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Introduction and thesis outline






Introduction and thesis outline

1.1 Microalgae production under light/dark cycles

To reduce the dependence on fossil fuels, new sustainable biobased feedstocks need
to be utilized (Ruiz et al., 2016). Microalgae are considered one of the most promising
feedstocks as they can convert carbon dioxide not only into biofuels, but also into
foods, feeds, and high value compounds. Microalgae are of special interest due to their
capacity to produce carbon-rich lipids. Oleaginous microalgae can accumulate
between 20-60% of triacylglycerides (TAG) on a dry weight basis under stress
conditions (mainly nitrogen starvation). They can reach a higher areal productivity
compared to agricultural crops without competing for arable land (Chisti, 2007; Hu et
al., 2008; Wijffels and Barbosa, 2010). Additional to TAG, many microalgae produce

starch under nitrogen starvation.

Large scale microalgal production will be done outdoors (Blanken et al., 2013), where
microalgae are exposed to day/night (LD) cycles. Therefore an optimal production
process must take into account the LD cycles during the growth phase (nutrient replete
conditions) and the production phase (nutrient deplete conditions, e.g. nitrogen

starvation).

Many organisms have organized their metabolism around the LD cycles and anticipate
the changes in the environment, of which light availability is of special importance for
microalgae (Shearman et al., 2000; Mittag, 2001; McClung, 2006; Salichos and Rokas,
2010; Causton et al., 2015). Environmental cues (e.g. sunrise and sunset) function as
time indicators to entrain an organism's internal timing to a period of 24 h (McClung,
2006; Niwa et al.,, 2013). Photosynthetic microorganisms have evolved their
metabolism in such a way as to capture sunlight efficiently during the day and to
perform light sensitive processes (such as DNA replication and cell division) at night
(Nikaido and Johnson, 2000; Suzuki and Johnson, 2001; Fabregas et al., 2002; de Winter
et al., 2013). This is reflected by changes in cell size and biomass composition, mainly

due to the accumulation of starch and cell division, during the diurnal cycle (Figure 1.1).

The advantage of synchronizing their metabolism to LD cycles becomes noticeable
when comparing growth and energy conversion efficiency under LD cycles to those
under continuous light (Jacob-Lopes et al., 2009; de Winter et al., 2013; Krzeminska et

al., 2014). Under continuous light the cues for synchronisation do not work because
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the signal is always present. This results in asynchronous cultures where, at each
moment, cells of all different stages of the LD cycle are present. This results in lower
energy efficiencies of light use and lower biomass yield on light, demonstrating the

benefit of synchronising metabolism to LD cycles.

€
€« L €

24 h
.
@

Figure 1.1. Representation of oscillations in cell size and biomass composition during
light/dark cycles. Blue circles inside the cells represent starch.

1.2 Starch in microalgae

Many microalgae rely on starch under nitrogen replete conditions and LD cycles. When
looking through the diurnal cycle (Figure 1.1), starch is accumulated during the light
period, reaching the maximum content before the dark period starts, and it is
consumed during the dark period to provide carbon precursors and energy for different

metabolic processes (such as cell division).

In microalgae, other storage compounds besides starch can be used to store the
captured light energy as chemical energy. An overview of the preferred storage

compound for different microalgae is shown in Table 1.1.
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Introduction and thesis outline

Table 1.1. Overview of preferred storage compound for different microalgae.

Microalgae Nitrogen replete Str.e :ss Reference
conditions

Tetradesmus obliquus Starch Starch and TAG Remmers et al. (2017)

. Ledn-Saiki et al. (2017),
T. obliquus sIm1 - TAG Remmers et al. (2017)
Neochloris Breuer et al. (2012),

Starch Starch and TAG de Winter et al. (2013;
oleoabundans
2014)
Nannochloropsis . Fabregas et al. (2002),
gaditana Lipids and CHO TAG Simionato et al.(2013)
Nannochloropsis TAG and CHO - Meng et al. (2015)'. Poliner
oceanica (laminarin) Lipids et al. (2015), Banerjee et al.
(2017)
Chlamydomonas Li et al. (2010a),
reinhardtii Starch Starch and TAG Willamme et al. (2015)
C. reinhardtii BAFJ5 - TAG Li et al. (2010a)
Phaeodactylum Lipids and water Breuer et al. (2012),
. soluble glucans TAG

tricornutum Chauton et al. (2013)

(chrysolaminarin)
Isochrysis sp. CHO a“npcildnseutral CHO a“npcildr;eutral Lacour et al. (2012)

Branyikovd et al. (2011),

Chlorella vulgaris Starch Starch and TAG Breuer et al. (2012)

TAG: triacylglycerides; CHO: Carbohydrates.

Overall, the role of starch in microalgae has not been explored as much as in plants
(Smith and Stitt, 2007; Sulpice et al., 2009). In microalgae, starch is often considered
as an unwanted product competing for carbon and energy with TAG (de Jaeger et al.,
2014). As starch and TAG are competing for carbon precursors, a successful strategy to
improve the TAG yield on light during nitrogen starvation is to knock out the ability to

make starch, resulting in starchless mutants (Li et al., 2010a; de Jaeger et al., 2014).

When looking at microalgae starchless mutants, the behaviour is strain dependent. For
example, the starchless mutant BAFJ5 of Chlamydomonas reinhardtii showed reduced
growth compared to its wild-type under continuous light (Li et al., 2010a). In contrast,
Vonlanthen et al. (2015) found no significant difference in growth for the starchless
mutant ST68 of Chlorella sorokiniana compared to the wild-type under continuous
light.

In summary, knocking out of the ability to make starch results in improved TAG vyield

on light during the production phase under nitrogen starvation. However, this knock
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out also results in reduced growth and energy conversion efficiency during the growth
phase (nitrogen replete conditions), counteracting the gain in TAG productivity during
the production phase. Therefore, a better understanding on the role of starch in
oleaginous microalgae and how their metabolism is organized around LD cycles could
provide information on how to improve the TAG yield on light without the drawbacks

in energy conversion efficiency observed in starchless mutants.

1.3 Aim and thesis outline

This thesis aims to obtain more insight into the diurnal behaviour of the oleaginous
microalgae Tetradesmus obliquus (Figure 1.2A) and the role of starch in this microalgae
under light/dark (LD) cycles. The potential of this microalga for lipid production has
been previously demonstrated (Mandal and Mallick, 2009; Breuer et al., 2012; Ho et
al.,, 2012; Remmers et al.,, 2017). In addition, de Jaeger et al. (2014) developed a
starchless mutant, s/m1. This starchless mutant cannot produce starch due to a single
nucleotide polymorphism in the small subunit of ADP-glucose pyrophosphorylase, the
committed step of starch biosynthesis (this is the synthesis of ADP-glucose from D-
Glucose-1-phosphate and ATP) (de Jaeger, 2015). This mutant showed an
improvement of 51% in the maximum TAG vyield on light compared to the wild-type
(0.217 g-molph* compared to 0.144 g-molyn? for its wild-type) and a higher maximum
TAG content (0.57 g-gow™ compared to 0.45 g-gow™) in batch cultures under nitrogen

starvation (Breuer et al., 2014).

To study the role of starch, first we compared the overall performance of the wild-type
and the mutant using photobioreactors operated under continuous turbidostat mode
(Figure 1.2B). This experimental set-up allows for a constant photon absorption rate as
the culture was diluted with fresh medium when the light intensity at the rear of the
reactor dropped below the setpoint. After reaching steady-state, the diurnal cycle was
repeated every 24 h and, therefore, we could study the oscillations throughout the

cycle.

We first examined the role of starch under nitrogen replete conditions in Chapter 2.
We looked into the changes in the scheduling of cellular processes in T. obliquus wild-
type and the starchless mutant under both continuous light and a 16:8 h light/dark (LD)

cycle, especially in the trends in growth rate and timing of cell division. Furthermore,
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we analysed the changes in biomass composition in intervals of 1 h for the 16:8 h LD
cycle and of 3 h for continuous light. Thus we showed the benefit of the ability to make
starch under LD cycles and the impact on growth and cell division when starch

synthesis is blocked.

Figure 1.2. Microscopic photograph of Tetradesmus obliquus wild-type (A). The scale
bar indicates 100 um. Photograph of the flat panel photobioreactor used in this
thesis for cultivation (B).

Then in Chapter 3 we looked into the regulation of cellular processes. We studied the
diurnal changes in transcriptome of T. obliquus wild-type and starchless mutant sim1
under 16:8 h LD cycles. The annotation for the earlier sequenced genome (Carreres et
al.,, 2017) was done and we looked into the diurnal effects in gene expression in
intervals of 1 h for the wild-type. For the sim1 mutant, gene expression was studied in

intervals of 3 h and compared to the wild-type as a reference.

When thinking about microalgae outdoor production, variations in the length of the
day and night periods will occur naturally. As this might impact he biomass productivity
and biomass yield on light, in Chapter 4 we looked into the effect of three different LD
cycles (12:12 h, 14:10 h, and 16:8 h LD) on T. obliquus wild-type and starchless mutant

slm1. We looked at growth, timing of cell division, biomass yield on light and energy
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conversion efficiency. This way we could assess the importance of starch for longer

dark periods.

Microalgae are of interest due to their high triacylglycerides (TAG) content, which is
enhanced under stress conditions such as nitrogen limitation/starvation (Hu et al.,
2008). Since large scale TAG production occurs outdoor under natural LD cycles, in
Chapter 5 we looked into the diurnal changes of both T. obliquus wild-type and sim1
under nitrogen limitation. We looked into changes in growth and biomass composition,
as well as the ability of both strains to accumulate and use TAG and starch during the
24 h cycle.

Next, we looked into metabolism in silico by developing a model describing the primary
metabolism of T. obliquus in Chapter 6. This model included 351 reactions and 183
metabolites distributed over 4 compartments: cytosol, chloroplast, mitochondrion,
and extracellular space. The model was completed by experimentally estimating the
energy parameters for biomass formation and maintenance. Finally, the prediction
capacity of the model was evaluated by looking into the biomass, TAG, and starch yield

on light.

In Chapter 7 we discuss the role of starch during the growth and the production phase.
First, the behaviour of oleaginous microalgae under both nitrogen replete and deplete
conditions is discussed. Followed by our conclusions on the drawbacks from the lack
of starch, by looking into the starchless mutant s/m1. Finally, the bottlenecks in
microalgae metabolism are discussed and suggestions are made on how to expand our
knowledge in microalgal metabolism. Altogether, this thesis shows that starch has an
important role in the diurnal behaviour of the microalga Tetradesmus obliquus under

light/dark cycles.
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Chapter 2

The role of starch as transient energy buffer
in synchronized microalgal growth in
etradesmus obliguus

This chapter is published as:

GM Ledn-Saiki*, IM Remmers*, DE Martens, PP Lamers, RH Wijffels, D van der Veen(2017)
The role of starch as transient energy buffer in synchronized microalgal growth in
Acutodesmus obliquus. Algal Research 25, 160-167

* Authors contributed equally



ABSTRACT

20

Photosynthetic organisms have evolved to use light efficiently by scheduling
their cellular processes, such as growth and cell division, at specific times of
the day. During the day, fixated carbon is used for growth and is partially
stored as carbohydrates (e.g. starch). It is commonly assumed that this
accumulated starch is essential for fuelling up cell division at night. To test
this hypothesis, this study investigates growth, cell division, and presence of
a transitory energy storage (TES) in both the wild-type and starchless mutant
strain of Tetradesmus obliquus under light/dark (LD) cycles and nitrogen

replete conditions.

T. obliquus (formerly known as Scenedesmus obliquus) wild-type utilized light
20% more efficiently under LD regimes compared with continuous light.
When exposed to LD regimes, the wild-type scheduled cell division in a 4-hour
period starting 2 h before ‘sunset’. Starch acted as major transitory energy
storage (TES) compound: it was accumulated during the last part of the light
period and was consumed throughout the entire dark period. The sim1
mutant, with a blocked starch synthesis pathway, showed diurnal rhythms in
growth and cell division. However, no other carbohydrates nor
triacylglycerols took over the role of TES compound in sim1. Therefore, in
contrast to what is generally acknowledged, this study shows that neither
starch nor any other major alternative TES is required for synchronized
growth and cell division in T. obliquus. The starchless mutant did show a
reduced growth and cell division rate compared to the wild-type. Starch thus
plays a major role in efficient harnessing of light energy over LD cycles, likely
because the ability to accumulate starch enhances biomass production

capacity and accelerates cell division rate in T. obliquus.



The role of starch as TES in synchronized growth

2.1 Introduction

Diurnal cycles of biological activities are ubiquitous and allow many organisms to
anticipate and adapt to changing environmental conditions (McClung, 2006; Farré,
2012; Goldbeter et al., 2012; de Winter et al., 2013). In plants, it has previously been
reported that numerous endogenous and environmental factors can regulate cell
growth, with the light period being the major agent for entrainment of the diurnal cycle
(Bishop and Senger, 1971; Graf et al.,, 2010; de Winter et al., 2013). Nowadays,
microalgae receive attention as promising sustainable sources for both commodity
products (e.g. biofuels and proteins) and high value compounds (e.g. polyunsaturated
fatty acids and pigments). Although some microalgae-derived high-value products are
already commercially available, large scale production is hampered by high costs of
production and downstream processing (Pulz and Gross, 2004; Spolaore et al., 2006;
Wijffels and Barbosa, 2010; Ruiz et al., 2016). One key bottleneck in reducing these
costs is to improve biomass growth and yield (Wijffels and Barbosa, 2010). In both
terrestrial plants and microalgae, it has been shown that growth is influenced by the
presence of a diurnal energy storage system like starch, and that a lack of such system
often results in reduced growth rates (Caspar et al., 1985; Stitt and Zeeman, 2012).
Therefore, a thorough understanding of the role of storage metabolites under diurnal,
outdoor conditions might contribute to commercialization of large-scale microalgal

production systems (de Winter, 2015).

In most photosynthetic organisms, carbon is fixated in storage compounds (e.g.
carbohydrates or lipids) during the light period which are subsequently consumed
during the dark period to support different nocturnal metabolic processes (Nikaido and
Johnson, 2000; Fabregas et al., 2002; de Winter et al., 2013; Michels et al., 2014;
Edmundson and Huesemann, 2015). Specifically for microalgae, some strains use
starch as the primary storage metabolite (Klein, 1987; Ballin et al., 1988; Branyikova et
al.,, 2011; de Winter et al., 2014; Vitova et al., 2015), while others use non-starch
carbohydrates (e.g. chrysolaminarin) or lipids (Lacour et al., 2012; Chauton et al., 2013;
Poliner et al., 2015). The presence of such transitory energy storage (TES) compounds
allows efficient use of sunlight under diurnal light/dark (LD) conditions, as was shown
for Neochloris oleoabundans (de Winter et al., 2013). The role of TES compounds and

the regulation of the cell cycle have been studied extensively (Wanka et al., 1970;
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Schulze et al., 1991; Sulpice et al., 2009; Garz et al., 2012; BiSova and Zachleder, 2014;
Vitova et al., 2015). Many studies imply that the energy required for synchronized cell
division at night is supplied by TES compounds. However, the mechanisms for carbon
partitioning with regard to TES remain poorly understood (Klein, 1987; Li et al., 2011,
Merchant et al., 2012; BiSova and Zachleder, 2014; Jia et al., 2015; Ma et al., 2016).

In recent years, many microalgal strains have been suggested as promising candidates
for the production of food, fuel, or chemicals (Rosenberg et al., 2008; Rodolfi et al.,
2009; Mata et al.,, 2010; Wijffels and Barbosa, 2010). Among them, Tetradesmus
obliquus (formerly known as Scenedesmus obliquus and Acutodesmus obliquus
(Krienitz and Bock, 2012)) is considered as an industrially relevant strain for food and
fuel production (Breuer et al., 2012). To further improve triacylglycerols (TAG)
productivity in T. obliquus, a starchless mutant was created using random mutagenesis
(de Jaeger et al., 2014). This mutant showed a 51% higher TAG yield on light compared
to the wild-type (0.144 +0.004 in the wild-type to 0.217 +0.011 grac'molpn? in the
starchless mutant) under batch wise nitrogen starvation, while maintaining its
photosynthetic efficiency (Breuer et al., 2014), showing the potential of blocking the
starch pathway for TAG production. This starchless mutant shows potential for large
scale food and biofuel production. Similar mutations have been generated in other
microalgal strains and have been studied intensively for biomass productivity, lipid
content, carbon partitioning and photosynthetic efficiency (Ramazanov and
Ramazanov, 2006; Siaut et al., 2007; Wang et al., 2009; Li et al., 2010a; Work et al.,
2010; Vonlanthen et al., 2015; Sirikhachornkit et al., 2016). However, the impact of
starch deficiency on synchronized growth and cell division in microalgae remains

unknown.

This study aims to understand the role of starch in synchronized growth and cell
division in T. obliquus wild-type under nitrogen replete and different diurnal light
conditions (continuous and day/night). A starchless mutant of T. obliquus was used to
explore the consequences of the absence of starch and if there are other compounds,
such as TAG, that can serve as alternative TES under diurnal LD cycles and nitrogen

replete conditions.
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2.2.Materials and Methods

2.2.1 Strains, pre-culture conditions and cultivation medium

Wild-type Tetradesmus obliquus UTEX 393 was obtained from the Culture Collection of
12 and Scenedesmus obliquus (Krienitz and Bock, 2012). The starchless mutant of
T. obliquus (sIm1) was generated as described by de Jaeger et al. (2014). Liquid cultures
were maintained in a culture chamber with shaker (25 °C, 100 rpm, air in headspace,
continuous illumination at 30-40 pmol-m2-s?) in 250 mL Erlenmeyer flasks containing
100 mL of filter sterilized (pore size 0.2 um) defined medium, as described in (Breuer
et al., 2013b). Prior to the start of the experiments, cultures were placed in a shake
incubator operating at 23 °C with a light intensity of 180 umol-m2s?, a 16:8h
(light/dark, LD) block cycle and a headspace enriched with 2.5% CO, to reach the

desired inoculation cell density.

2.2.2 Reactor set-up and experimental conditions

T. obliquus was continuously cultivated in an aseptic flat panel airlift-loop reactor with
a 1.7 L working volume and a 0.02 m light path (Labfors 5 Lux, Infors HT, Switzerland).
Cultures were continuously sparged with air containing 2% CO> at 1 L:‘min™l. The
temperature was controlled at 27.5 °C and the pH was maintained at 7.0 £ 0.1 by
automatic supply of 5% v/v H,S0a. Several drops of a sterile 1% v/v solution of antifoam
(Antifoam B, Baker, The Netherlands) were manually added to the culture when foam
was observed (0-1 mL-day™). The reactors were illuminated by 260 LED lamps with a
warm white spectrum (450-620 nm) spread evenly on the reactor’s culture side. A
black cover was placed on the back of the reactor to ensure that environmental light
could not enter the reactor. Before inoculation, the incident photon flux density was
calibrated and set at 500 umol-m2-sL. Light was provided either in continuous mode
orina16:8 h LD block cycle. After inoculation, the light intensity at the back side of the
culture was continuously measured by a light meter (LI-250, Licor, USA). All cultivations
were turbidostat controlled, which ensured automatic dilution of the culture with fresh
medium when the light intensity at the back of the reactor dropped below the setpoint

(10 umol-m2-s). During all cultivations, cultures were exposed to light limitation only

23



Chapter 2

and nitrogen was continuously measured to ensure that there was no nitrogen

limitation.

The reactor was inoculated to an optical density (OD7so) of 0.1. Duplicate independent
experiments were run to check reproducibility. Systems were operated in batch mode
until the light at the back of the reactor reached the setpoint. At this moment, the
turbidostat control was started and the system was allowed to reach steady state.
Cultures exposed to diurnal light conditions showed identical repetitive 24 h
oscillations in dilution rate. Therefore, steady state was defined as a constant biomass
concentration and dilution rate for a period of at least 3 residence times. The overflow
was collected on ice for 24 h periods and used to determine the 24 h average dilution

rate (Daan in day) and biomass composition according to de Winter et al. (2017a).

The total amount of light absorbed is kept constant by the turbidostat control. This
means that changes in biomass concentration in the reactor are possible when light
absorbing and scattering properties of the biomass change (e.g. due to cell division or
changes in pigmentation) over short time intervals. Therefore, growth rate does not
equal the dilution rate over small time intervals (D in h'!) during the day. The time-
specific cell division rate (W:in h) can be calculated using a balance for cell counts (Ceelis
in number of cells‘mL™) over short time intervals (< 15min), as shown in Equation 2.1:

ac
;;zlls = —D; " Coous + Wt * Cootts (Eqg. 2.1)

Sampling was done every hour for the experiments with a LD cycle. For all the other
experiments, sampling was done every 3 h. Liquid samples were freshly taken from the
reactor and either immediately used for wet analysis or centrifuged for 5 min at
1200 x g for biochemical analysis. For biochemical analysis, the resulting pellet was
transferred to bead beating tubes (Lysing Matrix E; MP Biomedicals Europe) or glass
tubes (for total carbohydrates analysis), freeze dried overnight and stored at -20 °C

until further analysis.
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2.2.3 Wet biomass analysis: Biomass concentration

Optical density was measured at 750 nm (OD7so). The dry weight (DW) concentration
was determined by filtrating a known volume of culture broth over pre-weighted glass
fibre filters (Whatman™, GE Healthcare, UK) and measuring the weight increase of the

filters after drying, as described by Kliphuis et al. (2012).

2.2.4 Biochemical analysis

Total carbohydrate and starch content

Total carbohydrates were extracted and quantified according to Dubois et al (DuBois
et al., 1956) and Herbert et al. (1971). A phenol-sulphuric acid solution was added to
5-10 mg freeze dried algae. The absorbance was measured at 483 nm using glucose
monohydrate as standard. Samples were analysed in duplicate. Starch content was
determined using a total starch kit (Megazyme, Ireland) with modifications as
described by de Jaeger et al. (2014) with the difference that 5 mg of freeze dried
biomass was used for the analysis. A known amount of starch was analysed as positive
control and glucose monohydrate was used as standard on each assay. Starch
productivity was calculated using a balance for starch over short time intervals

(Equation 2.2). With the change over one or three hours intervals in starch content

g i i ..
( St‘zmh)r dilution rate (D), starch content (Cstarcnt) and the starch productivity (rstarch,t):
s;tzrc = —=D¢ * Cstarcht + Tstarcht (Eg. 2.2)

Iool I .

Triacylglycerol (TAG) content, total fatty acid (TFA) content, and fatty acid composition
were determined as described by Breuer et al. (2013a) with the following
modifications. Lipids were extracted from 5 mg of lyophilized biomass in the presence
of a chloroform:methanol (1:1.25v/v) solution containing 180 pg-mL?! glyceryl
trinonadecanoate (T4632; Sigma-Aldrich) and 300 pg-mL? 1,2-dipentadecanoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (840446, Avanti Polar Lipids Inc.) as

internal standards. Chloroform and methanol were evaporated and the lipid extract
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was dissolved in 1 mL hexane:diethylether (7:1 v/v). The lipid extract was separated in
neutral and polar lipids using a Sep-Pak Vac silica cartridge (6 cc, 1 g; Waters). Silica
cartridges were prewashed with 10 mL of hexane before loading the sample onto the
column. The neutral lipid fraction, which contains TAG, was eluted with 10 mL of
hexane:diethylether (7:1v/v). The polar lipid fraction, which contains mainly
membrane lipids, was eluted with 10 mL of methanol:acetone:hexane (2:2:1 v/v/v).
Both extracts were separately methylated and quantified using gas chromatography
(GC-FID) as described by Breuer et al. (2013a). The TFA profile and content were

calculated as the sum of each individual fatty acid in the neutral and polar lipid fraction.

Protein

The total protein concentration was determined using the colorimetric assay (Bio-Rad
DC protein assay) as described by Postma et al. (2015) with the difference that 10-

15 mg of freeze dried biomass was used for analysis.

2.2.5 Cell number, diameter and division rate

T. obliquus is characterized by the formation of coenobia (BiSovd and Zachleder, 2014).
Cells were separated, but not disintegrated, by sonication for 30 s at 30% amplitude
using a probe sonicator (Sonics vibra-cell, USA). Single cell presence was verified under
the microscope. Cell number and diameter were determined using a Beckman Coulter
Multisizer 3 (Beckman Coulter Inc., USA). The sonicated culture was diluted 200 times
in Isoton® Il diluent solution. Duplicate manual cell counts were done using a Neubauer
improved counting chamber (DHC-NO1, C-Chip, INCYTO, Republic of Korea).

2.26 Biomass yield on light

Biomass yield on light (Yxph in gow-molpn™) was calculated using the daily dilution rate
(Daan in day?), the biomass concentration in the overflow (Cx24n in g-L?) and the

volumetric photon supply rate (rph in molph-L-day™®) using Equation 2.3:

Yiepn = 20X (Eq. 2.3)
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2.2.7 Reproducibility and statistical analysis

Biological replicate (n=2) cultivations were run to check reproducibility under all
experimental conditions. Unless stated differently, biochemical analysis was
performed with technical duplicates (n=2). Student’s T-test with a significance level of

p<0.05 was used to support the results and conclusions in this study.

2.3 Results and discussion

23.1 T. obliguus wild-type shows synchronized growth under LD
conditions

To investigate the role of starch as transitory energy storage (TES) mechanism in
synchronized cell division in microalgae, we first characterized the growth of
T. obliquus wild-type under 16h:8 h light/dark (LD) cycles. Duplicate reactors were
subjected to LD cycles at an incident light intensity of 500 pmol-m2-s*. All cultures
were maintained at a fixed level of absorbed light in turbidostat-operated reactors, as
the outgoing light intensity was measured and controlled at a predetermined setpoint
(10 pmol-m2-s1). During the light period, constant turbidity was maintained by

automatically adding fresh media.

In steady state, the average biomass concentration over 24 hours is constant and the
daily dilution rate is equal to the average specific growth rate over a repetitive 24 h LD
period. T. obliquus wild-type exhibited an average dilution rate (Daan) of 1.1240.01
day™.

The time specific dilution rate fluctuates clearly in a cyclic pattern (Figure 2.1A), when
calculated over 15 min time intervals. The rate initially increases and reaches a
maximum of 0.11 h'! after 5 h of light. Thereafter it decreases to 0 when the dark
period starts (16 h after ‘sunrise’). This fluctuating dilution rate pattern repeats itself
every 24 h, indicating a synchronization to LD cycles. The cyclic pattern in dilution rate
is due to variations in growth rate and light absorption (e.g. pigmentation or scattering
due to alterations in biomass composition) (de Winter et al., 2014). The biomass
concentration remained constant at 1.25+0.25 g-L"* (Figure 2.1B) and, therefore,

biomass productivity is proportional to the dilution rate.
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Figure 2.1. Daily variation in (A) dilution rate, (B) biomass concentration, (C) cell
number, (D) cell division rate, (E) starch content, (F) starch productivity, (G)
triacylglycerols (TAG, squares) and non-starch carbohydrates (NSC, triangles)
content, and (H) TAG (circles) and NSC (diamonds) productivity for Tetradesmus
obliguus wild-type under light/dark cycles. Open and closed symbols represent
independent duplicate cultures. The x axis shows hours after ‘sunrise’. Shaded areas
indicate the dark period. Error bars show the standard deviation on technical
variability (n=2). Error bars for starch, TAG and NSC are not shown because they
were smaller than 3% compared to the average value.
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To explain the change in dilution pattern, we studied the changes in cell number and
diameter throughout the diurnal cycle. During each cycle, the cell number doubled
from 28.4+0.4 million cells-mL* to 61+2.8 million cells:mL™? (Figure 2.1C) during the last
2 h of light (14 h after ‘sunrise’) and the first 2 h of dark (16-17 hours after ‘sunrise’).
Total cell number remained stable afterwards until the end of the dark period. When
the dark period was over, the culture was diluted and cells were washed out of the

reactor during the first 12 h of light (Figure 2.1C).

By calculating the cell division rate (Figure 2.1D) based on dilution rates and cell
numbers, we observed that the cell division rate increased sharply 2 h before the start
of the dark period (14 h after ‘sunrise’) and decreased to zero approximately 2 h after
the dark period started (18 h after ‘sunrise’). In accordance with this, the cell diameter
increased during the light period (from 3 to 14 hours after ‘sunrise’) and thereafter
decreased (from 4.2 to 3.3 um) due to cell division (Supplementary Figure S2.1). These
results show that LD cycles result in synchronization of cell division in T. obliquus wild-
type. Similar results have been described previously (Bongers, 1958; Senger, 1970).
Bongers (1958) also found increasing cell volume during a 14 h light period with a
simultaneous decrease in cell number for continuous cultures. When the dark period
started, mature cells divided within 2 h into new cells and the cell diameter decreased

to the original value.

2.3.2 Biomass composition of 7. obliquus wild-type fluctuates throughout
diurnal light/dark cycles

In order to further study the role of transitory energy storage (TES) compounds on
synchronized cell division, we examined the diurnal changes in biomass composition in
1 hintervals. When T. obliquus was grown under diurnal LD cycles, it was observed that
starch metabolism was tightly synchronized to LD cycles (Figure 2.1E). Starch was
accumulated during the second half of the light period and consumed throughout the
entire dark period. Starch started accumulating 7 hours after ‘sunrise’, simultaneously
with a decrease in biomass productivity, and reached its maximum content of
0.20 g-gow* at the end of the light period. In the last hours of light, the change in
biomass productivity was solely caused by starch accumulation. Therefore, the

biomass productivity was equal to the starch productivity. Overnight losses in biomass
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and starch are similar (Supplementary Table S2.2). This supports the hypothesis that
starch is respired overnight, as also observed in other diurnal studies on
photosynthetic organisms (Blanken et al., 2017). Interestingly, although starch is
consumed throughout the entire dark period, complete degradation was only

observed 3 h after ‘sunrise’.

Based on the diurnal accumulation and consumption, starch seems to act as the TES
compound in T. obliquus wild-type. Previous work suggested that other storage
metabolites such as triacylglycerols (TAG) or non-starch carbohydrates (NSC) could also
act as TES (de Winter et al., 2014; Jia et al., 2015). However, these metabolite
concentrations remained stable throughout the LD cycle (Figure 2.1G). The NSC
fraction, which is defined as the total carbohydrate content minus the starch content,
was stable at approximately 0.20 g-gow ™. In addition, the TAG content was lower than
0.01 g-gow* and did not change throughout the diurnal cycle. As a consequence, both
the NSC and TAG productivity followed the diurnal trend of biomass production rate
(Figure 2.1H). This observation suggests that starch acts as the sole TES compound,
while the rate of NSC and TAG only fluctuates as a result of the production of functional
biomass. We conclude that solely starch is used as the TES compound in T. obliquus

wild-type.

2.3.3 Continuous illumination abolishes synchronized growth in
T. obliquus wild-type

To further study the impact of LD cycles on cell physiology, we also cultivated
T. obliquus wild-type under continuous light conditions. Here, as with the LD cycles,
the biomass concentration remained stable due to turbidostat control (Supplementary
Figure S2.2A). In contrast to the cultures exposed to LD cycles, no cyclic diurnal
behaviour was observed in the cultures adapted to continuous light. All measured
parameters were constant over time: total carbohydrates 0.33 g gow™?, proteins 0.47 g
gowl, TAG 0.002 g gowand a dilution rate of 1.54+0.03 day. In addition, no apparent
fluctuations in the biomass productivity and composition (protein, total carbohydrates,
and TAG content) were observed (Figure S2.2E and G). This indicates that T. obliquus
does not synchronize its cell division under constant light conditions. Similar

observations have been reported in terrestrial plants, where transcripts involved in
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starch metabolism were tightly light regulated; when plants were placed in dark
conditions the oscillations diminished almost immediately (Smith, 2004; Lu, 2005). In
addition, no growth rhythms were found in maize (Zea mays), rice (Oryza sativa) (Poiré
et al., 2010), and the microalga Neochloris oleoabundans (de Winter et al., 2013) when

grown under constant light conditions.

234 The starchless mutant 7. obliquus sim1 shows synchronized growth

Itis often hypothesized that starch accumulation in plants acts as overflow metabolism
during the light period and as a transitory carbon storage to fuel physiological
processes (such as scheduled cell division) during the dark period (Caspar et al., 1985;
Weise et al., 2011; de Winter et al., 2013; Webb and Satake, 2015). In T. obliquus wild-
type, we showed that starch acts as the sole transitory energy storage (TES) molecule
under nitrogen replete conditions (Figure 2.1E and G). The starch and TAG biosynthesis
pathways are competing for carbon precursors (Fan et al., 2012). Thus, it was
hypothesized that when the pathway to starch synthesis is blocked, the carbon and
energy flux was automatically redirected towards TAG. As TAG could also be used as
diurnal TES compound in other microalgae (Poliner et al., 2015), we hypothesized that
these starchless mutants could potentially use TAG as the TES compound. To test this
hypothesis, we examined growth characteristics of T. obliquus starchless mutant sim1
(de Jaeger et al., 2014) under continuous light and diurnal light/dark (LD) cycles. SIm1
is not capable of producing starch due to a mutation in the small subunit of ADP-
glucose pyrophosphorylase (de Jaeger, 2015), a regulatory enzyme responsible for the
first committed step in starch biosynthesis (i.e. synthesis of ADP-Glucose from ATP and

D-Glucose-1-phosphate).

When sim1 was subjected to a 16:8 h LD cycle, an average dilution rate of
0.90+0.01 day? was found. Dilution rate patterns of s/Iml1 were similar to those
observed for the wild-type (Figure 2.2A) but absolute values were approximately 20%
lower. As for the wild-type, biomass concentration remained constant over a 24 h cycle
(Figure 2.2B); therefore, biomass productivity is proportional to the dilution rate. Also
here, the biomass productivity of the siIm1 was approximately 20% lower compared to

the wild-type under LD cycles.
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Figure 2.2. Daily variation in (A) dilution rate, (B) biomass concentration, (C) cell
number, (D) cell division rate, (E) carbohydrates (CHO, diamonds) and triacylglycerols
(TAG, circle) content (E), and (F) CHO (diamond) and TAG (circle) productivity for
T. obliguus slm1 under light/dark cycles. Open and closed symbols represent
independent duplicate cultures. The x axis indices hours after ‘sunrise’. Shaded
areas indicate the night period for the LD cultures. Error bars show the standard
deviation of technical replicates (n=2).
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As for the wild-type, the sim1 was also grown under continuous light. However, under
continuous light the dilution rate was even lower for sim1 when compared to the wild-
type (1.03+0.06 day* for sim1 compared with 1.50+0.10 day® for the wild-type,
Supplementary Figure S2.2D). Similar reduced growth rates were also observed for

starchless mutants of Chlamydomonas reinhardtii (Li et al., 2010b).

To obtain insight into the scheduling of cell division and possible interaction with an
alternative TES, we also studied cell diameter and division rate throughout a 24 h LD
cycle (with 16 h of light, followed by 8 h of darkness). As shown in Figure 2.2C and D,
T. obliquus sIm1 shows cyclic behaviour in cell division rate and cell diameter (data
available in Figure S2.1) throughout the LD cycle. During each cycle, cell number
doubled from 22.0%0.7 million cells-mL? to 41.4+0.5 million cells-mL? (Figure 2.2C).
Cell division started 2 h before the dark period (14 h after ‘sunrise’) as for the wild-
type. However, while for the wild-type cell division was confined to a 4-hour period,
the mutant continued cell division until the end of the dark period. Subsequently cell
division stopped and the cell number decreased during the light period due to dilution
of the culture. In accordance with this, average cell diameter increased from 3.8 to
5.1 um during the light period (Supplementary Figure S2.1) and decreased due to cell
division afterwards (from 14 h after ‘sunrise’). Interestingly, the mutant s/m1 and the
wild-type show different subpopulation patterns in cell diameter. The wild-type shows
three subpopulations, while the mutant is more uniform. We do not know the cause
for this. However, it can be seen that in the case of the wild-type all three
subpopulations increase in size during the day and decrease in size due to division in
the night (Supplementary Figure S2.1). Based on our results, we can conclude that
starch is not necessary for synchronized cell division. However, presence of starch
seems to enhance the rate of cell division and seems to confine it to a shorter time

period.

Many studies speculate on the need of a TES compound to support cell division and
maintenance during the night. To determine if other energy dense molecules (TAG or
non-starch carbohydrates) could act as TES, we also analysed the biomass composition
with intervals of 1 h. TAG content remained below the detection limit (Figure 2.2E).
Although the non-starch carbohydrate content was slightly higher in the starchless
mutant (22% versus 27% for the wild-type and starchless mutant, respectively), there

was no diurnal pattern observed under either LD cycles or continuous light (Figure 2.2E
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and Supplementary Figure S2.2F). Therefore, in contrast to our expectations, these
findings indicate that neither TAG nor any alternative carbohydrates (Figure 2.2E) are

used in sIm1 to replace starch as TES agent.

235 A starch knockdown reduces energy conversion efficiency

During photosynthesis, light energy is converted into chemical energy. This energy is
subsequently used to produce biomass. Under LD cycles, the presence of a TES, such
as starch, can improve the light-to-biomass conversion efficiency during nitrogen
replete growth (Klein, 1987; Lacour et al., 2012; de Winter et al., 2013; Vitova et al.,
2015). To elaborate on this, we calculated the biomass yield on light (Eq. 2.3).
T. obliquus wild-type uses light more efficiently under LD cycles compared to
continuous light (Figure 2.3), as it produces approximately 20% more biomass per mole
photon absorbed when grown under LD cycles (0.98+0.00 g-molynt for continuous light
compared to 1.18+0.03 g-molyn! for LD cycles). In contrast, the sim1 showed similar
biomass yields on light for both continuous and LD conditions (0.72+0.04 g:molpn™* for
continuous light compared to 0.80%0.04 g-molgn? for LD cycles). As the biomass
composition was different for the two strains under the different light regimes, we
corrected for the actual energy harnessed in the biomass (Supplementary File S2.1).
Similar trends as for biomass yield on light were found for the energy conversion
efficiencies under the different light regimes (Supplementary Table S2.1). We can
therefore conclude that T. obliquus wild-type is able to retain more of the supplied
energy in biomass under LD cycles compared to continuous light conditions and less

energy is dissipated.

The benefit observed for the wild-type under LD cycles as compared to continuous light
is lost for the starchless mutant si/m1. We thus conclude that starch plays a role in
efficient harnessing of light energy. Possibly, this is because the accumulation of starch
allows the algae to fixate extra light energy during the day. In addition, starch could
supply energy and carbon and electrons for processes at night that prepare the algae
for efficient light harvesting, or reduce photo damage, at the start of the day. This
statement is supported by the increased dilution rate of the wild-type immediately

after switching on the light (Figure 2.1A).

Also, when comparing the two strains, we showed that the starchless mutant has
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reduced energy conversion efficiencies under both continuous and LD conditions
compared to the wild-type (Supplementary Table S2.1) under nitrogen replete
conditions. Interestingly, under nitrogen starvation and continuous light, Breuer et al.
(2014) observed that the mutant sim1 has a similar energy conversion efficiency
compared with the wild-type. Nitrogen starvation is often concomitant with arrest of
cell growth. Apparently the capability to accumulate starch only gives an advantage
with respect to energy efficiency in growing algae. More research is needed to develop
a better understanding in role of starch and the limitations in metabolism under diurnal
LD cycles. Eventually, this knowledge may support new strategies to overcome the

reduced photosynthetic efficiencies in, for example, starchless mutants.

1.5

1.25

Biomass yield on light (g.molwx")

CL LD CL LD
wild-type sim1

Figure 2.3. Biomass yield on light. Values represent averages of at least 3 daily
overflows for two replicate cultivation runs. The error bars show the standard
deviation. CL: continuous light, LD: Light/dark cycles.
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2.4 Conclusions

T. obliquus synchronizes to LD cycles. In this study we found diurnal cyclic behaviour in
growth rate, cell division and starch content for T. obliquus wild-type. Our results show
that starch acts as the only major transitory energy storage (TES) metabolite during LD
cycles for T. obliquus. By accumulating starch during the day and respiring it during the

night, the wild-type maximizes its overall light energy conversion efficiency.

When starch synthesis is blocked, as in the starchless mutant sim1, we also observed
diurnal rhythms in growth and cell division. Storage compounds, however, did not
show diurnal changes. This indicates that none of the measured metabolites (TAG and
carbohydrates) took over the role of starch as a TES compound. Transient storage of
energy is therefore not required for synchronized cell division and growth. The
starchless mutant did show a reduced growth rate compared to the wild-type, as well
as anincreased time necessary to perform cell division. It is therefore possible that the
presence and nightly respiration/degradation of starch enhances the rate of cell

division.

In addition, the lack of a TES resulted in a lower energy conversion efficiency compared
to the wild-type. Therefore, by removing the pathway for starch synthesis, the benefit
of LD cycles in energy conversion efficiency is lost. A deeper insight into the role of

starch in light harnessing efficiency is required to fully benefit from the LD cycles.
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Supplementary Table S2.1. Theoretical energy fixation rate for the wild-type and
sim1 under continuous and LD regimes. Standard deviations (SD) are shown under
average values (average + SD).

Strain Wild-type sim1
Light cycle Continuous light LD cycles Conl'glgr:‘t:ous LD cycles
Dry weight 138 134 142 140 164 153 117 115
concentration
(g-L?) +0.06 +0.05 +0.05 +0.03 +0.10 +0.03 +0.07 +0.08
Dilution rate 1.52 1.49 1.14 1.14 0.97 1.07 0.84 0.84
(day?) +0.08 +0.14 +0.01 +0.02 +0.02 +0.04 +0.02 +0.01
Triacylglycerides 000 000 000 000 002 003 000 001
content
(g-gow) +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
Carbohydrate content 0.25 0.22 0.19 0.19 0.26 0.29 0.21 0.25
(g-gow) +0.03 +0.04 +0.01 +0.01 +0.02 +0.01 +0.02 +0.04
Energy fixation rate 1.30 1.16 1.00 0.98 1.02 1.01 0.58 0.60
(mol photons Lt day™?)
Photon absorption
rate 2.05 1.36 2.05
(mol photons L day™?)
Energy fixation
efficiency 63.35 56.80 73.72 72.34 49.79 49.30 42.63 43.99
(% photons used) +0.01 +0.01 +0.00 +0.01 +0.04 +0.03 +0.00 +0.02
0.2 0.2
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Supplementary Figure S2.3. Diurnal biomass productivity under LD cycles for
Tetradesmus obliquus wild-type (A) and starchless mutant (B). Open and closed
symbols represent duplicate cultures. The x axis shows hours after ‘sunrise’. Shaded
areas indicate the dark period.



Chapter 2

Absorption cross section (mg™)

Absorption cross section (mg™)

0.4

0.3

0.2

0.14

0.4

0.3

O.Zi

0.1

A wild-type
<& <
¢ . $ L, $ . &
T T T T
0 5 10 15 20
Time (hours)
C wild-type

* * 0“

R

2

T T T T
0 5 10 15 20

Time (hours)

Absorption cross section (mg™)

Absorption cross section (mg™)

0.4
B sim1
0.3 4
0.2
[ J o
e, 2823
0.1
0 T T T T
0 5 10 15 20
Time (hours)
0.4
D sim1
0.3
® 0,0
[ J
0.2 3809990 808 ” 0o%0s®s
0.1
0T T T T T
0 5 10 15 20

Time (hours)
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Supplementary Table S2.2. Overnight differences in dry weight and starch
concentration. Standard deviations (SD) are shown under average values (average

+ SD).

Strain Wild-type sim1
Dry weigllit starch Dry weingt
concentration (gL concentration

(g:L?) (gL?)

Sunset 1.43 0.26 1.20
+0.02 +0.03 +0.00

Sunrise 1.24 0.08 1.24
+0.00 +0.01 +0.02

Overnight 0.19 0.19 -0.04
difference +0.02 +0.04 +0.03
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Supplementary File S2.1 - Energy conversion efficiency

The theoretical energy conversion efficiency was calculated from the theoretical
photon requirements for biomass production and the photon consumption rate, as
illustrated by Equation S2.1. Biomass was considered to consist of TAG, starch and
functional biomass. The functional biomass was determined by subtracting the
measured fractions of TAG and starch from the measured total biomass. The photon
requirements for functional biomass, TAG and starch were calculated based on the
24 h average productivity (rrac for TAG productivity, rstarch for starch productivity and
Ffunctional biomass TOr functional biomass productivity in g-L*-day™) and theoretical yields
on photons of these biomass fractions. These theoretical yields were estimated using
flux balance analysis according to (Kliphuis et al., 2012; Breuer et al., 2015a) and were
1.62 g functional biomass'mol photon? (Y™™unctional biomass,ph), 3.24 Estarch-mol
photon™ (Y™ arms pn) and 1.33 grac:mol photon (Y™1ag on). The photon consumption
rate (rph,absorbed in Mol ph-Lt-day™?) was calculated by subtracting the incoming from the

outgoing light intensity.

Theoretical energy conversion ef ficiency

TTag Vstarch Tructional biomass
max — T ymax ynax
TAG,ph starch,ph functional biomass,ph

7"ph,absorbed

Wild-type cultures exposed to LD cycles used 73+1% of the photons supplied to create
biomass, compared with 60+5% when grown under continuous light conditions. In
contrast to the wild-type, the efficiency was lower for the starchless mutant sim1 under
LD cycles compared with continuous light (4311% under LD cycles compared with

50+0.4% under continuous light regime, T-test, p<0.05).
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ABSTRACT

44

Tetradesmus obliquus is a promising oleaginous microalga for the production
of biofuels. Its physiological responses have been studied under light/dark
(LD) cycles, showing that starch is used as temporary energy storage.
However, little is known about the scheduling of cellular processes. In this
work, we looked into the diurnal changes of the transcriptome profile of
T. obliquus adapted to 16:8 h LD cycles grown under turbidostat culture
conditions. First, its genome was annotated resulting in 19,795 genes, which
encode 21,493 transcripts, and further translate into 19,723 protein
sequences. When combining the annotated genome with gene expression
information, we identified 4,686 genes that had a significant change of
expression level during the diurnal LD cycle. Global principal component
analysis of T. obliquus wild-type shows that samples are arranged in a clock-
like pattern. This indicates that gene expression is impacted mainly by two
effects: light availability and time of the day. Six time phases were identified
based on the expression similarities between individual samples. Using a
clustering of genes based on their expression similarity, again 6 clusters
peaking at different times of the day were observed. The time phases
correlated with peaks of expression from the gene clusters. Functional
analysis of the genes in each cluster revealed a clear succession of cellular
events. Additionally, these transcriptional cellular phenotypes link to
biochemical measurements from this alga. Furthermore, we also studied the
impact of the lack of starch on the timing of gene expression using the
T. obliquus starchless mutant sim1. When analyzing the data from sim1,
significant changes in the gene temporal profiles were identified. Most of the
detected differences between strains can be explained by a time shift or by
changes in amplitude of the peaks, with only a few genes displaying a pattern
clearly distinct from their wild-type expression profile. Overall, two main
trends were observed for the sim1: earlier expression of processes shortly
after the light went on followed by a delay of expression of the processes

shortly before the dark period.



Transcriptional responses under LD cycles

3.1 Introduction

Microalgae are a promising source of compounds of interest (lipids, proteins, and
pigments) for production of food, feed, chemicals, and fuels (Wijffels et al., 2010;
Wijffels and Barbosa, 2010; Guarnieri and Pienkos, 2015). Large scale microalgal
production will be primarily done outdoors under natural diurnal light/dark (LD) cycles
(Norsker et al., 2011; Blanken et al., 2013). Diurnal cycles are ubiquitous and
photosynthetic organisms synchronize their metabolic activities to anticipate light
changes in the environment (McClung, 2006; Farré, 2012; de Winter et al., 2013; Ledn-
Saiki et al., 2017). Synchronization in photosynthetic organisms involves the regulation
of photosynthesis to maximize carbon fixation and use of light during the day, and to
schedule light sensitive processes (such as DNA synthesis and cell division) at night
(Nikaido and Johnson, 2000; Suzuki and Johnson, 2001; de Winter et al., 2013).

Tetradesmus obliquus is a microalga recognized as an industrially relevant strain for
food and fuel production (Breuer et al., 2012; Remmers et al., 2017). T. obliquus can
reach a maximum triacylglycerides (TAG) content of 0.45 g-gow* and a maximum TAG
yield on light of 0.14 g-molpn under batch nitrogen starvation and continuous light
conditions (Breuer et al., 2014). For further improvement of TAG vyield on light, de
Jaeger et al. (2014) developed the starchless mutant sim1, which cannot synthesize
starch due to a mutation in the small subunit of ADP-glucose pyrophosphorylase, the
committed step of starch biosynthesis (de Jaeger, 2015). Under the culture conditions
of continuous light and batch nitrogen starvation, the sIm1 mutant showed a higher
maximum TAG vyield on light (0.217 g'molpn?) and maximum TAG content (0.57
g-gowl) compared to the wild-type without a decrease in photosynthetic efficiency
(Breuer et al., 2014).

The physiological behavior of T. obliquus wild-type and starchless mutant (s/m1) has
also been studied under 16:8 h LD cycles in turbidostat controlled systems (Ledn-Saiki
et al.,, 2017; Ledn-Saiki et al., 2018). Under this light regime and nitrogen replete
conditions, T. obliquus showed synchronization and diurnal patterns of its metabolism,
which amongst others, indicated that starch was used as a temporary energy storage.
This is, starch was accumulated during the light period and was used during the dark
period. Cell division was also synchronized and occurred during the night. Notably the

energy conversion efficiency and the yield of biomass on light were higher under LD
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cycles than under continuous light. The starchless mutant sim1 showed a lower energy
conversion efficiency (11 to 24% lower) and biomass yield on light (13 to 39% lower)
compared to the wild-type for different photoperiods (Ledn-Saiki et al., 2018).
Furthermore, for the sim1 mutant, cell division still occurred mainly during the night,
but at a slower rate and no diurnal oscillations in any of the other measured
compounds were found (Ledn-Saiki et al., 2018). Unlike for the wild-type, the diurnal
LD cycles did not provide an advantage for the sim1 mutant compared to continuous
light, as the biomass yield on light as well as the energy conversion efficiency was
similar under both conditions (Ledn-Saiki et al., 2017). This indicates that starch may

play an important role in harvesting additional light energy during LD cycles.

While the biochemical analysis allowed us to draw some useful conclusions, we still
lack information on how its different cellular processes are regulated during the diurnal
cycle and how the synthesis and use of starch is connected to them. Furthermore,
while the inability to make starch had an impact on energy conversion efficiency, it is
not known how timing and regulation of the different processes are affected in sim1.
LD cycles and the subsequent synchronization of the microalgal population makes it of
paramount importance to unravel the timing of cellular and subcellular events.
Understanding the timing at which metabolic changes take place is essential to
understand the phenotype exhibited by the wild-type and mutant strains, and to

optimally design experiments characterizing mutant strains.

Time resolved transcriptome analysis can give useful insights into the timing,
regulation, and order of the different physiological processes in the cell. Furthermore,
it allows the association of the cellular phenotype (gene expression) with the
biochemical measurements. Algal diurnal transcriptional regulation is not well known.
To our knowledge, only a few reports on diurnal oscillations under LD cycles in
microalgae have been published (Fujiwara et al., 2009; Chauton et al., 2013; Poliner et
al., 2015; Zones et al., 2015; Suzuki et al., 2016). Fujiwara et al. (2009) studied
transcriptional changes in the eukaryotic red alga Cyanidioschyzon merolae grown
under 12:12 h LD cycle in intervals of 2 h. Chauton et al. (2013) studied the diurnal
transcriptional changes in the diatom Phaedactylum tricornutum under 16:8 h LD
cycles. The authors studied changes in biochemical composition (carbohydrates and
lipids) in 8 different unequally distributed time points during a period of 26.5 hours (5
points during the light period and 3 during the dark period). Poliner et al. (2015)
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reported on Nannochloropsis oceanica and Zones et al. (2015) on Chlamydomonas
reinhardtii under a 12:12 h LD cycle. For N. oceanica the authors studied growth,
changes in biomass composition (lipids and glucose) and in gene expression in interval
of 3 h. While for C. reinhardtii a more detailed studied was done with intervals of 1 h
during most of the cycle and every 30 min for some time points distributed over the
24 h cycle. Our study, however, is the first one to look into the transcriptional changes
in a diurnal cycle of an oleaginous green alga with a high sampling frequency (intervals
of 1 h). Additionally, this is the first study reporting on time resolved gene expression

in a starchless mutant, which could give insight into the role of starch in microalgae.

To fully characterize the changes induced by LD cycles and the role of starch
metabolism, we analyzed and compared the transcriptional landscape of T. obliquus
wild-type and s/Im1 under diurnal 16:8 h LD cycles. For this, we cultivated both strains
in continuous turbidostat controlled photobioreactors. Samples were taken after
steady-state was reached in which the algae grew synchronized to the LD cycle. For the
wild-type, sampling was done in intervals of 1 h, for high resolution, while for sim1

sampling was done at 3 h intervals.

3.2 Materials and Methods
3.2.1 Experimental set-up and sampling

Wild-type Tetradesmus obliquus UTEX 393 (formerly known as Acutodesmus obliquus
and Scenedesmus obliquus (Krienitz and Bock, 2012)) was obtained from the Culture
Collection of Algae, University of Texas. The starchless mutant of T. obliquus (sim1) was
generated as described by de Jaeger et al. (2014). T. obliquus was continuously
cultivated in a sterile flat panel airlift-loop reactor with a 1.7 L working volume (Labfors
5 Lux, Infors HT, Switzerland). Pre-culture conditions and reactor set-up (27.5 °C, pH
7.0 and gas flow rate of 1L:-min? air enriched with 2% CO) were controlled as
described by Ledn-Saiki et al. (2017). Light was provided in a 16:8 h light/dark (LD) block
at an incident photon flux density of 500 pmol-m2-s™%. Cultivations were turbidostat
controlled, where fresh medium was fed to the cultures when the light intensity at the
rear of the reactor dropped below the setpoint (10 pmol-m%-s1). Feeding of medium
was stopped during the dark period. After steady state was reached, 8 mL samples

were taken for RNA extraction (approximately 10 mgpw). Cells were immediately
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collected by centrifugation (4255 x g, 0 °C for 5 min), supernatant was discarded and
pellets were frozen in liquid nitrogen and stored at -80 °C until further extraction.
Samples were taken in intervals of one hour for the wild-type or every three hours for
the sIm1. Due to restrictions on working hours of the laboratory, the samples were
collected in two successive parts to allow sampling the dark period during the day.
After collecting samples of the first half of the cycle, light settings were shifted and the
culture was then allowed to reach steady state again before collecting samples for the
second half of the cycle. The first and the last samples of each measured half cycle are
overlapping samples to verify that the same steady state was reached. Therefore, four
RNA samples are present at these overlapping time points. Overall 72 samples were

taken for RNA extraction.

3.2.2 RNA isolation and quality control

RNA extraction was performed using the Maxwell® 16 LEV simplyRNA Tissue kit
(Promega). Frozen algae pellet (=200 pL) were submerged in 400 pL of homogenizing
buffer supplemented with 8 uL 1-thioglycerol in a 2 mL Lysing matrix C tube (MP),
prefilled with a mix of glass beads. Samples were disrupted using a FastPrep-24
instrument (MP). After disruption, all liquid was transferred to a LEV RNA Cartridge.
300 pL lysis buffer were added and the rest of the extraction was performed using a
Maxwell MDx AS3000 machine (Promega) following manufacturer’s instructions. RNA
integrity and quantity were assessed with an Experion system (Bio-Rad), and only high
quality samples (RIN value > 7) were selected. Total RNA was sent for whole
transcriptome sequencing to Novogene Bioinformatics Technology Co. Ltd (Hong Kong,
China).

3.2.3 Genome structural annotation

Using the available genome sequence of T. obliquus (Carreres et al., 2017), we
performed an RNA-Seqg-based genome annotation using BRAKER1 (Hoff et al., 2016).
RNA reads from 38 samples of both the wild-type and the s/m1, and one additional
sample from each strain but under nitrogen limited condition (not further discussed
here) were given as additional BRAKER1 input. The annotation information was
processed using our semantic framework pipeline (Koehorst et al., 2018) and the

information was stored according to our integrated ontology (Dam et al., 2017) which
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respects the FAIR Data principles (Wilkinson et al., 2016). The annotation framework
and the ontology were extended with the necessary tools (Trapnell et al., 2010; Dobin

et al,, 2013; Hoff et al., 2016) and ontology terms for the purpose of this analysis.

3.24 Genome functional annotation and pathway mapping

Proteins were annotated to GO terms using InterProScan5 and Argot2, with default
parameters (Falda et al., 2012; Jones et al., 2014). Proteins were annotated to enzyme
commission (EC) number using EnzDP (Nguyen et al., 2015). Results with a complete
EC number and a likelihood-score of at least 0.2 were used for subsequent analysis. To
choose a threshold for the likelihood-score that results in a good trade-off between
true positive and false positives, we visually compared the completeness of KEGG
metabolic maps while avoiding dispersion of each reaction into different expression

clusters.

3.2.5 RNA-seq normalization and expression calculation

Using all the transcripts found from the genome annotation, we aligned the reads from
each sample and calculated the FPKM values using Cufflinks (Trapnell et al., 2010). As
a pre-filter to remove unexpressed genes and false positives from gene annotation, we
selected the transcripts with a coverage of at least 1 and a FPKM of at least 0.1 in at
least 10 of the 113 analyzed samples. These samples include the 72 of this study, and
the rest were taken under LD cycles and under nitrogen limited conditions, but are not
discussed in this manuscript. Additionally, we selected the transcripts having an
expression of at least 10 samples with a value higher or equal to the 0.15 quantile.
Following the advice of maSigPro (Nueda et al., 2014), the FPKM of all samples were
normalized using the scaling normalization method TMM (Robinson and Oshlack,
2010) using the R functions from edgeR package “calcNormFactors” (Robinson et al.,
2010).

3.26 Gene clustering

To identify genes with significant expression profile changes over time, maSigPro was
used with default parameters with a few exceptions (Aijo et al., 2014; Nueda et al.,

2014). The regression model was set to a maximum of 23 degrees, the parameter
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“counts” was set to true, “nvar.correction” was also set to true, the “step method” set
as backward, and R-squared was set to 0.7. The R-squared was chosen based on the
relevance and the balance in the number of enriched pathways identified in each
cluster (see below). To better estimate the number of clusters to group the gene
expression, we evaluated combinations of significance level (Q: 0.005 to 0.05) and R-
squared (0.85 to 0.5). We decided to keep the standard-strict values (Q=0.05, R-
squared=0.7), which would also give a good balance in pathway enrichment and

number of genes in each group.

Hierarchical clustering with agglomerative linkage was performed using the R stats
package (hclust function). Number of clusters from 3 to 25 were evaluated using the R
function “cluster.stats” from package “fpc” (Hennig, 2018). For each set of clusters, the
indexes for average silhouette widths, normalized gamma, two Dunn indexes, average
within average between ratio, and Calinski and Harabasz index were computed for
each cluster separations and each set of clusters were compared one on one with the

Rand index.

3.2.7 Enrichment analyses

Enrichment analyses were performed using the hypergeometric function to model the
probability density using the “phyper” function from the R package stats (R Core Team,
2017). Two types of analysis were performed: pathway and GO term enrichment.
Pathway enrichment required associating annotated Enzyme Commission (EC)
numbers to metabolic maps. We used the online available resource from KEGG
pathway maps (Kanehisa and Goto, 2000; Kanehisa et al., 2016). The KEGG pathways
fitting the following requirements were kept for further analysis: at least 25% of
coverage for the annotated EC numbers in the pathway map, at least 3 EC numbers
annotated, 60% coverage if 3 to 6 EC numbers annotated, and 50% coverage if 6 to 10
EC numbers annotated. For the hypergeometric test we considered the universe size,
N, to be the total number of EC numbers in all pathways in the genome, m is the
number of successes in the universe and is defined as the number of EC numbers in
the corresponding pathway in the genome, k and x are the sample size and the number
of successes in the sample (or considered gene subset) respectively. Similarly, for the
GO enrichment, N is the total number of genes annotated to any GO terms in the

genome, mis defined by the number of genes annotated to the considered GO term in
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the genome, and k and x refer to the considered subset of genes. Multiple test
correction for the GO enrichment was performed using the Benjamini-Hochberg
procedure. To handle the GO information such as ontology, ancestor, and offspring,
we used “GO.db"” database from bioconductor (Carlson et al., 2007). Additionally, to
reduce the number of GO terms and conserve the most specific, only the terms not
having any offspring in the selection were retained. For both enrichment analysis,
results with a p-value lower or equal to 0.05 were considered as significant . We
additionally provide the pathway coverage, and the x and m values to better

understand the reason of each significant enrichment.

3.3 Results

3.3.1 Genome annotation

The genome of T. obliquus UTEX 393, submitted in 2016, is about 100 million base pairs
separated in 1,368 scaffold sequences (Carreres et al., 2017). The BRAKER1 annotation
revealed 19,795 genes, which transcribed 21,493 coding sequences, that translated
into 19,723 unique protein sequences. The difference in the numbers of coding
sequences and unique protein sequences is the result of transcripts with different

sequences but coding for the same protein sequence.

To analyze the changes in transcription over a diurnal cycle of T. obliquus wild-type and
slm1 strains, we sequenced RNA from biological duplicate runs. T. obliquus wild-type
was sampled every hour in duplicate resulting in 52 samples. sim1 was sampled in
intervals of three hours resulting in 20 samples. For both strains, time points 0 h and
13 h were overlapping samples and therefore sequenced in quadruplicate (see
materials and methods for more details). Not all the transcripts were found to be
expressed and filtering was performed to identify genes with very low expression that
were not further considered. From the 19,723 proteins, 16,810 proteins remained after
filtering for subsequent analysis. GO term annotation yielded 13,687 proteins that
matched to 2,394 unique GO terms. EC annotation yielded 3,559 proteins that matched
to 1,315 EC numbers.
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3.3.2 Light/dark cycles induce systemic transcriptional changes
following a circular pattern

4,686 genes were found to have a significant change of expression during the diurnal
cycle. A principal component (PC) analysis for these selected genes is shown in
Figure 3.1A. The PC plot provides a global overview of changes in gene expression over
time. The time point samples form an ordered and circular pattern over the two first
PCs. These two first PCs together explain 87% of the variation in expression. To
demonstrate that this is not a consequence of gene selection, we rendered another PC
analysis considering the whole set of expressed genes (data not shown). Within this
set, the overall pattern is noisier, but the two first components still explain 78% of the
variation in expression. The main changes in gene expression occur along PC1 from 1 h
to about 5 h and back again from 8 h to about 13 h. The second important change
occurs along PC2 from 6 h to 9 h and back again from about 22 h to 0 h. During the
period from 14 h to 22 h there is very little change in gene expression. Overall, genes
associated to light harvesting complex (LHC) were found to be the main contributors
of PC1. The two highest contributing genes to PC2 are glyceraldehyde-3-phosphate
dehydrogenase (GA3PDH) and glucose-6-phosphate isomerase (GPI). LHC genes also
contributed strongly to PC2.

The heatmap representation in Figure 3.1B offers a complementary view of these
multi-dimensional data. It allows the evaluation of differences and similarities in
expression between the time points. Two samples corresponding to time points 13 h
and 15 h are separated in the dendrogram from the neighboring samples and from the
biological duplicate samples. This separation results from the very low correlation in
gene expression of these time points with the other time points that are several hours
apart, whereas for the biological replicates and the surrounding hours the correlation
is high. Three main groups of time points can be identified in the dendrograms in
Figure 3.1B, which we will refer to as time phases |, Il, and Ill. Additionally, each phase
can be subdivided into two sub-phases, a and b, which represent subtler expression
changes. The occurrence of the phases over the 16:8 h LD cycle is shown in Figure 3.1E
for both strains. The phases were named according to their order of appearance from
0 h (“sunrise”) to 23 h. These time phases are also apparent in the PC plots. Similarly,

time phases were also associated to the siIm1 strain based on the PC analysis plots.
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Figure 3.1. Principal Component Analysis (PCA) of gene expression data for
Tetradesmus obliquus wild-type (A) and both wild-type and starchless mutant simz
(C) during 16:8h light/dark cycle. Heatmaps showing similarity of gene expression
data among samples for the wild-type (B) and s/imZ (D) strain. Overview of the time
phases (E). Numbers in (A) represent the time points of the samples, with red for

the wild-type and black for the siml samples. Background colors in both PCA plots
refer to the colors given to the six time sub-phases described in (E), and the dark
shade refers to the approximate dark period. The dark lines merging at the center
of both PCA plots separate the three time phases for the wild-type. Dark vertical
lines across the heatmap in (B) indicate different time phases. The x axis indicates
hours after ‘sunrise’.
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However, for sim1 we noticed a change in phase timing that represents a significant

change of expression occurring one to two hours before each dark-light shift.

3.3.3 Gene expression clusters and time profiles

Cluster profiles

We clustered the 4,686 genes that showed significant changes over time in different
numbers of clusters ranging from 3 to 25. Next we evaluated the cluster separation
using 7 well established indexes to assess similarities within clusters and differences
between clusters (data not shown). Based on this we opt for separating the genes in 6

clusters.

The resulting six cluster profiles were summarized using the median points and are
depicted in Figure 3.2. All these profiles are different, but there are certain similarities
between clusters 1, 2 and 4, and between clusters 3 and 5. Clusters 2 and 1 both show
two peaks of expression throughout the 24 h cycle, with a peak at the end of the light
period and one at the beginning of the dark period. However, cluster 2 shows a time
shift with the two peaks appearing 2 h and 1 h earlier, respectively. Cluster 4 also
shows two peaks, one at the very end of the day and a relatively low one in the night.
Expression of cluster 3 rises continuously from 5 h until the end of the night, and drops
sharply when the light goes on (time 0 h). Cluster 5 is different from cluster 3 because
the continuous rise is interrupted by a small peak and dip at 15 hand 17 h, respectively.
Furthermore, the peak and sharp drop right after light goes on, as well as the start of
the continuous increase, occur 1 hour later. As for cluster 6, the profile displays an early
day expression peaking at 3 h and decreasing fast until 12 h, followed by another slow

increase until beginning of the dark period where it stabilizes.

The temporal profile of each cluster peaks at different moments of the diurnal cycle.
Cluster 5 peaks the earliest, 1 h after light goes on. Cluster 6 peaks at 3 h, cluster 2
peaks around 10 h and shows a smaller secondary peak at 17 h. Cluster 1, with a similar
profile, shows the first peak at 13 h and the second at 18 h. Cluster 4 has a rather
gradual increase of expression and peaks around 14 h followed by a smaller peak at
20 h. Finally, cluster 3 has very gradual expression changes throughout the day, and

shows a peak at 23 h.
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5 10 15 2 H 0 15 2

Figure 3.2. Expression profile of the 6 gene clusters for 7etradesmus obliquus under
16:8 h light/dark cycles. The plots show the median profile of the genes in all
clusters. The name of the cluster is specified in the legend. The colors in the
background of the time points correspond to the colors given to the time phases
in Figure 3.1. The vertical gray dashed line represents the time point of maximum
dilution rate taken from Ledn-Saiki et al. (2017). Shaded area indicates the dark
period.
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To understand the functions of the genes in the clusters, we performed two sets of
complementary enrichment analyses. Metabolic pathway enrichment analysis
provides direct information on gene metabolic functions. The functional annotation
identified genes associated to EC numbers. Mapping these EC numbers to KEGG
pathway maps revealed 67 pathways for which enough genes can be associated to the
corresponding reactions to warrant further analysis, as detailed in Materials and
methods. GO enrichment analyses were performed by considering the three
ontologies: biological process (BP), molecular function (MF) and cellular component
(CC). These analyses provide a wider overview not restricted to metabolism. The

enrichment results are summarized in Table 3.1.

Table 3.1. Pathway enrichment and GO enrichment analysis for the 6 gene
clusters found for T7etradesmus obliquus wilt-type under 16:8 h light/dark cycles.
The three GO ontologies have been used (biological process (BP), molecular
function (MF) and cellular component (CC))

Cluster Pathways GO terms
1 Galactose metabolism BP:
Starch and sucrose metabolism carbohydrate metabolic process
Other glycan degradation
Amino sugar and nucleotide sugar ME:
metabolism hydrolase activity, hydrolyzing O-glycosyl
Metabolism of xenobiotics by compounds
cytochrome P450 microtubule binding
Drug metabolism - cytochrome P450 polysaccharide binding
2 Lysine degradation BP:
Phenylalanine metabolism DNA replication
Glutathione metabolism DNA repair
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N-Glycan biosynthesis

Various types of N-glycan
biosynthesis

Propanoate metabolism

DNA recombination

protein complex assembly

vesicle-mediated transport

cell cycle process

regulation of cellular metabolic process

proteasome-mediated ubiquitin-
dependent protein catabolic process

organelle fission

chromosome organization

regulation of primary metabolic process

carbohydrate derivative biosynthetic
process

single-organism organelle organization

cc:
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Fatty acid degradation

Pyrimidine metabolism

Butanoate metabolism

Folate biosynthesis

Glycolysis / Gluconeogenesis

Glutathione metabolism

Starch and sucrose metabolism

Sphingolipid metabolism

Pyruvate metabolism

Glyoxylate and dicarboxylate
metabolism

Thiamine metabolism

Pantothenate and CoA biosynthesis

Nitrogen metabolism

Metabolism of xenobiotics by
cytochrome P450

Drug metabolism - cytochrome P450

microtubule cytoskeleton
protein complex
cytoskeletal part

ME:

DNA binding

DNA-directed DNA polymerase activity
ATP binding

microtubule binding

transcription factor binding

four-way junction helicase activity
ATPase activity, coupled

BP:
carbohydrate metabolic process
oxidation-reduction process

ME:
oxidoreductase activity, acting on CH-OH
group of donor

Ubiquinone and other terpenoid-
quinone biosynthesis

Purine metabolism

Glycine, serine and threonine
metabolism

Cysteine and methionine
metabolism

Valine, leucine and isoleucine
biosynthesis

Lysine biosynthesis

Arginine and proline metabolism

Riboflavin metabolism

Aminoacyl-tRNA biosynthesis

Glycine, serine and threonine
metabolism

Phenylalanine, tyrosine and
tryptophan biosynthesis

BP:

RNA methylation

tRNA modification

translation

nucleobase-containing small molecule
metabolic process

alpha-amino acid biosynthetic process

CC:
ribosome

ME:

RNA binding

structural constituent of ribosome

GTPase activity

GTP binding

S-adenosylmethionine-dependent
methyltransferase activity

ligase activity, forming carbon-nitrogen
bonds

BP:

tRNA aminoacylation for protein
translation

steroid biosynthetic process

coenzyme metabolic process
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Carbon fixation in photosynthetic porphyrin-containing compound
organisms biosynthetic process
Porphyrin and chlorophyll photosynthesis
metabolism pigment biosynthetic process
Terpenoid backbone biosynthesis oxidation-reduction process
Carotenoid biosynthesis
Aminoacyl-tRNA biosynthesis CcC:
Photosystem
ME:

nucleotide binding

3-beta-hydroxy-delta5-steroid dehydrogenase
activity

aminoacyl-tRNA ligase activity

iron ion binding

calcium ion binding

oxidoreductase activity, acting on a sulfur
group of donors

oxidoreductase activity, acting on paired
donors, with incorporation or reduction of
molecular oxygen

transferase activity, transferring alkyl or aryl
(other than methyl) groups

carbon-carbon lyase activity

hydro-lyase activity

heme binding

precorrin-2 dehydrogenase activity

coenzyme binding

2 iron, 2 sulfur cluster binding

Cluster 5 shows enrichment in pathways related to amino acids, and riboflavin
metabolism. GO terms enrichment is in agreement and contains terms suchs as tRNA
modification, aminoacyl-tRNA biosynthesis, ribosome, alpha-amino acid biosynthetic
process and translation. All these indicate a strong increase in amino acids and protein

synthesis.

Cluster 6, also shows enrichment in genes related to transcription, amino acid and
protein synthesis, but to a lower extent than cluster 5. The carbon fixation pathway is
found enriched in cluster 6, which goes together with enrichment in the pigments and
in starch synthesis. The enrichment in synthesis of pigments, which include carotenoids
and chlorophylls, agrees with enrichment of the synthesis of their precursor (phytyl-
diphosphate) in the terpenoids backbone synthesis pathway. The pigments are needed

for building the photosystems and starting the carbon fixation. The GO terms in
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biological process are in agreement with the pathway enrichments. The GO terms in
molecular function provide extra information on the nature of chemical reactions
performed by these genes. We also found that this cluster contains genes associated
to the LHC that were found to strongly contribute to PC1 and PC2.

Cluster 2 is also enriched with amino acids pathways: lysine degradation and
phenylalanine metabolism. Additionally, the enrichment in N-Glycan biosynthesis and
in various types of N-glycan biosynthesis, together with the enriched GO terms
“protein complex assembly” and “vesicle-mediated transport” indicates important
protein maturation processes leading to complex proteins and some transport of
proteins to membranes. In this cluster, the GO term enrichment displays clear terms
related to cell cycle progression, such as “DNA replication”, “organelle fission”,
“chromosome organization”, “microtubule”, “DNA polymerase activity”. This is a nice
example of valuable information that is obtained from the GO enrichment and that

cannot be obtained from the pathway enrichment.

Cluster 1 is mostly enriched in pathways associated to different kind of carbohydrates
metabolism. The first pathways enriched are galactose metabolism, starch and sucrose
metabolism, other glycan degradation, and amino sugar and nucleotide sugar
metabolism. With the GO terms displaying “polysaccharide binding”, “hydrolase
activity”, and “hydrolyzing O-glycosyl”, we observed the same trend. The GO term for
“microtubule binding” is the only one of this kind in this cluster, but it comes right after
cluster 2 where a lot of cytoskeletal and microtubule terms were found enriched.
Finally, there is enrichment in Cytochrome P450 which hints on repair mechanisms

potentially related to photo-damage.

Cluster 4 shows enrichment in a very diverse set of metabolic pathways, covering
glycolysis, pyruvate metabolism, glutathione metabolism, co-enzyme-A, starch and
other carbohydrates polymers. More importantly, the cluster is also enriched in genes

related to nitrogen metabolism possibly linked to nitrogen assimilation.

Cluster 3 shows enrichment in fatty acids degradation and folate biosynthesis.
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3.3.4 Transcriptional landscape of 7etradesmus obliquus siml1

The previous section described transcriptional adaptations in a 16:8 h LD cycle growth
condition of T. obliquus wild type. In this section we compare changes in gene
expression between the starchless mutant (sim1) and wild-type to understand the
differences resulting from the lack of starch accumulation. An overview of gene
expression data in s/m1 in comparison to the wild-type is shown in Figure 3.1C. The PC
analysis shows very similar regulation over time between both strains. While many
time points display similar expression patterns, there are also clear differences related

to the separation in time phases.

The sim1 time points from phase | seem to have an earlier change in expression in
comparison to the same time points in the wild-type. The overall expression profile
from phase | until 3 h is very similar between the wild-type and s/m1 but with a minor
advance over PC1 for sim1. The sim1 samples at 6 h and 9 h are displaying very similar
expression to the wild-type on the PC1, but distinctly different on the PC2. This change
reflects a significant earlier change of expression of genes that contribute to PC2 and
causes siIm1 samples to be in phase llb. Finally, the processes related to the changes in
phase Ill seems to linger in comparison to the wild-type. This is, the siIm1 time points
at 13 h display similar expression on the PC2, but did not yet reach the expression of
the wild-type in PC1. The samples at 16 h are getting closer to the wild-type, but still
seem to display a small delay in the changes of their expression profiles. As for the wild-
type, the PC analysis considering the whole set of expressed genes displays a very
similar pattern, but even noisier than the PC analysis of selected gene set described

above.

Figure 3.1D shows expected similarities between time points, but the biological
duplicates from 6-9 h and 13-16 h appear more similar than in the wild-type, which
agrees with the PC analysis plot. These similarities reflect the described earlier change
and delay in the associated processes. The relative time phases of sim1 are also shown
in Figure 3.1E. Overall, two main trends are observed: earlier changes in expression of
processes shortly after light and a delay in change of expression of the processes before

the dark period.
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mparison of th n ression dynamics in 7. [ wild-
and siml

Using the regression based approach of maSigPro, we identified genes with differences
in expression between sIm1 and wild-type. Our experimental design included
sequencing samples of the wild-type every hour and of sim1 every three hours.
However, maSigPro is designed to allow uneven distribution of time points. 784 genes
showed no significant differences in their expression profile between both strains,
while 3,902 genes showed significant differences between them. Additionally, 40
genes were found to have a time profile in the mutant, while they did not have a time
profile in the wild-type. This could mean that those genes were too noisy or were not

expressed in the wild-type.

Differen in_time profi

Clustering was done for the gene expression data obtained from the mutant sim1.
Analysis of clustering performance indicators again resulted in 6 clusters. As previously
stated, 784 genes did not show any significant difference in time dynamics between
the two strains, therefore, these genes were used to guide the identification of the
mutant clusters. The cluster assignments of these 784 genes in both strains is shown
in Figure 3.3A. The wild-type genes in clusters 1 and 2 are all found in one sIm1 cluster,
named cluster 1&2. Likewise, the wild-type genes in clusters 3 and 5 are all found in
one sim1 cluster, named cluster 3&5. The wild-type genes in cluster 4 and 6 ended up
in separate sIm1 clusters and consequently kept the same cluster name. Finally two

new clusters became apparent, termed A and B.

Figure 3.3B shows the cluster assignments of the 3,902 genes with significant
differences in their time profiles when comparing the wild-type and the sim1. From the
genes with altered expression (Figure 3.3B), there is a general trend of genes to remain
clustered together. The wild-type genes in cluster 2 are mainly found in the associated
slm1 gene cluster 1&2. Similarly, almost all wild-type genes of cluster 6 are also found
in the associated sIm1 gene cluster 6. The wild-type genes in cluster 4 are distributed
over five sim1 gene clusters, with the majority in the associated siIm1 cluster 4. The

wild-type genes in cluster 3 are distributed over three clusters, with the majority in the
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associated sIm1 cluster 3&5. Interestingly, most of the wild-type genes in cluster 1 end
up in sIm1 cluster B, while a substantially lower amount of genes end up in s/m1 cluster
1&2. Similarly, the genes in wild-type cluster 5 are distributed over sim1 cluster 3&5,

5, and the majority in sim1 cluster A.

2

H-HE 0 - Il
HE-- HfH-- NN

1&2 3&5 4 182 3&5 4

Figure 3.3. Distribution of genes between time profile clusters of 7etradesmus
obliguus wild-type (rows) and starchless mutant s/mZ (columns). (A) 782 genes with
the same time expression profile in siml and wild-type. (B) Genes with significantly
different time profiles in s/mI and wild-type, as identified by maSigPro (3,902 genes).
Background color ranges from blue, white, to red, with red being the highest value
and blue the lowest.

SIm1 cluster profiles are depicted in Figure 3.4, together with the associated wild-type
clusters. Overall, the time profiles of sim1 clusters show strong similarities with the
associated wild-type cluster time profiles. SIm1 clusters A and B are displayed together
with the wild-type clusters 5 and 1, respectively, due to the large number of genes
found in common. The profile of sim1 cluster 1&2 is similar to that of wild-type clusters
1 and 2, but appears shifted and lacks strong peaks (Figure 3.4A). The genes that were
found in wild-type cluster 4 and are now found in s/Im1 cluster 1&2, are thus expressed
earlier in the diurnal cycle for the mutant as compared to the mutant. This could
however be due to the difference in the sampling frequency, that may have resulted
in missing the real peak time. The profile of sim1 cluster 3&5 is also similar to the
profiles of wild-type clusters 3 and 5, as its expression is highest during the night and

first hours of the day (Figure 3.4D), and low during the rest of the day. Expression of
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genes in the sim1 cluster 3&5 does not increases before the dark, and that it does not
decrease before the beginning of the light period. Profiles of sim1 cluster 4 and 6 look
more alike to their corresponding wild-type profiles, but with a visible lower expression
during the light and dark period (Figure 3.4B and E). Notably, a substantial number of
genes of the wild-type cluster 5 end up in sIm1 cluster 6, meaning that they are
probably not expressed during the dark period anymore in siIm1. SIm1 cluster A (Figure
3.4C) is a new cluster with a single peak at 13 h and low expression during the night
and beginning of the day. Most genes from wild-type cluster 5 end up in this new
cluster. To a lesser extent, genes from wild-type cluster 2,3 and 4 were also found in
this cluster. This means that all these genes are no longer expressed in the dark for
sim1. This is probably the most drastic change of expression between the strains. The
time profile of sim1 cluster B (Figure 3.4F) is most similar to wild-type cluster 1, from
which it gets most genes. It is also like wild-type cluster 1 and 4 with a slight shift of
the peaks. Thus the transfer of genes from wild-type clusters 1 and 4 to siIm1 cluster B
reflects an earlier change of expression of these genes. Again, the lower sampling

resolution can affect the outcome in this case.

In summary, we notice that most changes in expression were not associated to
different cluster in the wild-type and sIm1. These genes should be more affected on
their amplitude, and not necessarily on the time regulation. There were also a number
of genes associated to different cluster in the wild-type and sIml. These were
subjected to strong changes in time regulation, which in most cases resulted in a time
shift. Overall, many cases of detected changes could be the consequence of reduced
sampling resolution in sim1. Among the genes with altered time regulation in sim1,

there is a large number of genes not being expressed during the dark anymore.
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sim1#182 |sim1#3gs
WT#1 WTH3
WT#2 WTHS

sim1#4 sim1#6
WT#4 WTH6

simi1#A sim1#B
WT#5 WT#1

Figure 3.4. Expression profiles of clusters obtained from 7etradesmus obliquus slm1
samples and their associated profiles in the wild-type. Wild-type clusters 1 and 2,
sim1 cluster 1&2 (A); wild-type and s/ml cluster 4 (B); wild-type cluster 5 and s/im1
cluster A (C); wild-type clusters 3 and 5, siml cluster 3&5 (D); wild-type and simI
cluster 6 (E); wild-type cluster 1 and s/m cluster B (F). Sim1 clusters were plotted
together with the related wild-type clusters according to the distribution of genes
in Figure 3.3. Background colors refer to the time phases identified in the wild-type
and depicted in Figure 3.1E.
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Functional diff bet lust in T obli ild-t
and siml

As shown in Figure 3.3.B, the genes were transferred in rather large groups from wild-
type clusters to sim1 clusters. Furthermore, the sim1 clusters associated to wild-type
clusters also conserved a majority of genes. As a result, the enrichments remain very
similar and are in agreement with the observed gene transfer shown in the Figure 3.3B.
SIm1 clusters A and B, are similar to wild-type clusters 5 and 1, respectively in terms of
enrichment. SIm1 cluster 1&2 remains enriched for glutathione metabolism and the
pathways related to carbohydrates, but not for the two amino acids pathways (lysine
degradation and phenylalanine metabolism). This cluster also remains enriched in
cellular structure and DNA replication, but without any biological process GO terms.
SIm1 cluster 3&5 remain enriched in fatty acid degradation and several amino acids
metabolisms, but no other fatty-acids related pathways are enriched in this cluster.
Enrichments related to gene expression, amino acids synthesis, and protein translation
activities, seems to have been transferred from wild-type cluster 5 to s/m1 cluster A
(Figure 3.3B). Glutathione metabolism is also found enriched in sIm1 cluster A and
those genes were found in wild-type cluster 4. SIm1 cluster 4 remains enriched in
pathways related to carbohydrate metabolisms but no more in nitrogen metabolism,
which is not enriched in any sim1 cluster. Just like the time profile, the enrichment in
sIm1 cluster 6 is very similar to the one of wild-type. Again, due to the high number of
genes from wild-type cluster 1 and the few from wild-type cluster 4, the enrichment in
sim1 cluster B is comparable to wild-type cluster 1, and retinol appears to be
transferred from wild-type cluster 4. Globally, the enrichments are following the
expectations drawn from the gene transfers described in Figure 3.3B. The enrichments

allow us to track the changes in cellular phenotype.

3.4 Discussion

This study analyzed gene expression dynamics in a 16:8 h light/dark (LD) cycle
synchronized culture of Tetradesmus obliquus wild-type. Hourly sample collection and
RNA sequencing allowed us to observe in detail the changes of gene expression during

a diurnal cycle. A starchless mutant of the same species (s/m1) was also studied. SIm1
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was cultivated in the same conditions, but RNA samples were taken every three hours.
The succession of cellular events were then compared between the wild-type and the
sim1 mutant, allowing us to examine the role and importance of starch as a transient

energy storage compound in this microalga.

3.4.1 The diurnal rhythm of 7. obliquus wild-type is driven by six
transcriptional phases

The overall analysis of the changes in gene expression in both the wild-type and sim1
strain shows a circular pattern in the PC analysis plot. This analysis established two
strong principal components. In the wild-type, changes in expression appeared to
occur sequentially, back and forth along each PC. In the studied process, two main
effects may impact gene expression being light availability and time itself. It is
important to stress here that in our experimental setup, T. obliquus cells are
synchronized to the diurnal LD cycles (Ledn-Saiki et al., 2017). Many organisms
synchronized their metabolism to anticipate the changes in the environment (Mittag,
2001; McClung, 2006; Causton et al., 2015). For photosynthetic microorganisms, this
synchronization provides a benefit as they can capture sunlight efficiently during the
day and perform light sensitive processes at night (Suzuki and Johnson, 2001; de
Winter et al., 2013). In Tetradesmus obliquus synchronization was observed in growth

and cell division, as well as in changes in biomass composition (Ledn-Saiki et al., 2017).

3.4.2 Time phases

The overall expression patterns and the similarities between time point samples in the
wild-type lead to the identification of 3 major and 3 more subtle shifts of expression at
specific time points, which separates the 6 time phases described in Figure 3.1E. These
time phases can also be associated to changes along the two first PC. The differences
between phase | and phases Il and Ill are the most prominent. In the PC plot these
phases are mainly separated along the first PC, that represents 74% of the total

variance of the wild-type data.

The temporal structure represented by the identified time phases is also reflected in

the expression patterns of the gene clusters. The identified clusters in the wild-type
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show distinct peaks of expression following a strict succession. Thus, cluster 5 peaks
during phase la; cluster 6 during lla; cluster 2 during llb, cluster 1 during llla, cluster 4
during Illb, and, finally, cluster 3 during Ib. It should be stressed that the choice of 6
phases and 6 clusters was done in a totally independent way. Thus, the agreement

between both indicates that they are related to each other.

- I ion of cellul tescribed by I

An overview of the changes in the transcriptional landscape and experimental

measurements of the wild-type through the diurnal LD cycle is presented in

Figure 3.5.
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Figure 3.5: Overview of the diurnal changes in the transcriptional landscape and
experimental measurements of 7etradesmus obliquus wild-type under 16:8 h
light/dark cycles. The experimental measurements were taken from Leén-Saiki et al.
(2017). Small and big rectangles indicate that the process is occurring at low or
high level, respectively. Groups of related processes are indicated in the same color.

The median profile of the genes in cluster 5 peaks the first after light. The enrichment
of cluster 5 reflects some preliminary metabolic processes amino acids synthesis and
protein synthesis. At the same time, enrichment in riboflavin metabolism indicates that

the cellular respiration is initiated, energy is retrieved from catabolism of starch or
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possibly fatty acid degradation. This is in agreement with the observed use of starch at
the beginning of the day. The small peak of expression found around 15 h is probably
a result of requirements for cellular division and night processes. Other amino acids
synthesis pathways are also found enriched in different clusters, but cluster 5 contains
the majority. There is a significant number of metabolic processes that contains a

mixture of genes regulated as in cluster 5 and 6, such as the carbon fixation.

Next, cluster 6 mainly contains genes involved in pigment and in starch synthesis,
besides carbon fixation and amino acids synthesis. The main contributing genes in the
PCA (Figure 3.1A) were also found in cluster 6. These main contributors are the light
harvesting complexes, which are known to display a large variation in transcription. As
displayed in Figure 3.5, the overall transcription increase of the genes related to
pigment synthesis and the photosystems correlates directly with the sharp increase in
dilution rate at the beginning of the day as observed by Ledn-Saiki et al. (2017). The
pathway enrichment did not reveal starch and sucrose metabolism because only four
enzymes involved in synthesis are present in the pathway map (Supplementary Figure
S3.1 and S3.2). Three out of the four enzymes for starch synthesis are found in this
cluster. This agrees with the experimental observation of a net use of starch in the first
hours of the light period. Then, when starch synthesis is upregulated (early day) and
enzymes are translated, starch synthesis starts and we see net synthesis of starch from
5 h after the light went on. More details are given below in a dedicated section on

starch metabolism.

Following cluster 6, the genes in cluster 2 show a peak in expression at 13 h. This cluster
contains genes involved in the whole cell cycle and some protein maturation. There
seems to be an important level of protein maturation through glycosylation in the
endoplasmic reticulum at this stage. The maturation process is compatible with the
observed cell growth. Furthermore the GO enrichment shows terms associated with
progression through the cell cycle, meaning that at this time, DNA replication starts
and takes place in the following hours. Finally, GO terms on organelle fission,
chromosome organization, and organelle organization, point towards cell division
which agrees with the observed cell division that starts just before the night and

continues for a main part during the early night.

68



Transcriptional responses under LD cycles

Shortly after the genes in cluster 2 peak, genes associated to cluster 1 increase in
expression. This cluster contains genes related to degradation of various glycans
together with enrichment in several carbohydrate metabolic pathways. The
information on individual genes indicates that these reactions are taking part in the
starch degradation. Starch is degraded during the night, which is thus in agreement
with the expression of these genes just before the start of the night in cluster 1. Since
the genes are already upregulated before the dark period starts, this is also suggests
that there is a circadian rhythm signaling that the night is coming. Furthermore the
large diversity of enrichment in carbohydrate related pathways is suggesting inter-
conversion between carbohydrates. Additionally, it is possible that the inter-
conversion of sugars is related to the synthesis of cellobiose that is needed for the

growing cell walls of the dividing cells.

The next cluster for which the gene expression shows a peak is cluster 4. Cluster 4 also
shows enrichment for carbohydrate pathways, but more importantly it is enriched in
glycolysis. Together, they clearly indicate that the genes for starch degradation and
glycolysis are providing the means for the organism to generate the needed energy
during the night. Glutamate and ATP synthesis associated genes are strongly
upregulated in cluster 4. It seems that the wild-type overexpresses these genes to
continue assimilation of nitrogen during the night that can be used for the synthesis of
chlorophyll and amino acids at the start of the day. In this way new photosystems can
be quickly synthesized and the light can be harvested efficiently. This is in agreement
with the observed nitrogen consumption during the night by the wild-type. Notably,
sIm1 does not consume nitrate in the night and nitrogen metabolism is not enriched
for siIm1, which suggests that pathways in nitrogen metabolism are regulated by the
energy status of the cell. Nitrate reductase was not annotated and we could not
analyze its expression. Nevertheless, the nitrite reductase was not regulated in time
and its expression was extremely low. Cluster 4 also shows an overall increase of
expression in genes associated to the glutathione reductive cycle, indicating some form
of oxidative stress. This stress could be a side effect of the whole day exposure to light

leading to accumulation of reactive oxygen species.

Finally, the next cluster showing an increase in expression is cluster 3. This cluster is
enriched in fatty acid degradation. Apparently, degradation of fatty acids occurs during

the night and early morning, according to the regulation of genes in cluster 3.
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Degradation of fatty acids in the night is, however, not observed experimentally.
Possibly, these enzymes are involved in remodeling of membranes that has to occur

after cell division.

In summary, the annotation and enrichment analyses uncovered the general gene
function of the genes in each cluster, thus showing a clear succession of cellular events.
Overall, the gene clusters represent the following general functions, by order of highest
peak appearance: RNA transcription, gene expression, protein synthesis, pigments
synthesis, starch synthesis, fatty acids synthesis, protein glycosylation, cellular growth
and division, starch degradation and sugars inter-conversions, riboflavin synthesis,
folate synthesis, and, finally, degradation of fatty acids (Figure 3.5). This succession of
transcriptional events and their relative expression in time indicates that T. obliquus
does not simply adapt its cellular phenotype to direct signals like the switching on and
of the light, but it can regulate the gene expression in anticipation of changes from
light to dark and vice versa. For example, before the light is turned on, the microalga
starts synthesizing important metabolites that will fulfill the high demand of gene
expression and protein synthesis and allow quick synthesis of photosystems to
efficiently capture the light. Likewise starch degrading enzymes are upregulated before

the night starts.

343 Impact of the lack of starch on the diurnal rhythms

When analyzing data from sim1, significant changes in the temporal profiles were
identified for the vast majority of the genes compared to the wild-type (3,902 genes).
In most cases, the genes remained clustered together, as is for the wild-type, and most
differences can be explained by a time shift or a change in amplitude of the peaks. Time
changes of expression in phase Il and llla contain most of the overall differences
between the wild-type and sim1. However, the less frequent sampling of sim1 (every
3 h) might have impacted the detection of expression changes and the cluster

separation.

The lack of starch seems to have other repercussions than just a time shift in the
processes. From the six clusters for the wild-type, two clusters (1-2 and 3-5) could not

be efficiently separated in sim1. However, two extra clusters of time profiles were
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found: A and B. Whereas cluster B could be confounded with wild-type cluster 1,

cluster A showed a novel expression profile not seen in the wild-type.

The biochemical data for the sim1 also matches the transcriptomic results, but to a
lesser extent than for the wild-type. Analysis of data obtained from the starchless
mutant s/m1 shows that the phases from the wild-type are to some extent preserved.
However the mutant shows an earlier change in expression of processes expressed in
the morning and an extension of the change in expression of processes expressed

shortly before the dark period.

The lack of starch seem to result in rescheduling some biological processes during the
light period that could not happen at night due to the lack of energy. Processes
required from expression and translation were transferred from cluster 5 to cluster A
in sim1. Processes moved to siIm1 cluster A are not expressed at night anymore. This
means that the expression of these processes could be regulated by the energy status
of the cell, which is still high when sim1 cluster A peaks (before dark, Figure 3.4) and
low during the night due to the lack of starch. For example, thiamine metabolism is
found enriched in cluster A, which is a coenzyme used in starch catabolism, indicating
that starch might be used as an energy source. Additionally, in s/m1, amino acids could
be catabolized, as there is no starch metabolism enriched. Glutathione metabolism
was found enriched in cluster A, but it does not reflect a strong change in expression
compared to the wild-type in cluster 4, besides the absence of expression during the

dark period.

344  Selected reactions and pathways

In this section, we zoom in on a few specific pathways of interest.

While enrichment for “starch and sucrose metabolism” was associated to cluster 2, the
detailed view at the pathway (supplementary Figure S3.1 and S3.2) revealed that the
reactions causing the enrichment are related to starch degradation and sugars

interconversions. More interestingly, three of the four necessary reactions for

synthesizing starch are found enriched in cluster 6, being the ADP-Glucose
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pyrophosphorylase (EC:2.7.7.27), the starch synthase (EC:2.4.1.21) and the granule-
bound starch synthase (EC:2.4.1.242). The fourth, starch branching enzyme, was not
found to be regulated in time. The granule-bound starch synthase was associated to
another cluster in sim1, but both strain profiles overlap and this difference appears to
be due to the lower sampling resolution in the simi1. We also noticed that the
expression of this enzyme peaks in the middle of the light period, few hours later than
the starch synthase. The amylose isomerase (EC:2.4.1.18) was not found to be

regulated in time for either strain.

The expression profile of processes related to starch synthesis and degradation show
some correlation to the starch measurements (Figure 3.5). Starch is a transient energy
compound and is subjected not only to daily turnover, but also to simultaneous
synthesis and degradation (Stitt and Zeeman, 2012; Leén-Saiki et al., 2017). Between
16 h and 0 h, only degradation occurs due to the lack of light energy for production.
Between 0 and 4 h, the starch synthesis machinery is regenerated along with many
other energy demanding processes. During these first hours of light apparently the
light reaction and carbon fixation still do not supply sufficient energy and carbon for
the fast build-up of photosystems and there is still net degradation of starch, together
with the newly formed 3-phosphoglycerate from the carbon fixation, to support
metabolism. Between 4 and 8 h, starch flow balances out after cluster 6 peaks.
Between 8 and 15h, the starch production is at full potential and starch is
accumulated. Right before dark, starch accumulation slows down due to the increased

energy being used for cell division.

The ADP-glucose pyrophosphorylase is known to be the reason that s/m1 cannot
synthesize starch, and is due to a nonsense mutation resulting in a premature terminal
codon in the small subunit of the protein complex (de Jaeger, 2015). Interestingly, in
the same study that assessed the mutation, this gene was also found to be strongly
down-regulated compared to wild-type (approximately 5 fold). Our cluster analysis
associated this gene in cluster 6 for both strains. The expression of the gene encoding
the small subunit (g788.t1) is much lower in sim1 compared to the wild-type (Figure
3.6) and is even more reduced than previously observed (de Jaeger, 2015). As detected
by the clustering method, the time profile appears similar. This conservation of
regulation indicates no disturbances in the diurnal regulatory system for starch

synthesis. Additionally, the large subunit of the ADP-glucose pyrophosphorylase
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(g12538.11) is expressed similarly between both strains, with a potentially slight
increase during light period. The sharp peak of expression at 14-15 h was not observed
in sim1, which may have been due again to the lower measurement resolution at those
time points for sim1. Finally, the small subunit is mostly expressed during the first half
of the light period, and the large subunit is mostly expressed right before dark. This is
a surprising gap in time between the synthesis of both subunits. Possibly, the large
subunit is synthesized right before night in anticipation of the next light period, leaving

more time for this larger protein to mature.

sim1_g12538.t1_#A
sim1_g788.t1_#6
WT_g12538.11_#4

WT_g788.t1_#6

Figure 36. Changes in gene expression in the enzyme ADP glucose
pyrophosphorylase (E.C. 2.7.7.27) large subunit (g12538t1) and small subunit
(g7881t1) for Tetradesmus obliquus wild-type and starchless mutant siml. The line
indicates the mean values, the ribbon around the line indicates the maximum and
minimum values. Shaded area indicates the dark period. Background colors refer
to the time phases identified in the wild-type and depicted in Figure 3.1E.
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DNA and amin i nthesi

Folate, vitamin B9, is a vital cofactor necessary for diverse reactions and maintenance
processes. Notably, folate activated one-carbons are used for synthesizing purines,
thymidylate (dTMP) and are used in the methylation of homocysteine into methionine.
dTMP is necessary for DNA synthesis and especially for cellular division. Methionine
can be adenosylated (EC:2.5.1.6, not clustered) to a methyl donor S-
adenosylmethionine (SAM-e), used in different processes such as protein methylation.
The gene expression in the pathway “one carbon pool by folate” of the wild-type is
clearly decoupled for these two processes. While dTMP related reactions are
associated to cluster 2, SAM-e reactions are associated to clusters 5 and 6. This result
is also displayed in Figure 3.5, in which their respective synchronization with cellular
division and protein synthesis is clear. Interestingly, “folate biosynthesis” was found
enriched in cluster 3 (Table 3.1), together with the reactions from GTP until the
precursor of dihydrofolate (DHF). Considering the temporal succession of these events,
it seems that folate is being accumulated before the light period in order to sustain the

high levels of protein synthesis at dawn.

Ni boli

In sim1, few genes were clustered in A instead of cluster 4, which had the consequence
of losing the enrichment in nitrogen metabolism (Supplementary Figure S3.3 and S3.4).
With the time profile plots of those reactions (Figure 3.4), we can confirm that the
reactions kept a very similar expression pattern and intensity. Only the hydroxylamine
reductase (EC 1.7.99.1) displays a change with significant decrease of expression at
night, as expected from its association to cluster A. This also correlates with the lack of
nitrogen consumption during the night in sim1 (data not shown), probably because

starch is needed to supply energy in the night for this process.

3.5 Conclusions

We show in this work that LD cycles induce systems level transcriptional patterns that
indicate a strict succession of cellular events that match changes in biochemical

parameters. Some of these adaptations appear to be a direct response to changes in
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light. However, in some cases, anticipation to the shift of light condition is observed,

indicating a cellular time-keeping system.

Additionally, we studied the diurnal transcriptional changes in the starchless mutant of
T. obliquus sIm1. The major change observed in the timing of expression of different
processes was that expression during the night was not anymore upregulated for a
number of processes. These were processes related to nitrogen assimilation and
protein synthesis. This shows that these pathways are somehow regulated by the
availability of energy. Furthermore, these processes have to be done now during the
day, meaning that sIm1 is less prepared to start growing when the light goes on.
Additionally, we observed that the mutation rendering sIm1 unable to produce starch
impacts pathways directly associated to energy storage, such as carbon fixation.
Insights in these processes are very valuable to develop strategies to increase yields.
Insim1, there is additionally an overall earlier onset of processes triggered shortly after
the light is on and an extension of the time length of processes that would normally
occur before the beginning of the dark period. The lack of starch as transient energy
storage forces energy demanding processes to occur during the light period. This

indicates that no other transient energy storage compound is available for the cell.

Lastly, we show that there is a general good agreement between the transcriptional
changes and the changes in the external phenotypes, as characterized by experimental
measurements. This study shows that a single change in a metabolic pathway due to
mutations or metabolic engineering can result in changes in the timing of expression

of biological processes.

Funding

This research project was supported by the Consejo Nacional de Ciencia y Tecnologia —
CONACYT, Mexico, Scholar 218586/Scholarship 314173. In addition, GMLS is part of the
program “Doctores Jovenes para el Desarrollo Estratégico Institucional” by the Universidad

Auténoma de Sinaloa.

Acknowledgments

The authors would like to thank Tom Schonewille for the RNA extraction of the samples.

75



Chapter 3

Supplementary information

‘T°€ 24n814 Ul UMOYS S J31SN)D Ppajeldosse ayl a1edlpul s10j07) ‘adKl-pyim sanbiqgo
snwisapesa/ Ul Wsoqelaw 9soJons pue yotels Joy sdew oIy pajrejouue saisn)) ‘1€ ainSi{ Arejuswalddng

SEUONIOqY] Ve[S (o)
L1i6IT 00500

as0aD-q h /~ d9-eseanH-q § dorasonag-q
S 3 »Ot TEL »o
WIiLe N
o
Jrn— ——— g oo (emaonaya) T
SO [EEL

N—.v. <
3500NE-41D

——_ f weroqpiom mene ot
o of memeapim e pncapn

g

@crziiive
BETH

sscran
0B0OTE I

Q 4
zsajany-q

O

9250 g

Gowsoimgg

WSTORIANT TVENS O[T
P 2630 ourury

NSTIOEVLIN ISOUINS ANV HIUVLS

76



Transcriptional responses under LD cycles

"T°€ 24n814 Ul UMOYS S J9ISN)D PajeIdOSSe 8y} 21edIpul SI0j0) ‘TWjS e ssajyaelrs snnbjgo
snwisape}a/ Ul WSogqeldW 3soIons pue yosels 1oy sdew 9oy parejouur Jaisn) ‘z'eS aunSiy Areyuswaiddng

STUOIRIOGYT PSS (2)

LII6T 00500
aoéo.oﬁ 4 29-3800M1H-Q _ dorasopmag-(l
Td9'[-#som)-q» Q »O« 6TES ‘\w
dgresaqE)
SsaudBoauoI ) O
d1-25CARALR | SeA[004D) {TempacmIpra)

[OQEMED

OTE6PT

8504 e
TEAD) nemocpion e oo
—_—— P [EBNS Oy

O

4

[Ei ] —

ssoon-4qy &
a1-2s00m]E)

sprsomO-q-g

wan e ]

S1667S

28 jar]
D sscaponin
J—— ;

WST[OqE TS SR
e s owwary

250)0L -]

o}

d9-asomH-J o

d9-#S0mmD-q H

WNSITIOEVLIN IS0YINS ANV HOWVLS

77



Chapter 3

‘T°'c 24nd1{ Ul UMOYS Se J21SN)d pajeldosse ay) aedipul s1o]jo) ‘adA-pyum

snnbygo snwsapena; ul wsnoqedw uadospu 10y sdew 9oy parejouue JAAsN) °g'eS aundi Lejuawsiddng

Ao
9]

p—— s I [ece] «ﬁ&g?e_&m vect jpgren D)

mw_sﬁzu |t ———Ca—FTTF T ——o0w{ TTE? — Tl AL

[ = [ —o

k1] ‘ _ [eerT]

H (TempraceIa)

A T _ [oomvm sﬂ%z

25«2%1 TCET | TLLT Sﬂmm BN

stsapLisOTg AMIEY

sajodreyord ur
siuayed UORL wogE)

B0

WIST[OGR}AN ARlAX0AlD) e —— —— ©
|

VISTIOGRIAUT AR o — — — — - i
P

WS OGE} M

NBITOEVLAN NIDOMLIN

78



Transcriptional responses under LD cycles

‘“T°€ 24n314 Ul UMOYS SB 191SN)D Paleldosse ay} a1edipul SI10)0) ‘JWjs juenw ssajydiels
snnbygo snwsapesia; ul wsnoqeidw uadosyu oy sdew HoIy pareouur IS ‘p'eS aundi4 Aejuawalddng

AN

p—— opEurEIIO-
e e

{

TP | ammepuint rece : H

ATEEONIN

?

TELT [|STErerT

SSAPLASONG AMEY o — — — — Q)

O oD
apEuuo,

WSTOGEIE ARXOATD |} — — — — Oa——

“D0H O 2R

] - ()
I
LT
H (remaserye)
LT vy [T5e1] [

WISTIOGRIET AW ) — — — —

1 waBory

ST
N wsTogelaN

1L

D_E_z,_\ [rsenJerit] smmy [ BN ]

PTLT

[z
sajodmeyord m

seangped OUEY W0GTE)

9pIXo N

WESITOFYLAN NIDOHLIN

79






Chapter 4

The impact of day length on cell division
and efficiency of light use in a starchless
mutant of 7etradesmus obliguus

This chapter is published as:

GM Ledn-Saiki, T Cabrero Marti, D van der Veen, RH Wijffels, DE Martens (2018)
The impact of day length on cell division and efficiency of light use in a starchless mutant
of Tetradesmus obliguus. Algal Research 31, 387-394



ABSTRACT

82

Large scale microalgal production will be primarily done under natural
sunlight conditions, where microalgae will be exposed to diurnal cycles of
light and dark (LD) and to differences in the length of both periods
(photoperiod). Tetradesmus obliquus (formerly known as Scenedesmus
obliquus), a strain with potential for biofuel production, and the starchless
mutant s/m1 were grown under 3 different LD periods: 16:8 h, 14:10 h and
12:12 h. Cell division started a fix number of hours after the light went on
(‘sunrise’), independently of the length of the photoperiod. For the wild-
type, cell division started approximately 14 h after the beginning of the day
and occurred mainly at night. For the starchless mutant sim1, timing of cell
division was also independent of the photoperiod length (starting 10-12 h
after ‘sunrise’). However, as opposed to the wild-type, cell division always
started during the day. For both strains, growth rate increased with
increased length of the light period. The sim1 mutant is capable of surviving
long dark periods (up to 12 h) despite the lack of starch. In general, the sim1
mutant has a lower photosynthetic efficiency than the wild-type, with the

12:12 h LD resulting into even less efficiency than the other two LD cycles.



The impact of day length in T. obliquus slm1

4.1 Introduction

Microalgae can be used as source for commercial products of interest such as biofuels,
chemicals, food, and feed (Wijffels et al., 2010; Wijffels and Barbosa, 2010). Large scale
microalgal production will be primarily done under natural sunlight conditions (Norsker
et al., 2011; Blanken et al., 2013), where microalgae will be exposed to diurnal cycles
of light and dark (LD). Diurnal LD cycles are ubiquitous and many organisms
synchronize their metabolism to anticipate the changing environment (Shearman et
al., 2000; Mittag, 2001; McClung, 2006; Salichos and Rokas, 2010; Causton et al., 2015).
Environmental cues (known as Zeitgeber, which is German for time indicator) entrain
the internal timing to a period of 24 h (McClung, 2006; Niwa et al., 2013). Cues such as
sunrise (dawn), sunset (dusk), changes in light intensity or temperature, as well as light
pulses can be used to entrain this diurnal cycle (Roenneberg and Foster, 1997). For
photosynthetic organisms, synchronization to the diurnal LD cycle translates into fine-
tuning their photosynthetic apparatus to capture sunlight efficiently during the day and
to schedule ultraviolet or oxygen sensitive processes (e.g. nitrogen fixation, DNA
synthesis or cell division) at night (Nikaido and Johnson, 2000; Suzuki and Johnson,
2001; Fabregas et al., 2002; de Winter et al., 2013). In addition, the length of the light
and dark periods under natural sunlight conditions varies depending on the region and
the season, which has an impact on biomass productivity and photosynthetic efficiency

(Jacob-Lopes et al., 2009) depending on the species.

The microalga Tetradesmus obliquus (formerly known as Scenedesmus obliquus
(Krienitz and Bock, 2012) and reclassified as Acutodesmus obliquus (Wynne and Hallan,
2015)) is an industrially relevant strain whose potential has been demonstrated
(Mandal and Mallick, 2009; Ho et al., 2012; Breuer et al., 2013b; Remmers et al., 2017).
In addition, de Jaeger et al. (2014) developed a starchless mutant, sim1, which is
incapable of synthesizing starch due to a single nucleotide polymorphism in the small
subunit of ADP-glucose pyrophosphorylase, the committed step of starch biosynthesis
(de Jaeger, 2015). This mutant showed a higher maximum triacylglyceride (TAG) yield
on light (0.217 g-molyn compared to 0.144 g-molph? for its wild-type) and a higher
maximum TAG content (0.57 g-gow* compared to 0.45 g-gow) in batch cultures under
nitrogen starvation (Breuer et al., 2014). Furthermore, the photosynthetic efficiency of

the mutant was comparable to the wild-type under nitrogen starvation.
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Prior to the TAG producing step, which commonly takes place under nitrogen
limitation/starvation and LD cycles, biomass must be grown under nitrogen replete
conditions. Under nitrogen replete conditions, T. obliquus wild-type uses starch as a
temporary energy storage compound during LD cycles (Ledn-Saiki et al., 2017). Thus,
energy and carbon are stored during the day which are next used at night. When starch
synthesis is blocked, as for starchless mutants, different effects on growth under
nitrogen replete conditions are observed for different microalgae. However, most of
the studies have been done under continuous light (Ramazanov and Ramazanov, 2006;
Li et al., 2010b; Work et al., 2010; Vonlanthen et al., 2015), which is not relevant for
outdoor production. Furthermore effects of the absence of starch are expected to be
more severe during LD cycles, since the algae use starch during the dark as a source of
energy and carbon. To our knowledge, only one report of growth of the starchless
mutant of Chlorella pyrenoidosa STL-Pl was done under 12:12 h LD cycles, showing an
increase in growth compared to its wild-type (Ramazanov and Ramazanov, 2006).
Additionally, as starchless mutants are made to improve TAG production, most studies
on these mutants focus on their performance during the TAG producing step under
nitrogen limitation or starvation conditions (Li et al., 2010b; Li et al., 2010a; Work et
al., 2010; Breuer et al., 2014; Vonlanthen et al., 2015; Remmers et al., 2017), and little
is known about their diurnal behavior under nitrogen replete conditions and LD cycles.
The diurnal cycles of the starchless mutant of T. obliquus sIm1 were studied under
16:8 h LD cycles, where this mutant showed synchronized growth and cell division even
in the absence of starch or any other storage compound, albeit with decreased growth
and energy efficiency compared to its wild-type (Ledn-Saiki et al., 2017). However, as
previously mentioned, production conditions outdoors will include variations in the
light and dark periods and it is thus interesting to know how the mutant will react to
these variations. Especially, it is interesting to know how the mutant will react to longer

dark periods since a temporary energy storage compound is missing.

Therefore, the aim of this paper is to obtain insight into how a starchless mutant of
T. obliquus copes with different LD periods as compared to its wild-type. For this,
scheduling of cell division, energy efficiency and biomass composition were measured
under 3 different photoperiods of typical day/night duration throughout the year for
both the wild-type and the starchless mutant sim1.
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4.2 Materials and methods

4.2.1 Strains, pre-culture conditions and cultivation medium

Wild-type Tetradesmus obliquus UTEX 393 (reclassified from Scenedesmus obliquus
(Krienitz and Bock, 2012) and Acutodesmus obliquus (Wynne and Hallan, 2015)) was
obtained from the Culture Collection of Algae, University of Texas. The starchless
mutant of T. obliquus (sIm1) was generated as described by de Jaeger et al. (2014).
Liquid cultures of 100 mL of filter sterilized (pore size 0.2 um) defined medium
designed by Breuer et al. (2013b) were maintained in a culture chamber with shaker in
250 mL Erlenmeyer flasks (25 °C, 16:8 h light/dark cycles with 30-40 pumol-m2s?,
150 rpm, air in headspace). Prior to the start of the experiments, cultures were placed
in a shake incubator operating at 25 °C with continuous light (120 umol-m2-s') and a

headspace enriched with 2.5% CO; to reach the desired inoculation cell density.

4.2.2 Reactor set-up and experimental conditions

T. obliquus was continuously cultivated in a sterile flat panel airlift-loop reactor with a
1.7 L working volume and a 0.02 m light path (Labfors 5 Lux, Infors HT, Switzerland).
Reactor set-up, temperature, pH and airflow were set and controlled as described by
Ledn-Saiki et al. (2017). Light was provided at an incident photon flux density of
500 pmol-m2-stin 3 different light/dark (LD) block cycles: 16:8 h, 14:10 h, and 12:12 h.
Cultivations were turbidostat controlled, where the culture was diluted with fresh
medium when the light intensity at the back of the reactor dropped below the setpoint
(10 pmol-m2-s?1). The feeding was stopped during the dark period to prevent washing

of the culture.

The reactor was inoculated at an optical density (OD7s0) of 0.1. Cultures were allowed
to reach steady state, which was defined as a constant biomass concentration and
24 h-dilution rate for a period of at least 3 residence times. After steady state was
reached, liquid samples were freshly taken from the reactor and either immediately
used for cell count (1 mL) and dry weight measurements (3 mL, in triplicate) or
centrifuged for 5 min at 2360 x g for biochemical analysis (12 mL for proteins, 5 mL for
starch, 5mL for triacylglycerides (TAG), and 5mL for total carbohydrates). For

biochemical analysis, the resulting pellet was transferred to bead beating tubes (Lysing
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Matrix E; MP Biomedicals Europe) or glass tubes (for total carbohydrates analysis) and
stored at -20 °C. Pellets were freeze dried and stored again at -20 °C until further
analysis. Sampling was done in intervals of 1 h for cell counts. Biomass composition
was analysed in intervals of 3 h for the 14:10 h and 12:12 h LD. For the 16:8 h LD,
biomass composition was obtained from a previous publication (Ledn-Saiki et al.,
2017). In addition, at least 3 daily overflow samples were collected for each

photoperiod and strain.

4.2.3 Analyses

Dry weight (DW) concentration was determined in triplicate as described by Kliphuis et
al. (2012). Starch was measured using a total starch kit (Megazyme, Ireland) as
described by de Jaeger et al. (2014) with the modification that 5 mg of freeze dried
biomass was used for the analysis. Protein content was measured using a colorimetric
assay (Bio-Rad DC protein assay) as described by Postma et al. (2015) with the
difference that 10-12 mg of freeze dried biomass was used for analysis. Triacylglycerol
(TAG) content was determined as described by Remmers et al. (2017). Total
carbohydrates were extracted and quantified according to DuBois et al. (1956) and
Hebert et al. (1971).

424 Cell number and size

T. obliquus cells aggregate and form coenobia (BiSova and Zachleder, 2014). To
separate the cells, a 1 mL cell suspension was sonicated on ice for 30s at 30%
amplitude using a probe sonicator (Sonics vibra-cell, USA). The absence of coenobia
after sonication was verified under the microscope. Cell number and size were
determined using a Beckman Coulter Multisizer 3 (Beckman Coulter Inc., USA). The
sonicated culture was diluted 200 times with Isoton® Il diluent solution. Cells with
diameter above 2.5 um were counted. As some cell counts were done only in duplicate
(n=2), we show the range of values measured by including the maximum and minimum

values found.
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425 Dilution rate, doubling time and time-specific cell division rate

Dilution rate (Dasn in day?) was calculated by logging the medium (feed) and acid
consumption over 24 h (Vaah in L) and the volume of the photobioreactor (Vesr in L)
(Eg. 4.1) (de Winter et al., 2017b):

%
Mogp = Dagp = 222 (Eq. 4.1)

VpBr

Dilution rates over small intervals of time (D:) were calculated by logging the medium
and acid consumption in intervals of 10 min, followed by a moving average per 60 min.
Dilution patterns were repeated daily. Values corresponding to 1 h were averaged and
used for the time-specific cell division rate (u:), which was calculated based on a cell
number balance (Ccens) and Dt following:

dCeelis —

4, =D, - Ccens + B¢ " Ceeus (Eqg. 4.2)

dc
—ﬁfﬂ§+DfCCdu

He=—"F—" (Eq. 4.3)

Ccells

Hourly values were added up to get the cumulative cell division rate. The average
dilution rate over the light period was calculated by dividing the daily average dilution
rate (Dasn) by the amount of hours of light supplied, with the following equation:

Doap24
hours of light supplied

Dover light period = (EC|- 4-4)

The doubling time (ts) was calculated as a function of the dilution rate (D), using the

following equation:

ty = — (Eq. 4.5)

426 Calculations

Biomass yield on light (in gow-molpn™®) was calculated as the ratio between the biomass
productivity (in g-L*-day?) and the photon absorption rate (in molpn-L'*-day?). Starch
productivity (in g-L*-h!) was calculated using a balance for starch over short time

intervals as explained by Ledn-Saiki et al. (2017). The theoretical energy conversion
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efficiencies were calculated based on the theoretical photon requirements for the
biomass components (3.24 grmolpn® for starch and 1.62 g:molyn for functional
biomass (Kliphuis et al., 2012; Breuer et al., 2015a)) and the photon absorption rate
(Leon-Saiki et al., 2017). Triacylglyceride (TAG) content remained below 1% and was
omitted for this calculation. Samples were taken in intervals of 3 h in the 14:10 h LD
and 12:12 h LD cycles. For the calculation of the hourly energy conversion efficiency in
these 2 cycles, the additional points for biomass composition were estimated assuming

a proportional change between the measured points.

4.3 Results and discussion

4.3.1 Growth rate under different light regimes

We started by characterizing growth of Tetradesmus obliquus wild-type and starchless
mutant s/m1 under light/dark (LD) cycles of 16:8 h, 14:10 h and 12:12 h. Since the
reproducibility of the turbidostat set-up has been shown before (Ledn-Saiki et al.,
2017), one reactor run was done for each condition. The 16:8 h LD cultivation was
repeated in this study and the results were comparable with our previous study for the
wild-type and starchless mutant siIm1, as shown in Supplementary Figure S4.1. This

shows the reproducibility of the experimental set-up.

During the light period, the cultures were diluted to maintain a constant light
absorption over the culture and thus, a constant flux of photons to the culture inside
the turbidostat controlled reactors. The dilution rate for the wild-type and s/m1 mutant
under the three different LD cycles are presented in Figure 4.1. For the wild-type,
maximum dilution rate was always reached 5-7 h after ‘sunrise’. When comparing both
strains, their dilution patterns were similar (Figure 4.1), where the wild-type reached
higher dilution rates compared to the si/m1 mutant, indicating a faster growth rate. For
the sim1 mutant, no difference in maximum dilution rate value was found between the
photoperiods 14:10 h and 12:12 h LD (0.07 h'?) (Figure 4.1B). However, for the 16:8 h
LD cycle, the maximum value reached was higher (0.09 h*?). Additionally, an
unexplained oscillatory pattern was observed in this cycle for the mutant (Figure 4.1B),
which was also observed in previous cultures at this LD cycle (Supplementary Figure
S4.1).
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Table 4.1 shows for all conditions the average dilution rate over 24 h (D2an), which is
equal to the average growth rate. As can be seen, shorter light periods lead to lower
dilution rates for both the wild-type and the sim1 mutant, which is expected based on
the fact that these cultures received a lower amount of light. Higher average Daan
translates into shorter doubling time (tg), as the microalgae are growing faster
(Table 4.1). By looking into the doubling times (Table 4.1), it can be seen that for the
wild-type this value is always below one per day, indicating that at least some cells
must divide more than once per day. For the sIm1, doubling times are higher, specially
under 14:10 h and 12:12 h LD cycles, indicating that cells divided approximately once
per day. To verify if the difference in dilution rate can be fully explained by the
difference in light received, the average dilution over the light period was calculated
and is also shown in Table 4.1. This results in a more or less constant dilution rate for
the sim1 mutant, while the wild-type actually shows an increase in the dilution with
shorter day lengths. This means that the wild-type, during the time the light is on,

grows faster at shorter light periods.
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Figure 4.1. Changes in dilution rate over a 24 h period for Tetradesmus obliquus
wild-type (A) and simI (B) during different photoperiods: 16:8 h light/dark (LD),
14:10 h LD and 12:12 h LD. The x axis represents hours after ‘sunrise’. Shaded
area indicates the dark period.
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The light/dark periods at which microalgae are exposed impact biomass production
and metabolism of microalgae (Jacob-Lopes et al., 2009; Krzeminiska et al., 2014). As
microalgal biomass production would be done outdoors with natural light/dark
periods, the influence of LD cycles with different lengths has been studied. De Winter
et al. (2017b) studied the influence of three different LD cycles: 20:4 h, 16:8 h and
12:12 h LD on growth of the microalga Neochloris oleoabundans under continuous
turbidostat conditions. As expected, they also observed a decrease in the average Daan
with the shorter light periods. Dilution patterns were comparable with the ones
observed for T. obliquus, reaching the maximum value approximately after 6 h of light

and then decreasing until the end of the light period.

Table 4.1. Comparison of average dilution rate per 24 h (D,4), doubling time
and dilution per hour of light supplied of 7etradesmus obliquus wild-type and
sim1 under 3 different light/dark cycles. Average D.,, values are shown as value
+ standard deviation for at least three daily values (nz3).

. Average Daan Doubling time Average D over
Light/dark . . . 1
iod (day™) (day) light period (day™)
erio

P Wild-type sim1 Wild-type sim1 Wild-type  sim1
16:8 1.03 +0.05 0.93 =0.04 0.67 0.75 1.55 1.40
14:10 094 +0.06 0.76 =0.02 0.74 0.91 1.61 1.30
12:12 0.87 +0.02 0.66 +0.03 0.80 1.05 1.74 1.32

Additionally, Jacob-Lopes et al. (2009) studied the influence of 12 different LD periods,
from continuous light (24:0h) to 2:22h LD, on biomass production of the
cyanobacterium Aphanothece microscopica Ndgeli. They observed a linear reduction
in biomass productivity with the reduction in the length of the light period, except for
the 12:12 h LD, where the value did not follow the trend and increased compared to
the value at 14:10 h LD cycle. Krzeminska et al. (2014) investigated the influence of
light/dark cycles (12:12 h LD), compared to continuous light, on 5 different microalgae
species: Neochloris conjuncta, Neochloris terrestris, Neochloris texensis, Botryococcus
braunii and Tetradesmus obliquus under batch cultivation. They looked into the
biomass doubling time and found that the microalgae B. braunii and T. obliquus had a
higher growth rate under continuous light, while the three species of Neochloris grew
better under 12:12 h LD cycles. The results obtained for T. obliquus agree with our
results where the doubling time obtained under 12:12 h LD (0.80 day) was higher than
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that obtained by Ledn-Saiki et al. (2017) under continuous light (0.46 day). However,
our values of doubling time were lower than those reported by Krzeminska et al. (2014)
(1.17+0.02 day under 12:12 h LD and 0.93+0.01 day under continuous light), which
could be related to the experimental conditions (such as cultivation medium and light

settings).

Growth behavior of microalgal starchless mutants varies under nitrogen replete
conditions. However, most of the studies have been carried out under continuous light.
The starchless mutant BAFJ5 of Chlamydomonas reinhardtii showed reduced growth
compared to its wild-type under continuous light (Li et al., 2010b), as was also observed
for the starchless mutant of T. obliquus sim1 under continuous light (Ledn-Saiki et al.,
2017). While Vonlanthen et al. (2015) found no significant difference in growth for the
starchless mutant ST68 of Chlorella sorokiniana compared to the wild-type. For
starchless mutants only one study could be found that was done under LD cycles. The
growth of a starchless mutant of Chlorella pyrenoidosa STL-PI was studied under
continuous light and a 12:12 h LD cycle (Ramazanov and Ramazanov, 2006). The
authors found a higher growth rate of the mutant compared to the wild-type for both
conditions, opposite to what we found for T. obliquus. This could be due to differences
between these two species. Another explanation could be the fact that they based
their conclusions on cell numbers and not on dry weight and that the amount of dry
weight per cell is lower for the mutant than for the wild-type. However, this hypothesis

cannot be tested as the results on dry weight production are not presented.

432 Cell division

Next we looked into the differences in cell division between the strains during the
different LD cycles. First, we measured cell density in intervals of 1 h (Figure 4.2). Cell
counts from Ledn-Saiki et al. (2017) were included together with the data obtained by
repeating the 16:8 h LD cycle. All cycles showed a decrease in cell number when the
light started (t = 0) for a period of about 12 h due to dilution of the reactor. Cell
numbers then stayed constant for a period of 3 h after which they increased sharply
fromt =15 h to t = 20 h. Cell numbers differed between the photoperiods and strains.
For the wild-type under 16:8 h LD, cell density went from approximately 29.8 million
cellssmL? to 61.4 million cellssmL? (Figure 4.2A). For the 14:10 h LD, cell density
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increased from 35.5 million cells-mL™ to 72.7 million cells-mL™2. Finally, for the 12:12 h
LD cell density was lower and increased from 28.4 million cells:-mL™? to 55.2 million
cells‘mL. The higher cell density for the 14:10 h LD could be explained by the higher
proportions in cells with lower diameter compared to the other two LD cycles
(Supplementary Figure S4.2A). This indicates a lower absorbance per cell possibly due
to a lower pigment content. For the wild-type, in general, cell number doubled within

a small time-frame between 16-19 h for all the tested LD cycles.

The cell densities for the sim1 were lower than for the wild-type in all tested LD cycles
(Figure 4.2B). For the 16:8 h LD, cell density went from 26.1 million cellssmL? to
51.0 million cells:mL?. For the 14:10 h LD, cell density increased from 26.8 million
cellssmL? to 39.4 million cells:mL?. Finally, for the 12:12 h LD cell density was lower
and increased from 24.6 million cells:mL™ to 43.8 million cells-mL™. While for the wild-
type the increase in cell density happened within a short time frame between 15-19 h,
for the mutant under 16:8 h LD and 12:12 h LD cycles the increase started earlier and
was slower (between 14-21 h). For the 14:10 h LD, cell increase was faster, taking only
2h(t=16h).
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Figure 4.2. Cell density over a 24 h period for Tetradesmus obliquus wild-type (A)
and siml (B). The x axis represents hours after ‘sunrise’. Shaded areas indicate the
dark periods. Error bars show the highest and lowest values found for cell counts
(with 2 or more data points used, n=2), except for the wild-type under 16:8 h LD
where some measurements were single and no error bars are shown. Data from
Ledn-Saiki et al. (2017) is included for the 16:8 h LD period.
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Since the change in cell numbers are a combined effect of cell division and dilution, we
calculated the cell division rate to identify more precisely when cell division took place.
For this the cell number data and the average dilution rate per hour were used, as
explained in material and methods section 4.2.5. Figure 4.3 shows the cumulative
average cell division rate for a certain time (t). This is the average proliferation per day

over the period fromt=0tot=t.

For the wild-type, there is a slow cell division rate during most of the day period, as can
be seen from the small slope of the curve (Figure 4.3A). In general, cell division started
around 14-15 h after the light went on, independently of the LD cycle, which is in
accordance with the literature (de Winter et al., 2017b). Cell division stops 17-18 h
after the light went on. For the 16:8 h LD cycle the sudden increase in cell division and
the stop of cell division seem to start 1 h earlier than for the other two LD cycles. As
expected, the final cumulative growth rate reached was comparable to the 24 h
average dilution rate (D2an) mentioned in Table 4.1 and was higher for longer light

periods, which is directly related to the longer light periods.
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Figure 4.3. Cumulative average cell division rate (u,) for Tetradesmus obliquus wild-
type (A) and simI (B) during different photoperiods: 16:8 h LD, 14:10 h LD and
12:12 h LD. The x axis represents hours after ‘sunrise’. Shaded area indicates the

dark period.
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Timing and patterns of cell division were different in the sim1 compared to the wild-
type. The slow cell division rate during the day is comparable to the wild-type. The
sudden increase in cell division rate is less sharp for the sIm1 and seems to start earlier,
around 10-12 h after ‘sunrise’ (14-15 h for the wild-type) independent of the length of
the LD cycle applied. The period to complete cell division after the sudden increase at
10-12 his longer for the mutant (8 h) than for the wild-type (3 h) (Figure 4.3B). When
comparing the average cell size at the point where the sudden increase started (this is
14-15 h for the wild-type and 10-12 h for the sIm1), we observed that the average
diameter is the same for both strains (Supplementary Figure S4.2C and D). This size
could be an indicator of reaching the point after which cell division can occur
independently of the presence of light (Oldenhof et al., 2007). The decreased cell
division rate of the sIm1, as well as the timing of the cell division (starting during the
light period) is possibly related to the absence of a temporary energy storage

compound (starch), which translates into less availability of carbon and energy.

As previously mentioned, light is one of the major cues for synchronization to daily
cycles. Timing of cell division in microalgae has been suggested to depend on dawn
(sunrise) and dusk (sunset) (de Winter et al., 2017b). For T. obliquus, sunrise seems to
be the factor that defines timing of cell division, since the starting of cell division was
similar (approximately 14 h for the wild-type and 10-12 h for the sIm1), independently
of the beginning of the dark period.

4.3.3 Changes in starch content

Concomitant with the synchronization to the LD cycles, cell composition changes
throughout a 24 h cycle (Fabregas et al., 2002; Chauton et al., 2013; de Winter et al.,
2013; Poliner et al., 2015). As previously observed, starch is the main component that
shows oscillations in T. obliquus wild-type during light/dark cycles (Ledn-Saiki et al.,
2017).

As expected, starch was accumulated during the light period, and reached its maximum
measured content when the night started (Figure 4.4A). The longer the light period,
the higher the content of starch (0.22 g-gow™ for the 16:8 h LD, 0.18 g-gow™* for the
14:10 h LD and 0.16 g-gow™* for the 12:2 h LD cycle). In all LD cycles, starch content

started increasing approximately 7 h after ‘sunrise’ (Figure 4.4A). A similar behavior
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was observed for the microalga Neochloris oleoabundans (de Winter et al., 2017b),
where starch content started to increase 6-7 h after ‘sunrise’, with a higher maximum

starch content with longer photoperiods.

To study the changes in starch production/consumption, we calculated the starch
productivity during the measured time points (Figure 4.4B). Starch production rate
started and increased about 5-7 h after the light went on. As soon as the dark period
started, starch was consumed. As the light went on again starch consumption
continued until 4 h after ‘sunrise’. After this time point starch was depleted for the
16:8 h LD and 14:10 h. A notable exception was the 12:12h LD showing no
consumption in these 4 h; also, the starch content did not become zero. It is unclear
why T. obliquus did not totally consume the stored starch under this LD cycle, however,
it should be mentioned that starch content was measured in intervals of 3 h, and the
point where starch is completely used as well as starch consumption may have been
missed at this low resolution of measurements. Interestingly, the moment when starch
is depleted coincides with the maximum value of the dilution rate (Figure 4.1A). At this
maximum dilution rate, starch consumption switches to starch production (around 8 h

after ‘sunrise’).
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Figure 4.4. Changes in starch content (A) and starch productivity (B) for 7etradesmus
obliguus wild-type under different light/dark (LD) cycles. The x axis represents hours
after ‘sunrise’. Shaded area indicates the different dark periods. Data for the 16:8 h
LD cycle was provided by Ledn-Saiki et al. (2017).
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The non-starch carbohydrates showed no changes through the measured points
(Supplementary Figure S4.3). The protein content for the wild-type showed a decrease
during the light period, which was concomitant with the increase in starch content
(Supplementary Figure S4.3). For both strains, TAG content remained below
0.01 g-gow* in all sampling points (not shown). For the starchless mutant s/m1, starch
levels remained below 0.016 g-gow™ during all sampled points in all photoperiods
tested (not shown) and no fluctuations in biomass composition were observed for the

tested LD cycles (Supplementary Figure S4.3).

4.3.4 Efficiency of energy fixation in biomass components

To calculate the energy conversion efficiency, i.e. the fraction of photons absorbed
whose energy is fixed in biomass components, we measured the biomass composition
(functional biomass and storage compounds, i.e. starch) of the daily overflows for both
strains. The overflow composition remained similar during the different LD cycles
(Table 4.2), but the average dry weight concentration, as well as the biomass
productivity showed an increase with longer light periods. The TAG fraction was low
(below 0.01 g-gow™) and therefore not considered for the calculations. For T. obliquus
wild-type a similar fraction of the supplied energy was fixed in biomass under 14:10 h
(54.61+0.07%) and 12:12 h (55.18+0.06%) LD cycles (Figure 4.5A). These values were
lower compared to the 16:8 h LD cycle (62.77+0.08%). This could be related to timing
of cell division. The 16:8 h LD cycle is the only one where cell division starts during the
day. Thus part of the energy needed for cell division may still come from the light,
resulting in less use of starch during the night and allow to fix extra energy as compared
to 14:10 h and 12:12 h LD, where cell division occurs at night and relies completely on

starch.

For the wild-type, the biomass yield on light was the highest with the longest light
period (16:8 h LD) (Table 4.2). However, the increase does not continue until the dark
period is skipped (continuous light), as the biomass yield on light was 0.98+00 g-molyn™
(Ledn-Saiki et al., 2017).

When the starch synthesis path is blocked, as in the sim1 mutant, the energy efficiency
is lower than for the wild-type for all LD cycles (Figure 4.5A). However, the behavior

was different compared to its wild-type. For the mutant, the highest biomass yield on
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light and the energy conversion efficiency occurred under 16:8 h LD cycle. This was
surprisingly maintained during the 14:10 h LD, but dropped for the longest dark period
tested (12:12 h LD cycle) (Table 4.2). This could also be related to timing of cell division.
The 12:12 h LD cycle is the only tested photoperiod where cell division occurs mainly
in the dark. This agrees with the slower division rates observed for this cycle compared
to 16:8 h and 14:10 h LD where cell division starts during the day (Figure 4.3).

Table 4.2. Average steady state values for 7etradesmus obliquus wild-type and sim1
under different light/dark cycles. Average values are shown as value + standard

deviations.
wild-type sim1

16:8 14:10 12:12 16:8 14:10 12:12
Dry weight concentration 1.38 1.15 1.07 1.18 1.23 1.07
(g-L?) +0.07 +0.07 +0.04 +0.05 +0.03 10.02
Biomass productivity 1.42 1.08 0.93 1.10 094 0.70
(g'L-day?) +0.08 +0.07 +0.04 +0.07 +0.03 10.03
Biomass yield on light 1.04 091 091 0.81 0.79 0.68
(g:molpn?) +0.08 +0.09 +0.04 +0.07 +0.04 0.03
Starch 0.05* 0.05 0.03 0* 0 0
(g-g8ow™) £0.01 #0.01 +0.01
Photon absorption rate 136 1.19 1.02 136 1.19 1.02

(molpn-L*-day™)
* Values taken from Ledn-Saiki et al. (2017).
Standard deviations were calculated based on at least 3 overflows. Except for the wild-

type under 12:12 h LD where n=2, and the value represents the average + max/min values.

During a LD cycle the dilution rate and biomass composition change. Since the photon
absorption rate is constant, the energy conversion efficiency will change over a LD
cycle. To get more insight into this, the energy efficiency was calculated in one hour
intervals based on the measured biomass composition, dilution rate and photon
absorption rate at each time point. By looking at the energy conversion efficiency
during the daily cycles, we found that the highest energy fixation occurs with the
maximum dilution rate (Figure 4.5B and C). Both strains showed similar patterns but,
as expected, the wild-type reached higher values (approximately 90%) compared to
the starchless mutant s/m1 (maximum 80%). This maximum value decreased slightly

with the shorter light periods for both the mutant and wild-type.
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Figure 4.5. Theoretical photon efficiency as percentage of photons used to make
biomass components (A) and hourly percentage of photons used for Tetradesmus
obliguus wild-type (B) and s/mI (C) under different light/dark (LD) cycles. Values
represent averages of at least 3 daily overflows for (A). Error bars represent the
standard deviations calculated by error propagation.
conversion efficiency the x axis represents hours after ‘sunrise’. Shaded area
indicates the dark period. Data for the 16:8 h LD cycle was provided by Ledn-Saiki

et al. (2017).
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At the start of the day starch is still used. Probably this is for the rapid synthesis of
absorbing material to harvest light energy, which can be deduced from the rapid
increase in dilution rate. Depletion of the starch coincides with the maximum energy
efficiency and dilution rate. From that moment on starch is net synthesized and the
starch content increases again. During the night, starch is used again for cell division
and preparation for the moment when light goes on again. This can be derived from
the fact that cell division is much slower in the mutant and the fact that for the mutant
the increase in dilution rate starts later after the light is turned on. Apparently, starch
is used during the night to prepare for the next light cycle or during the night energy is

derived from cell components that have to be built up again if the light goes on.

4.4 Conclusions

The start of the light phase (sunrise) is the reference point for synchronized cell division
in Tetradesmus obliquus. Cell division in T. obliquus wild-type started approximately
14 h after sunrise, independently of the length of the light period. Cell division occurred
mainly at night, except during the longest light period tested (16:8 h light/dark cycle),
where cell division started at the end of the light period and extended into the dark
period. For the si/m1 mutant, cell division was also synchronized to the start of the light
period but started earlier than for the wild-type (10-12 h after sunrise). Regarding
biomass composition, the length of the day had an influence on the maximum starch
content reached by the wild-type: the longer the light period, the higher the starch
content. The starchless mutant s/m1 showed no oscillations in biomass composition.
But, despite the lack of starch, the sim1 mutant synchronized growth and cell division
to the LD cycles. However, the absence of starch resulted in lower energy efficiencies
(11-24% lower) and biomass yield on light (13-39% lower) for T. obliquus sim1

compared to its wild-type under all tested LD cycles.
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Supplementary Figure S4.1. Comparison of dilution rate patterns for the 16:8 h
light/dark cycles for Tetradesmus obliquus wild-type (A) and simI (B). Black circles
represent results from this paper, grey diamonds from Leén-Saiki et al. (2017).
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Supplementary Figure S4.3. Changes in non-starch carbohydrates and protein
content for Tetradesmus obliquus wild-type and s/mI under different light/dark (LD)
cycles. Non-starch carbohydrates (NSC): 16:8 h LD (A), 14:10 h LD (C) and 12:12 h
LD (E). Protein: 16:8 h LD (B), 14:10 h LD (D) and 12:12 h LD (F). Closed squares
represent the wild-type and opened circles represent the s/m1. The x axis represents
hours after ‘sunrise’. Shaded area indicates the dark period. Data for the 16:8 h
LD cycle was provided by Ledn-Saiki et al. (2017).
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Diurnal biochemical responses of
Tetradesmus obliguus under light/dark
cycles and nitrogen limitation
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ABSTRACT

104

In this work the diurnal behaviour during light/dark cycles and nitrogen
limitation of Tetradesmus obliquus wild-type and starchless mutant sim1 is
studied. During nitrogen limitation, the wild-type continued to use starch as
the preferred storage compound to store energy and carbon. Starch was
accumulated to an average content of 0.25 g-gow}, which is higher than the
maximum observed under nitrogen replete conditions. Small oscillations
were observed, indicating that starch was being used as a diurnal energy
storage compound, but to a lesser extent than under nitrogen replete
conditions. For the sIm1 mutant, TAG content was higher than for the wild-
type (steady state value from the overflow was 0.23 g-gow?! for simi
compared to 0.07 g-gow* for the wild-type). However despite the higher TAG
content in the simi1, the conversion efficiency of photons into biomass
components for the siIm1 was only half of the one obtained for the wild-type.
This is related to the observed decrease in biomass productivity (from 1.29
gow-L-day™? for the wild-type compared to 0.52 gow-L-day™ for the sim1).
When looking through the diurnal cycle, the photosynthetic efficiency was
lower for the siIm1 mutant compared to the wild-type, especially during the
second half of the light period, where starch accumulation occurred in the

wild-type.



Diurnal biochemical responses under nitrogen limitation

5.1 Introduction

Microalgae are considered as one of the most promising renewable feedstocks for the
production of feed, fuels and chemicals (Wijffels and Barbosa, 2010; Chisti, 2013; Klok
et al.,, 2014). However, in order to make large scale production of algal biodiesel
economically feasible, high triacylglycerides (TAG) productivities are needed (Wijffels
and Barbosa, 2010; Klok et al., 2013).

Tetradesmus obliquus (formerly known as Scenedesmus obliquus (Krienitz and Bock,
2012)) is a microalga of interest due to its high TAG content and the fact that it can
retain a high photosynthetic efficiency under nitrogen starvation (Mandal and Mallick,
2009; Ho et al., 2012; Breuer et al., 2013b; Remmers et al., 2017). Besides, de Jaeger
et al. (2014) developed the starchless mutant sim1 that showed a higher maximum
TAG vyield on light compared to the wild-type (0.22 grag-molon™t compared to
0.14 grac'molpn?), as well as a higher maximum TAG content (0.57 g-gow™* compared to
0.45 g-gow*) under batch nitrogen starvation and continuous illumination (Breuer et
al., 2014).

In large scale production, microalgal biomass will be grown outdoors under favourable
nitrogen replete conditions and light/dark cycles (LD). After biomass has been
produced, the lipid production phase can be done under nitrogen deplete conditions.
The behaviour of T. obliquus under nitrogen replete conditions and diurnal 16:8 h
light/dark (LD) cycles was previously studied (Ledn-Saiki et al., 2017). Under such
conditions, T. obliquus wild-type and starchless mutant sim1 showed synchronized cell
division and growth. T. obliquus wild-type showed diurnal oscillations in biomass
composition, with an accumulation of starch during the light period that was consumed
during the dark period and beginning of light period. For the sim1, no such oscillations
in biomass composition were found, which shows that this microalga does not need a
temporary energy storage compound to survive dark periods to up to 12 h (Ledn-Saiki
et al., 2018). The lack of starch, however, resulted in a reduction of the conversion of

energy (photons) to biomass (Ledn-Saiki et al., 2017; Ledn-Saiki et al., 2018).

Under nitrogen deplete conditions, many microalgal species accumulate starch and/or
TAG, which allow the capture of energy and carbon that can be rapidly used when

nitrogen becomes available again (Mulders et al., 2014). Since production of TAG
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occurs under nitrogen limitation or starvation and LD cycles, the behaviour of
T. obliquus under these conditions is of interest. The overall steady state behaviour
under nitrogen limitation and LD cycles of both T. obliquus wild-type and siIm1 has been
previously reported (Remmers et al., 2017). However, the detailed diurnal behaviour
during a single LD cycle under nitrogen limitation has not been studied in these strains.
Therefore, the aim of this paper is to obtain a better understanding of the diurnal
behaviour of T.obliquus wild-type and starchless mutant siml1 under nitrogen
limitation, with focus on the diurnal changes in starch and TAG content, and on energy

efficiency.

5.2 Materials and Methods

5.2.1 Strains, pre-culture conditions and cultivation medium

Wild-type Tetradesmus obliquus UTEX 393 was obtained from the Culture Collection of
Algae, University of Texas. The starchless mutant of T. obliquus (sim1) was generated
by de Jaeger et al. (2014). Pre-cultures were grown as described by Ledn-Saiki et al.
(2017) in defined medium described by Breuer et al. (2013b).

5.2.2 Rector set-up and experimental conditions

T. obliquus was continuously cultivated in a sterilised flat panel airlift-loop
photobioreactor with a working volume of 1.7 L and a 0.02 m light path (Labfors 5 Lux,
Infors HT, Switzerland). Temperature was maintained at 27.5 °C and pH was controlled
at 7.0 by the automatic addition of 2.5% (v/v) H2SOa4. The reactor was continuously
sparged with 1 L:-min air enriched with 2% CO,. Light was provided by a light panel
with 260 LEDs with a warm white spectrum at an incident photon flux density of
500 pmol-m2-stin a 16:8 h light/dark (LD) block cycle. The reactor was inoculated to
an optical density (OD7so) of 0.1.

Duplicate turbidostat cultivations were done, where the light intensity at the rear of
the reactor was kept constant at 10 umol-m2s? by addition of medium. Dilution
medium (Breuer et al., 2013b) was prepared without KNOs and KNOs was separately
fed at 0.075 gn-Llday? for the wild-type and 0.052 gn-L'*day™? for the simi. This

corresponds to a nitrogen limitation of 30% of the nitrogen consumption rate observed
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under nitrogen replete and light limitation (Remmers et al., 2017). Dilution medium
was only added during the light period and switched off during the night. This type of
system allows the study of the interaction between growth, nitrogen consumption and

lipid accumulation (Klok et al., 2013).

Cultures were allowed to reach steady state, which was defined as a constant biomass
concentration and daily dilution rate for a period of at least 3 days. After steady state
was reached, liquid samples were freshly taken from the reactor and either
immediately used for dry weight measurements or centrifuged for 5 min at 2360 x g
for biochemical analysis (approximately 10-12 mg for proteins, 5 mg for starch, 7 mg
for triacylglycerides (TAG) and 5 mg for total carbohydrates). In addition, at least three

daily overflow samples were collected for each strain.

5.2.3 Dilution rate

The dilution rate was calculated by logging the feed of the dilution medium (without
KNO3) and the feed of the KNO3 medium in intervals of 10 min. Dilution rates were then
calculated as the total medium added over 30 min divided by the reactor volume. After

that, a moving average of 60 min was done.

5.24 Analyses

Dry weight (DW) concentration was determined as described by Kliphuis et al. (2012).
Total carbohydrates were determined according to DuBois et al. (1956) and Hebert et
al. (1971) using glucose as a standard. Starch content was measured as described by
de Jaeger et al. (2014) using a total starch kit (Megazyme, Ireland). Triacylglycerol (TAG)
content was quantified as described by Remmers et al. (2017) using glyceryl
trinonadecanoate (T4632; Sigma Aldrich) and 1,2-dipentadecanoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (sodium salt) (840446, Avanti Polar Lipids Inc.) as internal
standards. Protein analysis as done using a colorimetric assay (Bio-Rad DC protein

assay) as described by Postma et al. (2015).
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5.2.5 Conversion of photons into biomass

The theoretical amount of photons converted into biomass was calculated based on
the theoretical photon requirements for the biomass components (1.33 g-molpn™ for
TAG, 3.24 g-molyn for starch, and 1.62 g-molynt for functional biomass (Kliphuis et al.,
2012; Breuer et al., 2015a)) and the photon absorption rate (Ledn-Saiki et al., 2017).
Samples were taken in intervals of three hours. For the calculation of the hourly energy
conversion efficiency the additional points for biomass composition were estimated
assuming a proportional change between the measured points. Biomass composition
of the overflow samples (collected during 24 h on ice) was used to calculate the

average steady state values.

5.2.6 Starch and TAG productivity

The starch productivity (starcht in g-L'1-ht) was calculated using a balance for starch over

short time intervals (Eq. 5.1), considering the change in starch content over three hour

o dc
time intervals (S’l;—‘;"“

g:L):

), the dilution rate (Dt in h?) and the starch content (Cstarcht in

dCstarch _
a —D; - Cstarch,t + Tstarcnt (Eq.5.1)

The TAG productivity was calculated in a similar way where the changes in TAG content
over intervals of 3 hours (dcd%), the dilution rate (Dtin h?), and the TAG content (Crac,t

in g-L'!) were used.

5.3 Results and discussion

5.3.1 Growth of 7etradesmus obliquus wild-type and siml

Our experimental set-up using turbidostat controlled systems imposes a fixed light
uptake. We created an energy imbalance by decreasing the nitrogen supply rate to 30%
of the value that would be needed to have nitrogen replete growth at the fixed light

uptake rate.
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Cells responded to this limitation by reducing their growth rate (Figure 5.1). Nitrogen
limited cultures showed a diurnal pattern in dilution rate, with both the wild-type and
the starchless mutant sIm1 showing a similar pattern. Dilution patterns were, however,
different than those under nitrogen replete conditions, specifically the start of dilution
after sunrise and the moment where the maximum dilution rate was reached. Dilution
started about 4 h after ‘sunrise’ under nitrogen limitation, while under nitrogen replete
conditions dilution started immediately after the beginning of the light period. As a
result, the time at which the maximum dilution rate was reached was also shifted
(approximately 4 h after sunrise under nitrogen replete compared to 7 h after ‘sunrise’
for nitrogen limitation). A possible explanation for this shift may be that, as nitrogen
was not added during the night, nitrogen content was equal to zero (starvation). This
may have resulted in cells being unable to prepare for the next day, or cells switching
to a nitrogen starvation mode from which they had to recover. With respect to the first
case, it is possible that cells prepare during the night for the next day so they can start
growing quickly. If nitrogen is needed for this preparation, cells would have to first
fixate nitrogen when the light is on, which would explain the delay. With respect to the
second case, cells switch to a nitrogen starvation mode, breaking down pigments or
stopping pigment synthesis, which would result in a decreased pigment content at the
beginning of the light period as supported by the fact that the light out for the wild-
type was 1 pmol-m?2s? above setpoint. Consequently, first a certain amount of
pigment has to be synthesized before the light out drops below the setpoint and
dilution starts. For the mutant an unexplained oscillatory pattern was observed (Figure
5.1B), which was also observed for this strain under nitrogen replete conditions and a
16:8 h LD cycle.

Under growth conditions (nitrogen replete), oleaginous microalgae produce only small
amounts of TAG while under unfavourable nitrogen starvation conditions, TAG
accumulation is induced and contents of up to 0.40 g-gow* can be reached (Hu et al.,
2008; Breuer et al., 2012). However, this unfavourable environmental conditions come
with the disadvantage of a complete stop of cell division (Remmers et al., 2017).
Nitrogen limitation processes were suggested as an attempt to overcome the
disadvantages observed under nitrogen starvation (Klok et al., 2013). As observed for
T. obliquus, growth still occurs under nitrogen limitation, but this is reduced to

approximately half of the one observed under nitrogen replete conditions (from
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1.12+0.01 day? under nitrogen replete (Ledn-Saiki et al., 2017) to 0.55+0.07 day*
under nitrogen limitation). This was also observed for the microalga Neochloris
oleoabundans (de Winter et al., 2014). For the starchless mutant sim1 the 24 h average
daily dilution rate, i.e. growth rate, was reduced even more (from 0.90+0.01 day™
under nitrogen replete to 0.22+0.02 day™* under nitrogen limitation), showing again

the reduction in growth and lower photosynthetic efficiency when blocking starch
production.
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Figure 5.1. Changes in dilution rate for Tetradesmus obliquus wild-type (A) and siml
(B) under nitrogen limitation. Values represent the average of replicate reactors and
error bars represent minimum and maximum values. The x axis shows hours after
‘sunrise’. Shaded areas indicate the dark period.

5.3.2 Diurnal changes of storage compounds: starch and TAG

During nitrogen limitation, starch continued to be the preferred storage compound to
store energy and carbon for the wild-type (Figure 5.2A). Starch was accumulated to an
average content of 0.25g-gow?, with a maximum content of approximately
0.29 g-gow?, which is higher than the maximum observed under nitrogen replete
conditions (0.20 g-gow™) (Ledn-Saiki et al., 2017). The overall preference of T. obliquus
wild-type towards storing starch has been previously observed (Breuer et al., 2014;
Remmers et al., 2017). When looking into the starch content during the diurnal cycle,
a small oscillation can be observed (Figure 5.2A), where starch slightly increases

between 9-12 h and decreases during the dark period. This can also be seen in the
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starch productivity (Figure 5.2C), which remained approximately zero during the first
9 h, then increased from t = 12 h until t = 21 h after which starch productivity was

negative, indicating consumption.
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Figure 5.2. Diurnal changes under nitrogen limitation in starch and triacylglycerides
(TAG) content for Tetradesmus obliquus wild-type (A) and simI (B) and in starch
productivity for the wild-type (C) and TAG productivity for wild-type and simI (D).
Open and closed symbols represent replicate cultures. The x axis shows hours after
‘sunrise’. Shaded areas indicate the dark period.

Under nitrogen replete conditions, TAG is not accumulated, whereas under nitrogen
limitation or starvation substantial amounts of TAG can be accumulated in T. obliquus,
as observed by Remmers et al. (2017). However, no information is known on the
diurnal role of this compound under nitrogen limitation in T. obliquus. Therefore, we
also measured the TAG content during the diurnal cycle in intervals of 3 h. The wild-
type showed a constant content of approximately 0.06 g-gow™ for all measured time
points (Figure 5.2A). This rather low content of TAG can be explained by the fact that

carbon and energy are mainly stored as starch. TAG is only formed if the carbon and
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energy supply exceeds the storage capacity in starch, as also mentioned in literature
(Fan et al., 2012; Breuer et al., 2014; Remmers et al., 2017). For T. obliquus, Remmers
et al. (2017) found that TAG is only accumulated after starch reaches its cellular
maximum of 0.40 g-gow . Under this nitrogen limitation condition this maximum
content is not reached, which explains the low content of TAG in the wild-type. The
preference for starch cannot be explained from the energy density, since more energy
can be stored in fatty acids as compared to starch (yield of complete oxidation of fatty
acids is about 9 kcal-g! compared to 4 kcal-g* for carbohydrates (Berg et al., 2002)). A
possible explanation for the preference for starch may be that the synthesis and
degradation of fatty acids, components of TAG, are slower compared to carbohydrates
(Lancelot and Mathot, 1985). Another reason might be that when cells grow
photoautotrophically, fatty acids synthesis represent a significant loss of carbon. This
is because the conversion of pyruvate (C3) to acetyl-CoA (C2) by the pyruvate
dehydrogenase complex involves the loss of one of the fixed carbons. This means that,
in terms of carbon fixation, starch is a more efficient storage compound for carbon
(Johnson and Alric, 2013).

For the sim1 mutant the TAG content (approximately 0.42 g-gow™) was about 7 times
higher than for the wild-type during the diurnal cycle (Figure 5.2B). However, TAG
showed no clear diurnal oscillations under nitrogen limitation for either strain (Figure
5.2A and B). When looking at the TAG productivity, diurnal variations were expected
for the siIm1 as the dilution rate is changing. However, no clear diurnal variations were

observed (Figure 5.2D). This is because the values for dilution rate are similar or smaller

than the accumulation term (—==). The accumulation term is in turn highly sensitive

dCrac
dt

for small changes in the measured TAG content. This is, the TAG productivity for the
slm1 is highly affected by measurement errors in the TAG content. For the wild-type,
the values of the dilution rate are higher, making the calculation of the TAG
productivity less sensitive to small errors in the TAG content, which in turn makes the

differences between the time points more significant.
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5.3.3 Energy conversion efficiency

Under nitrogen replete conditions, the energy conversion efficiency into biomass of
the wild-type is higher than that of the sim1 mutant (Ledn-Saiki et al., 2017; Ledn-Saiki
et al., 2018). We therefore investigated if this was also the case for nitrogen limitation
conditions where TAG accumulation occurs. For this we calculated the minimal number
of photons needed for the production of functional biomass, TAG, and starch (for the
wild-type), based on the biomass composition of the overflow samples (average steady
state values). Results are displayed as a percentage of used photons from the total
amount supplied in Figure 5.3A. As can be seen, also for nitrogen limited conditions
the efficiency is lower for the sIm1 mutant than for the wild-type (approximately 50%
for the wild-type and 25% for the sIm1). Even though the TAG content on the sim1 is
higher than for the wild-type, this lower efficiency is related to the fact that the
biomass productivity is reduced to less than half (1.29+0.11 g-L™*-day™ for the wild-type
and 0.52+0.06 g-L*-day?) (Supplementary Table S5.1). Also, both strains are less
efficient under nitrogen limited conditions compared to nitrogen replete conditions
(62.77+0.08% for the wild-type and 49.75+0.07% for the sIm1 (Ledn-Saiki et al., 2018)).

When looking into the conversion efficiency during the diurnal cycle in intervals of one
hour (Figure 5.3B and C), we observe that during the first half of the day, both strains
behave similarly, with the wild-type showing an increase in energy use one hour before
the sim1. However, in the second half of the day (approximately from t = 7 h), the sim1
mutant is much less efficient than the wild-type. Notably the second half of the light
period is the moment when starch accumulation occurs in the wild-type, probably

explaining the extra energy fixated.

Under nitrogen starvation, both starch and TAG can act as an overflow sink for
electrons (Hu et al., 2008). For starchless mutants, it has been suggested that the
difference in energy efficiency and biomass yield on light might be due to an increased
rate of energy dissipation compared to the wild-type (Li et al., 2010b; Remmers et al.,
2017) since electrons can no longer be channeled to starch. However, under nitrogen
limitation growth still occurs and starch still seems to have a role as a diurnal energy
storage compound, such as under nitrogen replete conditions (Ledn-Saiki et al., 2017),

which provides an extra benefit for the wild-type compared to the sim1.
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Figure 5.3. The percentage of photons (as a fraction of the total supplied) minimally
needed to make the different biomass components (A) and hourly percentage of
photons used by Tetradesmus obliquus wild-type (B) and simI (C). For (A), values
represent the average values of at least 3 overflow samples. For the hourly energy
conversion efficiency (B and C) the x axis represents hours after ‘sunrise’. Values
represent average of replicate reactors and error bars represent minimum and
maximum values. Shaded area indicates the dark period.
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5.4 Conclusions

Under continuous nitrogen limitation, both Tetradesmus obliquus wild-type and sim1
showed a repeated diurnal dilution pattern, with the sim1 showing a lower 24 h
dilution rate (growth rate) compared to the wild-type. Under this conditions,
T. obliquus wild-type continued to prefer starch to store energy and carbon, and starch
was accumulated to an average content of approximately 0.25 g-gow ™. Additionally,
starch showed small diurnal oscillations, where starch content increased during the
last hours of the light period (10-16 h) and decreased during the dark period. This
provided an advantage for the wild-type compared to the siml, as the energy
conversion efficiency into the biomass components during the diurnal cycle was higher
for the wild-type, especially during the last hours of light, where starch is accumulated.
Even though the TAG content in the sIm1 was higher than for the wild-type (average
steady state values of approximately 0.23 g-gow™ for the sim1 compared to 0.07 g-gow
! for the wild-type), the conversion efficiency of photons into biomass components for
the sim1 was only half of the one obtained for the wild-type, which is due to the
decrease in biomass productivity in the sim1 (from 1.29 gow-L*-day™ for the wild-type

to 0.52 gpw-L1-day™* for the sim1).
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Supplementary Figure S5.1. Diurnal changes in non-starch carbohydrates (diamonds)
and proteins (squares) for Tetradesmus obliquus wild-type (A) and simI (B) under
nitrogen limitation. Open and closed symbols represent replicate cultures. The x
axis shows hours after ‘sunrise’. Shaded areas indicate the dark period.

Supplementary Table S5.1. Average steady state values for T7etradesmus obliquus
wild-type and s/mI under nitrogen limitation. Average values are given for biological
duplicate reactor runs. Average values are shown as value + standard deviations.

Wild-type sim1
Dry weight concentration (g-L?) 2.16+0.17 2.55+0.18 2.42+0.17 2.40+0.10
Dilution rate (day™) 0.61+0.05 0.50+0.04 0.21+0.02 0.22+0.02
Biomass productivity (g-L*-day™) 1.31+0.13 1.27+0.11 0.51+0.06 0.53+0.07
Biomass yield on light (g-:moln™) 0.97+0.09 0.93+0.08 0.37+0.04 0.39+0.05
Triacylglycerides (g-gow™) 0.06x0.01 0.08+0.01 0.23+0.02 0.23+0.01
Starch (g-gow™) 0.35+0.03 0.34+0.02 - -
Photon absorption rate

1.36 1.36

(molphotons:L-day ™)
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ABSTRACT

120

We developed a metabolic network describing the primary metabolism of
Tetradesmus obliquus aimed to get a better understanding of metabolism to
improve industrial production. The network includes 351 reactions with 183
metabolites distributed over 4 compartments: cytosol, chloroplast,
mitochondria, and extracellular space. The energy requirements for biomass
assembly and maintenance (Kx and matp, respectively) were experimentally
determined from batch cultures and included in the model. The determined
values were 121.02 mmolare-gow™ for Kx and 0.66 mmolare-gow - for the
marpe. The maintenance value found for T. obliquus is, to our knowledge, one
of the lowest reported in literature for microalgae. This low value is also in
agreement with the photon maintenance requirement found experimentally
for T. obliquus (1.18 mmolpn-gow-h?). Finally, the theoretical maximum
yields based on the model for biomass, triacylglycerides (TAG), and starch
yield on light were calculated to be 1.15 g-moloh™, 1.05 grag-molpn™, and

269 gstarch'molph-l.
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6.1 Introduction

Microalgae are promising sustainable cell factories for the production of food, feed,
nutraceuticals, chemicals, and fuels due to their photosynthetic ability and product
diversity (Wijffels et al., 2013; Guarnieri and Pienkos, 2015). The oleaginous microalgae
Tetradesmus obliquus (formerly known as Scenedesmus obliquus (Krienitz and Bock,
2012)) is an industrially relevant strain that can accumulate high amounts of lipids
(Mandal and Mallick, 2009; Ho et al., 2012; Breuer et al., 2013b; Remmers et al., 2017).
T. obliquus reached a maximum triacylglyceride (TAG) yield on light of 0.14 grag-molpn’
1 and a final TAG content of 0.45 g-gow™® under batch nitrogen starvation conditions
(Breuer et al., 2014).

At this moment the bulk production of microalgal products is not economically
feasible, which is partly due to cultivation costs (Ruiz et al., 2016). The production costs
can be lowered by increasing the yield on light for a desired product. Strategies to
accomplish this involve the steering of algal metabolism towards the product of choice
and increasing the efficiency with which the light is used. However, finding the right
pathways and enzymes to target in order to reach this is difficult due to a lack of
understanding of algal metabolism. Genome-scale metabolic models are a powerful
tool for obtaining a better understanding of metabolism and are used for several
applications, such as finding targets for metabolic engineering or elucidating regulatory

mechanisms in a metabolic network (Feist and Palsson, 2010).

Several metabolic models can be found in literature for eukaryotic microalgae. A first
reconstruction of the metabolic network of Chlorella sorokiniana contained 67
reactions and 61 metabolites, with a low level of compartmentalisation as little was
known regarding localization (Yang et al., 2000). With the sequence and annotation of
the genome of the model microalgae Chlamydomonas reinhardtii (Merchant et al.,
2007) a large amount of information about the metabolism became available and
metabolic models were developed (Boyle and Morgan, 2009; Manichaikul et al., 2009;
Changetal., 2011; Cogne et al., 2011; Dal’Molin et al., 2011; Kliphuis et al., 2012; Imam
et al., 2015). These models had a higher level of compartmentalisation, as well as a

higher number of reactions and metabolites.

121



Chapter 6

The problem with the genome-scale models is that both the annotation and prediction
in which compartment a protein ends up, is poor (Reijnders et al., 2014). As an
alternative to the genome scale models, core models are developed containing the
primary metabolism (Kayser et al., 2005; Boyle and Morgan, 2009; Kliphuis et al., 2012;
Muthuraj et al., 2013). These models differ in their representation of internal
metabolism, as all the reactions that are annotated in the genome are present in the
genome-scale models. However, both models can correctly make predictions, as
shown for E. coli with a genome scale metabolic model (Feist et al., 2007) as well as a
core model (Kayser et al., 2005). Additionally, the primary metabolism is usually well
annotated and information on localisation of metabolic pathways can be obtained

from literature.

As for genome-scale models, the amount of energy needed for making biomass
(growth-associated maintenance, Kx) and for maintenance (non-growth-associated
maintenance, marp) are two important unknown parameters that must be determined
experimentally. A common strategy to estimate the energy parameters is using a
chemostat set-up. However, if for both systems the maximum amount of light per cell
is the same, the batch approach in principle covers the same range of growth rates as
the chemostat approach. For algae growing under light-limited batch cultures, the
available light per cell slowly decreases due to the growth of the algae themselves.
Thus, the batch approach allows to go slowly through a whole range of different
specific growth rates throughout the cultivation, whereas in a chemostat usually a

limited number of growth rates is tested.

In this paper we developed a core model for T. obliquus. We verified whether the genes
responsible for the reactions in the model are present in the genome as published by
Carreres et al. (2017). Then we determined experimentally the energy parameters for
maintenance and biomass formation from batch cultivations and included them in the
model. Finally, the model was used to predict the theoretical yields of biomass, starch

and triacylglycerides (TAG) on light.
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6.2 Materials and methods
6.2.1 Model development and Flux Balance Analysis (FBA)

An organism’s metabolism can be described by a set of stoichiometric reactions
(Stephanopoulos et al., 1998). We constructed a de novo metabolic network for
Tetradesmus obliquus where the reactions were included in either the chloroplast,
cytosol or mitochondria based on information from text books and literature
(Hoefnagel et al., 1998; Laloi, 1999; Atteia et al., 2009; Stern, 2009; Chang et al., 2011).
Afterwards, the transport steps between the compartments were added. Finally, we
checked whether the genes responsible for the included reactions were present in the

genome reported by Carreres et al. (2017).

After the biochemical network was developed, the intracellular fluxes of the network
were studied using Flux Balance Analysis (FBA). An objective function was set and the
solution space was narrowed down by including constraints. Such constraints included
the quasi steady-state constrain where the accumulation of intermediate metabolites
as well as the depletion is assumed to be zero (this is, no dynamics for the intracellular
metabolites), setting boundaries for measured reactions, and restricting the
directionality of reactions based on thermodynamics. This is mathematically

represented as:
Objective function: max(c - v)
Constraints: S-v=0
LB<v<UB

Where S is the stoichiometric matrix S (where Sjj contains the stoichiometric coefficient
of compound jin reactionj), c is a row vector which defines the objective function, and
LB and UB are the lower and upper boundaries for the reaction rates of the reaction
vector v. To estimate the energy parameters, the ATP production was used as an
objective function and the specific growth rates calculated on different time points
(section 6.2.5) and the light supply rate (section 6.2.6) were measured and used to
constrain the solution space. The network contained several circulations and therefore

a unique solution for the flux distribution cannot be calculated. Therefore, we used the
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geometric mean to single out a unique solution. The geometric mean represents a
unique solution in the solution space, which minimizes the total flux in the cell ,while
satisfying the objective function, removing thermodynamically infeasible cycles and

imposed constraints (Smallbone and Simeonidis, 2009).

In silico simulations were calculated using COBRA Toolbox (Becker et al., 2007;
Schellenberger et al., 2011) with the ‘glpk’ solver in MATLAB R2015b version 8.6 (The
MathWorks Inc, USA).

6.2.2 Energy parameters

The growth associated maintenance (Kx) and the non-growth associated maintenance
(matp) parameters were calculated from experimental data applied to the model. For

this calculation, the ATP balance is written as:
Vst v — Kyt —mpqp = 0 (Eq.6.1)

The first term in the equation represents the net production of ATP in the network

ATP s the stoichiometric

excluding ATP used for growth and maintenance. Here s;
coefficient of ATP in reactioniand v;is the flux through reaction i. ATP production from
oxidative phosphorylation and the light reactions are included in this term. The
stoichiometry for the oxidation of NADH and FADH: in the oxidative phosphorylation
is defined based on the P/O ratio (ratio of ATP synthesized per % mole of O, reduced
to water). A P/O ratio of 2.5 and 1.5 is generally accepted for NADH and FADH,,
respectively, and was used for the model. With respect to ATP generation from light,
the two most important processes that result in ATP and/or NADPH production were
considered. During the linear electron transport (LET), according to the Z-scheme of
photosynthesis, 3 ATP and 2 NADPH are produced for every 8 photons absorbed.
Additionally, the cyclic electron transport (CET) yields 1 ATP per 2 photons absorbed.
Optimal photosynthetic efficiency of 8 photons for 3 ATP and 2 NADPH is in practice
never achieved, possibly because always a certain minimal amount of CET occurs.
Therefore a minimum requirement of 10 photons is assumed for LET to produce 3 ATP
and 2 NADPH (Kliphuis et al., 2012; Klok, 2013). K« represents the ATP requirement for
the formation of biomass from biopolymers (in mmolare-gow™). This constant includes

the processes that use ATP and are not defined as reactions in the network (e.g. the
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assembly of biopolymers like protein and lipids into functional cells). p stands for the
specific growth rate calculated on different time points (h™). The final term mare (in
mmolare-gow-h?) refers to the maintenance requirements of the cell, which vary

depending on the species and culture conditions.

With the P/O ratio and the stoichiometry of the light reactions known, the first term
can be calculated if the flux distribution is known. This term represents the net specific

ATP production rate (qare) in the network. Then Eq. 6.1 can be written as:

darp = Ky " L+ mypp (Eq.6.2)

The parameters Ky and mare can now be experimentally estimated by plotting the
simulated gare against the specific growth rates calculated on different time points (p).
Here the slope is Kx and the intercept marp. Alternatively, matr can also be directly

calculated from the garp during the stationary phase (u = 0) of the batch culture.

To estimate Kx and marp, a series of batch experiments were carried out under nutrient
replete conditions and at low light intensity. Samples were taken at different time
points of the batch cultivations to determine a wide range of specific growth rates. The
maximum ATP production rate (gate) was calculated using FBA. For each growth rate a
separate biomass equation was used that matched the measured biomass composition

at that specific growth rate.

6.2.3 Strains, pre-culture conditions and cultivation medium

Wild-type Tetradesmus obliquus UTEX 393 was obtained from the Culture Collection of
Algae, University of Texas. Pre-cultures were grown in filter sterilized (pore size 0.2 um)
freshwater medium (KNOs3 9.9 mM, Na,SO4 0.7 mM, HEPES 100.0 mM. MgS04-7H,0
0.6 mM, CaCl,-2H,0 0.5 mM, K:HPOs 2.5 mM, NaHCOs 10.0 mM, NazEDTA-2H,0
80.0 uM, MnCl2-4H>0 19.0 uM, ZnSO4-7H20 4.0 uM, CoCl,-6H,0 1.2 uM, CuSO4-5H,0
1.3 uM, NaMo04-2H>0 0.1 pM, NaFeEDTA 27.8 puM, Biotin 0.1 uM, vitamin B1 3.3 uM,
vitamin B12 0.1 uM) (Breuer et al., 2013b), as described by Ledn-Saiki et al. (2017).
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6.2.4 Batch reactor experiments

Batch cultures of T. obliquus were conducted in a sterile flat panel airlift-loop reactor
with a working volume of 1.8 L and a light path of 0.02 m (Labfors 5 Lux, Infors HT,
Switzerland). Reactors were inoculated to an optical density (OD7s0) of 0.01 and were
continuously illuminated by a panel with 260 LED lamps. Reactor medium composition
was the same as for pre-cultures, with the differences that HEPES and NaHCOs were
not included. KNOs initial concentration was 1g-L'! for replicate #1, 7.5 g-L’? for
replicates #2-4, and 10 g-L for replicates #5-8 to prevent nitrogen limitation. For
replicate #1, additional KNO3 was supplied to the culture when nitrogen was fully
consumed. The incident light intensity was 90 umol-m2-s (Breuer et al., 2015a), to
ensure that the photosystems were working at maximum efficiency by avoiding light
saturation and preventing damage and dissipation of energy (Baker et al., 2007;
Kliphuis et al., 2012; Breuer et al., 2015a). A 2% v/v antifoam solution (Antifoam B,

Baker, The Netherlands) was supplied when foam build-up was observed.

6.2.5 Specific growth rate

The microalgal cultures experienced different growth rates throughout a batch
cultivation. During the exponential growth phase, the increase in biomass per unit of
time is proportional to the biomass present in the culture at the beginning of any unit
of time (Michelle Wood et al., 2005). Maximum growth rate during the exponential

phase, tmax (in h1), was calculated by performing a logarithmic linearization as follows:
In(C,) = ln(Cxo) + lmax " t (Eg. 6.3)

where Cyx is the biomass concentration (in g-L?) at time t (in h), and Cx, is the biomass

concentration at the beginning (in g-L?).

During the linear phase, the specific growth rate p (in h™) was calculated on different
time points by dividing the slope between three measured biomass concentration

points by the biomass concentration Cx (in g-L™%):

ac dCy Cx(D=Cx(t-1)  Cx(t+1)=Cx(t)

X —dt_ Aty N Aty

—=u-C, »u=-"2-= Eg. 6.4
aw Ml o= 2 (Eq. 6.4)
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6.2.6 Specific light supply rate

The light intake rate was calculated for each specific growth rate p using the following

equation:

_ PFDgps'Apbr — PFDgps (Eq 6 5)

Cx'Vpbr Cx'Zpbr

TEx

Where rey is the light supply rate per amount of biomass (in mmolph-gow™-h™?), PFDaps is
the absorbed photon flux density (in mmolph-m2-h1), Ager is the illuminated area of the
photobioreactor (in m?), Cx is the biomass concentration (in g'm3), Vpor is the working
volume of the photobioreactor (m3), and Zuur is the light path (in m). The PFDaps Was
estimated by subtracting the corrected light leaving the reactor (PDFou:, in mmolgh-m’
2.h1) to the incident light (PDFin, in mmolph-m2-h) as described by Mulders et al.
(2014). Light on the rear of the reactor was manually measured with a light meter (LI-
250, LICOR, USA) and corrected for the dissipation by the water jacket. In addition, the
relationship between the specific light supply rate (rex) and the specific growth rate at
different time points (i) can be used to estimate the biomass yield on light Yy/ph (in
gow-mmolpnt), as used by Zijffers et al. (2010) based on the model of Pirt (1965):

Ty = ——4+m (Eq. 6.6)
Ex E q
Yx,ph

where me is the photon maintenance requirement (in mmolon-gowhl). The
maintenance energy is the energy required for functions other than production of
biomass (Pirt, 1965).

6.2.7 Analyses

Dry weight (DW) concentration was determined according to Kliphuis et al. (2012).
Starch content was measured as described by de Jaeger et al. (2014) using 5 mg of
freeze-dried biomass and a total starch kit (Megazyme, Ireland). Triacylglycerol (TAG)
content and polar lipid content were quantified as described by Remmers et al. (2017)
using 7 mg of freeze-dried biomass and 1,2-dipentadecanoyl-sn-glycero-3-phospho-
(1’-rac-glycerol) (sodium salt) (840446, Avanti Polar Lipids Inc) and tripentadecanoin
(T4257, Sigma Aldrich) as internal standards. Total carbohydrates were measured by

pre-treating 1 mg of freeze dried biomass with 0.5 mL of 2.5 M HCI, followed by
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incubation in boiling water for 3 h. After this, samples were cooled down to room
temperature and neutralized with 0.5 mL of 2.5 M NaOH. Quantification was done
using a 5% (v/v) solution of phenol:water and concentrated H,S04 according to DuBois
et al. (1956) and Hebert et al. (1971). Absorbance was measured at 483 nm. A 1 g-L*
solution of glucose was used as standard and starch was used as control. Ash content
was measured as described by Kliphuis et al. (2012) using at least 38 mg of freeze-dried
biomass. Pigment (chlorophyll and carotene in pg-mL?) content were extracted using
methanol at 60 °C for 30 min. Absorbance was measured at 470, 652 and 665 nm. The
assay was done in triplicate. Arnon’s equations were used to calculate the pigment

concentration (Lichtenthaler, 1987):

Chl, = 16.72 - ODggs — 9.16 - ODgsy (Eq. 6.7)
Chl, = 34.09 - ODgs, — 15.28 - ODggs (Eq. 6.8)
Chlprar = Chl, + Chl, (Eq. 6.9)
Cayppq = Tt a0 O (Eq. 6.10)

Where Chl, stands for chlorophyll a, Chly, for chlorophyll b, Chltotal for chlorophyll total

and Carotal for carotene total.

6.2.8 Biomass equation coefficients under different growth rates

To calculate the biomass equation coefficients, first the biomass composition for all
the measured components (carbohydrates (CHO), polar lipids (PL), TAG, proteins,
chlorophyll (chl), carotenes (car) and ashes) was normalized to 93.8% (100% minus
DNA and RNA content). DNA and RNA content were not experimentally measured but
were taken from the literature (0.002 g-gow™ for DNA and 0.06 g-gow™ for RNA)
(Kliphuis et al.,, 2012). After normalization, the biomass equation coefficients (in
mmol-gow?) were calculated by dividing the fraction of the component by the
molecular weight of each component (CHO: 162.1 gcuo-mol?, PL: 757.5 gpi-mol?, TAG:
864.3 grag:mol?, proteins: 106.4 gprorrmol™?, chl: 869.2 gechrmol™?, car: 536.9 gcarmol?,
RNA: 339.2 grnarmol?, and DNA: 356.0 gona-mol?). Molecular weights of the different

macromolecules were calculated based on the elemental composition of the
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compound in the model. The biomass equation defined in this way produces 1 g of

biomass dry weight.

The average biomass equation (in mmol-gow™) used to calculate the theoretical yields
was formulated using the biomass coefficients of the specific growth rates calculated
for time points higher than 0.01 h!, where the biomass composition remained almost
constant. As the biomass was set to produce 1 gpw, the flux resulting from the biomass

synthesis equation is the specific growth rate and has units of h.

6.29 Theoretical yields of biomass, starch, and TAG on light

The theoretical biomass yield on light was estimated by optimizing the biomass
production divided by the photons supplied. The TAG and starch yield on light were
estimated by optimizing the TAG or starch content, and dividing this by their molecular
weight and the photons supplied. The molecular weights used were 147.7 g-mol™* for
biomass, 864.3 g-mol™ for TAG and 162.1 g-mol™ for starch. The yield of TAG on starch
was calculated by setting the lower boundary of the starch exchange rate and the light
supply rate to -1 and 0, respectively. TAG was used as the function to be optimized.
The maintenance energy (marp) was set to zero for these estimations, as otherwise the

yield becomes dependent on the light intensity used.

6.2.10 Dissolved nitrate and phosphate

The dissolved nitrate concentration was measured using a Seal Analytical AQ2 nutrient
analyser (SEAL Analytical Inc., USA) as explained by Benvenuti et al. (2015). Phosphate
concentration was also measured using a Seal Analytical AQ2 nutrient analyser (SEAL
Analytical Inc., USA). The method is based on the reaction with acidic molybdate in the
presence of antimony forms an antimony phospho-molybdate complex which is
reduced by ascorbic acid to an intensely blue complex: phosphomolybdenum blue. The
absorbance of this complex is measured spectrophotometrically at 880 nm. Dilutions

and standards were prepared according to manufacturer’s instructions.
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6.2.11 Statistical analysis

Eight batch runs were performed at low light intensity to estimate the energy
parameters. The maintenance requirement (marp) was calculated based on the model
as the intercept from plotting the specific growth rates calculated on different time
points and the gare (N=65 measurements). From these 65 measurements points, 15
corresponded to the stationary phase (N=15 measurements) and were used directly to
estimate the maintenance energy. A Student’s T-test with a significant level of p<0.05

was used to evaluate the difference between both values.

6.3 Results and Discussion

6.3.1 Metabolic model construction

In this work, a network of metabolic reactions describing the primary metabolism of
Tetradesmus obliquus and their subcellular location was defined based on literature
(Hoefnagel et al., 1998; Laloi, 1999; Atteia et al., 2009; Stern, 2009; Chang et al., 2011)
and biochemical text books (Alberts et al., 2002).

In total, the metabolic network consists of 351 reactions with 183 metabolites
distributed over 4 compartments: cytosol, chloroplast, mitochondria and extracellular
space (Supplementary Files S6.1 and S6.2). A total of 35 reactions were placed in the
mitochondria, including reactions of the photorespiratory, nitrate, glyoxylate, amino
acid, folate, Tricarboxylic acid (TCA) cycle, and oxidative phosphorylation pathways.
For the chloroplast, 98 reactions were included. The reactions were part of the
following pathways: photosynthesis, Calvin cycle, photorespiration, starch
metabolism, nitrogen assimilation, sulphur assimilation, amino acid metabolism, and
fatty acid biosynthesis. In the cytosol, reactions from the pentose phosphate pathway,
fatty acid biosynthesis, purine and pyrimidine metabolism were included, together
with reactions from other compartments (e.g. glyoxisome). Finally, transport reactions
between the compartments were added based on literature or requirement to make a
functional model. The reactions, as well as the EC numbers for the enzymes, can be
found in Supplementary File S6.1. Reactions were grouped into different metabolic

pathways to facilitate the analysis of the flux distributions predicted by the model.
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All enzymes were present in the genome, except for 16 reactions (Table 6.1). Their
absence could be associated with a poor annotation of the genome, as annotation from
microalgae is mainly based on higher plants (Reijnders et al., 2014; Reijnders et al.,
2015). Of these 16 missing reactions, the enzyme from reactions 162 (desaturase) is
part of the fatty acid synthesis. This enzyme is responsible for introducing double
bounds in fatty acids. Even though no evidence of its presence could be found in the
genome, the enzyme was included in the model as T. obliquus is known to be able to
perform these reactions. The other reactions are involved in the Calvin cycle (28),
glycolysis (30), photorespiration (39 and 47), TCA cycle (78), amino acid synthesis (106,
128, 131), fermentation (150), fatty acid biosynthesis (154-156), and purine and
pyrimidine metabolism (176, 180 and 187). These reactions were included as they are

needed for the model to support growth.

6.3.2 Batch growth and biomass composition

Eight batch runs were performed at low light intensity to estimate the energy
parameters for maintenance (marp) and formation of biomass (Kx). Three of them were
focused on the exponential and linear phase and the other five were carried out to the
stationary phase. Commonly, a batch growth curve for algae can be divided into five
phases: lag, exponential growth, linear growth, stationary, and death phase. Growth
profiles are shown in Figure 6.1A. We observed that the growth was more or less
exponential until the biomass concentration (Cx) reached 0.14 gow-L? (approximately
72 h). After this point, the outgoing light decreased inverse proportionally to the
increase in biomass concentration, reaching full light absorption approximately after
120 h (Cx of approximately 0.71 gow-L™2). From there on, the increase in biomass was
approximately linear in time to about 6 gow-L™. After this point the increase in biomass
gradually decreased to zero and the biomass concentration became constant
(stationary phase). The range of specific growth rates calculated on different time
points obtained from the batch runs was from 0 (stationary phase) to 0.053 h!
(exponential phase). The differences in final biomass concentration (from 7 to 10
gow-L) between the batch runs may be related to differences in mixing patterns and
biomass sedimentation or small differences in maintenance requirements between the

cultures (see below).
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Table 6.1. List of missing enzymes in the genome of Tetradesmus obliquus

# Reaction Enzyme name EC.
number
28 MAL[h] + NADP[h] <=>CO2[h] + NADPH[h] + Malate dehydrogenase 1.1.1.40
PYR[h]
30 F6P[h] <=> G6P[h] Glucose-6-phosphate 5.3.19
isomerase
39 NAD[m] + glycolate[m] -> GLYX[m] + H[m] + Glyoxylate reductase or 1.1.1.26
NADH[m] glycolate dehydrogenase  1.1.99.14
47 GA[c] + H[c] + NADPH[c] <=> GLYC[c] + NADP|c] Alcohol dehydrogenase 1.1.1.2
78 ATP[c] + OXA[c] -> ADP[c] + CO2[c] + PEP[c] Phosphoenolpyruvate 4.1.1.49
carboxykinase
106 ATP[h] + E4P[h] + NADPH[h] + 2 PEP[h] -> Chorismate synthase 4235
ADP[h] + CHO[h] + NADP[h] + 4 Pi[h]
128 ASA[c] + GLU[c] + 2 H[c] + NADPH[c] + PYR|[c] Diaminopimelate 5.1.1.7
<=> AKG[c] + DAP|[c] + H20[c] + NADP|c] epimerase
131 SUCCoA[h] + HSER[h] <=> CoA[h] + Homoserine O- 2.3.1.46
OSUCHSER[h] succinyltransferase
150 MAL[m] + NAD[m] <=> CO2[m] + NADH[m] + Malate dehydrogenase 1.1.1.39
PYR[m]
154 AcACP[h] + 12 H[h] + 6 MalACP[h] + 12 Enoyl-[acyl-carrier- 1.3.1.10
NADPH[h] ->6 ACP[h] + C140ACP[h] + 6 CO2[h] protein] reductase
+ 6 H20[h] + 12 NADP[h]
155 AcACP[h] + 14 H[h] + 7 MalACP[h] + 14 Enoyl-[acyl-carrier- 1.3.1.10
NADPH[h] ->7 ACP[h] + C160ACP[h] + 7 CO2[h] protein] reductase
+ 7 H20[h] + 14 NADP[h]
156 AcACP[h] + 16 H[h] + 8 MalACP[h] + 16 Enoyl-[acyl-carrier- 1.3.1.10
NADPH[h] ->8 ACP[h] + C180ACP[h] + 8 CO2[h] protein] reductase
+ 8 H20[h] + 16 NADP[h]
162 C181CoA[c] + H[c] + NADH[c] + 02[c] <=> Desaturase
C182CoA[c] + 2 H20[c] + NADIc]
176 ASP[c] + GTP[c] + IMP[c] <=> AMP|c] + FUM[c] Adenylosuccinate 6.3.4.4
+ GDP[c] + Pi[c] synthase
180 ASP[c] + CaP[c] + H[c] + O2[c] + PRPP[c] <=> Dihydroorotate 1.3.1.14
CO2[c] + H202[c] + H20[c] + PPi[c] + Pi[c] + dehydrogenase
UMP[c]
187 METHF[c] + UDP[c] + trdrd[c] -> DHF[c] + Nucleoside-phosphate 2.7.44

H20[c] + dTDP[c] + trdox][c]

kinase
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Figure 6.1. Dry weight of 8 independent batch runs of Tetradesmus obliquus (A).
Supernatant nitrogen (B) and phosphorous (C) concentration during the eight
different batch runs. Error bars in the dry weight represent standard deviation for
triplicate measurements. Error bars in nitrogen measurements represent the deviation
in technical replicates (n=2).
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To verify that the cultures were light-limited and that nitrogen and phosphorus
concentration were not limiting growth, we measured the nitrogen and phosphate
concentration in the supernatants (Figure 6.1B and C). Nitrogen and phosphorus
concentration decreased throughout the cultivation. For replicate #1 data is available
from 260 h onwards. In this run, nitrogen limitation was observed and KNO3 was added
again. To prevent nitrogen limitation in the following batch runs, a higher initial KNO3
concentration was used. In these runs nitrogen concentration remained above zero in

the supernatant, showing that nitrogen was not limiting growth.

The phosphorus consumption was fast during all cultivations and phosphorus was
depleted after approximately 300 h. This does not necessarily mean that phosphorus
was limiting growth as microalgae under certain conditions can consume more
phosphorus than needed for growth (known as “luxury uptake”) and store it in the
form of polyphosphate (Powell et al., 2011). The average phosphorus content in
freshwater algae is usually about 0.01 g-gow™* (Borchardt and Azad, 1968), and a value
higher than that indicates luxury uptake. A minimum value of 0.004 g-gow™* has been
found without being qualified as harmful (Powell et al., 2008). For the different
replicates, values between 0.06 and 0.006 g-gow™* were found throughout the culture
(Supplementary Figure S6.1). Results therefore suggest that nitrogen and phosphorous

were not limiting growth during the batch cultures.

With the biomass concentration and the absorbed photon flux density known, the light
absorption rate rex (in mmolpn-gow -h ) was calculated for each specific growth rate
(in h'!) as explained in section 6.2.5. In Figure 6.2 the specific light absorption rate is
plotted as a function of the specific growth rate. Regression of the data gives a me of
1.18+0.29 mmolpr-gow*h™ and a biomass yield on light Yx/on of 1.14+0.04 gow-molen™.
Four points (circled values in Figure 6.2) clearly deviate from the trend line. This was
due to a low biomass concentration and thus a low amount of biomass in the sample,
resulting in large errors in the measurement. The points were therefore not included

in the regression and larger samples were taken for the subsequent cultivations.
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Figure 6.2. Plot of the light supply rate rg against the specific growth rate calculated
on different time points (u) of eight batch runs of Tetradesmus obliquus. Circled
values were not considered for the linear regression for reasons described in the
main text. The 95% confidence intervals of the slope (1/Y,,,) ranged from 846.66
to 901.97 and of the intercept (mg) ranged from 0.89 to 1.48.

An overview of the experimental values found with other microalgae for the biomass
yield on light Yuph (in g'molpn?) and the photon maintenance requirement me (in
mmolyn-gow -hl) is presented in Table 6.2. For T. obliquus, Breuer et al. (2015b) found
a value of 1.19+0.03 g-molpn under low light conditions (200 umol-m?2-s?), a value
similar to the one obtained in this work. This yield was calculated from continuous
chemostat cultivations based on the dilution rate, biomass concentration, light
intensity and reactor thickness. The value found for the biomass yield on light was
similar to that found for Chlamydomonas reinhardtii under similar low light intensity
(80 umol-m2:s1), with a biomass yield on light of 1.25+0.06 g-molyn™ (Kliphuis et al.,
2012). Under low light conditions, dissipation of light is reduced and the biomass yield
on light is expected to be higher. Surprisingly, Sforza et al. (2015b) reported a value of
more than twice the one obtained in this work (2.52 g-molynt) under a light intensity
of 150 umol-m2-s1This last value is high, as values for biomass yield on light are usually
between 0.5 and 1.2 g-molynt (Table 6.2). Under high light conditions, as expected, the
values are lower as energy is dissipated or the photosystems can be damaged. For

example, Breuer et al. (2015b) reported a Yy/ph of 0.65+0.03 g-molpn? at a light intensity
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of 1000 pmol-m?2-s; while Ledn-Saiki et al. (2017) reported a value of
0.98+0.08 g-molyn™t under light conditions of 500 umol-m2:s. Overall, the biomass
yield on light found for T. obliquus in this work is within the normal values reported in

the literature under low light conditions.

Table 6.2. Energy parameters estimated for different microalgae

Light
. 12 . Kx marp Yx/ph me
. intensity ; (mmolph-
Organism > (mmolare:  (mmolare: (g'molpn e Reference
(umol-m™- 1 gl 1 gow™+h)
) gow) gow-h?) )
Tetradesmus 90 121.02 0.66 1.14 1.18 This work
obliquus®
Sforza et al.
. ) ) )
T. obliquus 150 2.52 3.25 (2015b)
Sforza et al.
. ) ) )
T. obliquus 650 1.13 19.65 (2015b)
Chlamydomonas Chen and
reinhardtii ® 35 ) 1.68 ) ) Johns (1996)
Boyle and
C. reinhardtii ® 65 29.89° 1.50¢ 5.31 - Morgan
(2009)
C. reinhardtii ® <100 109.00 2.85 1.25 5.98 Kliphuis et al.
’ ' ’ ' ’ (2012)
Imam et al.
. o _ .
C. reinhardtii 150 92.43 2.85 (2015)
Chlorella sorokiniana Zijffers et al.
a 930 - - 0.75 6.80 (2010)
Dunaliella tertiolecta Zijffers et al.
a 930 - - 0.78 13.30 (2010)
Nannochloropsis Sforza et al.
saling 2 150-600 - - 1.68 7.62 (2015a)

Kx represents the ATP requirement for the formation of biomass from biopolymers, marp is the maintenance
requirement, Yx/ph is the biomass yield on light and me is the photon maintenance energy.

2 phototrophic growth on light and CO..

b heterotrophic growth on acetate. Acetate yields 9 ATP (Berg et al., 2002).

¢ Not measured, taken from literature.

The photon maintenance requirement (me) obtained from the slope (1.18
mmolph-gow 1-h?) is one of the lowest value reported for microalgae using this method
(Table 6.2). When comparing the value obtained to the one reported by Sforza et al.
(2015b) under low light (150 umol-m2-s) for T. obliquus, the value is more than
double. The difference could be explained by dissipation or photoinhibition (as the light
intensity used was above the saturation value of 89 pmol-m2-s™* estimated based on
Breuer et al., (2015a)). The other me values found for algae (Table 6.2), with the

exception of the one presented by Kliphuis et al. (2012), were calculated under high
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light intensity, where maintenance requirements have been reported to increase at
higher irradiances, probably related to photoinhibition and saturation (Sforza et al.,
2015b) Additionally, the photon maintenance value was calculated from the stationary
phase, where growth is zero, and we assume all the photons are used for maintenance.
Using this second approach, the value was found to be 1.80+0.19 mmolph-gow*-h%. This
higher value may be caused by additional stress experienced by the algae during the

stationary phase.

The metabolic network always contains a reaction which describes the synthesis of
biomass from macromolecules (biomass equation). The formulation of this equation
strongly depends on the biomass composition and the energetic requirements to
generate new biomass (Feist and Palsson, 2010). To calculate the biomass equation
coefficients, the biomass composition was analysed for the specific growth rates
calculated on different time points (Figure 6.3). Protein content was the major
component of the dry weight, ranging from 0.40 to 0.80 g-gow™* (Figure 6.3B). Followed
by carbohydrates (approximate 0.10-0.20 g-gow™, Figure 6.3A) and polar lipids
(approximately 0.08 g-gow™, Figure 6.3C).

In general, the biomass composition remained more or less constant, except at low
growth rates below 0.01 h!, where the carbohydrate content increased (Figure 6.3A),
and protein (Figure 6.3B) content decreased. The chlorophyll content was stable
around 0.03 g-gow™?, (Figure 6.3E) and tryacylglycerols content and carotene content
remained stable and close to zero (Figure 6.3D and F). With the aforementioned
measured biomass components (together with the ash content), we could explain in
average 90% of the biomass dry weight. Assuming that DNA and RNA content together
account for 6.2% of the biomass, the mass balance for the biomass components was

between 90-100%, which is satisfactory for the modelling approach.

Using the biomass composition, the biomass coefficients were calculated as explained
in section 6.2.8 and values are presented in the Supplementary Table S6.1. These
values were then incorporated into the biomass synthesis reaction (reaction 220,
‘BIOMASS_S’, Supplementary File S6.1) to estimate the ATP production rate.
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Figure 6.3. Measured biomass composition under different growth rates for
Tetradesmus obliquus. A) carbohydrates; B) proteins; C) polar lipids; D) triacylglycerol
(TAG); E) chlorophyll; and F) carotene content.

6.3.3 Estimation of energy requirements for growth and maintenance

Using the biomass coefficients (Supplementary Table S6.1), the specific light
absorption rates and the specific growth rates  as input for the model, the garr was
estimated for each W, and results are shown in Figure 6.4. According to Eq. 6.2, the

slope of this line gives the Ky, the ATP requirement to make biomass from biopolymers,
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and has a value of 121.02 mmolare-gow™ (95% confidence interval 106.14 to
135.91 mmolare-gow?). The intercept of this line represents the ATP required for
maintenance (mare) based on the model, which has a value of 0.66 mmolare-gow*-h?
(95% confidence interval 0.50 to 0.82 mmolare-gow-h?). As for the photon
maintenance (mg), the ATP maintenance value was calculated from the stationary
phase. Using this approach, the value was found to be 0.97+0.10 mmolare gow* h%. This
is higher than the value obtained from the regression (p<0.05), which, as for mg, may

be due to additional stress experienced by the algae during the stationary phase.
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Figure 6.4. Calculated specific overall ATP production rate (qae in mmol-gyy™*h?)
against the specific growth rate calculated on different time points (u in h?) for
Tetradesmus obliquus. q,» was calculated using the model for each growth rate
and corresponding biomass equation. Circled values were not considered for the
linear regression for reasons described in section 6.3.2.

The estimation of energy parameters has been done in organisms ranging from
Escherichia coli (Kayser et al., 2005), Saccharomyces cerevisiae (Forster et al., 2003),
Lactococcus lactis (Oliveira et al., 2005), and archae (Thor et al., 2017), to microalgae
(Boyle and Morgan, 2009; Kliphuis et al., 2012; Sforza et al., 2015b). We presented in
Table 6.2 an overview of the values for Kx (in mmolare-gow™), and mare (in mmolare:

gow -h?) found in literature for different microalgae.
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The variation in the values for K« can be explained by differences in model used,
conditions applied, and differences between species (Kliphuis et al., 2012). Regarding
Kx, the value for T. obliquus was comparable to that of C. reinhardtii reported by
Kliphuis et al. (2012). A much lower value of 29.89 mmolarr-gow™ was previously
reported for C. reinhardtii (Boyle and Morgan, 2009). The model used by Boyle and
Morgan (2009) was similar to the one developed for T. obliquus (484 metabolic
reactions and 458 metabolites divided between the chloroplast, mitochondria, cytosol
and extracellular space). However, their value of Kx was calculated under heterotrophic
conditions (on acetate), and assumed to remain equal under autotrophic conditions.
However, by calculating the biomass on light yield based on their results, a value that
is 4 times as high as our value is obtained (28.9 g per mole of carbon using 544 moles
of photons per 100 moles of CO;, resulting in 5.3 g:-molpnt). This is unlikely and thus the
growth associated maintenance is likely higher under photo-autotrophic conditions

than under heterotrophic growth conditions.

Many studies have focused on estimating the maintenance energy requirement of the
cells (marp). The estimation of the maintenance energy is needed to understand the
energy requirements for the cells to grow (Sforza et al., 2015b), especially at low
growth rates. For high growth rates the maintenance energy is usually negligible. The
maintenance value of 0.66 mmolare-gow -hfound for T. obliquus based on the model
is, to our knowledge, one of the lowest reported in literature for microalgae (Table
6.2), and other organisms such as E. coli (2.81 mmolare-gow*-h?) (Kayser et al., 2005),
Aspergillus niger (3.73 mmolare-gow-h!) (Lu et al., 2017), and S. cerevisiae
(1.00 mmolate-gow>-h) (Férster et al., 2003). As expected, these low values are in
agreement with the low value of maintenance in photons (me) found (Table 6.2). This
low values cannot be explained by the simplification of the model (primary
metabolism), as the maintenance energy is large determined by the amount of
absorbed light and the conversion efficiency to ATP in the absence of growth. Reactions
involved on this are only a small part of the models. In this model, we assumed the
practical maximum conversion efficiency, which is very comparable to other models.
An extra indication of the low maintenance requirement in T. obliquus, was its capacity

to grow for over 40 days with a low amount of light (90 umol-m2-s%).
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6.3.4 Theoretical yields

Next, the model output was evaluated. For this, the value of Ky was incorporated into
the biomass synthesis reaction (in molarp-gow™, reaction 220) of the final model. The

biomass equation (in mmol-gow™) was:

0.7887Carbohydrate + 0.0849MGDG + 5.8576Protein + 0.0433Chlorophyll +
0.0141Carotene + 0.1769RNA + 0.0056DNA + 121.02ATP + 121.02H20 -
Biomass + 121.02ADP + 121.02P; + 121.02H*

Where MGDG stands for monogalactosyl-diacylglycerol, main component of
membrane lipids (polar lipids). The yields of biomass, starch, and TAG on light (in
g-molont) were calculated based on the model using geometric Flux Balance Analysis

(FBA) and results are shown in Table 6.3.

Table 6.3. Theoretical maximum yields

Yx/ph YTAG/ph Ystarch/ph YTAG/Starch

Organism Reference
(gDW'mOIph-l) (gTAG'mOIph-l) (gstarch'mOIph-l) (gTAG'gstarch-l)

T. obliquus 1.15 1.05 2.69 0.38 This work

T. obliquus 1.62 1.33 3.24 0.39 Breuer et al. (2015a)

As expected, the theoretical biomass yield on light was the same as the one calculated
from the experimental values (Table 6.2), but this was lower than the maximum value
estimated by Breuer et al. (2015a) (Table 6.3). The TAG yield on light of T. obliquus is
in the same range as the one estimated by Imam et al. (2015) in the metabolic model
iCre1355 of Chlamydomonas reinhardtii (1.43 grag-molpnt). The starch yield on light
and the TAG yield on light estimated by Breuer et al. (2015a) are again higher than the
values predicted by the model presented in this work. The differences observed
between the predictions of this model and the one developed by Breuer et al. (2015a)
can be attributed to differences in the equation for the light reaction. Breuer et al.
(2015a) assumed that 8 photons produce 3 ATP and 2 NADPH during the linear electron
transport, while we assumed that 10 photons were needed to give the same outcome.
This would reduce the values of Breuer et al. (2015a) by 20% and would then become

similar to those predicted by our model.
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Overall, these values are the theoretical maximum based on the model, without
considering maintenance energy and assuming that only the desired product is formed

(e.g. for biomass, no TAG nor starch is formed).

6.4 Conclusions

We constructed a metabolic model describing the primary metabolism of Tetradesmus
obliquus. The energy parameters were estimated from a set of batch-operated
bioreactor runs under low light conditions, resulting in an ATP requirement to make
biomass from biopolymers (Kx) of 121.02 mmolare-gow™ and an ATP requirement for
maintenance (marp) of 0.66 mmolare-gow >-h L. The prediction of the model on biomass
yield on light (1.15 gow'molpn?t), TAG vyield on light (1.05 grac-molpnt), starch yield on
light (2.69 gstarc'molpn) and TAG yield on starch (0.38 grag-8starch 1) are within the range

of values reported in the literature.

In addition, as the model describes the primary metabolism, customization towards
other microalgae would be feasible by changing the biomass synthesis equation,
estimating the corresponding energy parameters, and including some extra algae
specific pathways if necessary, such as hydrogen production or fermentation from

other carbon sources.
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Supplementary information

Supplementary File S6.1. Reaction equations

Arrows indicate the direction an reversibility of the reactions. Letter between brackets ‘[ |’
indicate the compartment, where ‘h’ stands for chloroplast, ‘c’ for cytosol, ‘m’ for
mitochondria, and ‘ e’ extracellular space. First column includes the reaction number. Second

column indicate the E.C. number. E.C. numbers separated by “,” indicate “and”, and separated
by “/” indicate “or”.

Photosynthesis
1 3 ADP[h] + H[h] + 2 NADP[h] + 3 Pi[h] + 10 photon[h] -> 3 ATP[h] + H20[h] + 2
NADPH[h] + 02[h]
2 ADP[h] + H[h] + Pi[h] + 2 photon[h] -> ATP[h] + H20[h]
3 3.6.3.14 ATP[h] + H20[h] -> ADP[h] + H[h] + Pi[h]
4 photon[h] ->fluores[h]

Oxidative phosphorylation

5 3.6.3.14 ATP[m] + H20[m] -> ADP[m] + H[m] + Pi[m]
6 3.6.1.15 ATP[c] + H20[c] -> ADP[c] + H[c] + Pi[c]
7 2.7.43 AMP[h] + ATP[h] ->2 ADP[h]
8 2.7.4.3 AMP(c] + ATP[c] ->2 ADP|c]
9 3.6.1.1 H20[h] + PPi[h] -> H[h] + 2 Pi[h]
10 3.6.1.1 H20[c] + PPi[c] -> H[c] + 2 Pi[c]
11 3.6.1.1 H20[m] + PPi[m] ->H[m] + 2 Pi[m]
12 1.5 ADP[m] + FADH2[m] + 1.5 H[m] + 0.5 02[m] + 1.5 Pi[m] -> 1.5 ATP[m] + FAD[m] +
2.5 H20[m]
13 2.5 ADP[m] + 3.5 H[m] + NADH[m] + 0.5 02[m] + 2.5 Pi[m] -> 2.5 ATP[m] + 3.5 H20[m]
+NAD[m]
14 1.6.1.2 NADPH[c] + NAD[m] -> NADH[m] + NADP[c]

Calvin cycle

15 4.1.1.39 CO2[h] + H20[h] + RU15DP[h] -> 2 3PGl[h]

16 2.7.23 3PG[h] + ATP[h] -> 13DPG[h] + ADP[h] + H[h]
17 1.2.1.13 13DPG[h] + H[h] + NADPH[h] <=> GAP[h] + NADP[h] + Pi[h]
18 5.3.1.1 GAP[h] <=> DHAP[h]

19 4.1.2.13 DHAP[h] + GAP[h] <=> F16P[h]
20 3.1.3.11 F16P[h] + H20[h] -> F6P[h] + Pi[h]

21 2.2.1.1 F6P[h] + GAP[h] <=> E4P[h] + X5P[h]

22 5.3.1.1, E4P[h] + GAP[h] + H20[h] <=> Pi[h] + S7P[h]
4.1.2.13

23 2.2.1.1 GAP[h] + S7P[h] <=> R5P[h] + X5P[h]

24 2212 GAP[h] + S7P[h] <=> E4P[h] + F6P[h]

25 5.1.3.1 X5P[h] <=>RUSP[h]

26 5.3.1.6 RSP[h] <=> RUSP[h]

27 2.7.1.19 ATP[h] + RUSP[h] -> ADP[h] + H[h] + RU15DP[h]
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28

1.1.1.40

MAL[h] + NADP[h] <=> CO2[h] + NADPH[h] + PYR[h]

Glycolysis/gluconeogenesis

29 2.7.1.11 ATP[h] + F6P[h] -> ADP[h] + F16P[h] + H[h]
30 5.3.1.9 F6P[h] <=> G6P[h]
31 5.4.2.2 G6P[h] <=> G1P[h]
32 5.4.2.2 G6P[c] -> G1P[c]
33 1.2.1.12 GAP[c] + NADIc] + Pi[c] <=> 13DPGJc] + H[c] + NADH|c]
34 2.7.2.3 13DPG[c] + ADP[c] <=> 3PG]c] + ATP[c]
35 5.4.2.11 3PG[c] <=>2PG[c]
36 4.2.1.11 2PG[c] <=>H20Ic] + PEP[c]
37 2.7.1.40 ADP[c] + H[c] + PEP[c] -> ATP[c] + PYR[c]
Photorespiration
38 4.1.1.39, H20[h] + 02[h] + RU15DP[h] ->3PG[h] + H[h] + Pi[h] + glycolate[h]
3.1.3.18
39 1.1.1.26/ NAD[m] + glycolate[m] -> GLYX[m] + H[m] + NADH[m]
1.1.99.14
40 1.1.3.15 02[c] + glycolate[c] -> GLYX[c] + H202[c]
41 2.6.1.44 GLY[m] + H[m] + PYR[m] <=> ALA[m] + GLYX[m]
42 2.1.2.1 GLY[m] + H20[m] + METHF[m] ->SER[m] + THF[m]
43 2.6.1.45 GLYX[m] + SER[m] <=> GLY[m] + HPYR[m]
44 2.1.2.10 GLY[m] + NAD[m] + THF[m] <=>CO2[m] + METHF[m] + NADH[m] + NH4[m]
45 1.1.1.29 HPYR[m] + H[m] + NADH[m] <=> GLYT[m] + NAD[m]
46 1.2.13 GLYT[c] + H[c] + NADH[c] <=> GA[c] + H20[c] + NADIc]
47 1.1.1.2 GA[c] + H[c] + NADPHI[c] <=> GLYC[c] + NADP[c]
48 2.7.1.30 ATP[c] + GLYC[c] -> ADP[c] + GLYC3P[c] + HIc]
49 2.7.1.31 ATP[h] + GLYT[h] ->3PG[h] + ADP[h] + 2 H[h]
Starch metabolism
50 2.7.7.27 ATP[h] + G1P[h] + H[h] -> ADPG[h] + PPi[h]
51 2.4.1.21, ADPGI[h] -> ADP[h] + H[h] + STARCH[h]
2.4.1.18
52 ATP[h] + STARCH[h] -> ADP[h] + H[h] + STARCH_dash_P[h]
53 H20[h] + STARCH_dash_P[h] + STARCH[h] -> Malt_dash_P[h]
54 Malt_dash_P[c] + Pi[c] <=>2 G1P[c]
Nitrogen assimilation
55 1.7.1.2/ H[c] + NADH[c] + NO3[c] <=> H20[c] + NAD[c] + NO2[c]
1.7.1.1
56 1.7.71 6 H[h] + NO2[h] + 6 fdxrd[h] ->2 H20[h] + NH4[h] + 6 fdxox[h]
57 6.3.1.2 ATP[h] + GLU[h] + NH4[h] -> ADP[h] + GLN[h] + H[h] + Pi[h]
58 1.4.7.1 AKG[h] + GLN[h] + H[h] + 2 fdxrd[h] ->2 GLU[h] + 2 fdxox[h]
59 1.4.1.14 AKG[h] + GLN[h] + H[h] + NADH[h] ->2 GLU[h] + NAD[h]
60 1.4.1.4 GLU[h] + H20[h] + NADP[h] -> AKG[h] + H[h] + NADPH[h] + NH4[h]
61 1.4.1.2 GLU[m] + H20[m] + NAD[m] -> AKG[m] + H[m] + NADH[m] + NH4[m]

Tricarboxylic acid cycle (TCA)
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62 1.2.4.1
63 1.2.4.1
64 2.3.1.12,

1.8.1.4
65 23.3.1
66 4213
67 4213
68 1.1.1.41
69 1.1.1.42
70 1.2.4.2,

2.3.1.61
71 6.2.1.4/

6.2.1.5
72 1.3.5.1
73 4212
74 1.1.1.37
75 1.1.1.82
76 1.1.1.37
77 6.4.1.1
78 4.1.1.49

Glyoxylate cycle
79 4131
80 4.1.3.1
81 2.3.3.9
82 2.3.3.9

PYR[m] + thmpp[m] <=>2ahethmpp[m] + CO2[m]
2ahethmpp[m] + Ipam[m] <=>adhlam[m] + thmpp[m]
CoA[m] + NAD[m] + adhlam[m] <=> AcCoA[m] + NADH[m] + I[pam[m]

AcCoA[m] + H20[m] + OXA[m] <=> CIT[m] + CoA[m] + H[m]
CIT[m] <=>iCIT[m]

CIT[c] <=>iCIT[c]

NAD[m] +iCIT[m] -> AKG[m] + CO2[m] + NADH[m]

NADP[c] +iCIT[c] <=>AKG[c] + CO2[c] + H[c] + NADPH][c]
AKG[m] + CoA[m] + NAD[m] ->CO2[m] + NADH[m] + SUCCoA[m]

ADP[m] + Pi[m] + SUCCoA[m] -> ATP[m] + CoA[m] + SUC[m]

FAD[m] + SUC[m] <=>FADH2[m] + FUM[m]
FUM[m] + H20[m] <=> MAL[m]

MAL[m] + NAD[m] ->H[m] + NADH[m] + OXA[m]
MAL[h] + NADP[h] <=>H[h] + NADPH[h] + OXA[h]
MAL[c] + NAD[c] -> H[c] + NADHI[c] + OXAl[c]

ATP[m] + CO2[m] + H20[m] + PYR[m] -> ADP[m] + 2 H[m] + OXA[m] + Pi[m]

ATP[c] + OXA[c] -> ADP[c] + CO2[c] + PEP[c]

iCIT[m] -> GLYX[m] + SUC[m]

iCIT[c] -> GLYX[c] + SUC|[c]

AcCoA[m] + GLYX[m] + H20[m] -> CoA[m] + MAL[m]
AcCoA[c] + GLYX[c] + H20[c] -> CoA[c] + MAL|c]

Pentose phosphate pathway

83
84
85
86
87
88
89
90
91
92
93
94
95

Sulphur assimilation

96
97
98
99
100

1.1.1.49
1.1.1.49
3.1.1.31

1.1.1.44
1.1.1.44

2.7.6.1
2.7.6.1

2.7.7.4
1.8.4.9
1.8.1.7
1.8.7.1
1.18.1.2

G6P[c] + NADP[c] -> GLPG][c] + H[c] + NADPHIc]
G6P[h] + NADP[h] <=> GLPG[h] + H[h] + NADPHI[h]
GLPG[h] + H20[h] <=>6PG[h] + H[h]

GLPG[c] + H20[c] <=> 6PG|c] + H[c]

6PGl[c] + NADP[c] -> CO2[c] + NADPHIc] + RU5P[c]
6PG[h] + NADP[h] ->CO2[h] + NADPH[h] + RU5P[h]
X5P[c] <=>RUS5P[c]

R5P[c] <=>RUS5P[c]

R5P[c] + X5P[c] <=> GAP[c] + S7P[c]

GAP[c] + S7P[c] <=>F6P[c] + E4P[c]

X5P[c] + E4P[c] <=> F6P[c] + GAP[c]

ATP[h] + R5P[h] -> AMP[h] + H[h] + PRPP[h]
ATP[c] + R5P[c] -> AMP[c] + H[c] + PRPP[c]

ATP[h] + SO4[h] -> APS[h] + PPi[h]

APS[h] + 2 gthrd[h] -> AMP[h] + SO3[h] + gthox[h]

NADP[h] + 2 gthrd[h] <=> NADPH[h] + gthox[h]

6 H[h] + SO3[h] + 6 fdxrd[h] ->3 H20[h] + H2S[h] + 6 fdxox[h]
NADP[h] + 2 fdxrd[h] <=> NADPH[h] + 2 fdxox[h]
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Amino acid metabolism

101

102
103
104
105
106

107
108
109

110
111
112
113

114
115

116
117
118
119

120
121
122
123

124
125
126
127

128

146

1.1.1.95,
2.6.1.52,
3.1.3.3
43.1.17
2.3.1.30
2.5.1.47
3.3.1.1
2.5.1.54,
4.2.3.4,
4.2.1.10,
1.1.1.25,
2.7.1.71,
2.5.1.19,
4235
5.4.99.5
42.1.51
2.6.1.9/
2.6.1.5/
26.1.1
1.3.1.12
2.6.15
4.1.3.27
2.4.2.18,
5.3.1.24,
4.1.1.48
4.2.1.20
2.7.2.11,
1.2.1.41
1.5.1.2
6.3.5.5
2.3.1.1,
2.7.2.8,
1.2.1.38
2.6.1.11
3.5.1.16
2.1.3.3
6.3.4.5,
4321
2.6.1.1
26.1.1
6.3.5.4
2.7.2.4,
1.2.1.11
4337,
1.17.1.8,
2.6.1.83,
5.1.1.7

3PG[h] + GLU[h] + H20[h] + NADP[h] -> AKG[h] + H[h] + NADPH[h] + Pi[h] + SER[h]

SER[h] -> NH4[h] + PYR[h]

AcCoA[h] + SER[h] <=> ASER[h] + CoA[h]

ASER[h] + H2S[h] + H[h] -> Ac[h] + CYS[h]

AdHCYS[c] + H20[c] <=> Ad[c] + HCYS[c]

ATP[h] + E4P[h] + NADPH[h] + 2 PEP[h] -> ADP[h] + CHO[h] + NADP[h] + 4 Pi[h]

CHO[h] <=> PRE[h]
PRE[c] ->CO2[c] + H20[c] + PHPYR([c]
GLU[c] + PHPYR[c] <=> AKGlc] + PHE[c]

NADIh] + PRE[h] <=> 4HPHPYR[h] + CO2[h] + H[h] + NADH[h]
4HPHPYR[h] + GLU[h] <=> AKG[h] + TYR[h]

CHOIh] + GLN[h] <=> ANTH[h] + GLU[h] + PYR[h]

ANTH[h] + PRPP[h] -> CO2[h] + H20[h] + I3GLYCP[h] + PPi[h]

I3GLYCP[h] + SER[h] <=> GAP[h] + H20[h] + TRYP[h]
ATP[c] + GLU[c] + H[c] + NADPH[c] <=> ADP[c] + GLUSAL[c] + NADP[c] + Pi[c]

GLUSAL[c] <=> P5C[c]

H[c] + NADPH[c] + P5C[c] -> NADP[c] + PRO[c]

2 ATP[c] + CO2[c] + GLN[c] + 2 H20[c] ->2 ADP|c] + CaP[c] + GLU[c] + 3 HI[c] + Pi[c]
ATP[h] + AcCoA[h] + GLU[h] + H[h] + NADPH[h] <=>ADP[h] + AcGLUSAL[h] + CoA[h] +
NADP[h] + Pi[h]

AcGLUSAL[h] + GLU[h] <=> AKG[h] + AcORN[h]

AcORN[h] + H20[h] <=> Ac[h] + ORN[h]

CaP[h] + ORN[h] <=> CTU[h] + Pi[h]

ASP[h] + ATP[h] + CTU[h] <=> AMP[h] + ARG[h] + FUM[h] + PPi[h]

GLU[h] + OXA[h] <=> AKG[h] + ASP[h]

GLU[m] + OXA[m] <=>AKG[m] + ASP[m]

ASP[c] + ATP[c] + GLN[c] + H20[c] -> AMP[c] + ASN[c] + GLU[c] + H[c] + PPi[c]
ASP[h] + ATP[h] + H[h] + NADPH[h] <=> ADP[h] + ASA[h] + NADP[h] + Pi[h]

ASA[c] + GLU[c] + 2 H[c] + NADPH[c] + PYR[c] <=>AKG[c] + DAP[c] + H20[c] + NADP[c]
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129 4.1.1.20 DAP[c] <=>C02[c] + LYS[c]
130 1.1.13 ASA[h] + H[h] + NADPH[h] <=> HSER[h] + NADP[h]
131 2.3.1.46, ATP[h] + CYS[h] + H2O[h] + HSER[h] <=> ADP[h] + HCYS[h] + H[h] + NH4[h] + PYR[h] +
2.5.1.48, Pi[h]
4.4.1.8
132 2.1.1.13 HCYS[m] + MTHF[m] <=> H[m] + MET[m] + THF[m]
133 2.5.1.6 ATP[c] + H20[c] + MET[c] -> AdMET][c] + H[c] + PPi[c] + Pi[c]
134 2.5.1.6 ATP[m] + H20[m] + MET[m] -> AAMET[m] + H[m] + PPi[m] + Pi[m]
135 2.6.1.2 GLU[m] + PYR[m] -> AKG[m] + ALA[m]
136 2.7.1.39, ATP[h] + H20[h] + HSER[h] -> ADP[h] + H[h] + Pi[h] + THR[h]
4.23.1
137 4.3.1.19 H[h] + THR[h] -> C2_dash_oxobut[h] + NH4[h]
138 2.2.1.6, C2_dash_oxobut[h] + GLU[h] + H[h] + NADPH[h] + PYR[h] <=>AKG[h] + CO2[h] +
1.1.1.86, H20[h] + ILE[h] + NADP[h]
4.2.1.9,
2.6.1.42
139 2.2.1.6, H[h] + NADPH[h] + 2 PYR[h] -> CO2[h] + DHIV[h] + NADP[h]
1.1.1.86
140 42.1.9 DHIV[h] <=> AKIV[h] + H20[h]
141 2.6.1.42 AKIV[h] + GLU[h] <=> AKG[h] + VAL[h]
142 2.3.3.13, AKIV[h] + AcCoA[h] + GLU[h] + NAD[h] -> AKG[h] + CO2[h] + CoA[h] + H[h] + LEU[h] +
4.2.1.33, NADHIh]
1.1.1.85,
2.6.1.42
143 2.4.2.17, ATP[c] + GLN[c] + 3 H20[c] + 2 NADI[c] + PRPP[c] -> AICAR[c] + AKG[c] + HIS[c] + 5 HIc]
3.6.1.31, + 2 NADH[c] + 2 PPi[c] + Pi[c]
3.5.4.19,
5.3.1.16,
4.2.1.19,
2.6.1.9,
3.1.3.15,
1.1.1.23
Fermentation
144 6.2.1.1 ATP[h] + Ac[h] + CoA[h] -> AMP[h] + AcCoA[h] + PPi[h]
145 3.6.1.7, ATP[h] + Ac[h] + CoA[h] -> ADP[h] + AcCoA[h] + Pi[h]
2.3.1.8
146 2.3.1.54 CoA[h] + PYR[h] -> AcCoA[h] + FORM[h]
147 1.2.71 CoA[h] + PYR[h] + 2 fdxox[h] -> AcCoA[h] + CO2[h] + 2 H[h] + 2 fdxrd[h]
148 3.6.1.7, ATP[m] + Ac[m] + CoA[m] -> ADP[m] + AcCoA[m] + Pi[m]
2.3.1.8
149 2.3.1.54 CoA[m] + PYR[m] -> AcCoA[m] + FORM[m]
150 1.1.1.39 MAL[m] + NAD[m] <=>CO2[m] + NADH[m] + PYR[m]
Fatty acid biosynthesis
151 6.4.1.2 ATP[h] + AcCoA[h] + CO2[h] + H20[h] -> ADP[h] + H[h] + MalCoA[h] + Pi[h]
152 2.3.1.38 ACP[h] + AcCoA[h] + H[h] <=> AcACP[h] + CoA[h]
153 2.3.1.39 ACP[h] + MalCoA[h] <=> CoA[h] + MalACP[h]
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154

155

156

157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

2.3.1.180,
1.1.1.100,
23.1.-,
1.3.1.10
2.3.1.180,
1.1.1.100,
23.1.-,
1.3.1.10
2.3.1.180,
1.1.1.100,
23.1.-,
1.3.1.10
1.14.19.2
1.14.19.2
1.14.19.2
1.14.19.1
1.14.19.2
1.14.19.2
1.14.19.2
3.1.2.14
3.1.2.14
3.1.2.14
3.1.2.14
6.2.1.3

1.1.1.94

ACACP[h] + 12 H[h] + 6 MalACP[h] + 12 NADPH[h] -> 6 ACP[h] + C140ACP[h] + 6
CO2[h] + 6 H20[h] + 12 NADP[h]

ACACP[h] + 14 H[h] + 7 MalACP[h] + 14 NADPH[h] -> 7 ACP[h] + C160ACP[h] + 7
CO2[h] + 7 H20[h] + 14 NADP[h]

AcACP[h] + 16 H[h] + 8 MalACP[h] + 16 NADPH[h] ->8 ACP[h] + C180ACP[h] + 8
CO2[h] + 8 H20[h] + 16 NADP[h]

C160ACP[h] + H[h] + NADPH[h] + 02[h] <=>C161ACP[h] + 2 H20[h] + NADP[h]
C180ACP[h] + H[h] + NADPH[h] + 02[h] <=> C181ACP[h] + 2 H20[h] + NADP[h]
C161ACP[h] + H[h] + NADPH[h] + 02[h] <=> C162ACP[h] + 2 H20[h] + NADP[h]
C161CoA[c] + H[c] + NADH[c] + O2[c] <=> C162CoA[c] + 2 H20[c] + NADIc]
C181ACP[h] + H[h] + NADPH[h] + 02[h] <=> C182ACP[h] + 2 H20[h] + NADP[h]
C181CoA[c] + H[c] + NADHIc] + O2[c] <=> C182CoA[c] + 2 H20[c] + NAD|c]
C162ACP[h] + H[h] + NADPH[h] + 02[h] <=> C163ACP[h] + 2 H20[h] + NADP[h]
C182ACP[h] + H[h] + NADPH[h] + 02[h] <=> C183ACP[h] + 2 H20[h] + NADP[h]
C160ACP[h] + H20[h] <=> ACP[h] + C160[h] + H[h]

C161ACP[h] + H20[h] <=>ACP[h] + C161[h] + H[h]

C180ACP[h] + H20[h] <=> ACP[h] + C180[h] + H[h]

C181ACP[h] + H20[h] <=> ACP[h] + C181[h] + H[h]

ATP[c] + C160[c] + CoA[c] -> AMP[c] + C160CoA[c] + PPi[c]

ATP[c] + C161[c] + CoA[c] -> AMP[c] + C161CoA[c] + PPi[c]

ATP[c] + C180[c] + CoA[c] -> AMP[c] + C180CoA[c] + PPi[c]

ATP[c] + C181[c] + CoAl[c] -> AMP[c] + C181CoA[c] + PPi[c]

GLYC3P[h] + NADP[h] -> DHAP[h] + H[h] + NADPH[h]

Purine and Pyrimidine metabolism

174

175

176

177

178
179

148

2.4.2.14,
6.3.4.13,
2.1.2.2,
6.3.5.3,
6.3.3.1,
4.1.1.21,
6.3.2.6,
4322
2.1.2.3,
3.5.4.10
6.3.4.4,
4322
1.1.1.205,
(6.3.4.1/
6.3.5.2)
2.7.4.8
2746

ASP[c] + 4 ATP[c] + CO2[c] + 2 GLN[c] + GLY[c] + 2 H20O[c] + N1OFTHF[c] + PRPP[c] ->
4 ADP[c] + AICAR[c] + FUM[c] + 2 GLU[c] + 7 H[c] + PPi[c] + 4 Pi[c] + THF[c]

AICAR[c] + N1IOFTHF[c] <=>H20[c] + IMP[c] + THF[c]

ASP[c] + GTP[c] + IMP[c] <=> AMP[c] + FUM[c] + GDP[c] + Pi[c]

ATP[c] + GLN[c] + 2 H20[c] + IMP[c] + NAD[c] -> AMP[c] + GLU[c] + GMP[c] + 3 H[c] +
NADH][c] + PPi[c]

ATP[c] + GMP[c] -> ADP[c] + GDP[c]
ATP[c] + GDP[c] <=> ADP[c] + GTP[c]
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180

181
182
183
184

185
186
187

188
189
190
191
192
193
194
195
196
197

Folate metabolism

198 2.1.2.10
199 3549
200  3.5.4.9
201 6.3.43
202 6.3.43
203 1515
206 1515
205 1.5.1.20
206 6.3.3.2,

3.5.4.9/

2.1.2.2
207  3.5.1.10
208 1513

Pigment synthesis
209
210

2.1.3.2,
3.5.2.3,
1.3.1.14,
2.4.2.10,
41.1.23
1.11.1.6
2.7.4.14
2.7.4.6
2.7.7.9,
5.1.3.2
6.3.4.2
2.7.4.6
1.17.4.1,
2.7.4.4,
2.1.1.45,
2.7.4.9
1.8.1.9
2.7.4.6
1.17.4.1
2746
1.17.4.1
2.7.4.6
1.17.4.1
2.7.4.6
3.1.3.5
2.7.1.20

ASP[c] + CaP[c] + H[c] + O2[c] + PRPP[c] <=> CO2[c] + H202[c] + H20][c] + PPi[c] +
Pi[c] + UMP[c]

2 H202[c] <=>2 H20[c] + 02[c]
ATP[c] + UMP[c] -> ADP[c] + UDP][c]
ATP[c] + UDP[c] <=> ADP[c] + UTP[c]
G1P[c] + UTP[c] -> PPi[c] + UDPGall[c]

ATP[c] + GLN[c] + H20[c] + UTP[c] -> ADP[c] + CTP[c] + GLU[c] + 2 H[c] + Pi[c]
ATP[c] + CDP[c] <=> ADP[c] + CTP[c]
METHF[c] + UDP[c] + trdrd[c] -> DHF[c] + H20O[c] + dTDP[c] + trdox[c]

H[c] + NADPHIc] + trdox[c] -> NADP[c] + trdrd[c]
ATP[c] + dTDP[c] <=> ADP[c] + dTTP[c]

CDP[c] + trdrd[c] ->H20[c] + dCDP[c] + trdox[c]
ATP[c] + dCDP[c] <=> ADP[c] + dCTP[c]

GDP[c] + trdrd[c] ->H20][c] + dGDP[c] + trdox[c]
ATP[c] + dGDP[c] <=> ADP[c] + dGTP[c]

ADP[c] + trdrd[c] ->H20[c] + dADP|[c] + trdox[c]
ATP[c] + dADP[c] <=> ADP[c] + dATP[c]

AMP[c] + H20[c] -> Ad[c] + Pi[c]

ATP[c] + Ad[c] -> ADP[c] + AMP][c] + HI[c]

S5FTHF[c] + H[c] <=>H20][c] + MYLTHF[c]

H20[c] + MYLTHF[c] <=> H[c] + N1OFTHF[c]

H20[m] + MYLTHF[m] <=>H[m] + N1OFTHF[m]

ATP[c] + FORMI[c] + THF[c] -> ADP[c] + N1OFTHF[c] + Pi[c]
ATP[m] + FORM[m] + THF[m] <=> ADP[m] + N10FTHF[m] + Pi[m]
H[c] + MYLTHF[c] + NADPH[c] <=> METHF[c] + NADP|c]

H[m] + MYLTHF[m] + NADH[m] <=> METHF[m] + NAD[m]

H[c] + METHF[c] + NADPH[c] <=> MTHF[c] + NADP[c]

SFTHF[c] + ATP[c] + H20[c] -> ADP[c] + H[c] + N1OFTHF[c] + Pi[c]

FORM(c] + H[c] + THF[c] <=>H20[c] + N1OFTHF[c]
DHF[c] + H[c] + NADPH[c] <=> NADP|c] + THF[c]

8 ATP[h] + 8 GLU[h] + 12 H[h] + 8 NADPH[h] + 2.5 02[h] ->8 AMP[h] + 6 CO2[h] + 13
H20[h] + 8 NADP[h] + 4 NH4[h] + 8 PPi[h] + PPorphyr[h]

8 ATP[h] + 8 GAP[h] + 18 H[h] + 15 NADPH[h] + 4 PYR[h] <=>4 ADP[h] + 4 AMP[h] + 4
CO2[h] + 8 H20[h] + 15 NADP[h] + 7 PPi[h] + Phytyl_dash_PP[h]
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211

212

2 ATP[h] + AAMET[h] + Mg2[h] + 4 NADPH[h] + 2.5 02[h] + PPorphyr[h] +
Phytyl_dash_PP[h] ->2 ADP[h] + AdHCYS[h] + Chlorophyl[h] + 2 H20[h] + 3 H[h] + 4
NADP[h] + PPi[h] + 2 Pi[h]

6 NADP[h] + 2 O2[h] + 2 Phytyl_dash_PP[h] -> Carotene[h] + 4 H20[h] + 12 H[h] + 6
NADPH([h] + 2 PPi[h]

Macromolecules and functional biomass formation

213 G1P[c] -> CARBIc] + Pi[c]

214 0.6 ATP[c] + 0.3 CTP[c] + 0.3 GTP[c] + 1.4 H20][c] + 0.2 UTP[c] -> 0.4 ADP|[c] + 0.4 H[c]
+ PPi[c] + 0.4 Pi[c] + RNA[c]

215 1.372 ATP[c] + 2.372 H20[c] + 0.2 dATP[c] + 0.3 dCTP[c] + 0.3 dGTP[c] + 0.2 dTTP[c] ->
1.372 ADP[c] + DNA[c] + 2.372 Hlc] + PPi[c] + 1.372 Pi[c]

216 0.142 ALA[c] + 0.05 ARGJ[c] + 0.042 ASN[c] + 0.042 ASP[c] + 4.306 ATP[c] + 0.015
CYS[c] + 0.054 GLN[c] + 0.054 GLU[c] + 0.099 GLY[c] + 3.306 H20([c] + 0.016 HIS[c] +
0.037 ILE[c] + 0.085 LEU[c] + 0.054 LYS[c] + 0.021 MET[c] + 0.037 PHE[c] + 0.052
PROI[c] + 0.052 SER[c] + 0.049 THR[c] + 0.01 TRYP[c] + 0.024 TYR|[c] + 0.063 VAL[c] ->
4.306 ADP[c] + 4.306 H[c] + PROTEIN[c] + 4.306 Pi[c]

217 0.05 C140ACP[h] + 0.53 C160ACP[h] + 0.03 C161ACP[h] + 0.08 C162ACP[h] + 0.1
C163ACP[h] + 0.01 C180ACP[h] + 0.23 C181ACP[h] + 0.63 C182ACP[h] + 0.34
C183ACP[h] + GLYC3P[h] + H20[h] + UDPGal[h] ->2 ACP[h] + 2 H[h] + MGDG[h] +
Pi[h] + UDP[h]

218 0.56 C160ACP[h] + 0.06 C161ACP[h] + 0.11 C162ACP[h] + 0.05 C180ACP[h] + 1.38
C181ACP[h] + 0.84 C182ACP[h] + GLYC3P[h] + H20O[h] -> 3 ACP[h] + 3 H[h] + Pi[h] +
TAGI[h]

219 0.56 C160CoA[c] + 0.06 C161CoA[c] + 0.11 C162CoA[c] + 0.05 C180CoA[c] + 1.38
C181CoA[c] + 0.84 C182CoA[c] + GLYC3P[c] + H20[c] -> 3 CoA[c] + 3 H[c] + Pi[c] +
TAGIc]

220 121.02 ATP[c] + 0.7887 CARB[c] + 0.0141 Carotene[c] + 0.0433 Chlorophyl[c] + 0.0056
DNA[c] + 121.02 H20[c] + 0.0849 MGDG|c] + 5.8576 PROTEIN[c] + 0.1769 RNA[c] ->
121.02 ADP[c] + Biomass_x[c] + 121.02 H[c] + 121.02 Pi[c]

Transport chloroplast

221 photon[c] -> photon[h]

222 fluores[h] ->fluores|c]

223 02[h] <=>02][c]

224 H20[h] <=> H20[c]

225 H[h] <=>H[c]

226 C02[h] <=>C02[c]

227 GAP[h] <=> GAP[c]

228 3PG[h] <=>3PG|c]

229 ADP[h] + ATP[c] <=>ADP[c] + ATP[h]

230 G1P[h] + Pi[c] <=> G1P[c] + Pi[h]

231 STARCH[h] <=> STARCHIc]

232 NO2[h] <=>NO02[c]

233 NH4[h] <=> NH4[c]

234 AKGIc] + GLU[h] <=> AKG[h] + GLU[c]

235 GLU[h] <=>GLU[c]

236 GLN[h] <=> GLN[c]

237 SO4[h] <=>S04[c]
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238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

SER[h] <=>SER[c]

CYS[h] <=>CYS|c]

PYR[h] <=>PYR|[c]

AcCoA[h] + CoA[c] <=> AcCoAlc] + CoA[h]
CoA[h] <=>CoA[c]
Malt_dash_P[h] -> Malt_dash_P[c]
glycolate[h] <=> glycolate[c]
PEP[h] <=> PEP[c]

PRE[h] <=> PRE[c]

TYR[h] <=>TYR][c]

TRYP[h] <=> TRYP[c]

Ac[h] <=> Ac[c]

OXA[h] <=> OXAlc]

ASP[h] -> ASP[c]

ASA[h] <=> ASA[c]

HCYS[h] <=>HCYS|[c]

R5P[h] <=>R5P[c]

THR[h] <=> THR[c]

ILE[h] <=> ILE[c]

VAL[h] <=>VAL[c]

LEU[h] <=> LEU[c]

G6P[c] + Pi[h] <=> G6P[h] + Pi[c]
6PG[h] <=>6PG|c]

Mg2[h] <=>Mg2[c]

AdMET[h] <=>AdMET[c]
AdHCYS[h] <=> AdHCYS|c]
Chlorophyl[h] <=> Chlorophyl[c]
Carotene[h] <=> Carotenel[c]
GLYC3P[h] <=>GLYC3P[c]
UDPGal[c] + UDP[h] <=> UDPGal[h] + UDP[c]
MGDG[h] <=>MGDGIc]

TAG[h] <=>TAGIc]

C160[h] <=> C160[c]

C161[h] <=> C161[c]

C180[h] <=>C180][c]

C181[h] <=>C181[c]

GLYT[h] <=> GLYT][c]

FORM[h] <=>FORM[c]

MAL[h] <=>MAL[c]

Pi[h] <=> Pi[c]

ARG[h] <=> ARGIc]

FUM[h] <=>FUMI[c]

CaP[h] <=> CaPlc]

Transport mitochondria

281
282
283
284

GLYX[c] <=> GLYX[m]
PYR[c] <=> PYR[m]
CO2[c] <=>C02[m]
CIT[c] <=>CIT[m]
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285 H[c] <=>H[m]
286 H20[c] <=>H20[m]
287 ADP|[c] + ATP[m] <=> ADP[m] + ATP[c]
288 MAL[m] + OXA[c] <=> MAL[c] + OXA[m]
289 MAL[c] -> MAL[m]
290 H[c] + Pi[c] <=>H[m] + Pi[m]
291 02[c] <=>02[m]
292 glycolate[c] <=>glycolate[m]
293 ALA[c] <=>ALA[m]
294 GLY[c] <=> GLY[m]
295 METHF[c] -> METHF[m]
296 THF[c] <=> THF[m]
297 SER[c] <=>SER[m]
298 NH4[c] <=>NH4[m]
299 GLYT[c] <=>GLYT[m]
300 FUM[m] <=>FUM(c]
301 HCYS[c] <=> HCYS[m]
302 MTHF[c] <=> MTHF[m]
303 MET[c] <=> MET[m]
304 GLU[c] <=>GLU[m]
305 AKG[m] + MAL[c] <=> AKG[c] + MAL[m]
306 AdMET[c] <=> AMET[m]
307 AcCoA[c] + CoA[m] <=> AcCoA[m] + CoA[c]
308 Ac[c] <=> Ac[m]
309 FORM[c] <=>FORM[m]
310 ASP[c] <=>ASP[m]
311 SUC[c] <=>SUC[m]
Extracellular transport
312 photon[e] -> photon|c]
313 fluores[c] -> fluores[e]
314 02[e] <=>02[c]
315 ATP[c] + H20[c] + Pi[e] -> ADP[c] + H[c] + 2 Pi[c]
316 H20[e] <=>H20Ic]
317 H[e] <=>H[c]
318 C02[e] <=>CO2[c]
319 STARCH[e] <=> STARCH[(]
320 CARB[e] <=> CARB[c]
321 ATP[c] + H20[c] + NO3[e] -> ADP|[c] + H[c] + NO3[c] + Pi[c]
322 ATP[c] + H20[c] + SO4[e] -> ADP[c] + H[c] + Pi[c] + SO4[c]
323 RNA[c] <=>RNA[e]
324 DNA[c] <=>DNA[e]
325 PROTEIN[c] <=> PROTEIN[e]
326 Mg2[c] <=>Mg2[e]
327 Chlorophyl[c] <=> Chlorophyl[e]
328 Carotene[c] <=> Carotenel[e]
329 MGDGI[c] <=>MGDGle]
330 TAG[c] <=>TAGle]
331 Biomass_x[c] <=> Biomass_x[e]
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Exchange reactions

332 photon[e] <=>
333 fluores[e] ->
334 02[e] <=>

335 Pile] <=>

336 H20[e] <=>
337 Hle] <=>

338 CO2[e] <=>
339 NO3[e] <=>
340 STARCH[e] ->
341 CARB[e] ->

342 SO4[e] <=>
343 RNA[e] ->

344 DNA[e] ->

345 PROTEIN[e] ->
346 Mg2[e] <=>
347 Chlorophyl[e] ->
348 Carotenele] ->
349 MGDG[e] ->
350 TAG[e] ->

351 Biomass_x[e] ->

Supplementary File S6.2. Metabolite abbreviations

13DPG 1,3-diphosphoglycerate GDP
2ahethmpp 2-(alpha-Hydroxyethyl)thiamine GLN
diphosphate
2PG 2-Phosophoglycerate GLPG
3PG 3-phosphoglycerate GLU
4HPHPYR 3-(4-Hydroxyphenyl)pyruvate GLUSAL
SFTHF 5-Formyl-THF GLY
6PG 6-Phosphogluconate GLYC
Ac Acetate GLYC3P
AcACP Acetyl-ACP glycolate
AcCoA Acetyl-CoA GLYT
AcGLUSAL N-Acetyl-L-glutamate 5-semialdehyde GLYX
AcORN N-Acetylornithine GMP
ACP Acetyl Carrier Protein gthox
Ad Adenosine gthrd
AdHCYS S-Adenosyl-L-homocysteine GTP

Guanosine diphosphate
Glutamine

D-Glucono-1,5-lactone 6-
phosphate

Glutamate

L-Glutamate 5-
semialdehyde

Glycine

Glycerol

Glycerol 3-phosphate
Glycolate

Glycerate

Glyoxylate

Guanosine
monophosphate
glutathione disulfide
glutathione

Guanosine triphosphate
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adhlam

AdMET
ADP
ADPG
AICAR

AKG
AKIV
ALA
AMP
ANTH
APS

ARG

ASA
ASER
ASN

ASP

ATP
Biomass_x
C140ACP
C160
C160ACP
C160CoA
Ci61

C161ACP
C161CoA
C162ACP
C162CoA
C163ACP
C180

C180ACP

C180CoA
C181

C181ACP
C181CoA
C182AcCP
C182CoA
C183ACP

C2_dash_oxobut
CaP

CARB

Carotene

CDP
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[Dihydrolipoyllysine-residue

acetyltransferase] S-
acetyldihydrolipoyllysine
S-Adenosyl-L-methionine
Adenosine diphosphate

Glucose Adenosine diphosphate
5-Aminoimidazole-4-carboxamide

ribonucleine
a-ketoglutarate

3-Methyl-2-oxobutanoic acid

Alanine

Adenosine monophosphate
Anthranilate

Adenylyl sulphate

Arginine

L-Aspartate 4-semialdehyde

O-Acetyl-L-serine
Asparagine

Aspartate

Adenosine triphosphate
Biomass

Myristic acid ACP
Palmitic acid

Palmitic acid ACP
Palmitic acid CoA
Palmitoleic acid

Palmitoleic acid ACP
Palmitoleic acid CoA
Hexadecadienoic ACP
Hexadecadienoic acid CoA
Hexadecatrienoic ACP
Stearic acid

Stearic acid ACP

Stearic acid CoA
Oleic acid

Oleic acid ACP
Oleic acid CoA
Linoleic acid ACP
Linoleic acid CoA
Linolenic acid ACP

2-Oxobutanoate
Carbomyl phosphate
Carbohydrate
B-carotene

Cytidine diphosphate

H20
H202
H2S
HCYS

HIS
HPYR
HSER
I3GLYCP
iCIT

ILE

IMP
LEU
Ipam
LYS
MAL
MalACP
MalCoA
Malt_dash_P
MET
METHF
Mg2
MGDG

MTHF
MYLTHF
N1OFTHF
NAD
NADH
NADP

NADPH

NH4
NO2
NO3
02
ORN
OXA
P5C

PEP
PHE

photon

PHPYR
Phytyl_dash_PP

Proton

Water

Hydrogen peroxide
Sulphite
Homocysteine

Histidine
3-Hydroxypyruvate
Homoserine
Indoleglycerol phosphate
isocitrate

Isoleucine

Inosine monophosphate
Leucine

Enzyme N6-(lipoyl)lysine
Lysine

Malate

Malonyl-ACP
Malonyl-CoA

Maltose phosphate
Methionine
5,10-Methylene-THF
Magnesium
Monogalactosyl
diacylgycerol
Methyl-THF
5,10-Methenyl-THF
10-Formyl-THF
Nicotinamide oxidised
Nicotinamide reduced
Nicotinamidephosphate
oxidised
Nicotinamidephosphate
reduced

Ammonium

Nitrite

Nitrate

Oxygen

Ornithine

Oxaloacetate
(S)-1-Pyrroline-5-
carboxylate
Phosphoenol pyruvate
Phenylalanine

Photon

Phenylpyruvate
Phytyl-diphosphate
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Chlorophyl Chlorophyll a Pi Phosphate

CHO Chorismate PPi Diphosphate

CIT Citrate PPorphyr Protoporphyrine IX

Cc0o2 Carbon dioxide PRE Prephenate

CoA Coenzyme A PRO Proline

CTP Cytosine triphosphate PROTEIN Protein

CTU L-Citrulline PRPP Phosphoribosyl
pyrophosphate

CYS Cysteine PYR Pyruvate

dADP Deoxy ADP R5P Ribose 5-phosphate

DAP Diaminopimelate RNA Ribonucleic acid

dATP Deoxy ATP RU15DP Ribulose 1,5-bisphosphate

dCDP Deoxy CDP RUSP Ribulose 5-phosphate

dCTP Deoxy CTP S7P Sedoheptulose 7-
phosphate

dGDP Deoxy GDP SER Serine

dGTP Deoxy GTP SO3 Sulphite

DHAP Dihydroxyacetone phosphate SO4 Sulphate

DHF Dihydrofolate STARCH Starch

DHIV 2,3-Dihydroxy-3-methylbutanoate STARCH_dash_P  Starch phosphate

DNA Deoxiribonucleic acid Ssuc Succinate

dTDP Deoxy TDP SUCCoA Succinyl-CoA

dTTP Deoxy TTP TAG Triacylglycerol

E4P Erythrose 4-phosphate THF Tetrahydrofolate

F16P Fructose 1,6-biphosphate thmpp thiamin diphosphate

F6P Fructose 6-phosphate THR Threonine

FAD Flavine adenosine dinucleotide trdox Thioredoxin disulfide

FADH2 Flavine adenosine dinucleotide trdrd Thioredoxin

dihydride

fdxox Ferredoxin oxidised TRYP Tryptophane

fdxrd Ferredoxin reduced TYR Tyrosine

fluores Fluorescent photon ubpP Uridine diphosphate

FORM Formate UDPGal UDP-Galactose

FUM Fumarate UumMpP Uradine monophosphate

G1P Glucose 1-phosphate uTpP Uracil triphosphate

G6P Glucose 6-phosphate VAL Valine

GA Glyceraldehyde X5P Xylulose 5-phosphate

GAP Glyceraldehyde 3-phosphate GDP Guanosine diphosphate
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Supplementary Table S6.1. Biomass equation coefficients under different specific growth
rates. Where p is the growth rate, rg is the light supply rate, CHO is carbohydrates,
PL is polar lipids, Pro is proteins, Chl is chlorophyll, and Car is carotene content.

K rex Biomass equation coefficients
(h?) (mmolgh-gow™-h?) (mmol-gow™)

CHO PL Pro Chl Car RNA DNA
0.0290 23.0273 0.85 0.09 0.00 5.81 0.05 0.02 0.18
0.0172 13.7583 0.91 0.09 0.00 5.68 0.05 0.02 0.18
0.0115 9.3782 0.97 0.10 0.00 5.52 0.05 0.02 0.18
0.0088 7.7120 1.07 0.09 0.00 5.49 0.04 0.01 0.18
0.0076 6.3948 1.35 0.10 0.00 4.95 0.04 0.01 0.18
0.0051 4.6098 1.45 0.10 0.00 4.79 0.04 0.01 0.18
0.0040 3.7643 1.56 0.11 0.00 4.59 0.04 0.01 0.18
0.0026 2.8801 1.54 0.11 0.00 4.55 0.04 0.01 0.18
0.0016 2.5296 1.59 0.11 0.01 4.50 0.04 0.01 0.18
0.0013 2.2697 1.63 0.10 0.01 4.54 0.03 0.01 0.18
0.0018 2.1015 1.72 0.11 0.01 4.32 0.03 0.01 0.18
0.0017 1.8502 1.70 0.10 0.01 4.36 0.04 0.01 0.18
0.0000 1.6188 1.83 0.11 0.01 4.09 0.03 0.01 0.18
0.0473 53.3250 0.62 0.08 0.01 6.10 0.04 0.01 0.18
0.0296 42.2138 0.66 0.08 0.00 6.16 0.04 0.01 0.18
0.0309 38.1589 0.75 0.08 0.00 6.01 0.04 0.01 0.18
0.0217 27.2485 0.77 0.08 0.01 5.91 0.05 0.01 0.18
0.0197 19.1209 0.74 0.09 0.01 5.88 0.04 0.01 0.18
0.0146 12.9069 0.92 0.08 0.01 5.53 0.04 0.01 0.18
0.0097 9.9252 0.78 0.08 0.01 5.90 0.04 0.01 0.18
0.0080 8.1479 0.79 0.08 0.00 5.93 0.03 0.01 0.18
0.0068 6.5758 0.89 0.08 0.00 5.72 0.04 0.01 0.18
0.0148 13.5818 0.71 0.08 0.00 5.96 0.04 0.01 0.18
0.0085 10.1829 0.67 0.08 0.00 6.00 0.04 0.01 0.18
0.0067 8.9115 0.64 0.08 0.00 6.19 0.04 0.01 0.18
0.0528 51.0985 0.78 0.08 0.00 6.02 0.04 0.01 0.18
0.0344 32.7041 0.75 0.08 0.00 5.90 0.05 0.02 0.18
0.0225 18.8957 0.72 0.10 0.00 5.83 0.04 0.01 0.18
0.0137 12.3185 0.90 0.08 0.00 5.69 0.04 0.01 0.18
0.0045 4.7383 1.32 0.11 0.01 4.43 0.05 0.02 0.18
0.0027 3.2243 1.14 0.12 0.00 4.95 0.04 0.02 0.18
0.0021 2.5327 1.18 0.12 0.01 4.99 0.05 0.02 0.18
0.0014 2.0437 1.16 0.12 0.00 5.06 0.05 0.02 0.18
0.0007 1.8469 1.16 0.11 0.00 5.04 0.05 0.02 0.18
0.0005 1.7709 1.28 0.12 0.01 4.81 0.05 0.02 0.18
0.0000 1.6125 1.07 0.14 0.01 5.19 0.04 0.02 0.18
0.0000 1.6338 1.09 0.13 0.01 5.16 0.05 0.02 0.18
0.0000 1.6718 1.11 0.12 0.01 5.08 0.05 0.02 0.18
0.0000 1.6346 1.12 0.13 0.01 5.02 0.05 0.02 0.18
0.0043 5.1123 131 0.11 0.00 4.64 0.04 0.01 0.18
0.0030 3.7526 1.44 0.12 0.00 4.38 0.04 0.02 0.18
0.0020 2.7097 1.60 0.12 0.01 4.25 0.04 0.02 0.18
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0.0010 2.3263 1.83 0.11 0.01 4.09 0.04 0.02 0.18
0.0004 2.2094 1.82 0.12 0.02 4.05 0.04 0.02 0.18
0.0005 2.1004 1.61 0.12 0.02 4.44 0.03 0.01 0.18
0.0000 2.1458 1.61 0.13 0.02 4.35 0.03 0.01 0.18
0.0000 2.1153 1.52 0.14 0.02 4.41 0.03 0.01 0.18
0.0000 2.0887 1.55 0.14 0.02 4.34 0.04 0.01 0.18
0.0041 4.7519 1.21 0.11 0.00 4.64 0.04 0.01 0.18
0.0016 3.5357 1.31 0.12 0.00 4.66 0.04 0.02 0.18
0.0016 3.2059 1.21 0.11 0.00 4.90 0.04 0.02 0.18
0.0016 2.5397 1.41 0.11 0.00 4.69 0.04 0.02 0.18
0.0009 2.1122 1.63 0.12 0.01 4.35 0.04 0.01 0.18
0.0006 1.9879 1.67 0.12 0.01 4.42 0.04 0.02 0.18
0.0001 1.8544 1.55 0.12 0.02 4.52 0.03 0.01 0.18
0.0000 1.8727 1.53 0.13 0.01 4.55 0.03 0.01 0.18
0.0000 1.9073 1.73 0.12 0.01 4.19 0.04 0.01 0.18
0.0000 1.8677 1.63 0.14 0.02 4.23 0.03 0.01 0.18
0.0000 1.8122 1.59 0.12 0.01 4.40 0.03 0.01 0.18
0.0049 4.9241 1.26 0.12 0.00 4.57 0.04 0.02 0.18
0.0031 3.1699 1.38 0.12 0.01 4.64 0.04 0.02 0.18
0.0019 2.4425 1.53 0.11 0.01 4.37 0.04 0.02 0.18
0.0008 2.1411 1.47 0.10 0.01 4.76 0.04 0.02 0.18
0.0008 2.0004 1.48 0.11 0.01 4.62 0.04 0.02 0.18
0.0007 1.8206 1.47 0.13 0.01 4.67 0.04 0.01 0.18
0.0009 1.7081 1.65 0.10 0.01 4.51 0.03 0.01 0.18
0.0000 1.6550 1.80 0.11 0.02 4.16 0.04 0.01 0.18
0.0000 1.6995 1.88 0.10 0.02 4.05 0.04 0.01 0.18
0.0000 1.6442 1.65 0.09 0.01 4.55 0.04 0.01 0.18
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Supplementary Figure S6.1. Phosphorus content calculated based on uptake and biomass

concentration during eight different batch cultures of 7etradesmus obliquus.
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ABSTRACT

160

Microalgal large scale production of lipids is commonly divided in two
phases: the growth phase and the lipid (triacylglycerides, TAG) production
phase. During the growth phase, favourable nitrogen replete conditions and
light/dark (LD) cycles are used. In this phase, microalgae synchronize their
metabolism to anticipate the changing environment. This results in changes
in starch content during the diurnal cycle, where starch is used during the
dark period and the first 4 h of the light period and accumulated during the
rest of the light period. Since starch competes for carbon precursors that
could otherwise be directed towards TAG, a strategy to increase TAG
production is to block starch production. The inability to produce starch
results in higher production of TAG during nitrogen starvation (lipid
production phase), but has a negative effect on the photosynthetic efficiency

under nitrogen replete conditions (growth phase).

This chapter discusses the role and importance of starch in oleaginous
microalgae. We found that the role of starch depends on the environmental
conditions. Under nitrogen replete conditions, starch serves as a diurnal
energy storage compound that can be easily used during the dark period to
provide energy and carbon. Starch is also consumed at the beginning of the
light period, possibly to provide extra energy to rapidly produce pigments
and harvest light energy. Under nitrogen limitation, starch still functions as
a diurnal energy storage compound, but to a lower extent. Finally, under
nitrogen starvation, starch is still the primary storage compound for energy
and carbon in T. obliquus, but it is no longer used as a diurnal energy storage
compound under this condition. Instead, starch serves as a storage
compound to be used when nitrogen becomes available again and possibly
also as an electron sink. TAG accumulation mainly occurs once the storage
capacity for starch is full (0.40 g-gow). On longer terms, when nitrogen
remains depleted, the starch is also converted to TAG and TAG serves as a
long term storage compound, to be used for recovery when nitrogen

becomes available again.
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7.1 Introduction

Microalgae are promising sustainable feedstocks for the production of fuels, chemicals,
food, and feed, as they combine the advantages of high growth rate and high
photosynthetic efficiency (Branyikova et al., 2011; Klok et al., 2014; Ruiz et al., 2016).
However, according to a study performed by Ruiz et al. (2016), only high-value
products (such as pigments) are currently economically feasible and bulk commodities
(such as biofuels and chemicals) still require cost reductions to make them profitable.
Microalgae are of special interest due to their high lipid content. Microalgae that
produce large amounts of triacylglycerides (TAG) (between 20-60% of TAG on a dry
weight (DW) basis under stress conditions) are known as oleaginous microalgae (Hu et
al., 2008). A promising oleaginous microalgae is Tetradesmus obliquus. This microalga
can reach a TAG content of up to 0.45 g-gow™* and a maximum TAG yield on light of

0.14 g'molent, under batch nitrogen starvation (Breuer et al., 2014).

Many microalgae synchronize their metabolism to light/dark (LD) cycles and
accumulate starch. Starch is produced and stored during the light period and used
during the night to provide carbon and energy. When aiming for TAG accumulation,
starch is an unwanted product. This is because starch and TAG are competing for
carbon and energy as they share common C3 precursors in the carbon metabolism (Box
7.1). Therefore, a strategy to increase TAG content in microalgae is to develop
starchless mutants by blocking starch production. This strategy has been successful in
microalgae that accumulate starch as a storage compound, such as Chlamydomonas
reinhardtii (Li et al., 2010a), Chlorella pyrenoidosa (Ramazanov and Ramazanov, 2006),
and Tetradesmus obliquus (de Jaeger et al., 2014). The starchless mutant siIm1 of
T. obliquus reached a higher TAG content (0.57 g-gow* compared to 0.45 g-gow* for the

1

wild-type) and a higher maximum TAG yield on light (0.22 g-molph™* compared to

0.14 g-molen* for the wild-type) under batch nitrogen starvation (Breuer et al., 2014).

Additionally, not all oleaginous microalgae rely on starch to store energy during the
diurnal cycles. Microalgae species belonging to the Nannochloropsis genus accumulate
lipids during nitrogen replete conditions. Under LD cycles, lipids and carbohydrates act
as diurnal energy storage compounds in the microalga N. gaditana (Fabregas et al.,

2002). In N. oceanica grown under batch cultivation and 12:12 h LD cycles, TAG was
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the only lipid that showed oscillations (fatty acids content from approximately 10.5%
DW at the beginning of the dark period to around 9.5% DW at the beginning of the
light period), suggesting a role of TAG in transitory carbon storage in this microalga
(Poliner et al., 2015). Additionally, total glucose content also oscillated under diurnal
LD cycles (from approximately 3.1% DW at the beginning of the dark period to 1.8%
DW at the beginning of the light period). Poliner et al. (2015) attributed the decrease
in glucose to shedding of the cell wall during cell division (cellulose) and the use of

glucose-containing storage compounds (laminarin).

Box 7.1 Starch and triacylglycerides (TAG) metabolism

Photosynthetic organisms convert CO; into organic compounds using light energy.
The fixated carbon is partly stored in storage molecules (such as starch or TAG) that
can be broken down to provide ATP, reducing power (NADPH), and carbon
precursors to the cell (Johnson and Alric, 2013; Jia et al., 2015).

Starch and TAG are competing for carbon as they share common C3 precursors in
the carbon metabolism (such as 3-phosphoglycerate, 3PG, and glyceraldehyde 3-
phosphate, GAP), as shown in the simplified schematic view of TAG and starch

metabolism (Figure 7.1).

Starch is normally the storage molecule synthesized and degraded during light/dark
cycles. For starch biosynthesis, the first step is the synthesis of ADP Glucose via the
ADP Glucose pyrophosphorylase. Next, the Granule Bond Starch Synthase (GBSS)
catalyses the elongation of a-1,4-glucans by transferring the glucosyl part from the
sugar nucleotide to the non-reducing end of the growing polyglucan chain.
Amylopectin synthesis involves soluble starch synthases while amylose synthesis
involves the GBSSs. In green algae, starch is accumulated in the plastids (Johnson and
Alric, 2012; Busi et al., 2014).

De novo lipid biosynthesis is known to occur in two locations: the chloroplast and the
endoplasmic reticulum (ER) membranes (de Jaeger et al., 2014; Klok et al., 2014)
(Figure 7.1). In the chloroplast, fatty acids are synthesized from acetyl-CoA. First,

acetyl-CoA is converted to malonyl-CoA (Mal-CoA) via the enzyme acetyl-CoA

carboxylase. Subsequently, the Mal-CoA is transferred to an acyl carrier protein
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(ACP) after which the multi-subunit fatty acid synthase complex extends the
malonyl-ACP by two carbon atoms per cycle. Once the fatty-acyl chain reaches the
appropriate length, the chain is removed from the ACP group and transferred to
glycerol-3-phosphate to produce TAG or membrane lipids (Stern, 2009; Klok et al.,
2014). In the ER pathway, free fatty acids are transported from the chloroplast to the
ER to be attached to CoA by the enzyme long-chain acyl-CoA synthase. After this step
the pathway is the same as in the chloroplast, using acyl-CoA as a substrate instead
of acyl-ACP (Klok et al., 2014).

Under prolonged nitrogen starvation, microalgae have been shown to degrade
starch to most likely convert it into TAG (Breuer et al., 2014).

Cytosol

K

Figure 7.1. Simplified overview of starch and triacylglycerides (TAG) metabolism
in Tetradesmus obliquus. Not all reactions and cofactors are shown. Blue arrows
indicate flow towards starch and red arrows towards TAG. Dashed lines indicate
transport reactions between the organelles. 3PG: 3-Phosphoglycerate; GAP:
glyceraldehyde 3-phosphate; PYR: pyruvate; DHAP: Dihydroxyacetone phosphate;
Glc6P: glucose 6-phosphate; GlclP: glucose 1-phosphate; Ac-CoA: Acetyl-CoA;
Mal-CoA: Malonyl-CoA; ACP: Acyl Carrier Protein; Mit: mitochondrion.
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Since starch is accumulated during the light period to be used as a carbon and energy
source during dark periods, growth and energy efficiency of the starchless mutant was
expected to be the same as for the wild-type under continuous light. This was,
however, not the case for T. obliquus, as the mutant sim1 showed a lower growth rate
and biomass yield on light under continuous light (Chapter 2). Nevertheless, under
nitrogen starvation, the starchless mutant s/m1 was indeed equally efficient as the
wild-type under both continuous light (Breuer et al., 2014) and LD cycles (Remmers et
al., 2017). These results made clear that starch has different functions depending on
the environmental conditions and that during replete conditions the benefit is not only
in supplying energy during the night. In this chapter, the role of starch in oleaginous

microalgae under both nitrogen replete and deplete conditions is discussed.

7.2 Role of starch and TAG in oleaginous algae under
nitrogen replete conditions

Microalgal large scale production must be done outdoors, where microalgae are
exposed to diurnal light/dark (LD) cycles. Under LD cycles and nitrogen replete
conditions, T. obliquus showed diurnal oscillations in starch content (Chapter 2). Starch
thus served as the diurnal energy storage compound: it was accumulated during the
final part of the light period (5-16 h after the light went on) and was used during the
dark period (16-23 h) and early light period (0-4 h) (Figure 7.2A). These results are in
agreement with the transcriptome data (Chapter 3), but to a lesser extent. During the
dark period, starch is probably used to support cell division, DNA replication, and
nitrogen assimilation (Figure 7.3A), allowing them to complete the cell cycle without
any external supply of carbon and energy (Vitova et al., 2015). In Figure 7.3 it can be
observed that whereas the wild-type consumes nitrate during the night the starchless
mutant does not do this. This indicates that starch is needed to assimilate the nitrogen,
by supplying the needed reducing equivalents and/or the carbon to eventually bind
the nitrogen in amino acids. The usage of starch at night is also supported by the
transcriptome data from Chapter 3: DNA replication seems to occur during the late-
day or early-night, cell division occurs during the night, as is the case for nitrogen
metabolism and protein synthesis. Autotrophically growing algae are known to also
use their storage reserves even when photosynthesis is active (Vitova et al., 2011). This

was observed for T. obliquus wild-type, where starch was not fully consumed during

164



General discussion

the dark period, and consumption continued when light was again available (Chapters
2 and 4). Starch consumption during the first 4 h of the light period is concomitant with
a steep increase in dilution rate during our turbidostat controlled experiments, which
is caused by a rapid increase in pigment production. Therefore starch might provide
energy to rapidly produce pigments at the beginning of the day, after cell division is
completed, allowing the algae to more rapidly harvest light. The rapid increase in
pigment production at the beginning of the day is also supported by the transcriptome
data in Chapter 3, where pigment synthesis is steeply upregulated at the beginning of
the day.

The presence of starch is not needed for cell division at night, as the starchless mutant
sIm1 is also able to divide during the dark period (Chapter 4) without a clear internal
source of energy or carbon. However, starch contributes to cell division in the wild-

type, as cell division was faster in the wild-type compared to the sim1.

When testing for the effect of different day lengths (or photoperiods), variations were
observed in starch content (Chapter 4). The longer the light period, the higher the
starch content reached (0.16 g-gow™* for the 12:12 h LD, 0.17 g-gow* for the 14:10 h LD,
and 0.22 g-gow* for the 16:8 h LD). Additionally, starch was not fully consumed during
the dark period and a fraction remained (0.03-0.06 g-gow™). This indicates that only a
certain amount of energy is needed during the dark period (70-80% of the reserve),

independently of the length of the dark period.

We then looked at other oleaginous microalgae that produces both starch and TAG as
storage compounds and estimated the energy supplied by their storage compounds
(the yield from the complete oxidation of fatty acids is 38 kl-g* and for carbohydrates
is 17 kJ-g! (Berg et al., 2002)). For the microalga Neochloris oleoabundans, grown in
turbidostat mode and 500 umol-m2:s? (based on the results presented by de Winter
et al. (2017b)), the energy supplied by starch consumption during the night is
comparable to the one of T.obliquus under 16:8h LD cycles (2.63 KJ-gow® for
T. obliquus compared to 2.55 KJ-gow™ for N. oleoabundans). Under 12:12 h LD, the
value estimated for N. oleoabundans (1.36 KlJ-gow™) is lower than for T. obliquus
(2.14 KJ-gow). However, for N.oleoabundans the last measured value of starch
content was 2 h before the beginning of the dark period. Assuming that the starch

content would still increase approximately 4% DW (approximately from 12% to 16%
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DW), the energy used during the night would be comparable to the one used by
T. obliquus.

Growth

Time

Growth

Time

Figure 7.2. Representation of oscillations in cell size and starch content during
light/dark cycles for Tetradesmus obliquus wild-type (A) and simI (B). Blue circle
inside the cells represent the starch content. Dashed line indicates the dilution rate
(growth rate) in a photobioreactor operated as turbidostat. Shaded area indicates
the dark period.

166



General discussion

(%]
o
w
o

=y
o
|
B
o
il

w
o
P
w
o
PR

N
o
P

204

Concentration (mgy.L™)
Concentration (mgy.L™)

=
o
PRI R

10

o‘l.l.l.l.l.l. 0‘1.|.|.|.|.|.
14 16 18 20 22 24 26 14 16 18 20 22 24 26

Time (h) Time (h)

Figure 7.3. Nitrogen concentration in supernatant samples of 7etradesmus obliquus
wild-type (A) and s/mZ (B) under 16:8 h light/dark cycles. Open and closed symbols
represent biological duplicates. The x axis represents hours after ‘sunrise’. Shaded
area indicates the dark period. Error bars in nitrogen measurements represent the
deviation in technical replicates (n=2).

As stated before, N. oceanica uses TAG as a diurnal storage compound. TAG is a
reduced and anhydrous compound that can, therefore, concentrate a higher amount
of energy compared to carbohydrates. By calculating the overnight differences in
storage compounds for N. oceanica based on the results presented by Poliner et al.
(2015) we estimated that the energy supplied by the oxidation of both fatty acids and
glucose represents approximately 28% of the energy used by T. obliquus through the
breakdown of starch overnight (under 12:12 h LD T. obliquus obtains 2.14 KJ-gow™
compared to 0.60 KJ-gow™ for N. oceanica). The difference can be explained by a lower
growth rate for N. oceanica, the fact that they are a different microalgae genus, and/or
the different culture conditions. The growth rate was about 3 times lower than the one
for T. obliquus (approximately 0.30 day* compared to 0.87 day™). Furthermore, the
cultivation conditions were different: T. obliquus was grown under continuous
cultivation and 500 pmol-m2-s* while N. oceanica was grown in flasks under batch

conditions and 40 pmol-m2-s,

When looking at the impact of blocking starch production, as in the starchless mutant
sim1, TAG nor any other compound took over the role of starch as diurnal energy
storage compound (Chapter 2). This translated into lower growth during the whole

diurnal cycle and changes in cell division time for the siIm1 compared to the wild-type
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(as represented in Figure 7.2B) (Chapter 4). Additionally, as previously stated, no
nitrogen consumption was observed for the sIm1 mutant at night (Figure 7.3B),
indicating that starch is involved with this process. Also in the transcriptome data
(Chapter 3) a shift of gene expression profiles in time was observed. However the link
with the absence of starch and the observed differences in growth and division was
not so clear. The starchless mutant sim1 also showed an increase in growth rate during
the first hours of light; however, the wild-type reached a higher maximum growth rate,
possibly due to starch providing extra energy during those first hours of light or to the
fact that nitrogen is taken up during the night. This means that when the light is on,
the wild-type already fixated nitrogen during the night and prepared for the next day,
while the sim1 has to do this at the beginning of the day. Overall, the lack of starch
results in lower biomass productivity and lower biomass yield on light under all the

tested photoperiods (Table 7.1).

Table 7.1. Average steady state values of biomass productivity (r) and biomass
yield on light (Y, for Tetradesmus obliquus wild-type and s/mI under different
light/dark (LD) cycles. Values indicate the average + standard deviation.

Strain Wild-type sim1
rx Yx/ph I'x Yx/ph Reference
LD cycle (gow-Lt-day?) (gow-molgn?) (gow-L-day?) (gow:molpn?)
24:0 2.02+0.16 0.98+0.08 1.63£0.08 0.80+0.04 Chapter 2
16:8 1.61+0.04 1.18+0.03 0.97+0.06 0.72+0.04 Chapter 2
14:10 1.08+£0.09 0.91+0.07 0.94+0.00 0.79+0.00 Chapter 4
12:12 0.93+0.03 0.91+0.03 0.70+0.03 0.68+0.03 Chapter 4

Results suggest that starch plays a role beyond the supply of energy at night, otherwise
both strains would have maintained the same behaviour under continuous light. One
explanation for this would be that, as the starchless mutant sim1 was created by
random mutagenesis, the variations on energy efficiency and cell division could be
related to other mutations that were introduced additionally to the one in the ADP
glucose pyrophosphorylase. To verify that the mutation only changed the ability to
synthesize starch, the starch synthesis capability should be restored in sim1 and this
revertant strain should again behave as the wild-type. Another possible explanation is
that growth has not been optimized for the mutant, as has been done for the wild-

type. However, most likely the differences in behaviour are related to the function of
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starch. Certainly, looking over a whole day the ability to produce starch allow
microalgae to harvest extra light energy under LD cycles, which is not possible anymore
under continuous light. Under continuous light synchronization is lost and cell division
occurs randomly (de Winter, 2015). During this “unsynchronized” growth, some algae
cells might still go through a period during cell division in which the cells cannot use
light and they rely on starch. This would mean that under continuous light for individual
cells the starch content is still fluctuating, but the overall change cannot be observed
in the analysis. During this period of starch use, the light supplied is used less efficiently,

resulting thus in an overall loss of photosynthetic efficiency.

7.3 Role of starch and TAG in oleaginous algae under
nitrogen deplete conditions

Under stress conditions (nitrogen deplete), the metabolism of microalgae changes.
Many microalgae respond to these conditions with the synthesis of triacylglycerides
(TAG), as this serves not only as carbon and energy storage, but the de novo synthesis
of TAG also serves as an electron sink under photo-oxidative stress to prevent
formation of reactive oxygen species. Under stress, over-production of reactive oxygen
species occurs due to the excess of electrons, causing inhibition of photosynthesis and
damage to membrane lipids, proteins and other macromolecules (Hu et al., 2008). The
stored compounds can also be used by the microalgae to recover from nitrogen
starvation after the resupply of nitrogen, as seen in Chromochloris zofingiensis and
Parachlorella kessleri, by, for example, supplying carbon (precursors) and energy
(Fernandes et al., 2013; Mulders et al., 2014).

TAG production is commonly done using a batch nitrogen starvation process (Rodolfi
et al., 2009; Breuer et al., 2015b; Benvenuti et al., 2016; Remmers et al., 2017) as this
process allows TAG contents of up to 60% on a dry weight basis (Breuer et al., 2012).
Some microalgae, such as Chlamydomonas reinhardltii, are known to accumulate large
quantities of starch under stress conditions (Ball et al., 1990; Branyikova et al., 2011).
While other microalgae, such as Tetradesmus obliquus, accumulate starch and TAG.
Starch was the preferred storage compound and TAG is mainly formed once the
maximum storage capacity of starch (0.40 g-gow) was reached, and the carbon and

energy supply continued (Remmers et al., 2017). When blocking starch production,
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TAG accumulation starts immediately after nitrogen starvation and starchless mutants
have a better carbon partitioning towards TAG (Ramazanov and Ramazanov, 2006; Li
et al,, 2010a; Breuer et al., 2014).

Therefore, during the lipid production phase, the starchless mutant sim1 offers the
advantage of accumulating TAG directly during the first period of stress. While in the
wild-type part of the carbon is stored as starch at the beginning and, therefore, the
TAG productivity is lower. The maximum TAG content is higher in the sim1 (0.57 g-gow™
compared to 0.45 g-gow). With a higher maximum TAG vyield on light for the sim1
(0.20 grag'molpn® for the sim1 compared to 0.16 gracmolpn® for the wild-type),
corresponding to volumetric TAG productivities of 0.29g:L"* day? for the s/m1 and
0.23 g-L'* day? for the wild-type. Additionally, the sim1 reached the maximum TAG
yield on light within 7.7 days, while the wild-type required 9 days (Remmers et al.,
2017).

An attempt to overcome the loss of photosynthetic efficiency observed under nitrogen
starvation involved the use of continuous nitrogen limitation processes for lipid
production (Pruvost et al., 2009; Klok et al., 2013; de Winter et al., 2014; Remmers et
al., 2017), where growth and TAG production can occur simultaneously (Klok et al.,
2013). When studying the diurnal behaviour of T. obliquus under continuous nitrogen
limitation and light/dark cycles, we found that starch is still used as diurnal energy
storage compound (Chapter 5). In general, the wild-type is more efficient than the
slm1, as was also observed under nitrogen replete conditions. Under these limiting
conditions the better performance of the wild-type becomes more evident during the

second half of the light period, where starch accumulation occurs.

Overall, however, T. obliquus wild-type and sim1 showed lower TAG yields on light
under continuous nitrogen limitation compared to batch nitrogen starvation (Remmers
et al.,, 2017). Under batch nitrogen starvation, starch is still respired, but night
respiration was marginal and only occurred during the first 3 days of culture.
Eventually, starch was slowly degraded (from 0.40g-gow’ to approximately

! after 25days of batch cultivation) while TAG synthesis continued

0.20 g-gow
(Remmers et al., 2017). This indicates that under nitrogen starvation, starch acts as an
overflow sink for electrons. Once the starch storage capacity gets completely full

(0.40 g-gow?), the energy is redirected to TAG synthesis. Starch thus no longer

170



General discussion

functions as a diurnal energy storage compound as the buffer is filled up and starch is
hardly used anymore during the night. This hypothesis is supported by the loss in the
benefit of LD cycles observed under nitrogen replete conditions, as the same maximum
TAG vyield on light was found under LD cycles (0.16 grac-molpn* for the wild-type and
0.20 grac'molpn for the sim1) (Remmers et al, 2017) and continuous light
(0.14 gow'molpn™ for the wild-type and 0.22 gow'molyn™ for the sim1) (Breuer et al.,
2014). Furthermore, under prolonged nitrogen starvation the photosynthetic capacity
to convert photons into biomass was the same for both strains (Breuer et al., 2014;
Remmers et al., 2017). Therefore, the capacity to accumulate starch is not relevant for
the photosynthetic efficiency during the TAG production phase using a batch nitrogen

starvation approach.

For the production of TAG, a nitrogen replete biomass growth phase is required to
generate sufficient biomass to later produce TAG under nitrogen deplete conditions.
The light used in this growth phase should be included in the overall yield of TAG on
light. When looking at the growth phase (nitrogen replete growth conditions), the
photosynthetic capacity to convert photons into biomass is reduced in the sim1 mutant
(Chapter 4) under continuous turbidostat cultivations. The decrease was between 13
to 31% compared to the performance of the wild-type. Photosynthetic efficiency is one
of the main parameters influencing biomass production costs. Ruiz et al. (2016) found
a potential 47% reduction in cost by doubling the photosynthetic efficiency from 2.7 to
6%. The reduction in photosynthetic efficiency observed in the siml1 is thus

undesirable.

When choosing a batch strategy for the growth phase instead, the outcome might be
different than the one obtained under continuous cultivation. When comparing the
performance of T. obliquus wild-type and sIm1 in shake flasks and continuous light, de
Jaeger et al. (2014) found a similar pattern in growth, with a slightly lower biomass
concentration by the sim1 after 12 days of cultivation. However, a detailed evaluation
of the performance (e.g. growth and energy efficiency) under LD cycles and batch

conditions still needs to be done.

In summary, a possible explanation for the results under different environmental
conditions is that during the light period the capacity to turn light into functional

biomass is limiting the yield of biomass on light. The metabolic pathway to make starch
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takes relatively a low amount of enzyme, so a higher yield of biomass on light can be
reached by trading in a little bit of the capacity to make functional biomass during the
light period for capacity to make starch. In this way, the cells can harvest more light
during the day, while forming a little bit less functional biomass during the day.
However, this is compensated by using the starch to make functional biomass during
the night. In other words, the reduction in machinery to make functional biomass is
resulting in less functional biomass during the day. However due to the storage of
starch, this machinery can now also be used during the night, resulting overall in an
increased biomass yield on light. This mechanism becomes extra advantageous if the
algae schedule processes at night that limit the harvest of light during the day (such as
under diurnal LD cycles). For example, if during cell division the efficiency to harvest
light is decreased, it would be most favourable to schedule this process in the night. In
addition, the availability of starch at the beginning of the light period may allow cells
to build up the photosynthetic machinery quickly, which may also result in more

efficient use of the light.

Under continuous light and nitrogen replete conditions, the biomass yield on light
would then be lower because light is supplied during a period where algae cannot use
light efficiently, which normally falls during the dark period. The wild-type is still more
efficient than the sIm1 under continuous light because starch synthesis still occurs in
the unsynchronized cells, providing a small benefit. This then also explains why for the
sim1 mutant there is no difference between LD and continuous light, because starch

synthesis is blocked.

However, under LD cycles with longer nights the yield of biomass on light decreases
again and the advantage compared to continuous light is not present anymore. This
could be linked to higher maintenance requirements, related to longer nights, resulting
in loss of energy. However, the yield of biomass on light is still higher for the wild-type
than for the mutant, showing that the wild-type is still able to harvest more light

energy.

Under nitrogen starvation, the starch capacity is quickly filled-up in the wild-type,
blocking additional harvesting of light. Besides, the use of starch during the night
becomes minimal as cell division and nitrogen fixation to proteins is no longer active.

Therefore, also the difference between LD cycles and continuous light disappears. The
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situation under nitrogen limitation is in-between the nitrogen replete and deplete
conditions, where starch still provides a small benefit as it can be used during the dark

period, but to a lesser extent.

7.4 Future directions for better understanding starch and
TAG metabolism

Metabolic models constitute a powerful tool for finding targets for metabolic
engineering or elucidating regulatory mechanisms in a metabolic network (Feist and
Palsson, 2010) as they allow an overview of all the metabolic reactions. In addition,
they summarize what we currently know about metabolism and allow us to see what
information is missing in terms of reactions (and thus genes), and localisation. More
specifically for algae, models can provide a better insight into metabolism under
specific conditions for further improvements on TAG yield on light. Metabolic models
for different microalgae have been developed with different number of reactions,
metabolites, and degrees of compartmentalisation (Chapter 6) (Yang et al., 2000;
Boyle and Morgan, 2009; Manichaikul et al., 2009; Chang et al., 2011; Cogne et al.,
2011; Dal’Molin et al., 2011; Kliphuis et al., 2012; Imam et al., 2015).

However the development of metabolic models for algae is currently hindered by
problems with annotation and localisation. Annotation of microalgal genomes is
usually done by inferred homology with Arabidopsis thaliana (Reijnders et al., 2014)
using predicting tools such as BLAST (basic local alignment search tool) (Altschul et al.,
1997). Problems with annotation for Tetradesmus obliquus were found when
developing the model in Chapter 6, where some lipid desaturase were not present in
the genome. However, T. obliquus is able to synthesise these fatty acids (Sharma et al.,
2015). In the fatty acid analysis of the samples under nitrogen limitation (Chapter 5),

the presence of one of these fatty acids was also found.

When looking into the primary metabolism of eukaryotic microalgae, problems with
annotation are less present, while localisation of enzymes is a bigger problem.
Localisation has consequences on, for example, redox balancing, as the redox cofactors
cannot freely move between compartments, and the ATP consumption, as some

transporters use ATP. Additionally, understanding the localisation of processes in the
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cell can be relevant for strain improvement through metabolic engineering. Studies in
other eukaryotic microorganisms have shown that targeting a pathway that is
compartment specific offers the advantages of higher availability of intermediates,
removing the need to transport intermediates and reducing the loss of intermediates
to competing pathways (Avalos et al., 2013). For example, in Saccharomyses cerevisiae
the over expression of mitochondrial enzymes involved in the production of isobutanol
were 260% higher, compared to only 10% when overexpressing the enzymes in the
cytoplasm (Avalos et al., 2013). In the case of microalgae, the chloroplast would be the
obvious organelle to target as the carbon fixated by photosynthesis could be diverted
into novel pathways (such as TAG production) (Purton et al.,, 2013). The algal
chloroplast of the model microalgae Chlamydomonas reinhardtii has been successfully
transformed (Boynton et al., 1988; Takahashi et al., 1991).

To better understand metabolism inside the chloroplast, this organelle needs to be
isolated. The steps and critical factors to isolate the chloroplast are presented in Box
7.2. Once the organelle has been isolated, strategies such as proteomic analyses can
be used to study the presence of specific proteins. The chloroplast is a relevant
organelle to study the role of starch, as this is the place where starch synthesis and
accumulation in granules occurs. Starch metabolism and the associated sugar
metabolism is compartmentalized between the chloroplast, cytosol and the
mitochondrion. Biosynthesis of starch occurs in the chloroplast, while the sugars are
transported through the cytosol to the mitochondrion to be respired. However, gaps
still remain. For example, the location where starch is converted into TAG, a process
that has been suggested to occur under batch nitrogen starvation conditions (Breuer
et al, 2014).
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Box 7.2 Chloroplast isolation

The chloroplast is the location of many metabolic processes, including
photosynthesis, amino-acid biosynthesis, and chlorophyll biosynthesis. Many of
these reactions occur in the stroma of the chloroplast and isolation of intact
chloroplast allows the study of these processes. However, obtaining intact
chloroplast is difficult (Mason et al., 2006). Here we present the critical steps found
in literature and the results of our attempts to isolate the chloroplast of Tetradesmus

obliquus.

Cell disruption

The first step is disruption of the cells. Cell disruption should be performed under
mild conditions in order to keep the native structure of the individual cell
components ('t Lam et al., 2017). The disruption method is strain-dependent, as the
composition of the cell wall, and therefore the strength, varies depending on the
strain. This method should be strong enough to break the cell wall while preserving
the chloroplast intactness. In the case of the model microalgae Chlamydomonas
reinhardetii, the first report on chloroplast isolation was in 1983, where the authors
disrupted the cell wall by using auto-lysine digestion (Klein et al., 1983). For Chlorella
protothecoides, sonication was successful to break the cell wall (Angelova et al.,
2013). Subsequent methods reported the isolation of intact chloroplasts from cell-
wall-deficient mutants of C. reinhardtii (Mendiola-Morgenthaler et al., 1985; Mason
etal, 1991).

For Tetradesmus obliquus, different methods to break the cell wall were tested,
where usage of beads of different sizes (<106 um, 150-212 pum, 212-300 um, and
425-600 um) showed to successfully destroy the cells (Figure 7.4). Since a mechanical
breakage method was shown to be successful, the usage of the bead milling for large
volumes is a good alternative (Postma et al., 2015). However, an optimization in
biomass concentration, bead size, and milling time is needed in order to use this

method.

When using a cell-wall-deficient strain, a mild method can be used to release the cell

content, such as the one presented by Mason et al. (1991). Here, the cell-wall-less
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strain cc-400 of C. reinhardtii was successfully broken by passing them through a

stainless steel needle, generating a pressure of approximately 80 p.s.i. (5.51 Bar).

To verify the efficiency of the cell wall disruption technique, methods such as staining
with calcofluor white, a dye that binds to chitin and cellulose in cell walls, can be

used (Figure 7.5).

Chloroplast isolation

Chloroplast enrichment or isolation from the cell debris mix is usually achieved using
a density gradient centrifugation. Mason et al. (2006) utilized a percoll gradient,
separating the cell mix into chloroplasts, thylakoids, and whole cells. Angelova et al.
(2013) used a sucrose gradient, resulting in a 2.36-fold enrichment of the chloroplast

fraction of C. protothecoides that could be used for genome sequencing.

Figure 7.4. Microscope photographs of 7etradesmus obliquus cells treated with
the bead beater for 10 min using different bead sizes: A) <106 pm; B) 150-
212 pm; C) 212-300 um; and D) 425-600 pm. Scale bars represent 50 um.

To test the purity of the isolated chloroplasts, the presence of other components has

to be assessed. One method is by means of enzyme activity essays for enzymes




present in the other compartments (Mason et al., 1991), such as the cytosolic
phospho(enol)pyruvate (PEP) carboxylase and the mitochondrial Cytochrome c
Oxidase. Another method suitable for compartments containing DNA is the
Polymerase Chain Reaction (PCR), designing marker sequences with selective

primers for the chloroplast genome and for the mitochondrial genome.

=

Figure 7.5. Microscope photographs of calcofluor white stained cells of
Tetradesmus obliquus observed in bright field (A) and UV excitation (B). All cells
contain the cell wall.

Verification of intactness and functionality

Finally, if necessary, the intactness and functionality of the chloroplasts can be
assessed. For the intactness, Schulz et al. (2004) reported a specifically staining
method for intact chloroplasts of the model plant Arabidopsis thaliana, using the
fluorescent dye carboxyfluorescein diacetate. Another method is by observation

using electron microscopy (Mason et al., 1991).

For the functionality, testing the enzyme activity of Rubisco (Ribulose-1,5-
bisphosphate carboxylase/oxygenase) would be the common approach, as this
enzyme is only present in the chloroplast. Another approach would be to test for the

02 evolution and CO; fixation (Mendiola-Morgenthaler et al., 1985).

Altogether, a method for chloroplast isolation must be tailored to the organism of
interest. This includes the composition of the buffers (for breaking and isolating),

density gradient used, and the disruption method.




Chapter 7

7.5 Conclusions

The role of starch in microalgae depends on the environmental conditions. During the
growth phase under nitrogen replete conditions, starch serves as a short term diurnal
compound to store energy during the light period that is used during the dark period
to support metabolism (e.g. cell division, and nitrogen fixation). The synchronization
and usage of starch allow a higher photosynthetic efficiency in the microalga
Tetradesmus obliquus. Additionally, starch is consumed during the beginning of the
light period, where photosynthesis is also active, probably providing additional energy
and carbon to produce pigments in order to be able to rapidly harvest light energy. For
replete conditions, the advantage of being able to accumulate starch could be
explained by a redistribution of enzyme capacity from functional biomass synthesis to
starch synthesis, allowing cells to harvest more energy during the day and allowing

them to use their capacity to make functional biomass during the night.

For the lipid production phase, two strategies have been tested: continuous nitrogen
limitation and batch nitrogen starvation. Under nitrogen limitation, starch still
functions as a diurnal energy storage compound, as oscillations were observed during
the diurnal cycle. This allowed a higher photosynthetic efficiency in T. obliquus wild-
type compared to the starchless mutant sim1. Under batch nitrogen starvation, which
is the preferred strategy to produce TAG, both starch and TAG are synthesised in
T. obliquus wild-type, with starch as the preferred storage compound (up to a content
of 0.40 g-gow!), followed by TAG accumulation. However, the benefit observed under
light/dark cycles is absent as the capacity to store starch is fully used. During batch
nitrogen starvation, the difference in photosynthetic efficiency of both the wild-type
and the sIm1 is negligible. Thus under this condition, starch serves as a sink for
electrons and as a long term storage compound of carbon and energy that can be used

for recovery once nitrogen is again available.
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Summary

Microalgae are promising feedstocks for the production of biofuels, foods, feeds, and
high value compounds. They are of special interest due to their capacity to produce
lipids. Oleaginous microalgae can reach a triacylglycerides (TAG) content of up to 60%
on a dry weight basis under stress conditions, have a higher areal productivity than

agricultural crops and do not compete for arable land.

Large scale microalgal production is commonly divided in two phases: the growth
phase and the lipid (TAG) production phase. During the growth phase, favourable
nitrogen replete conditions are used, while for the TAG production phase mostly
nitrogen deplete conditions are used. During the growth phase under nitrogen replete
conditions and light/dark (LD) cycles, many photosynthetic microorganisms
synchronize their metabolism. During LD cycles, many microalgae store light energy
and carbon in the form of starch. This allows microalgae to capture sunlight efficiently
during the day and use this during the night. Furthermore it allows them to perform
light sensitive processes (such as cell division) at night. However, starch is considered
as an unwanted product for TAG production, as starch and TAG compete for C3
precursors. With this in mind, starchless mutants have been created. Blocking the
ability to make starch results in an higher TAG yield on light under batch nitrogen
starvation conditions. However, it also results in reduced growth under nitrogen

replete conditions compared to the wild-type.

The focus of this thesis is on understanding the role of starch in the oleaginous
microalga Tetradesmus obliquus, a promising candidate for lipid production. In order
to look into the role of starch, the previously developed starchless mutant of
T. obliquus sIm1 was studied under different conditions and compared to the

performance of the wild-type.

First, the role of starch was examined under nitrogen replete conditions (growth
phase). Under these conditions the effect on cell physiology of LD cycles compared to
continuous light was studied in Chapter 2. Here, the benefit of synchronization of
metabolism to LD cycles was clear, as the wild-type utilized light 13% more efficiency

under 16:8 h LD cycles compared to under continuous light. Concomitant with the
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synchronization to the LD cycles, cell composition changed throughout the diurnal
cycle. Starch acted as a transitory diurnal energy storage compound in T. obliquus wild-
type. It was accumulated during the late part of the light period and was consumed
during the dark period and the following first hours of the light period. When looking
into the behaviour of the starchless mutant sim1, no other compound took over the
role of starch as a transitory energy storage compound. Furthermore reduced growth
was observed in the starchless mutant, compared to the wild-type, under both
continuous light and LD cycles. Additionally, the benefit of the LD cycles compared to
continuous light, as observed for the wild-type, was lost, as the energy utilization
efficiency remained equal under both light regimes for the sim1. These findings also
showed that there are more benefits in accumulating starch on top of being a carbon
and energy source during the dark periods, otherwise the energy efficiency of the sim1

would have remained equal to the wild-type under continuous light.

Next, we looked into the timing of cellular processes by studying the diurnal changes
in the transcriptome profile of both T. obliquus wild-type and sIm1 under 16:8 h LD
cycles in Chapter 3. RNA samples from turbidostat controlled experiments were
analysed in intervals of one hour for the wild-type (for a high resolution) and three
hours for the sIm1. For the wild-type, 4686 genes (23% of all genes identified) were
determined to have a significant change of expression over the diurnal cycle. These
genes were classified into six clusters, whose expression peaked at different times of
the diurnal cycle. Starting from the onset of light, these clusters captured enriched
biological processes that occurred over time throughout the organism (e.g. expression
of cluster 6 is maximum at 3 hours after light is on, and decreases until 10 hours after
light on. Processes in this cluster revolve around the photosystem, including
chlorophyll synthesis. The results from the transcriptomic analysis can also be
correlated to the observations in Chapter 2. For example, the synthesis of both
chlorophyll and carotenoids directly correlates to the dilution rate. Also, the increase
in cell size during the day matches the expression profile of processes related to cell
growth, with a high expression during most of the light period. When comparing the
profile of the sIm1 to the one from the wild-type, the majority of the genes with a
different expression in time showed a time shift in expression. In addition, for some

genes the profile changed completely.
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Summa ry

In the case of outdoor production with microalgae, variations in the length of the day
and night periods will occur naturally. Therefore, in Chapter 4 we compared the impact
of three different LD cycles (12:12 h, 14:10 h, and 16:8 h LD) on T. obliquus wild-type
and starchless mutant s/Im1. For the wild-type, the maximum measured content was
reached when the night started and longer light periods resulted in an higher starch
content. (0.22 g-gow* for the 16:8 h LD, 0.18 g-gow* for the 14:10 h LD and 0.16 g-gow’
! for the 12:2 h LD cycle). Additionally, starch was not fully consumed during the dark
period and a fraction remained (0.03-0.06 g-gow}), indicating that only 70-80% of the
reserve is needed during the dark period, independently of its length. For the wild-type
and the sim1 mutant the start of cell division was independent of the length of the
photoperiod. However, cell division started earlier for the mutant (10-12 h after the
light went on) than for the wild type (14 h after the beginning of the light period).
Overall, the sim1 mutant showed a lower photosynthetic efficiency compared to the
wild-type, with the 12:12 h LD resulting into even less efficiency than the other two LD

cycles.

After studying the role of starch under nitrogen replete conditions (growth phase), we
continued by looking into the role of starch under nitrogen limitation (TAG production
phase) in Chapter 5. During nitrogen limitation, starch continued to be the preferred
storage compound for the wild-type to store energy and carbon. During the diurnal
cycle, starch was accumulated to a maximum average content of 0.25 g-gow*, which is
higher than the maximum observed under nitrogen replete conditions. Furthermore,
small oscillations were observed, indicating that starch was still being used as a diurnal
energy storage compound, but to a lesser extent than under nitrogen replete
conditions. For the sim1 mutant, the TAG content was higher than for the wild-type.
However, despite the higher TAG content, we found that the photosynthetic efficiency
was lower for the si/m1 mutant compared to the wild-type, especially during the second

half of the light period, where starch accumulation occurred in the wild-type.

Metabolic models can help to get a better understanding of metabolism. With this in
mind, we developed a metabolic model for the core metabolism of T. obliquus in
Chapter 6. The network included 351 reactions with 183 metabolites distributed over
4 compartments: cytosol, chloroplast, mitochondria, and extracellular space. The
energy requirements for biomass assembly and maintenance (K« and marp,

respectively) were experimentally determined. A common strategy to estimate the
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energy parameters is using a chemostat set-up. However, we demonstrated the
successful use of batch cultures to estimate these parameter in microalgae. This is
because the light-limited growth in batch cultures allows to go slowly through different
specific growth rates throughout the cultivation. The determined values were
121.02 mmolare-gow™ for Kx and 0.66 mmolare-gow-h™? for the mare. Based on the
model the theoretical maximum yields for biomass, triacylglycerides (TAG), and starch
yield on light were calculated to be 1.15g'molpn®, 1.05 grac:molpn®, and

2.69 gstarch' molph-l.

Finally, in Chapter 7 the role of starch was discussed based on the findings in the
previous chapters. The role of starch depends on the environmental conditions. First,
under nitrogen replete conditions (growth phase) starch serves as a short-term diurnal
energy storage compound that can be easily used during the dark period. During the
dark period, starch is used for processes such as cell division and nitrogen fixation.
Additionally, starch is also consumed at the beginning of the light period when
photosynthesis is active, possibly supplying extra energy to rapidly produce pigments
for the harvesting of light energy. Under nitrogen limitation, starch still functions as a
diurnal energy storage compound, but to a lesser extent. Finally, under nitrogen
starvation, starch is the preferred storage compound for energy and carbon in
T. obliquus wild-type, but this is no longer used as a diurnal energy storage compound.
Instead, starch serves as a storage compound to be used for recovery and as an
electron sink. TAG accumulation occurs once the starch storage capacity is “full”
(approximately 0.40 g-gow). Moreover, when nitrogen remains depleted, starch is also
converted to TAG, and TAG serves as a long term storage compound to be used for

recovery when nitrogen is again available.
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Resumen

Resumen

Las microalgas son una materia prima de gran potencial para la produccion de
biocombustibles, alimentos, y compuestos de valor agregado. En particular gracias a
su capacidad de acumular lipidos. Las microalgas oleaginosas pueden alcanzar un
contenido de triacilglicéridos (TAG) de hasta un 60% de su peso seco bajo condiciones
de estrés. En contraste con las plantas oleaginosas, tienen una mayor productividad

por unidad de drea y no compiten por suelos cultivables.

La produccién de microalgas a gran escala se divide cominmente en dos fases: la fase
de crecimiento y la de produccién de lipidos (TAG). Durante la fase de crecimiento, se
utilizan condiciones favorables de crecimiento en las cuales se provee nitrégeno en
exceso, mientras que para la produccién de lipidos se utilizan condiciones de limitacién
de nitréogeno. Muchos microorganismos fotosintéticos sincronizan su metabolismo
durante la fase de crecimiento acorde con los ciclos de luz y oscuridad (L/O). Durante
estos ciclos muchas microalgas acumulan energia luminosa y carbono en forma de
almidon. De este modo, éstas capturan la luz solar de forma eficiente durante el diay
utilizan las reservas durante la noche, permitiéndoles ademads realizar procesos
fotosensibles (por ejemplo la divisidn celular) en la oscuridad. No obstante, la sintesis
de almidén es indeseable para la produccion de TAG, ya que ambos compuestos
compiten por precursores de tres carbonos. Con esto en mente, se han cepas
microalgales incapaces de producir almidén, lo cual ha resultado en un mayor
rendimiento lipidico bajo condiciones de inanicién celular de nitrégeno. Sin embargo,
el crecimiento de estas cepas es menor bajo condiciones de suficiencia de nitrégeno

comparado con la cepa parental (silvestre).

El objetivo de esta tesis es el de entender el rol del almidén en la fisiologia y la
produccion lipidica de la microalga oleaginosa Tetradesmus obliquus, la cual es una
especie de interés para la produccién de lipidos. Para este propésito, realizamos un
estudio comparativo entre la cepa T. obliquus sim1, incapaz de producir almidén, y su
cepa parental. EIl comportamiento de ambas cepas se evaludé bajo diferentes

condiciones de cultivo.
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Primeramente, estudiamos el rol del almidén bajo condiciones de suficiencia de
nitrégeno (fase de crecimiento). Bajo estas condiciones, examinamos el efecto de
ciclos de L/O comparado con el uso de luz continua en la fisiologia celular de T. obliquus
(Capitulo 2). Aqui, se observaron claramente los beneficios de la sincronizacién del
metabolismo a los ciclos L/O, ya que la cepa parental utilizo la energia luminosa 13%
mas eficientemente bajo ciclos de 16:8h L/O comparado con luz continua.
Simultaneamente con la sincronizacion a los ciclos L/O, la composicién celular cambid
durante el ciclo diurno. El almidén es un compuesto diurno transitorio de
almacenamiento de energia en T. obliquus, siendo acumulado durante la ultima parte
del periodo de luz y posteriormente consumido durante el periodo de oscuridad y las
siguientes horas de luz. En la cepa mutante s/m1, ningun otro compuesto adicional
reemplazd el rol del almidéon como almacenamiento transitorio de energia. En
contraste con la cepa parental, el crecimiento en sIm1 fue menor bajo luz continua y
los ciclos L/O. Adicionalmente, el beneficio observado durante los ciclos L/O
comparado con luz continua se perdié, ya que la eficiencia de uso de energia
permanecié constante durante ambas condiciones en siml. Estos resultados
demuestran que la acumulacién de almiddn estd relacionada con procesos fisioldgicos
adicionales a su uso como fuente de carbono y energia durante los periodos de
oscuridad, de lo contrario la eficiencia energética de sim1 hubiera permanecido igual

a la de su cepa parental bajo condiciones de luz continua.

A continuacién, estudiamos la regulacién de los procesos celulares durante el ciclo
diurno mediante el andlisis transcriptomico de T. obliquus bajo ciclos de 16:8 h L/O
(Capitulo 3). Muestras de ARN provenientes de cultivos turbidostato se colectaron en
intervalos de una y tres horas para la cepa parental (para alta resolucion) y cepa
mutante sIm1, respectivamente. En la cepa parental, 4686 genes (23% de todos los
identificados) mostraron un cambio significativo en su expresion durante el ciclo
diurno. Estos genes fueron clasificados en seis grupos (clusters), acorde con su perfil
de expresion durante el ciclo diurno, alcanzando su punto maximo a diferentes horas
del dia. Comenzando por el momento en el que la luz se enciende, estos grupos
incluyen enriquecimientos de procesos biolégicos que ocurren durante el ciclo diurno
en el organismo (por ejemplo, la expresion del grupo 6 alcanza su maximo 3 horas
después de que la luz se enciende, y disminuye gradualmente hasta las 10 horas). Los

procesos en este grupo giran en torno al fotosistema, incluyendo la sintesis de clorofila.
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Resumen

Los resultados del analisis transcriptdmico son consistentes con las observaciones del
analisis descrito en el Capitulo 2. Por ejemplo, la expresidn de genes relaciones con la
sintesis de los pigmentos clorofila y carotenoides directamente correlaciona con la tasa
de dilucion. Asimismo, el incremento observado en el tamafio celular durante el dia
coincidié con el perfil de expresién de genes relacionados con el crecimiento celular,
con una expresion alta durante la mayor parte del periodo de luz. Al comparar el perfil
transcriptomico de la cepa mutante siIm1 con el de la cepa parental, la mayoria de los
genes con una diferencia en la expresion muestran un cambio de momento en la

expresion, aunque el perfil transcriptémico de algunos genes cambid drasticamente.

La producciéon de microalgas a gran escala en exteriores estd supeditada a las
variaciones naturales en la duracién del dia y la noche. Basdndonos en esto, en el
Capitulo 4 comparamos el efecto de tres diferentes ciclos L/O (12:12 h, 14:10 h, y
16:8 hL/O) en T. obliquus. En la cepa parental, el contenido maximo se alcanzé al inicio
de la noche y los periodos de luz mas largos resultaron en una contenido mas alto de
almidén (en peso seco, PS: 0.22 g-ges?, 16:8 h L/O; 0.18 g-ges?, 14:10 h L/O; y 0.16
g-ges, 12:2 h L/O). Adicionalmente, el almidén nunca fue consumido totalmente
durante el periodo de oscuridad, quedando una fraccién (0.03-0.06 g-gps?), indicando
que solo el 70-80% de las reservas de almiddén son necesarias durante el periodo de
oscuridad, independientemente de su duracién. Para ambas cepas, el inicio de la
divisién celular fue independiente del fotoperiodo. Sin embargo, la division celular
inicido mas temprano para la mutante (10-12 h después del encendido de la luz)
comparada con la cepa parental (14 h después del encendido de la luz). En general, la
mutante sim1 mostré una menor eficiencia fotosintética comparada con la cepa

parental, particularmente en el ciclo con el periodo de luz mas corto (12:12 h L/O).

Después de estudiar el rol del almidén bajo condiciones de suficiencia de nitréogeno
(fase de crecimiento), investigamos el rol del almidén bajo condiciones de limitacién
de nitrégeno (fase de produccion de lipidos, TAG) en el Capitulo 5. Bajo condiciones de
limitacién de nitrégeno, el almidén continud siendo el compuesto preferido para
almacenar energia y carbono en la cepa parental. Durante el ciclo diurno, el almidén
fue acumulado hasta un convenido promedio maximo de 0.25 g-gpes?, el cual fue mayor
al contenido maximo observado en condiciones de suficiencia de nitrégeno. Asimismo,
observamos pequeias oscilaciones en el contenido de almiddn, indicando que éste

funciona como compuesto diurno de almacenamiento de energia, pero en menor
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grado que bajo condiciones de suficiencia de nitrégeno. El contenido de TAG fue mas
alto en la mutante siIm1 comparada con la cepa parental. Sin embargo, la eficiencia
fotosintética de la cepa mutante fue menor, especialmente durante la segunda mitad

del periodo de luz, etapa en la cual el almidén fue acumulado en la cepa parental.

Los modelos metabdlicos permiten un mejor entendimiento de la fisiologia de un
organismo. Con esto en mente, desarrollamos un modelo para el metabolismo central
de T. obliquus en el Capitulo 6. El modelo incluye 351 reacciones con 183 metabolitos
distribuidos en cuatro compartimentos: citosol, cloroplasto, microcondria, y espacio
extracelular. Los requerimientos energéticos para la produccion de biomasa vy
mantenimiento celular (Kx y mare, respectivamente) fueron determinados
experimentalmente. A pesar de que estos pardametros energéticos son cominmente
estimados mediante el uso de un quimiostato, en este trabajo demostramos el uso
exitoso de cultivos en lote (batch) para este propdsito. El célculo de estos parametros
es posible mediante esta estrategia porque el crecimiento limitado por luz en cultivos
microalgales tipo lote permite ir lentamente a través de diferentes tasas de
crecimiento especificas durante todo el cultivo. Los valores determinados fueron
121.02 mmolare-ges? para K¢ y 0.66 mmolate-gpsi-h™t para mare. Los rendimientos
tedricos méaximos calculados en base en el modelo fueron: biomasa, 1.15 g-molfotones 2,

TAG, 105 gTAG'mOIfotones_l, y a|midén, 269 galmidén‘molfotones_l.

Finalmente, en el Capitulo 7 se discute el rol del almidén con base en los resultados
descritos en los capitulos anteriores. La funcidn del almidén depende de las
condiciones ambientales. Primero, bajo condiciones de suficiencia de nitrégeno (fase
de crecimiento) el almiddn sirve como un compuesto diurno de almacenamiento de
energia a corto plazo que puede ser facilmente utilizado durante el periodo de
oscuridad, en el cual es utilizado para procesos como la divisidn celular y la fijacion de
nitrégeno. Adicionalmente, el almidén es catabolizado durante el periodo de luz,
cuando la fotosintesis esta activa, probablemente suministrando energia para la
produccidn inmediata de pigmentos para la recoleccién de energia luminosa. Bajo
condiciones de limitacion de nitrégeno, el almidén aln funciona como un compuesto
diurno de almacenamiento de energia, pero en un menor grado. Finalmente, bajo
condiciones de inanicidon celular de nitrégeno, el almidén es el compuesto preferido
para almacenar energia y carbono en la cepa silvestre de T. obliquus, pero no es

utilizado como compuesto diurno de almacenamiento. En su lugar, el almidén funciona
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Resumen

como sumidero de electrones, asi como un compuesto temporal de reserva para la
posterior recuperacion de la microalga. La acumulacion de lipidos (TAG) ocurren una
vez que la capacidad de almacenamiento de almidén ha sido saturada (aprox.
0.40 g-ges'!). Ademas, cuando el nitrégeno permanece ausente en el medio de cultivo,
el almidén también es convertido a TAG, fungiendo éste como un compuesto de
almacenamiento a largo plazo que serd utilizado para la recuperacidn una vez que el

nitrégeno vuelve a estar disponible.
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Nomenclature

vl Growth rate

Ve Time-specific cell division rate
Ceells Concentration of cells

CET Cyclic electron transport

CHO Carbohydrates

CL Continuous light

D2an Average dilution rate over 24 h
D¢ Dilution rate over small time intervals
DW Dry weight

FBA Flux Balance Analysis

GO Gene Ontology

Kx Growth associated maintenance
LD Light/dark

L/O Luz/oscuridad

LET Linear electron transport

Matp non-growth associated maintenance
molph mol of photons

NSC Non-starch carbohydrates

oD Optical density

PC Principal component

Ph Photons

Ioh volumetric photon supply rate
Fstarch,t Starch productivity

sim1 Starchless mutant 1

t Time

td Doubling time

TAG Triacylglycerides

TES Transitory energy storage

TFA Total fatty acids

Vpar Photobioreactor volume
YTaG,ph Triacylglycerol yield on light
Yy,ph Biomass yield on light
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