoids (diatoxanthin, fucoxanthin, h4k-fucoxanthin, hex-
fucoxanthin, B-carotene) were concerned, whereas in the haploid stage one chlorophyll
(chlorophyll @) and three carotenoids (h4kfucoxanthin, hex-fucoxanthin, -carotene) were
affected. These results indicate increased light harvesting by chlorophyll and accessory
pigments, as well as increased photoprotection via carotenoids. The diatoxanthin increase in
the diploid stage was reflected by the significantly increased de-epoxidation ratio (Table 8),
indicating an upregulation of the xanthophyll cycle and therefore photoprotection via non-
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photochemical quenching under P-starvation. This was not observed for the haploid stage. As
mentioned above, this type of photoprotection is typically observed under high light stress, also
in diploid E. huxleyi strains (PLY 92, B11, CCMP 370) (Harris, 2005; Ragni, 2008; Garrido,
2016). The results from the growth phase experiment suggest that the diploid E. huxleyi strain
RCC 1216 also uses this mechanism to fine tune its photosynthesis with regard to growth phase
(5.3.1) and, in light of this experiment, in response to P-starvation. Furthermore the increased
[3-carotene abundance in both stages could be increased because of its precursor function for
the other carotenoids (Lohr & Wilhelm, 1999; DellaPenna, 2004; Tanaka, 2008; Takaichi,
2011), or it could be involved in direct quenching of triplet chlorophylls or singlet oxygen
species (Pogson, 2005) under these conditions.

Increased chlorophyll a concentration has been observed before in the diploid E. huxleyi
strain CCMP 1516 under P-starvation (McKew, 2015). No data for haploid stages is available.
In general, the response of microalgae towards P-starvation seems to be highly strain-specific.
For example, P-starvation resulted in decreased pigment abundance in the dinoflagellate
Heterocapsa sp. (Latasa & Berdalet, 1994), whereas in Chlorella vulgaris chlorophyll a was
unchanged and photoprotective carotenoids increased (Kozlowska-Szerenos, 2004). In
Chlamydomonas reinhardtii CS-51 chlorophyll a and photoprotective carotenoids were
unchanged during the growth phase, except for one time point, where they were slightly higher
than the nutrient-replete control (late-exponential growth phase) (Kamalanathan, 2016).

The connection between P-starvation and higher non-photochemical quenching has been
shown for the chlorophyte Dunaliella tertiolecta (Petrou, 2008) and for rice (Xu, 2007). On a
molecular level, activation of the xanthophyll cycle typically occurs in the presence of reactive
oxygen species stress and electron pressure in the photosynthetic chain (Pogson, 2005). This
can occur in E. huxleyi in response to P-starvation, as the increased number of pigments in the
light harvesting antenna capture more photons. In this case, similar to high light intensities, the
increased amount of transferred excitation energy leads to photochemical saturation of the P680
chlorophyll in the reaction center of photosystem I1. To prevent excited chlorophylls from going
into dangerous triplet states, xanthophyll cycle pigments effectively quench the energy,
emitting it as heat, and the chlorophyll returns to its ground state (Pogson, 2005), as visualized
in Figure 26 (5.3.1). The fact that these changes were not observed for the haploid stage under
P-starvation once more emphasizes the difference between these two stages, and highlights
possible differences in niche-occupation, as suggested previously (von Dassow, 2009; Rokitta,
2011). These results also explain the higher photosynthetic endurance of the diploid strain
observed under P-starvation (Rokitta, 2016) and expand the knowledge regarding the diploid
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stage’s success in P-limited waters (Riegman, 1992; Egge & Heimdal, 1994; Tyrrell & Taylor,
1996; Riegman, 2000).

On transcriptomic level, P-starvation also resulted in differences regarding photosynthesis
(Rokitta, 2016). However, these results do not necessarily match the observations of this work
on metabolomic level. Authors observed decreased transcript abundances for genes encoding
several enzymes involved in photosynthesis, xanthophyll cycle, as well as the synthesis of
pigments, photosystems and plastidic ATP under P-starvation (Rokitta, 2016). Only few
transcript abundances were increased, i.e. a transcript for a fucoxanthin chlorophyll a-c binding
protein that protects against photooxidative stress (McKew, 2013a), indicating increased
photoprotection. While this transcriptomic data suggested a general decrease of plastidic
activity under P-starvation, the results of this work show that on metabolome level, functional
pathways are increased, leading to an increase of pigment abundance. Pigment production is
not influenced by the low P availability, in contrast to N-starvation (Figure 24 d, €), which is
much more hampered, because chlorophyll precursor molecules and enzymatic machinery
depend on N. Therefore, despite decreased levels of relevant transcripts, pigment synthesis
pathways seem functional and even overproduce. This assumption is supported by the evidence
on proteomic level, as increased light harvesting proteins were observed under P-starvation in
E. huxleyi CCMP 1516 (McKew, 2015).

Many lipids increased in abundance under P-starvation in both life-cycle stages, including
polar and neutral lipid fatty acids, and especially neutral storage lipids such as TAGs and
PULCA (Figure 24 b, ¢). Glycerol 3-phosphate, a product from glycolysis, was significantly
decreased or not detected in both stages. This metabolite is needed for glycerolipid synthesis
(Sanjaya, 2013; Li-Beisson, 2016), and could be decreased due to increased lipid synthesis, or
decreased glycolytic flux. This trend is in agreement with data for the diploid E. huxleyi strain
CCMP 1516 under P-starvation, where polar lipids (McKew, 2015; Shemi, 2016) and neutral
lipid abundance increased (McKew, 2015). However, these publications do not allow
comparison of individual lipids or fatty acids, as they only state the total lipid amount. It is
possible that the polar lipid increase is reflected in thylakoid membrane lipids, as especially
unsaturated fatty acids were affected, which are major components of the thylakoid membrane
lipids in E. huxleyi (Bell & Pond, 1996; Fulton, 2014). In line with the aforementioned theory
of co-regulation of pigments and thylakoid lipids, it can be assumed that increases of thylakoid
membrane lipids are connected to the observed increased pigment abundance, as thylakoid

membrane lipids play an important role in photosynthesis (Murata, 1998; Kobayashi, 2016).
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Under prolonged P-starvation, an accumulation of coccoliths has been observed (Paasche
& Brubak, 1994; Paasche, 1998; Kayano & Shiraiwa, 2009; Satoh, 2009). Therefore, it could
be possible that additional coccolith vesicles are needed, explaining increased abundances of
polar lipid fatty acids. However, the increased coccolith production has been observed to be
coupled to ceased cell division (Shiraiwa, 2003). In the later phases of P-starvation, when cells
stop dividing, coccolith production continues in an undisturbed manner, resulting in additional
layers of coccoliths around the cell (Shiraiwa, 2003). Therefore, it is unlikely that the increased
polar lipid fatty acid abundance is explained by higher amounts of coccolith vesicles, as only
one coccolith is produced at a time, the same as for dividing cells (Paasche, 2001).

With regard to lipids, transcriptomic data also indicated an increased metabolic carbon flow
through the metabolism (Rokitta, 2016). It is likely that cells use lipogenesis under starvation
conditions to dissipate photosynthate and reduction equivalents. This has been observed in other
microalgae, e. g. Chlamydomonas reinhardtii under N- and P-starvation (Kamalanathan, 2016).
Furthermore, a shift from phospholipids to betaine lipids can be anticipated, as this has been
observed for E. huxleyi and other phytoplankton under P-starvation conditions (van Mooy,
2009; McKew, 2015; Shemi, 2016), in agreement with the increased abundance of betaine
compounds, such as glycine betaine (Figure 24 b, c).

Observations regarding the alkenone unsaturation index indicate that the calculation of
alkenone relevant parameters is highly influenced by nutrient starvation, as the U¥'s; value
increased significantly for the haploid stage under both P- and N-starvation (Table 7). Nutrient-
starvation induced changes of U¥3; have been observed for diploid E. huxleyi strains
previously, as stationary phase mediated N-starvation lead to an increased U¥ 37 value in strain
CCMP 372 (Epstein, 1998), whereas stationary phase mediated P- and N-starvation lead to a
decrease of UX 37 in strain NEPCC 55a (Prahl, 2003). No data is available for haploid life-cycle
stages. These results imply that caution should be applied in reconstruction of past sea surface
temperatures, if the possibility exists that waters were nutrient limited, as stated previously
(Epstein, 1998; Prahl, 2003).

In summary, many metabolic responses of both life-cycle stages under P-starvation
confirmed the transcriptome-based model (Rokitta, 2016), with regard to central carbon
metabolism, cell-cycle arrest, activation of glycolytic bypass, as well as increased lipid turnover
and decreased mitochondrial oxidation. However, pigment synthesis and plastid activity were
increased on the metabolome level, because N-containing precursors were not lacking. The
validation of the proposed model by the metabolome data of this work is shown in Figure 27
(page 109). Comparison of the metabolome data presented in this work and the previously
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published transcriptome data of the same E. huxleyi life-cycle stages under P- and N-starvation
once again highlights that conclusions derived from different omics-levels can diverge strongly
(Feder & Walser, 2005). In response to nutrient starvation, gene expression patterns triggered
by cells set the boundary conditions. Nevertheless, the instantaneous molecular fluxes and
metabolic equilibria dominate the phenotype and therefore may not be neglected.
Transcriptomic settings can result in very different phenotypes, depending on metabolite flux
and precursor production.

E. huxleyi is known to efficiently scavenge inorganic P from dissolved organic matter under
P-starvation, using highly efficient alkaline phosphatases, which are upregulated under these
conditions and cleave 5’-phosphate groups from DNA, RNA, nucleotides and proteins by
hydrolysis of phosphate-ester bonds (Riegman, 2000; McKew, 2015; Shemi, 2016).
Furthermore, marine microalgae, including E. huxleyi, efficiently cycle polyphosphate and
substitute phospholipids by non-phosphorus containing lipids (van Mooy, 2009; Martin, 2014).
The results of this work expand knowledge of E. huxleyi’s P-starvation response to the
metabolomic level, showing that its phosphorus recycling is efficient enough to lead to
upregulation of certain metabolites, such as pigments, to prolong survival and fend of cell death
as long as possible. These results contribute to the explanation of the diploid E. huxleyi’s
success in P-limited waters (Riegman, 1992; Egge & Heimdal, 1994; Tyrrell & Taylor, 1996;
Riegman, 2000).

5.4.3 Life-cycles cope differently with N-starvation

Diverging results were obtained for N-starvation in both stages, suggesting a life-cycle stage
specific response (Figure 24 d, e). So far, studies have focused exclusively on the diploid stage
with regard to specific metabolite classes under N-starvation (Turner, 1988; Keller, 1999;
Stolte, 2000; Loebl, 2010; McKew, 2015; Malitsky, 2016).

Regarding significantly and at least 1.5-fold changes metabolites (28.6 and 42.9 % for 2N
and 1N, respectively), the majority was decreased in the diploid stage (80.0 %), and increased
in the haploid stage (77.8 %) (Figure 24 d, e). General metabolites decreased in both life-cycle
stages, e.g. N-rich amino acids asparagine and glutamine, however, other metabolites increased
selectively in the haploid stage, such as various carbon-rich amino acids and small carboxylic
acids.

Especially metabolites containing several nitrogen atoms were decreased in abundance,
such as nucleotides and nucleosides. Here adenine was decreased significantly in the diploid
stage, adenosine was decreased in both stages, although non-significantly so (Figure 24 d, e).

This suggests impaired DNA and RNA synthesis, as well as decreased cofactor abundance
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(ATP, NAD, FAD) in response to N-starvation. Transcriptome data support this assumption, as
transcript abundance of genes coding for synthesis of nucleic acid bases was significantly
decreased under N-starvation (Rokitta, 2014; Rokitta, 2016). Authors further drew the
connection to cell-cycle arrest under starvation, which can be assumed to take place in this
work.

One of the most abundant metabolites in the dataset was mannitol, a sugar alcohol with
osmoprotective properties (Supplementary Table 5, Supplementary Table 6). This is confirmed
by previous studies, where it was suggested to play a role in carbon and reductant storage
(Obata, 2013; Mausz & Pohnert, 2015; Tsuji, 2015). In contrast to the non-significant decreases
observed under P-starvation, decreases were significant in both life-cycle stages under N-
starvation (Figure 24 d, e, 1.3- and 9.8-fold for 1IN and 2N, respectively). A decrease of
mannitol abundance has been observed in the stationary growth phase for these E. huxleyi life-
cycle stages (Mausz & Pohnert, 2015). These results indicate that mannitol is used to fuel
carbohydrate metabolism when photosynthetic production is impaired, to mobilize reduction
equivalents such as NADH and to maintain redox homeostasis in the cytoplasm.

Several amino acids decreased in the diploid stage under N-starvation (Figure 24 d). All
proteinogenic amino acids contain N and are primarily affected if N is limiting (Barsanti &
Gualtieri, 2006). This influences protein abundance, which has been shown to decrease under
N-starvation in the diploid E. huxleyi strain CCMP 1516, in line with increased proteins
involved in degradation (McKew, 2015). In the haploid stage, several amino acid abundances
were increased (Figure 24 €), hinting towards life-cycle specific prioritizations of metabolic
pathways. However, N-rich amino acids, such as asparagine and glutamine, were also decreased
in the haploid stage, indicating that N-starvation did affect this stage on level of amino acid
biosynthesis.

Similar to the observations under P-starvation, proline increased in both life-cycle stages
under N-starvation, although only significantly for the haploid stage. This is in line with the
transcriptomic-based hypothesis of increased proline oxidation and throttled ornithine urea
cycle pathways under N-starvation (Phang, 2012; Rokitta, 2014; Rokitta, 2016), as mentioned
above for P-starvation. The increase of proline under both P- and N-starvation indicates a
superior role of these pathways in regulating cellular growth, and potentially linking the
nitrogen metabolism to the mitochondrial activity of the cell and producing toxic ROS.

The osmolyte composition further highlighted the differences of both life-cycle stages in
coping with N-starvation. Osmolytes containing N, such as glycine betaine and homarine,
significantly decreased or were undetectable in the diploid stage, whereas N-independent

105



Discussion

DMSP was unchanged (Figure 24 d, e). In the haploid stage, N-containing glycine betaine
decreased, whereas DMSP and homarine significantly increased. These differences could
indicate different capabilities and prioritizations of the life-cycle stages regarding N shuttling
and recycling into different pathways. Controversial trends regarding DMSP abundance under
N-starvation have been reported for different diploid E. huxleyi strains. For a further undefined
diploid strain, a 50 % increase was observed (Turner, 1988), whereas DMSP abundance
decreased for the diploid E. huxleyi strain CCMP 378, along with glycine betaine (Keller,
1999). Data for haploid life-cycle stages under N-starvation has not been available until this
work. Increases of DMSP under N-starvation have been reported for the marine prasinophyte
Tetraselmis subcordiformis (Grone & Kirst, 1992) and phytoplankton communities have been
shown to produce more DMSP under N-starvation (Turner, 1988).

DMSP has been proposed to replace N-containing compatible solutes, such as glycine
betaine (Turner, 1988; Grone & Kirst, 1991) or proline (Bucciarelli & Sunda, 2003) under N-
starvation. However, these hypotheses have not been proven. The data of this work indicates
that replacement of proline by DMSP does not happen in E. huxleyi under N-starvation, as
proline is increased in abundance, as discussed above. Replacement of glycine betaine by
DMSP could be true for the haploid stage. However, as methionine is suggested to be the
biosynthetic precursor for DMSP (Grone & Kirst, 1992; Gage, 1997), an increased DMSP
abundance could simply be the result of increased methionine abundance, which could occur
due to enhanced protein degradation under N-starvation (McKew, 2015), increased methionine
uptake or lowered methionine consumption (Grone & Kirst, 1992). The results of this work
support this theory, as methionine abundance was significantly increased in the haploid stage
(3.9-fold) under N-starvation, in line with increased DMSP abundance (Figure 24 d). This was
not the case in the diploid stage, further emphasizing the differential pathway priorities of the
life-cycle stages.

In both life-cycle stages, pigment abundances were decreased under N-starvation
(Figure 24 d, e), although not significantly for every pigment. Diatoxanthin and various
fucoxanthins were decreased more than 1.5-fold in both life-cycle stages, significant decreases
were found for the haploid stage regarding chlorophyll c3, diadinoxanthin, diatoxanthin,
fucoxanthin and h4k-fucoxanthin. The de-epoxidation ratio significantly decreased in both life-
cycle stages (Table 8), indicating that photoprotection via xanthophyll cycle-mediated non-
photochemical quenching was not possible under N-starvation. Decreased pigment abundance
under N-starvation has been reported previously for other E. huxleyi strains (Stolte, 2000;
Loebl, 2010) and other microalgae (Latasa & Berdalet, 1994; Li, 2008; Ordog, 2012; Zhang,
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2013). Furthermore, it was suggested that N-rich chlorophylls could be recycled under N-
starvation to support further growth (Li, 2008; Ordég, 2012).

Missing N directly affects chlorophyll synthesis, which relies on N-containing precursors,
such as glutamine (Porra, 1997; Wilhelm, 2006), which was significantly decreased in both life-
cycle stages in this work (Figure 24 d, e). Also, the diploid stage has been shown to be more
efficient regarding photosynthesis under these conditions, as Fv/Fm values stayed constant for
the diploid stage under N-starvation, while they dropped for the haploid stage (Rokitta, 2014).
Fu/Fm describes the normalized ratio of variable fluorescence to maximum fluorescence,
therefore allowing estimations of the maximum quantum efficiency of photosystem I
photochemistry (Baker & Oxborough, 2004). This could explain the more distinct decreases of
pigments for the haploid stage, again pointing out different capabilities of the two life-cycle
stages.

The results from this work are in line with transcriptome data for the same life-cycle stages,
where N-starvation resulted in decreased transcript abundances for genes encoding several
critical components of the photosystem, such as light harvesting antenna, the xanthophyll cycle,
as well as plastidic ATP and chlorophyll synthesis (Rokitta, 2014). Differences between life-
cycle stages were also observed, as transcript abundances for genes encoding fucoxanthin-
chlorophyll a-c binding proteins increased in the diploid stage. As these proteins are typically
increased for photoprotection under high light (McKew, 2013b), this could also explain the less
severe pigment decreases (Figure 24 d, e) and better photosynthetic performance observed in
the diploid stage (Rokitta, 2014). These results suggest that, in contrast to P-starvation, N-
starvation results in decreased metabolic flux of N-containing precursors into pigment synthesis
pathways. Subsequently, pigment content in the light harvesting antenna is decreased, lowering
light harvesting and photosynthetic efficiency.

Certain lipids were decreased under N-starvation in the diploid stage, such as polar and
neutral lipid fatty acids and TAGs (Figure 24 d, €), in agreement with other studies analyzing
total lipid classes (McKew, 2015). Some fatty acids were decreased in both life-cycle stages,
such as Cis:o in the neutral lipid fraction and Cis:3ns in the polar lipid fraction, indicating lipid
rearrangements in both stages. This was also predicted from transcriptomic data (Rokitta,
2014). 1t is also possible that thylakoid membrane lipids were impaired in the diploid stage, as
polyunsaturated fatty acids, typical for thylakoid membranes in E. huxleyi (Bell & Pond, 1996;
Fulton, 2014), were decreased. Again, this could be connected to the decreased pigment
abundance, as discussed above. However, life-cycle specific differences in coping with N-
starvation were also observed, as most polar fatty acid abundances were unchanged in the
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haploid stage, indicating that membrane lipids were not impaired under these conditions. Also
this stage increased TAGs and PULCA, in line with decreased glycerol 3-phosphate, indicating
a need to build up neutral storage lipids under N-starvation, in contrast to the diploid stage.
Increases of TAG have been observed under N-starvation, however in a different diploid strain
(Malitsky, 2016).

In summary, N-starvation had a more severe impact on the metabolome than P-starvation,
as missing N directly impaired amino acid and pigment synthesis. Generally speaking, the
changes observed on metabolomic level under N-starvation confirmed those predicted from
transcriptomic data for the same life-cycle stages (Rokitta, 2014; Rokitta, 2016), with some
exceptions. Figure 27 shows the validation of the transcriptome-based model under P- and N-

starvation with the metabolic data of this work.
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Figure 27: Validation of a generalized metabolic model of the E. huxleyi metabolism under P- and N-
starvation, derived from transcriptomic data (Rokitta, 2016), with metabolomic data gathered in this work.
v" indicates that assumption from transcriptomic data was verified by metabolic data, X indicates that is
was not verified. In more detail, Rokitta and coworkers (2016) predicted the following metabolic changes
based on transcriptomic data. Under both P- and N-starvation, photosynthetic light reactions and carbon
fixation are decreased, minimizing carbon flux into glycolysis and tricarboxylic acid cycle (TCA). The
citrate shuttle is strongly induced, suggesting increased export of acetyl-CoA (A-CoA) into the cytoplasm.
Lipid synthesis and turnover are increased, providing sinks for reduction equivalents. Cells increase malate-
qguinone-oxidoreductase (MQO), contributing to electron input for oxidative phosphorylation (quinone-
pool, Q). Under N-starvation, mitochondrial amino acid oxidation is increased, together with cytoplasm-
based glutamate amination. Ornithine-urea cycle (OUC) enzymes are throttled, possibly resulting an
accumulation of OUC intermediates, especially proline and polyamines. Proline oxidase (POX) is increased
under both P- and N-starvation, suggesting that oxidation of proline to pyrroline-5-carboxylate (P5C)
delivers reductants into the mitochondria for Q. Especially the diploid stage increases scavenging of
dissolved inorganic/organic nitrate (DIN/DON) under N-starvation, where nitrate uptake and subsequently
nitrate assimilation via the GC-GOGAT (glutamine synthase-glutamine oxoglutarate aminotransferase)
cycle are decreased. This stage also especially increases dissolved organic phosphate (DOP) scavenging
(Rokitta, 2016). See text in boxes for validation of this transcriptomic derived model with the metabolomic
data of this work. Cit, citrate; Mal, malate; Glu, glutamic acid; MG, methylglyoxal; OxAc, oxaloacetate;
PPP, pentose phosphate pathway; Pyr, pyruvate. This figure was modified from Rokitta (2016), image
license CC BY 4.0.
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6. Conclusion
Metabolomics is a powerful tool which can provide novel insights to understanding microalgae
physiology. By applying different analytical methods, a comprehensive metabolome analysis
was conducted for a calcifying, diploid and a non-calcifying, haploid E. huxleyi life-cycle stage.
On the level of proteins, carbohydrates and lipids, no significant difference was observed
between both stages, analyzed by FTIR. However, in-depth metabolomic analyses highlighted
differences between both life-cycle stages, especially regarding pigments, osmolytes as well as
membrane and storage lipid associated fatty acids. These life-cycle specific differences can
partly be attributed to general physiological differences between stages. For example, the higher
abundance of the osmolyte DMSP in the diploid, calcifying stage could be necessary to regulate
osmolarity due to the preconcentration of Ca?* in special vacuole-like compartments (Sviben,
2016). The higher abundance of polar lipid fatty acids could in turn be connected to the
formation of these vesicles, as well as coccolith vesicles, which are absent in the haploid, non-
calcifying stage. The higher abundance of alkenones (neutral storage lipids) could be connected
to coccolith vesicles, however this is still under debate (Sawada & Shiraiwa, 2004; Eltgroth,
2005). The haploid stage was characterized by a higher abundance of carboxylic acids, which
could be linked to the driving of flagellar motion only present in the haploid stage. The more
efficient photoprotection via the xanthophyll cycle in the diploid stage, regarding later growth
phases and P-starvation, could be attributed this stage’s high light tolerance (Nanninga &
Tyrrell, 1996; Ragni, 2008; Loebl, 2010) and success in P-limited waters (Riegman, 1992; Egge
& Heimdal, 1994; Tyrrell & Taylor, 1996; Riegman, 2000), as well as to differences in niche
occupation, suggested for these life-cycle stages (Frada, 2008; von Dassow, 2009; Rokitta,
2011).

Metabolome analysis at three different harvesting time points revealed growth phase-
dependent differences regarding pigments and fatty acids. Results implied that photosynthesis
and thylakoid membrane abundance decrease in the late-exponential and stationary growth
phase, compared to the early-exponential growth phase, in line with the lower energy demand
of the non-dividing cell. The gathered data underlines the importance of analyzing more than
one time point in physiological studies. This can also be important with regard to
biotechnologically relevant products, such as the w-3 fatty acid DHA or the uncommon pigment
hex-fucoxanthin.

Metabolome analysis under P-starvation and N-starvation allowed observations on how
E. huxleyi copes with nutrient starvation, which is a common scenario in the ocean (Moore,

2013; Palenik, 2015). While both starvation scenarios eventually result in cell death, both life-
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cycle stages coped exceptionally well with P-starvation, which caused a "metabolic overflow".
N-starvation hampered many metabolic processes, resulting in decreases for many metabolites,
especially in the diploid stage. Under both scenarios, amino acids were recycled, especially
with respect to proline, and mannitol and neutral lipids served as carbon and reductant storage.

It is interesting to speculate where the different starvation scenarios are sensed and
integrated. Under P-starvation, ATP synthesis is decreased, resulting in an increased H*
gradient in the plastid (and in the mitochondria), leading to a possible over-reduction of the
electron transfer chain. Under N-starvation, the photosynthetic electron transfer chain is over-
reduced, due to missing plastidary nitrate assimilation, therefore not dissipating electrons from
reduced ferredoxin (Rokitta, 2014). Thus, it is likely that these starvation scenarios are sensed
and integrated at the same points, namely mitochondria and plastids.

Transcriptomic studies showed very similar responses toward both starvation scenarios
(Rokitta, 2011; Rokitta, 2014; Rokitta, 2016), however, the metabolomic data obtained in this
work highlight that there are further regulatory processes involved on post-transcriptional/-
translational level (Feder & Walser, 2005), as P- and N-starvation result in very different
phenotypes on metabolome level. N-starvation also has more severe effects on biochemical
processes, impairing nucleotide and amino acid biosynthesis, as well as enzymatic machinery.
P-starvation mainly affects nucleoside-triphosphate synthesis, therefore the energy budget and
DNA/RNA synthesis, as well as enzyme phosphorylation. Therefore, even though decreased
transcript levels of genes encoding pigment biosynthesis were observed under both nutrient
starvation scenarios (Rokitta, 2014; Rokitta, 2016), the enzyme content and metabolic flux of
precursors are still adequate under P-starvation, resulting in high pigment production, whereas
N-starvation directly constrains pigment precursor synthesis. These results highlight the
importance of instantaneous biochemical metabolite flux, which can influence metabolite
production in the same way as transcriptomically rearranged pathway patterns.

Limitations of this work are reflected in the limited number of detected metabolites, which
did not enable complete metabolic pathway reconstruction. This is a typical problem with
metabolomics, as current analytical instrumentation does not allow quantitative analysis of all
metabolites (Dettmer, 2007; Villas-Bbas, 2007). Next steps could include feeding isotope-
labeled precursors, therefore enabling detailed metabolite flux analysis (Buescher, 2015).

The metabolomic data obtained in this work allowed retracing of major reconstellations in
biochemical pathways, resulting in a converging picture of cellular reactions with regard to life-
cycle stages, growth phase and nutrient starvation. The gathered data can be used to concretize
existing metabolic models (Knies, 2015) and offers valuable clues on how eukaryotic cells react
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to nutrient stress. The broad array of applied metabolomic analysis methods can easily be

adapted to assess a wide range of metabolites in other microalgae.
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Supplementary Figure 1: Calibration curves of individual commercial fatty acid methyl esters standards
measured via ion trap GC-MS. Note fixed y-axis. In all cases, linear regression did not result in accurate
description, whereas second degree polynomic fit accurately described the curves, as shown in
Supplementary Table 1. Mean values and standard deviation of four replicates are shown.
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Supplementary Table 1: Coefficients for calibration of FAME concentrations, derived from second degree
polynomic fit with the equation y=a-x>+b-x+c, x being concentration [ug mL™] and y being peak area [-].
Valid for the given peak area region, grouped by color.

lower limit  upper limit

FAME a b c R2
peak area peak area
C8:0 764.77 131,277.41 -250,741.02  1.0000 2.68E+05 1.08E+07
C10:0 1,156.84 261,766.13 -186,287.87  1.0000 1.09E+05 2.04E+07
C12:0 2,679.32 384,500.22 -286,046.58  1.0000 1.62E+05 3.37E+07
C14:0 4,170.00 550,583.00 -295,214.00 0.9999 4.10E+04 4.97E+07

C17:0 9,526.90 527,983.00 -260,185.00  0.9999 8.50E+04 2.51E+07

C18:1n9c 19,703.01  2,107,362.18 -1,319,062.59 0.9999 6.66E+05 2.04E+08

C20:0 4,803.43 463,682.52 -292,386.98 0.9999 2.99E+04 4.68E+07
C20:1 10,623.64  1,057,173.64 -691,597.01  0.9999 5.43E+04 1.05E+08

C22:0 12,161.15  1,202,058.58 -848,477.52  0.9999 5.64E+04 1.20E+08
C22:1n9 25,019.74  1,329,297.30 -486,382.64 0.9999 4.02E+04 6.46E+07

C24:0 14,328.93  1,229,555.93 -930,989.75  0.9999 6.29E+04 1.30E+08
C24:1 33,400.57  1,036,607.14 -440,521.15 0.9998 3.09E+04 6.36E+07
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Supplementary Table 2: Retention time (RT) at 440 nm and characteristic absorption maximum of
commercial pigment standards measured via UV-vis-HPLC. Note that absorption of isolated pigments
differs from pigments in vivo, also dependent on used solvent. Pigments that were detected in E. huxleyi
RCC 1216 (2N) and 1217 (1N) are shaded in grey. Asterisk indicates carotenoid with light harvesting
function in different E. huxleyi strains.

Absorption maxima

Type of pigment  Pigment Solvent RT [min]

[nm]
chlorophyll chlorophyll c3 90 % acetone 5.55 459
chlorophyll chlorophyll ¢, 90 % acetone 8.66 449
carotenoid peridinin ethanol 10.21 475/629
carotenoid* but-fucoxanthin ethanol 11.87 448/472
carotenoid* fucoxanthin ethanol 14.42 452/463
carotenoid* h4k-fucoxanthin ethanol 15.75 448/469
carotenoid* hex-fucoxanthin ethanol 16.92 449/469
carotenoid neoxanthin ethanol 17.13 414/437/465
carotenoid violaxanthin ethanol 24.18 417/440/469/630
carotenoid diadinoxanthin ethanol 34.43 447
carotenoid antheraxanthin ethanol 37.22 446/474
carotenoid diatoxanthin ethanol 43.27 453/480
carotenoid canthaxanthin, trans ethanol 43.43 474
carotenoid lutein acetone 43.62 445/455
carotenoid zeaxanthin acetone 44.54 455/479
chlorophyll chlorophyll b acetone 49.34 465/642
carotenoid echinenone ethanol 52.63 463
chlorophyll chlorophyll c-MGDG 90 % acetone 54.41 456
chlorophyll chlorophyll a acetone 56.70 430/651/664
carotenoid lycopene acetone 57.78 447/473/503
carotenoid a-carotene acetone 64.29 448/475
carotenoid B-carotene acetone 65.09 454/479
carotenoid pheophytin acetone 67.09 409
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Supplementary Table 3: Metabolome data for diploid E. huxleyi life-cycle stage in growth phase
experiment. Abundance of pigments and fatty acids per cell for nutrient-replete cells harvested in different
growth phases (early-exponential (t1), late-exponential (t2) and stationary phase (t3)). Mean values and
standard deviation of two biological and three technical replicates are shown.

2N
Class Metabolite t SD t SD t3 SD
chlorophyll a 198.24 8.87 44.67 249 28.42 6.94
chlorophyll ¢, 96.08 13.18 24.46 084 1259 3.47
chlorophyll c-MGDG 4199 272 1095 053 650 1.88
] chlorophyll cs 7376 387 2780 139 2029 535
p'grlnert')ts ] diadinoxanthin 153.88 1152 4817 10.03 2269  7.65
Egﬁ_i)alg% ' diatoxanthin 1318 142 1936 523 3663  9.99
fucoxanthin 4750 357 749 063 348 080
h4k-fucoxanthin 36.39 1582 9.84 0.16 1088  3.24
hex-fucoxanthin 266.54 14.63 84.68 4.05 5590 14.42
[-carotene 7.28 0.48 1.53 0.45 1.07 0.55
C14:0 22830 33.89 7458 2557 59.89 13.44
C15:0 3045 196 1246 431 1039 234
C16:0 469.74 147.86 116.03 43.82 106.89 29.31
C18:0 450.80 91.00 75.66 20.31 71.02 1817
C18:1n9c 364.87 5310 65.88 1937 3820  7.89
polar lipid fatty ~ C18:1n9t 4942 197 1023 186 1229  3.15
acids (FAME) ~ C18:2n6c 11363 1387 1034 217 636 0091
[ag C18:3n3 359.29 6246 110.11 2488 78.02 11.21
cell™] C18:4n3 24577 2944 7584 1231 5825 6.81
C20:0 50.64 246 668 062 571 088
C20:2 2688 076 354 034 259 031
C22:0 57.94 339 1359 412 1141 211
C22:1n9 4483 600 633 109 569 094
C22:6n3 331.91 5856 201.20 3431 168.79 31.94
C14:0 000 000 000 000 000 0.0
C15:0 2237 448 250 010 236 058
C16:0 86.37 1229 1090 075 9.01 161
neutral lipid C18:0 87.70 1335 953 068 7.67 142
fatty acids C18:1n9¢c 58.09 276 791 066 533 125
(FAME) C18:1n9t 2407 209 000 000 279 059
[ag C18:2n6c 27.10 2.74 1.55 1.56 2.58 0.59
cell”] C18:3n3 2160 139 299 050 164 032
C18:4n3 2526 300 330 015 260 0.38
C22:0 4657 399 561 032 421 083
C22:6n3 59.13 12.98 000 000 519  0.95
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Supplementary Table 4: Metabolome data for haploid E. huxleyi life-cycle stage in growth phase
experiment. Abundance of pigments and fatty acids per cell for nutrient-replete cells harvested in different
growth phases (early-exponential (t1), late-exponential (t2) and stationary phase (t3)). Mean values and
standard deviations (SD) of two biological and three technical replicates are shown.

1N
Class Metabolite t SD t SD t3 SD
chlorophyll a 271.71 173.06 45.23 725 2133 1550
chlorophyll c; 204.70 136.98 3201 1031 12.72 9.10
chlorophyll c-MGDG 60.57 40.15 10.12 201 470 350
) chlorophyll cs 14193 109.01 2863 2.67 14.08 12.30
pigments diadinoxanthin 159.01 117.31 3157 176 2035 17.59
([:gﬁ_'l')ff‘tl)g?]d' diatoxanthin 5045 4615 19.66 682 847  8.17
fucoxanthin 49.75 3471 7.70 2.00 3.04 2.31
h4k-fucoxanthin 2046 1841 605 146 375 3.65
hex-fucoxanthin 451.67 317.61 89.02 10.79 39.91 32.14
pB-carotene 8.32 4.54 09 022 0.39 0.29
C14:0 11531 20.12 8997 1672 59.11 857
C15:0 3087 257 1015 147 774 121
C16:0 432,78 81.22 100.28 1490 87.61 18.72
C18:0 40592 78.89 6420 1086 5857 11.73
C18:1n9c 55.42 1691 1858 491 1766  2.60
polar lipid fatty ~ C18:1n9t 4675 371 795 136 1453 1.72
acids (FAME) ~ C18:2n6c 36.01 365 483 112 400 052
[ag C18:3n3 27.00 517 16.59 6.11 25.52 6.39
cell™] C18:4n3 18.07 160 876 284 1320 3.01
C20:0 5773 568 657 128 521 077
C20:2 2903 212 308 067 255 033
C22:0 5287 428 565 120 330 237
C22:1n9 3777 437 382 077 348 062
C22:6n3 5421 428 1554 533 3325 9.63
C14:0 000 000 000 0.00 0.00 0.0
C15:0 2587 356 231 019 201 017
C16:0 116.29 1596 11.11  0.77 1039 145
neutral lipid C18:0 10641 1221 1031 0.64 914  1.26
fatty acids C18:1n9¢c 68.16 694 622 047 553 058
(FAME) C18:1n9t 2840 340 273 018 266 045
[ag C18:2n6c 3093 304 306 019 250 0.30
cell”] C18:3n3 1953 276 187 010 158 0.18
C18:4n3 2755 320 262 019 230 025
C22:0 5575 698 540 037 473 057
C22:6n3 000 000 000 0.00 497 059
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Supplementary Table 5: Metabolite abundances for the P-starvation setup. Diploid (2N) and haploid (1N)
E. huxleyi life-cycle stages under replete (R) and phosphate-starved (-P) conditions. Mean values and
standard deviations (SD) of three biological and two/three technical replicates are shown. Asterisks indicate
putatively identified metabolites. n.d., not detected; glycerol 2-p, glycerol 2-phosphate; glycerol 3-P;
glycerol 3-phosphate.

Phosphate starvation

Class Metabolite 2NR SD 2N-P  SD INR SD IN -P SD
O-acetyl-serine* 157 0.62 137 0.64 2.15 0.28 1.77 0.34
homoserine 028 0.13 0.11 0.04 0.48 0.25 0.18 0.05
pyroglutamate* 1.18 0.67 169 129 7.95 1.45 8.63 1.18
adenine* 589  2.69 319 1.62 1.58 0.26 5.46 1.77
adenosine 084 0.16 0.36 0.16 0.38 0.04 0.43 0.04
threonic acid 094 052 0.95 0.32 2.09 0.34 1.58 0.22
Metabolites mann_itol _ 31.72 1095 17.24 3.33 | 12.02 250 10.13 1.21
(TMS- myo_—mosnol 080 0.39 2.60 0.60 1.06 0.04 1.65 0.24
derivatives arabinose 0.08 0.04 0.08 0.02 0.19 0.05 0.07 0.04
GC-MS) ' fructose 0.47 0.17 0.39 0.09 0.57 0.05 0.37 0.07
[(rel. abund galactose 212 0.89 527 111 3.17 0.51 5.49 0.78
cell‘ll)-lolo]. maIFo.se 025 0.09 1.18 0.39 1.42 0.20 0.25 0.04
melibiose 0.14 0.03 154 0.58 0.15 0.02 0.39 0.10
ribose 035 0.14 048 0.13 0.83 0.10 1.16 0.15
saccharose 1.07 033 253 0.88 2.40 0.42 0.36 0.81
xylose 0.07 0.03 0.14 0.05 0.15 0.01 0.22 0.05
glycerol 2-P 021  0.07 n.d. - 0.95 0.13 n.d. -
glycerol 3-P 094 0.26 0.17 0.06 4.05 2.15 n.d. -
ascorbic acid 055 0.45 122 0.59 5.09 0.22 4.57 0.59
alanine 085 0.19 136 0.22 0.83 0.28 1.59 0.30
arginine 1.13 0.43 2.77 0.66 4.17 0.49 6.95 1.13
asparagine 068 0.26 0.35 0.06 2.49 0.21 2.01 0.42
aspartate 2.60 0.63 283 054 5.92 0.54 5.85 0.63
glutamate 11.27 134 1860 1.89 8.80 123 16.36 2.76
glutamine 219 152 0.13 0.8 3.10 1.83 291 0.90
glycine n.d. - 0.06 0.11 n.d. - n.d. -
histidine n.d. - n.d. - n.d. - n.d. -
amino acids isoleucine 0.18 0.03 0.32 0.05 0.58 0.04 1.13 0.19
(LC-MS/MS) leucine 0.07 0.01 0.19 0.03 0.80 0.08 1.42 0.21
[fg cell!] lysine n.d. - n.d. - n.d. - n.d. -
methionine n.d. - n.d. - n.d. - n.d. -
phenylalanine 0.03 0.00 0.09 0.02 0.15 0.03 0.26 0.03
proline 014 0.04 0.72 0.09 0.30 0.07 1.18 0.42
serine 217 056 145 0.36 2.99 0.79 1.65 0.39
threonine 1.06 042 177  0.31 0.41 0.78 0.82 1.07
tryptophan n.d. - n.d. - n.d. - n.d. -
tyrosine n.d. - n.d. - n.d. - n.d. -
valine 093 0.08 0.79 0.11 1.11 0.09 1.96 0.27
osmolytes DMSP 304.1 2345 3253 325| 3221 1232 3293 1521
(LC-MS/MS) GBT 1932 269 2833 103 17.91 597  28.09 3.95
[fg cell!] homarine 1053 112 1148 3.48 | 17.96 393 19.67 4.14
citrate 115.4 2743 606.7 67.0| 3532 1255 901.2 199.2
small carboxylic  a-ketoglutarate 7.67 1.60 8.68 1.27 | 13.10 1.31 1851 8.35
acids lactate 33.02 1101 1383 47.2| 90.60 3161 99.24 23.19
(LC-MS/MS) malate 1226 141 2130 249 | 17.14 222 23.25 5.06
[ag cell’] pyruvate 491 154 5,56 2.00 7.03 2.56 8.92 4.07
succinate 1371 409 13.09 3.85| 20.96 18.14 14.80 9.76
p()lyamines cadaverine n.d. - n.d. - n.d. - n.d. -
(LC-MS/MS) putrescine n.d. - n.d. - n.d. - n.d. -
[ag cell] spermidine n.d. - n.d. - n.d. - n.d. -
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Supplementary Table 5: Continued table. n.d., not detected; Chl c-MGDG, chlorophyll c2-mono-
galactosyldiacylglycerol; fuco, fucoxanthin; FAME, fatty acid methyl ester; NLF, neutral lipid fraction.

Phosphate starvation

Class Metabolite 2N R SD 2N -P SD INR sD IN-P sD
chlorophyll a 21.94 1.99 41.54 4.97 42.04 3.93 47.72 2.18
chlorophyll ¢, 17.89 1.04 20.84 3.05 41.01 3.94 46.15 4.08
chl c,-MGDG 6.55 0.59 10.48 1.82 9.94 3.58 13.65 0.53
pigments chlorophyll C3 19.30 1.57 19.85 2.49 27.14 2.52 28.52 2.00
[(rel. abund d!admoxan_thm 13.56 4.17 17.46 2.75 17.53 6.15 22.57 2.15
cell'i) 10%] ' diatoxanthin 4.55 2.02 18.35 4.23 5.95 491 5.30 0.42
fucoxanthin 6.31 0.99 9.47 1.65 10.28 1.00 11.11 0.71
h4k-fuco 4.95 0.28 9.86 1.32 2.82 0.34 453 0.25
hex-fuco 49.32 1.61 76.59 10.71 80.82 6.73 94.87 2.76
[-carotene 0.33 0.07 0.99 0.18 0.38 0.16 0.77 0.20
C14:0 181.47 46.88 33593 93.22 | 240.92 5219 340.05 47.35
C15:0 17.77 5.79 20.99 5.45 20.62 5.10 29.91 4.31
C16:0 279.26 97.71 39261 9349 | 310.88 58.76 408.26 78.93
C18:0 207.47 58.68 299.50 60.96 | 265.97 51.89 31599 54.01
polar lipid fatty C18:1n9c 127.29 30.37 29761 58.96 | 11563 15.63 169.83 25.28
acids (FAME) C18:1n9t 17.75 4.12 28.36 5.53 26.36 4.71 33.88 521
[ag cell] C18:2n6¢ 31.14 19.22 56.31 24.06 26.79 4.56 33.22 6.28
C18:3n3 190.06 63.38 363.83 7437 | 184.14 4176 27110 52.82
C18:4n3 139.86 42,66 23249 49.72 86.15 1445 111.82 19.91
C22:0 19.42 5.39 15.01 3.30 4.69 2.20 4.60 3.26
C22:1n9 7.58 1.69 9.74 1.46 8.32 1.29 13.83 2.63
C22:6n3 397.31 13532 436.80 7854 | 21231 5240 33435 65.80
C14:0 3.64 0.88 7.21 0.85 4.49 2.18 7.57 241
C16:0 13.28 1.44 20.10 6.27 25.61 2.60 33.29 8.15
neutral lipid C18:0 6.61 1.01 13.30 1.43 12.69 1.55 16.34 6.08
fatty acids C18:1n9c 4.23 0.68 12.15 1.57 6.62 0.90 9.59 2.67
(FAME) C18:2n6¢ 11.22 23.61 3.19 3.27 n.d. n.d. 2.92 6.52
[ag cell!] C18:3n3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C22:0 4.48 0.70 7.94 0.62 7.71 0.98 7.68 3.69
C22:6n3 3.96 2.83 40.49 5.22 7.01 1.62 13.06 5.31
TAG C8:0 3.09 1.61 2.22 2.67 0.89 0.18 9.08 6.50
TAG C10:0 1.25 0.74 0.40 0.40 2.46 0.90 5.50 2.20
TAG C12:0 6.83 3.11 12.57 7.45 21.52 4.43 39.59 28.14
TAG C14:0 2.10 1.70 22.66 10.37 3.63 1.58 14.20 6.17
TAG C16:0 3.24 1.27 5.61 2.19 8.08 0.85 12.54 5.92
TAG1 22.89 19.34  280.06 69.60 7.49 1.34 49.36  14.08
TAG 2 0.89 0.47 0.70 0.28 0.24 0.17 0.68 0.47
triacyl- TAG 3 16.63 17.09  167.17 53.90 2.98 1.74 36.17 17.99
glycerides TAG 4 12.62 991 17065 54.78 3.54 0.36 28.27 9.74
(NLF) [(rel TAG5 5.75 6.17 39.99 20.79 0.45 0.38 5.31 3.40
abund ' TAG 6 24.33 2426  222.36 60.66 6.14 2.39 50.70 14.54
Ce”'l)-.lolo] TAG7 7.32 5.22 13.81 6.14 7.57 2.42 10.14 2.38
TAG 8 4.88 6.28 35.27 1471 0.25 0.12 4.39 2.55
TAG9 0.31 0.32 0.40 0.16 0.30 0.21 0.36 0.36
TAG 10 1.38 0.93 2.90 131 2.49 0.60 3.94 1.84
TAG 11 2.98 1.93 3.96 1.54 0.28 0.14 1.21 1.00
TAG 12 3.57 2.07 4.10 2.43 5.32 0.66 6.51 1.80
TAG 13 1.60 0.52 1.30 0.40 0.22 0.16 7.84 5.19
TAG 14 0.17 0.09 0.07 0.04 13.42 4.01 14.15 7.06
TAG 15 1.66 0.45 1.65 1.12 3.89 1.92 7.70 3.71
alkenes (NLF) C31:2a 11.14 5.28 14277 25.63 3.17 4.50 18.16 15.24
[rel. ab. cell’] C31:2b 45.29 2155 233.81 48.12 9.68 13.76 38.71 29.17
C37:2 Me 0.87 0.67 8.45 2.83 0.20 0.06 0.99 0.36
alkenones C37:3 Me 1.90 1.33 19.94 7.04 0.65 0.15 2.49 0.88
(NLF) C38:2 Me 0.23 0.18 2.42 0.87 0.13 0.17 0.30 0.12
[fg cell] C38:2 Et 0.13 0.09 0.99 0.42 0.03 0.01 0.17 0.05
C38:3 Me 0.59 0.41 5.96 2.17 0.22 0.06 0.81 0.30
C38:3 Et 0.18 0.12 1.26 0.52 0.07 0.02 0.27 0.07
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Supplementary Table 6: Metabolite abundances for the N-starvation setup. Diploid (2N) and haploid
(IN) E. huxleyi life-cycle stages under replete (R) and nitrogen-starved (-N) conditions. Mean values and
standard deviations (SD) of three biological and two/three technical replicates are shown. Asterisks
indicate putatively identified metabolites. n.d., not detected; glycerol 2-p, glycerol 2-phosphate; glycerol
3-P; glycerol 3-phosphate.

Nitrate starvation

Class Metabolite 2N R SD 2N-N sD INR SD 1IN -N SD
O-acetyl-serine* 8.61 216 503 1.98 6.01 0.69 5.95 0.76
homoserine 1.77 0.46 591 6.82 0.09 0.02 0.07 0.01
pyroglutamate* 243 0.26 145 072 | 11.22 5.03 7.94 1.17
adenine* 8.65 3.22 3.73 142 5.39 1.23 7.47 1.50
adenosine 0.70 0.33 032 0.18 2.19 2.66 0.28 0.17
threonic acid 1698 3.05 1332 459 | 15.08 1.55 15.94 2.40
Metabolites mannitol 185.25 16.33 145.16 19.41 | 189.11 104.18 19.34 4.20
(TMS- myo_—inositol 155 0.14 1.83 0.46 0.74 0.10 1.79 1.69
derivatives arabinose 0.27 0.04 0.26 0.06 0.31 0.07 0.26 0.10
GC-MS) ' fructose 232 024 218 054 2.86 1.03 2.11 1.37
[(rel. abund galactose 1654 238 13.27 451 6.98 1.46 15.58 3.19
”_i 11010 " maltose 133 044 1.69 0.80 1.63 0.86 4.87 2.62
cell)-10%1  melibiose 254 060 405 211| 044 013 180  0.56
ribose 122 019 0.88 0.22 1.71 0.42 1.02 0.09
saccharose 458 1.07 448 147 5.22 2.05 3.38 0.93
xylose 0.70 0.16 085 0.14 0.32 0.09 1.16 0.17
glycerol 2-P 559 11.14 046 0.27 2.11 0.59 1.07 0.27
glycerol 3-P 195 0.54 150 0.63 5.32 0.68 2.88 1.29
ascorbic acid n.d. n.d. n.d. n.d. 4.14 0.65 2.95 0.37
alanine 278 0.40 207 0.38 2.72 0.37 4.82 0.92
arginine 11.30 159 312 0.26 7.92 1.49 9.50 1.06
asparagine 3.80 0.62 0.69 0.06 | 26.61 12.87 4.94 0.83
aspartate 486 0.98 1.48 0.39 7.78 1.64 12.93 1.92
glutamate 5244 297 1247 162 | 31.18 5.47 30.49 6.59
glutamine 22.38  6.97 423 0.60 | 160.85 96.92 28.01 6.12
glycine 072 021 0.44 0.17 0.59 0.08 0.95 0.10
histidine 084 0.11 257 0.29 0.80 0.38 1.00 0.11
amino acids isoleucine 154 0.15 049 0.10 1.07 0.31 9.16 0.93
(LC-MS/MS) leucine 050 0.07 054 0.14 1.54 0.34 11.38 1.34
[fg cell] lysine 7.02 1.66 1.60 0.16 2.81 1.30 3.01 0.83
methionine 098 0.13 0.84 0.08 0.56 0.10 2.16 0.23
phenylalanine 044 0.07 1014 0.76 0.33 0.14 2.38 0.07
proline 0.17 0.05 0.17 0.02 0.92 0.41 1.62 0.15
serine 580 0.44 270 0.30 5.67 2.58 6.29 1.33
threonine 355 053 1.20 0.12 0.84 0.27 1.64 0.22
tryptophan 0.16 0.04 3.90 042 0.35 0.23 2.79 0.15
tyrosine 0.18 0.08 325 094 0.20 0.07 4.13 0.18
valine 557 157 078 0.21 2.07 0.47 15.60 1.99
osmolytes DMSP 678.10 8756 633.20 51.30 | 401.98 65.41 1091.68 237.34
(LC-MS/MS) GBT 28.60 5.22 n.d. nd. | 18.05 1.01 0.96 0.77
[fg cell] homarine 1590 418 1021 3.13| 19.36 4.09 40.14 12.04
small citrate 7435 1042 7530 10.15| 166.80 28.63 770.28 95.07
carboxylic a-ketoglutarate 39.79 1937 1759 568 | 19.63 11.65 118.82 37.35
acids lactate 38.71 2519 21.02 1419 | 26.77 13.56 39.35 19.57
(LC-MS/MS) malate 2449 866 1823 1.19| 15.26 2.55 50.81 9.90
[ag cell] pyruvate 33.44 2437 58.69 14.41 | 10.09 5.64 85.09 27.36
succinate 4416 2284 1253 525| 17.87 10.18 17.50 8.70
polyamines cadaverine n.d. - n.d. - n.d. - n.d. -
(LC-MS/MS)  putrescine n.d. - n.d. - n.d. - n.d. -
[ag cell] spermidine n.d. - n.d. - n.d. - n.d. -
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Supplementary Table 6: Continued table. Chl c.-MGDG, chlorophyll c2-monogalactosyldiacylglycerol;
fuco, fucoxanthin; FAME, fatty acid methyl ester; NLF, neutral lipid fraction.

Nitrate starvation

Class Metabolite 2N R SD 2N -N SD INR SD IN-N SD
chlorophyll a 19.42 489 1523 0.87 | 34.56 580 23.32 2.86
chlorophyll c; 13.20 2.47 8.73 0.06 28.97 5.05 22.68 2.14
chl c.-MGDG 3.74 0.66 2.54 0.00 8.98 1.44 6.08 0.72
pigments Chlo.rophyll C.3 10.86 1.87 7.45 0.34 18.06 1.38 13.52 1.27
[(rel. abund d!admoxan_thln 385 1.06 345 0.54 8.87 0.96 6.15 0.98
cell‘i) 109] ' diatoxanthin 1.10 0.27 0.71 0.07 3.37 0.31 1.73 0.34
fucoxanthin 4.47 1.06 2.37 0.07 12.68 1.13 7.06 1.11
h4k-fuco 2.15  0.37 1.38 0.04 2.25 0.18 1.53 0.15
hex-fuco 30.52 4,70 20.74 0.20 55.31 8.68 41.48 4.61
-carotene 0.30 0.14 0.22 0.08 0.96 0.22 0.49 0.12
C14:0 316.90 74.82 21410 64.85| 184.34 11.62 156.25 43.88
C15:0 15.52 2.93 8.99 2.30 9.59 1.94 7.22 1.94
C16:0 26451 4946 167.57 4514 | 136.20 17.14 126.54 34.87
C18:0 174.14 28.65 103.14 25.89 89.10 14.69 67.04 19.55
polar lipid fatty C18:1n9c 170.78 41.65 130.30 35.78 | 75.37 553 96.82 26.18
acids (FAME) C18:1n9t 14.77 3.53 10.27 2.79 15.54 2.33 11.78 3.11
[ag cell] C18:2n6¢c 36.91 7.30 29.34 7.58 11.15 0.94 13.95 3.43
C18:3n3 336.34 70.95 211.78 61.73 | 242.75 19.86 180.61 47.73
C18:4n3 138.11 24.21 103.46 23.36 62.91 4.00 56.87 15.14
C22:0 22.16 11.90 12.39 3.20 1.72 0.28 2.31 0.58
C22:1n9 350 0.53 333 195 1.74 0.10 1.65 0.52
C22:6n3 467.40 99,53 33154 90.46 | 226.80 27.26 202.39 51.17
C14:0 7.88 2.52 7.40 2.57 1.90 0.23 2.34 0.64
C16:0 14.08 1.93 10.22 1.73 6.86 1.36 5.97 1.90
neutral lipid C18:0 13.72 3.10 984 1.65 7.82 1.00 5.81 1.52
fatty acids C18:1n9c 9.49 2.74 9.02 3.03 2.32 0.36 2.69 0.79
(FAME) C18:2n6¢ 3.27 1.00 3.37 1.07 0.99 0.17 0.84 0.12
[ag cell’!] C18:3n3 3.62 0.76 455 3.95 1.80 0.46 1.62 0.51
C22:0 299 0.37 3.03 094 1.56 0.19 1.57 0.20
C22:6n3 12.49 4.21 9.36 1.88 2.94 0.26 4.28 1.39
TAG C8:0 7.88 156 6.03 1.50 2.90 0.21 3.21 0.93
TAG C10:0 n.d. - n.d. - n.d. - n.d. -
TAG C12:0 n.d. - n.d. - n.d. - n.d. -
TAG C14:0 2.42 1.27 3.03 1.15 0.47 0.32 3.14 0.55
TAG C16:0 1.88 0.56 194 091 0.05 0.09 0.19 0.15
TAG1 83.56 11.22 79.48 15.32 9.49 2.65 55.72 25.79
TAG 2 1.31 0.91 0.46 0.08 0.30 0.09 0.12 0.08
triacyl- TAG3 3393 2429 3863 831 | 11.04 329 3767 1784
glycerides TAG 4 55.16 3.56 57.43 5.00 3.91 1.22 34.71 9.36
(NLF) [(rel TAGS5 17.15 8.02 16.43 3.48 2.66 0.96 9.34 5.95
abund ) TAG 6 49.52 5.02 46.52 4.25 5.78 2.96 34.59 3.97
AN 410 TAG7 20.76 2.08 11.99 4,29 7.20 3.68 5.98 2.71
cell)-10%] TAG 8 1430 213 1294 178| 370 102 772 344
TAG9 2.37 0.54 1.01 0.95 0.37 0.20 0.53 0.28
TAG 10 585 1.35 1.74 241 1.29 0.35 0.98 0.31
TAG 11 1.60 1.34 2.50 1.44 0.26 0.16 0.18 0.20
TAG 12 1.08 0.53 2.40 1.65 2.87 1.31 17.19 6.72
TAG 13 1.93 1.23 1.11 0.64 0.22 0.27 0.01 0.02
TAG 14 0.01 0.02 0.01 0.02 1.23 1.32 7.91 2.37
TAG 15 0.57 0.19 0.91 0.27 0.22 0.14 0.47 0.35
alkenes (NLF) C31l:2a 114.83 35.59 13440 32.22 2.22 0.35 3.93 0.90
[rel.ab.cell’] C31:2b 173.42 50.60 205.68 43.65| 19.89 499 2565 9.48
C37:2 Me 12.34 6.80 13.95 3.33 0.53 0.16 5.54 2.80
alkenones C37:3 Me 20.67 11.83 22.05 4.40 2.26 0.72 12.38 6.58
(NLF) C38:2 Me 2.68 1.49 2.66 0.63 0.16 0.07 1.50 0.79
[fg cell] C38:2 Et 1.80 1.37 1.63 0.61 0.11 0.05 0.67 0.37
C38:3 Me 5.04 2.89 478 0.96 0.87 0.35 3.43 1.83
C38:3 Et 1.41 1.04 1.18 0.27 0.33 0.14 0.83 0.48
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Supplementary Figure 2: Absorption of fluorescent lamps (TL-D 18W/840 Master, Philips) used to
illuminate E. huxleyi cultures during growth. (a) Complete spectrum for fluorescent lamps, with LED
spectrum to facilitate comparison (SMD-LED, NSSL 757, warm white, Nichia corporation, Japan). (b)
Fluorescent lamp spectrum, zoomed sections of the three biggest peaks, note interruptions in x-axis. The
spectrum was measured with a portable spectrometer (USB 4000, Ocean optics) and the software
SpectraSuite (Ocean optics).
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