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Chapter 1

1.1 Microalgae as a sustainable substitute for plant products

Global demands for food and fuels are rapidly increasing as a result of an increasing
world population and wealth of developing countries (Godfray et al., 2010).
Furthermore, renewable and sustainable alternatives for fossil-oil-derived fuels and
chemicals are required because of depleting fossil resources, and concerns for climate
change. Currently, these alternatives are mainly derived from agricultural crops. Their
products can be used directly for food, fuel or chemical production (e.g. production of
biodiesel from vegetable oil) or are converted by heterotrophic microbial fermentation to
fuels and chemicals (e.g. fermentation of sugars, starch or lignocellulose to for example
ethanol-fuel). The production of food and renewable-fuel commodities currently thus
relies heavily on the cultivation of agricultural crops. The areal productivity of commonly
used crops is reaching a ceiling and the availability of arable land, as well as of fresh
water and nutrients, is limited (Godfray et al., 2010). Novel sustainable and renewable
sources for both food-commaodities and fuels are therefore highly desired (Draaisma et
al., 2013).

Microalgae-derived products are often considered as a promising substitute for these
crop-derived commodities (Draaisma et al., 2013; Wijffels & Barbosa, 2010). Microalgae
are essentially unicellular plants (Fig. 1.1A) and can produce the same products as
terrestrial crops. Microalgae can produce large quantities of protein, vegetable oil, and
carbohydrates (Draaisma et al., 2013). Cultivation of microalgae has several advantages
over the use of traditional agricultural crops. Microalgae can achieve much higher
photosynthetic efficiencies. As a result, much higher areal productivities can be
accomplished (Chisti, 2007; Moody et al., 2014; Wijffels & Barbosa, 2010). Furthermore,
microalgae are cultivated in photobioreactors (Fig. 1.1B) and do therefore not require
arable land. Potentially, microalgae can even be cultivated off-shore. Some microalgae
species can grow efficiently on seawater, which can largely reduce freshwater
requirements (Wijffels & Barbosa, 2010). Finally, fertilizer requirements could be
reduced because no nutrients are lost to the environment in a photobioreactor (Chisti,
2013).

Despite these advantages of microalgae, the technology for production of microalgae
needs to be further developed before large scale production is feasible. Today, the cost
for production and the energy consumption involved in construction and operation of
photobioreactors are too high (Acién et al., 2012; Brentner et al., 2011; Davis et al.,

2011; Norsker et al., 2011). Current estimates claim that a several fold reduction in
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cost-price needs to be realized before the production of bulk products using microalgae

can become feasible (Klok et al., 2014). Such improvements could for example be made

by increasing the microalgal productivity.

Fig. 1.1. Microscopic photograph of the microalga Scenedesmus obliquus (A). The scale bar
indicates 50um. Photograph of a lab-scale photobioreactor that was used for the work
performed for this thesis (B).

1.2 TAG production by microalgae

Although microalgae could be a source for a large variety of commodities, the work
presented in this thesis focusses on the production of triacylglycerol (TAG). TAGs are a
lipid consisting of a glycerol backbone containing three fatty acid groups (Box 1). TAGs
are the main component of vegetable oil and the composition of microalgal derived TAGs
is similar to that of currently used vegetable oils derived from oil-crops (Draaisma et al.,
2013). These TAGs are therefore suitable as a resource for both food and biofuel
applications (Chisti, 2007; Draaisma et al., 2013; Wijffels & Barbosa, 2010).

In potential, TAG production using microalgae can be more sustainable and productive
than TAG production using agricultural oil-crops. However, with current technology TAG
production is not yet cost-effective and still requires more energy input than is produced
in the form of TAG. An increase in the TAG productivity can help to decrease the cost-
price and specific energy consumption of the production process. To achieve these high
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TAG productivities, a quantitative understanding of the processes involved in microalgal

TAG production is essential.

Box 1. Lipids in microalgae.

Lipid is an ambiguous term and lipids often refers to hydrophobic organic molecules or to
the fraction of the biomass that is soluble in a specific organic solvent (e.g. hexane or
chloroform). Because a large variety of lipid classes are produced by microalgae, and the
relative abundance of these lipids can vary to a large extent, it is important to
distinguish between these lipids. From a chemical point of view, these lipids could be
classified as fatty-acyl lipids and non-fatty-acyl lipids.

Table 1.1. Lipids in microalgae. The values represent typical values found for most
microalgae and can be used as a rule of thumb. For specific species, exceptions exist that
exceed these values (e.g. large quantities of hydrocarbons in Botryococcus braunii or B-
carotene in Dunaliella salina).

Component Main function Abundance Reference
(% DW)
(Breuer et
triacylglycerol storage or as 0-50 al., 2012;
g (TAG) energy sink Hu et al.,
g a 2008)
8 D cell and
I> 9 phospholipids organelle
S %; mono-, and membranes 5.10 (Breuer et
> diacylglycerols » thylakoid al., 2012)
] galactolipids
o membranes
carotenoid- secondary &
fatty-acyl- primary (Mulders et
esters pigments 0-5 al., 2014a;
(photoprotective Mulders et
" carotenoids & al., 2014b)
he] photosynthesis)
& primary (Mulders et
3 chlorophylls pigments 1-3 el AR
7 (photosynthesis) Mulders et
ﬁ>~ al., 2014b)
© q
& various,
S Oth €.9. waxes, including : 1
o er sterols, 5-20 Estimated
structural and
hydrocarbons . .
signalling

Estimated from total lipids (15-25%)(Griffiths & Harrison, 2009; Pruvost et al., 2009; Renaud
et al., 1999) minus the other lipid classes. Based on nitrogen replete conditions.

Microalgae produce many different types of lipids (Table 1.1). These lipids serve various
cellular functions. Triacylglycerol (TAG) is present as droplets in the cell and serves to
store carbon and energy. Cell, organelle, and thylakoid membranes mainly consist of
diacylglycerols and these have a structural role. Pigments such as chlorophylls and
carotenoids have a role in photosynthesis for light harvesting or photo-protection. Other
lipids present in microalgae include waxes, sterols, and hydrocarbons. Among other
roles, these lipids have a function in cell signalling, or contribute to the structure of, for
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example, membranes (Table 1.1).

Fatty-acyl lipids are lipids that contain fatty acid groups. An important example of these
fatty-acyl lipids is TAG. TAG consists of a glycerol backbone with three fatty acid groups
(Fig. 1.2). Of all microalgal lipids, TAGs receive most attention because these TAGs are
similar to vegetable oil and can be used as an edible oil. In addition, especially TAGs, but
also other fatty-acyl lipids, are of interest because these can be trans-esterified using
methanol to yield fatty acid methyl esters (FAMEs). These FAMEs can be used as a
biodiesel.

o)i/\/\/\/%/\/\/\/\cus

o%/\/\/\/%/\/\/\/\cm
O NANANARNNNNANANCH,

Fig. 1.2. Chemical structure of a triacylglycerol containing three oleic acid (C18:1) groups
(triolein).

Under balanced growth conditions, total lipid (fatty acyl and non-fatty acyl lipids)
contents are typically 15-25% of the cell dry weight (Griffiths & Harrison, 2009; Pruvost
et al., 2009; Renaud et al., 1999) and approximately half of these total lipids are fatty
acyl-lipids (Table 1.1). Under these conditions, TAG is only produced in very low
quantities (0-3% of DW). During nutrient starvation however, these TAGs can be
produced in very large amounts, ranging up to 50% of the cell dry weight (Table 1.1).

Microalgae are a large and diverse group of microorganisms and large differences exist
between species. Not all of these microalgae species produce large amounts of TAG.
Microalgae that do accumulate large quantities of TAG are called oleaginous microalgae.
The classification of oleaginous and non-oleaginous species is rather arbitrarily, but
commonly, microorganisms that can accumulate more than 20% of their dry weight as
TAGs are referred to as being oleaginous (Ratledge & Cohen, 2008).

During conditions optimal for cell growth, even in the most-oleaginous species, only
negligible amounts of TAG are produced. TAG is a secondary metabolite and is only
accumulated as a response to physiological stress, such as nutrient starvation (Hu et al.,
2008). The most commonly used technique to induce TAG production is the use of
nitrogen starvation (Hu et al., 2008). Here, microalgae are first cultivated under
nitrogen replete growth conditions to produce biomass. Subsequently, the microalgae

are deprived from all nitrogen sources to induce TAG synthesis (Rodolfi et al., 2009).
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Under these conditions, some species can accumulate up to 50% of their dry weight as
TAGs (Chisti, 2007; Griffiths & Harrison, 2009; Hu et al., 2008).

The physiological reason for TAG accumulation during nitrogen starvation is twofold.
First, the accumulated TAG can serve as a carbon and energy source upon repletion of
nitrogen. Second, the production of TAG or other secondary metabolites consumes
excess photosynthetic products. When these products are not consumed, over-reduction
of the photosynthetic machinery will occur. This in turn results in the formation of
reactive oxygen species and ultimately cell damage or death (Asada, 2006; Hu et al.,
2008).

When generalized, the TAG productivity is determined by 1) the rate of light absorption,
2) the photosynthetic efficiency, and 3) the proportion of the photosynthetic rate that is
used for TAG synthesis (Fig. 1.3).

1) The amount of TAG that can be produced is ultimately determined by the
amount of light absorbed. Microalgae absorb light using light harvesting
pigments. On a cellular level, the amount of light absorbed can vary greatly, but
in a photobioreactor, the amount of light absorbed by a microalgal culture is
determined by the amount of sunlight that falls onto the surface of the
photobioreactor, and on the amount falling through the reactor. The
quantification of the amount of light absorbed by the culture is important to
evaluate the performance of the culture.

2) Absorbed photons are used to liberate electrons from H;O to produce O, and
regenerate NADPH and ATP. This NADPH and ATP are used to fixate CO; to C3
carbon intermediates (photosynthesis). However, not all photons that are
absorbed are used for photosynthesis. Part of these photons is thermally
dissipated. The ratio between the part that is used for photosynthesis and the
part that is thermally dissipated determines the photosynthetic efficiency.

3) The photosynthetically produced Cs carbon intermediates are used as building
blocks for the production of various biomass constituents. The ratio in which
these biomass constituents are produced is highly variable. During balanced
growth conditions, carbon is mostly partitioned towards protein and structural
carbohydrates (cell wall) and structural lipids (membranes). During nitrogen
starvation, the synthesis of proteins is impaired because nitrogen is required for
protein synthesis. Under these conditions, the carbon intermediates are used for

the synthesis of secondary metabolites, such as TAG (Fig. 1.3).
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Light absorption Z?f?ct;iycf;thetrc Carbon partitioning
A A I\

[ 1 ]
Other biomass
constituents
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light Fatty acids (TAG)

Light energy thermally
dissipated

Fig. 1.3. Schematic representation of phototrophic TAG production during nitrogen starvation.
TAG productivity is the product of the amount of light absorbed, the photosynthetic efficiency,
and the fraction of photosynthetic products partitioned towards TAG synthesis. During
nitrogen starvation, the synthesis of protein and other nitrogen-containing biomass
constituents is impaired. This liberates photosynthetic capacity that is then used for the
production of storage metabolites, such as starch and TAG.

For a high TAG productivity, a high photosynthetic efficiency is required and a large part
of the photosynthetic capacity should be directed towards TAG synthesis. Unfortunately,
the conditions that result in a high photosynthetic efficiency and the conditions under
which large amounts of TAG are produced do not coincide (Griffiths & Harrison, 2009).
Namely, the photosynthetic efficiency and carbon partitioning towards TAG are
oppositely affected by nitrogen starvation. Photosynthesis and carbon partitioning can
also be affected by other stress-factors or factors such as light intensity and cultivation
conditions such as temperature and pH. Also, large differences exist between microalgae
species. A detailed understanding of the physiology behind photosynthesis and carbon
partitioning during nitrogen starvation is needed to improve the TAG productivity in

microalgae cultures.

At the start of the work presented in this thesis, little was known about the quantitative
aspects of photosynthesis and TAG production during nitrogen starvation. Projections of
microalgal TAG production that were commonly used, were therefore poorly supported
by scientific evidence and were based on erroneous estimations using both maximum
photosynthetic efficiencies and maximum TAG contents. This contributed to a large
uncertainty in what could be expected from microalgae. To give more accurate
projections and to improve TAG production, a better understanding of the microalgal

response to nitrogen starvation, that results in TAG production, is needed.
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1.3 Aim and outline of this thesis

The aim of this thesis is therefore to obtain a quantitative understanding of the
physiology of TAG production that is induced by nitrogen starvation. This understanding
will be used to improve TAG productivity and to evaluate what can be expected from

large-scale microalgae cultivation.

Because a variety of lipid classes are produced by microalgae, in a highly variable ratio,
it is important to distinguish between these different lipids. Chapter 2 therefore
presents an analytical method to analyse the fatty acid content and composition in
microalgae.

Large differences exist in the response to nitrogen starvation between microalgae
species, but clear quantitative data on these differences were lacking. Chapter 3
therefore compares the response of nine microalgae species, which were selected based
on an extensive literature search, to nitrogen starvation in detail. From these
microalgae, Scenedesmus obliquus was identified as the most promising microalga
because of its ability to retain a high photosynthetic efficiency during nitrogen starvation
for a long time and its ability to accumulate large quantities of TAG. S. obliquus was
therefore used in all subsequent research performed for this thesis.

Cultivation conditions can have a large impact on both the photosynthetic efficiency and
the carbon partitioning towards TAG. Therefore, chapter 4 investigates the impact of
the incident light intensity, pH, and temperature on the physiological response to
nitrogen starvation in S. obliquus. It was found that suboptimal pH and temperature
negatively affect both the photosynthetic efficiency and the maximum TAG content. The
light intensity did not affect the maximum TAG content, but did have a large impact on
the photosynthetic efficiency.

In chapters 3 and 4, it was found that under all conditions, and in all species, various
other secondary metabolites, such as starch, are produced simultaneously with TAG.
This co-product formation reduces the potential TAG productivity. To test if the TAG
productivity can be improved if competing pathways are eliminated, chapter 5
compares the carbon partitioning in the wild-type with the sim1 starchless mutant of S.
obliquus. It was found that wild-type S. obliquus, initially produces large quantities of
starch simultaneously with TAG. This starch is subsequently degraded when nitrogen
starvation progresses and likely used as a substrate for TAG synthesis. The starchless
mutant of S. obliquus immediately partitions all photosynthetic capacity, that is used for
starch synthesis in the wild-type, towards TAG synthesis. This improves the TAG yield on
light by over 50%.
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Insight in the carbon partitioning mechanism could be used to increase carbon
partitioning towards TAG. Therefore, the mechanism behind carbon partitioning was
investigated in more detail in chapter 6. It was investigated how the light intensity
during nitrogen starvation and the photoacclimated state at the onset of nitrogen
starvation influence the photosynthetic efficiency and carbon partitioning during nitrogen
starvation. A novel experimental setup was developed to be able to independently
investigate the impact of light intensity during nitrogen starvation and the
photoacclimated state.

To investigate how the TAG productivity can be improved, the novel insights from the
previous chapters, as well as existing knowledge from scientific literature, were
condensed in a mechanistic model that describes photosynthesis and carbon partitioning
during nitrogen starvation, as presented in chapter 7. This model was used to
investigate how reactor design and strain improvement can help to improve TAG
productivity. These outcomes were used to project TAG productivities of microalgae
using current and future technology.

To evaluate what needs to be done to make microalgal TAG production economically and
energetically feasible, chapter 8 evaluates the outcomes of published life cycle
assessment (LCA) studies and techno-economic (TE) studies. The cultivation step is the
largest uncertainty in these studies and this propagates into uncertainty in the predicted
cost-price and specific energy consumption. To improve the reliability of these studies,
better, more realistic combinations of productivities and biochemical compositions were
derived for several production scenarios, based on the previous chapters of this thesis.
The implications of these new values on the outcomes of TE and LCA studies are

discussed.

Altogether, this thesis provides a quantitative understanding of the factors that influence
photosynthesis and carbon partitioning during nitrogen starvation. Using these insights,
it is illustrated how the TAG productivity could be increased. Estimates for productivities
and biochemical composition that can be achieved in a production process were
presented. These insights will help to estimate and reduce the cost-price and specific
energy consumption for microalgal TAG production. This can ultimately help to enable

the replacement of current sources of fossil and vegetable oil.
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Chapter 2 Analysis of fatty acid

content and composition
in microalgae

This chapter has been published as:

Guido Breuer, Wendy A.C. Evers, Jeroen H. de Vree, Dorinde M. M. Kleinegris, Dirk E.
Martens, René H. Wijffels, Packo P. Lamers (2013), Analysis of fatty acid content and
composition in microalgae, Journal of Visualized experiments, 80:e50628
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Abstract

A method to determine the content and composition of total fatty acids present in
microalgae is described. Fatty acids are a major constituent of microalgal biomass.
These fatty acids can be present in different acyl-lipid classes. Especially the fatty acids
present in triacylglycerol (TAG) are of commercial interest, because they can be used for
production of transportation fuels, bulk chemicals, nutraceuticals (w-3 fatty acids), and
food commodities. To develop commercial applications, reliable analytical methods for
quantification of fatty acid content and composition are needed. Microalgae are single
cells surrounded by a rigid cell wall. A fatty acid analysis method should provide
sufficient cell disruption to liberate all acyl lipids and the extraction procedure used
should be able to extract all acyl lipid classes. With the method presented here all fatty
acids present in microalgae can be accurately and reproducibly identified and quantified
using small amounts of sample (5 mg) independent of their chain length, degree of
unsaturation, or the lipid class they are part of. This method does not provide
information about the relative abundance of different lipid classes, but can be extended
to separate lipid classes from each other. The method is based on a sequence of
mechanical cell disruption, solvent based lipid extraction, transesterification of fatty
acids to fatty acid methyl esters (FAMESs), and quantification and identification of FAMEs
using gas chromatography (GC-FID). A TAG internal standard (tripentadecanoin) is
added prior to the analytical procedure to be able to correct for losses during extraction

and incomplete transesterification.
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2.1 Introduction

Fatty acids are one of the major constituents of microalgal biomass and typically make
up between 5 and 50% of the cell dry weight (Breuer et al., 2012; Chisti, 2007; Hu et
al., 2008). They are mainly present in the form of glycerolipids. These glycerolipids in
turn mainly consist of phospholipids, glycolipids, and triacylglycerol (TAG). Especially the
fatty acids present in TAG are of commercial interest, because they can be used as a
resource for production of transportation fuels, bulk chemicals, nutraceuticals (w-3 fatty
acids), and food commodities (Chisti, 2007; Draaisma et al., 2013; Wijffels & Barbosa,
2010; Wijffels et al., 2010). Microalgae can grow on sea water based cultivation media,
can have a much higher areal productivity than terrestrial plants, and can be cultivated
in photobioreactors at locations that are unsuitable for agriculture, possibly even
offshore. For these reasons microalgae are often considered a promising alternative to
terrestrial plants for the production of biodiesel and other bulk products (Chisti, 2007;
Draaisma et al., 2013; Wijffels & Barbosa, 2010; Wijffels et al., 2010). Potentially no
agricultural land or fresh water (when cultivated in closed photobioreactors or when
marine microalgae are used) is needed for their production. Therefore, biofuels derived
from microalgae are considered 3™ generation biofuels.

The total cellular content of fatty acids (% of dry weight), the lipid class composition, as
well as the fatty acid length and degree of saturation are highly variable between
microalgae species. Furthermore, these properties vary with cultivation conditions such
as nutrient availability, temperature, pH, and light intensity (Breuer et al., 2012; Hu et
al., 2008). For example, when exposed to nitrogen starvation, microalgae can
accumulate large quantities of TAG. Under optimal growth conditions TAG typically
constitutes less than 2% of dry weight, but when exposed to nitrogen starvation TAG
content can increase to up to 40% of the microalgal dry weight (Breuer et al., 2012).
Microalgae mainly produce fatty acids with chain lengths of 16 and 18 carbon atoms, but
some species can make fatty acids of up to 24 carbon atoms in length. Both saturated as
well as highly unsaturated fatty acids are produced by microalgae. The latter include
fatty acids with nutritional benefits (w-3 fatty acids) like C20:5 (eicosapentaenoic acid;
EPA) and C22:6 (docosahexaenoic acid; DHA) for which no vegetable alternatives exist
(Breuer et al., 2012; Draaisma et al., 2013; Guschina & Harwood, 2006; Hu et al.,
2008). The (distribution of) fatty acid chain length and degree of saturation also
determines properties and quality of algae derived biofuels and edible oils (Draaisma et
al., 2013; Schenk et al., 2008).

To develop commercial applications of microalgal derived fatty acids, reliable analytical

methods for quantification of fatty acid content and composition are needed.
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As also pointed out by Ryckebosch et al. (2011), analysis of fatty acids in microalgae
distinguishes itself from other substrates (e.g. vegetable oil, food products, animal
tissues etc.) because 1) microalgae are single cells surrounded by rigid cell walls,
complicating lipid extraction; 2) microalgae contain a wide variety of lipid classes and
the lipid class distribution is highly variable (Guschina & Harwood, 2006). These different
lipid classes have a wide variety in chemical structure and properties such as polarity.
Also, lipid classes other than acyl lipids are produced; 3) microalgae contain a wide
variety of fatty acids, ranging from 12 to 24 carbon atoms in length and containing both
saturated as well as highly unsaturated fatty acids. Therefore, methods developed to
analyze fatty acids in substrates other than microalgae, might not be suitable to analyze
fatty acids in microalgae.

As reviewed by Ryckebosch et al. (2011), the main difference between commonly used
lipid extraction procedures is in the solvent-systems that are used. Because of the large
variety of lipid classes present in microalgae, each varying in polarity, the extracted lipid
quantity will vary with solvents used (Grima et al., 1994; Iverson et al., 2001; Laurens
et al., 2012). This leads to inconsistencies in lipid content and composition presented in
literature (Laurens et al., 2012; Ryckebosch et al., 2011). Depending on the solvent
system used, methods based on solvent extraction without cell disruption through, for
example, bead beating or sonication, might not extract all lipids because of the rigid
structure of some microalgae species (Lee et al., 2010; Ryckebosch et al., 2011). In the
case of incomplete lipid extraction, the extraction efficiency of the different lipid classes
can vary (Guckert et al., 1988). This can also have an effect on the measured fatty acid
composition, because the fatty acid composition is variable among lipid classes
(Guschina & Harwood, 2006).

Our method is based on a sequence of mechanical cell disruption, solvent based lipid
extraction, transesterification of fatty acids to fatty acid methyl esters (FAMEs), and
quantification and identification of FAMEs using gas chromatography in combination with
a flame ionization detector (GC-FID). An internal standard in the form of a triacylglycerol
(tripentadecanoin) is added prior to the analytical procedure. Possible losses during
extraction and incomplete transesterification can then be corrected for. The method can
be used to determine the content as well as the composition of the fatty acids present in
microalgal biomass. All fatty acids present in the different acyl-lipid classes, including
storage (TAG) as well as membrane lipids (glycolipids, phospholipids), are detected,
identified and quantified accurately and reproducibly by this method using only small
amounts of sample (5 mg). This method does not provide information about the relative

abundance of different lipid classes. However, the method can be extended to separate
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lipid classes from each other (Breuer et al., 2012). The concentration and fatty acid
composition of the different lipid classes can then be determined individually.

In literature several other methods are described to analyze lipids in microalgae. Some
methods focus on total lipophilic components (Pruvost et al., 2009), where other
methods focus on total fatty acids (Griffiths et al., 2010; Ryckebosch et al., 2011).
These, alternatives include gravimetric determination of total extracted lipids, direct
trans-esterification of fatty acids combined with quantification using chromatography,
and staining cells with lipophilic fluorescent dyes.

A commonly used alternative to quantification of fatty acids using chromatography is
quantification of lipids using a gravimetric determination (Bligh & Dyer, 1959; Folch et
al., 1956). Advantages of a gravimetric determination are the lack of requirements for
advanced and expensive equipment like a gas chromatograph; ease to set up the
procedure, because of the availability of standardized analytical equipment (e.g.
Soxhlet); and a gravimetric determination is less time-consuming than chromatography
based methods. The major advantage of using chromatography based methods on the
other hand is that in such a method only the fatty acids are measured. In a gravimetric
determination the non-fatty acid containing lipids, like pigments or steroids, are also
included in the determination. These non-fatty acid containing lipids can make up a large
proportion (>50%) of total lipids. If one is only interested in the fatty acid content (for
example for biodiesel applications), it will be overestimated when a gravimetric
determination is used. In addition, in a gravimetric determination the accuracy of the
analytical balance used to weigh the extracted lipids determines the sample size that
needs to be used. This quantity is typically much more than the amount needed when
chromatography is used. Finally, another advantage of using chromatography over
gravimetric determination is that chromatography provides information about the fatty
acid composition.

Another alternative to our presented method is direct transesterification (Griffiths et al.,
2010; Lepage & Roy, 1984; Welch, 1977). In this method lipid extraction and
transesterification of fatty acids to FAMEs are combined in one step. This method is
quicker than a separate extraction and transesterification step, but combining these
steps limits the solvents that can be used for extraction. This might negatively influence
extraction efficiency. Another advantage of a separate lipid extraction and
transesterification step is that it allows for an additional lipid class separation between
these steps (Breuer et al., 2012). This is not possible when direct transesterification is

used.
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Other commonly used methods to determine the lipid content in microalgae include
staining the biomass with lipophilic fluorescent stains such as Nile red or BODIPY and
measuring the fluorescence signal (Chen et al., 2009; Cooper et al., 2010). An
advantage of these methods is that they are less laborious than alternative methods. A
disadvantage of these methods is that the fluorescent response is, for various reasons,
variable between species, cultivation conditions, lipid classes, and analytical procedures.
As an example, several of these variations are caused by differences in uptake of the
dye by the microalgae. Calibration using another quantitative method is therefore
needed, preferably performed for all the different cultivation conditions and growth
stages. Finally, this method does not provide information about the fatty acid
composition and is less accurate and reproducible than chromatography based methods.
The presented method is based on the method described by Lamers et al. (2010) and
Santos et al. (2012) and has also been applied by various other authors (Breuer et al.,
2012; Kliphuis et al., 2012; Lamers et al., 2012; Mulders et al., 2013). Also other
methods are available that are based on the same principles and could provide similar
results (Ryckebosch et al., 2011; Wang & Benning, 2011).

2.2 Protocol Text

1) Sample preparation

There are two alternate protocols for sample preparation included as steps 1.1
and 1.2. Both methods are equally suitable and give similar results, but if a
limited amount of algae culture volume is available, method 1.1 is
recommended.

NOTE: For either protocol, prepare two additional bead beater tubes according to the
entire protocol but without adding algae to them to be used as a blank. In this way,
peaks in the GC chromatogram resulting from extraction of components from materials

used can be identified and quantified.

1.1) Sample preparation protocol option 1: recommended when a limited
amount of algae culture is available

1.1.1) Determine the algae dry weight concentration (g/l) in the culture broth, for
example as described by Breuer et al. (2012).

1.1.2) Transfer a volume of culture broth that contains 5-10 mg algae dry weight to a
glass centrifuge tube. Calculate the exact amount of biomass transferred using the
biomass concentration determined in step 1.1.1.

1.1.3) Centrifuge 5 minutes at 1200g.
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1.1.4) Discard part of the supernatant, leave approximately 0.25 mL in the tube
1.1.5) Re-suspend the algae in the remaining supernatant by gentle pipetting the
pellet up and down and transfer the complete cell pellet to a bead beater tube using a
200 pl pipet.

1.1.6) Rinse the centrifuge tube and glass pipet with £0.15 mL milliQ water and
transfer the liquid to the same bead beater tube.

1.1.7) Centrifuge bead beater tubes for one minute at maximum rpm to make sure no
air bubbles remain in the bottom of the tubes. It is possible to store closed bead beater
tubes at -80°C.

1.1.8) Lyophilize the bead beater tubes containing the sample. It is possible to store
the closed bead beater tubes at -80°C.

1.2) Sample preparation protocol option 2

1.2.1) Centrifuge an undetermined volume of algae culture broth and discard
supernatant. It is not necessary to determine the biomass concentration or to measure
the volume used.

1.2.2) Measure or calculate the osmolarity of the culture medium using the
concentration of the main salts present in the culture medium.

1.2.3) Wash the cell pellet by resuspending the cell pellet in the same volume, as used
in step 1.2.1, of an ammonium formate solution, which approximates the osmolarity of
the culture medium. An equiosmolar ammonium formate solution prevents cell lyses
during washing of the cells.

NOTE: Washing the cells is necessary to remove salts present in the culture medium.
This is especially important for fatty acid analysis in marine microalgae because of the
high salt concentrations in their culture medium. If salts would still be present, this
would cause overestimation of the amount of cell dry weight which will be determined
later in this protocol. Ammonium formate is used to wash cells because this solution will
completely evaporate during lyophilisation and not leave any residue.

1.2.4) Centrifuge algae suspension and discard supernatant.

1.2.5) Lyophilize the cell pellet.

1.2.6) Weigh 5-10 mg lyophilized microalgae powder into a bead beater tube. Record
the exact weight that was used.

2) Cell disruption and lipid extraction
NOTE: This section describes an extensive cell distruption procedure. Possibly, some of

the cell disruption steps are redundant and less extensive cell disruption might yield the
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same results for some microalgae species or for biomass derived from certain cultivation
conditions. This would need validation for each specific situation however. Therefore the
proposed extensive disruption protocol is recommended as a universal method suitable

for all microalgal material.

2.1) Weigh an exact amount of tripentadecanoin (triacylglycerol containing three
C15:0 fatty acids) and add it to an exactly known amount of 4:5 (v/v)
chloroform:methanol. In this way the concentration of tripentadecanoin is exactly
known. Aim for a concentration of 50 mg/I. Tripentadecanoin serves as the internal
standard for fatty acid quantification.

2.2) Add 1ml chloroform:methanol 4:5(v/v) containing tripentadecanoin to each
beating tube (specified in the reagents and equipment table). Check if there are no
beads remaining inside the cap of the beadbeater tube, this will result in leaking of the
tubes. Use a positive displacement pipet for accurate addition of solvents.

2.3) Bead beat the bead beater tubes 8 times at 2500rpm for 60 seconds, each time
with a 120 second internal between each beating.

2.4) Transfer the solution from the bead beater tubes to a clean heat-resistant 15mL
glass centrifuge tube with Teflon insert screw-caps. Be sure to transfer all the beads
from the bead beater tube as well.

2.5) To wash the bead beater tube, add 1ml chloroform:methanol 4:5(v/v)
containing tripentadecanoin into the bead beater tube, close cap and mix, and transfer
this solution to the same glass tube from step 2.4. Wash the tube three times (in total 4
ml of chloroform:methanol 4:5(v/v) containing tripentadecanoin is used per sample -
1mL added in step 2.2 and 3 mL for 3 washing steps).

2.6) Vortex the glass tubes for 5 seconds and sonicate in a sonication bath for 10
minutes.

2.7) Add 2.5ml of MilliQ water, containing 50 mM 2-Amino-2-hydroxymethyl-
propane-1,3-diol (Tris) and 1 M NaCl, which is set to pH 7 using a HCI solution. This will
cause a phase separation between chloroform and methanol:water. 1M NaCl is used to
enhance the equilibrium of lipids towards the chloroform phase.

2.8) Vortex for 5 seconds and then sonicate for 10 minutes.

2.9) Centrifuge for 5 minutes at 1200 g.

2.10) Transfer the entire chloroform phase (bottom phase) to a clean glass tube using
a glass Pasteur pipette. Make sure not to transfer any interphase or top phase.

2.11) Re-extract the sample by adding 1ml chloroform to old tube (containing the

methanol:water solution).
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2.12) Vortex for 5 seconds and then sonicate for 10 minutes.

2.13) Centrifuge for 5 minutes at 1200 g.

2.14) Collect the chloroform phase (bottom phase) using a glass Pasteur pipette and
pool with the first chloroform fraction from step 2.10.

2.15) If difficulties are experienced in collecting the entire chloroform fraction in the
previous step, repeat steps 2.11-2.14. Otherwise proceed with step 2.16.

2.16) Evaporate the chloroform from the tube in a nitrogen gas stream. After this step

samples can be stored at -20 °C under a nitrogen gas atmosphere.

3) Transesterification to fatty acid methyl esters

3.1) Add 3ml methanol containing 5%¢(v/v) sulfuric acid to the tube containing the
dried extracted lipids (tube originally containing the chloroform fraction) and close the
tube tightly.

3.2) Vortex for 5 seconds.

3.3) Incubate samples for 3 hours at 70°C in a block heater or water bath.
Periodically (every £30 min) ensure that the samples are not boiling (caused by an
improperly closed lid) and vortex tubes. During this reaction fatty acids are methylated
to their fatty acid methyl esters (FAMEs).

3.4) Cool samples to room temperature and add 3ml MilliQ water and 3ml n-hexane.
3.5) Vortex for 5 seconds and mix for 15 minutes with a test tube rotator.

3.6) Centrifuge for 5 minutes at 1200 g.

3.7) Collect 2ml of the hexane (top) phase and put in fresh glass tube using a glass
Pasteur pipette.

3.8) Add 2ml MilliQ water to the collected hexane phase to wash it.

3.9) Vortex for 5 seconds and centrifuge for 5 minutes at 1200 g. After this step it is
possible to store the samples at -20 °C under nitrogen gas atmosphere (phase

separation not necessary).

4) Quantification of FAMEs using gas chromatography

4.1) Fill GC vials with the hexane phase (upper phase) using a glass Pasteur pipette.
4.2) Place the caps on the GC vials. Make sure the caps are completely sealed, and
cannot be turned, to prevent evaporation from the vial.

4.3) Refill the GC wash solvents (hexane), empty the waste vials, and put sample
vials in auto-sampler. Before running the actual samples on the GC, first run 2 blanks

containing only hexane on the GC.
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4.4) Run the samples on a GC-FID with a Nukol column (30m x 0.53mm x 1.0um).
Use inlet temperature of 250°C and use helium as carrier gas, pressure of 81.7 kPa and
split ratio of 0.1:1, total flow rate: 20 mL/min. FID detector temperature of 270°C with
H, flow rate of 40 ml/min, air flow rate of 400 ml/min and He flow rate of 9.3 mil/min.
Set injection volume to 1ul/sample. Pre and post wash injector with n-hexane. Initial
oven temperature is set to 90°C for 0.5 min and then raised with 20°C/min until an oven
temperature of 200°C is reached. Oven temperature is then maintained at 200°C for 39

minutes. Total run time is 45 minutes.

2.3 Representative Results

A typical chromatogram that is obtained via this process is shown in Fig. 2.1. FAMEs are
separated by size and degree of saturation by the GC column and protocol used. Shorter
chain length fatty acids and more saturated fatty acids (less double bonds) have shorter
retention times. The used GC column and protocol do not intend to separate fatty acid
isomers (same chain length and degree of saturation, but different positions of double

bonds), but this could be achieved by using a different GC column and protocol.
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Fig. 2.1: Representative GC-FID chromatogram. A sample derived from Scenedesmus
obliquus exposed to nitrogen starvation was used. Only the first 20 minutes of the
chromatogram are shown. After 20 minutes no peaks were detected in this sample.

The fatty acid concentration and composition can be calculated using the area of the GC

peaks, internal standard concentration (mg/l) (step 2.1), and the amount of biomass
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added to the sample (mg) (step 1.1.2 or 1.2.6, depending on which sample preparation
protocol was chosen).

The content of each individual fatty acid in the biomass (mg fatty acid/g dry weight) can
be determined by

mg .. Area of individual FAME
sample) Area of C15:0 FAME - Rel.Resp. Factor individual FAME

amount of biomass added in step 1.1.1 or 1.2.6 (g)

m IS added (
FA content (7) =

With Area of individual FAME as determined by integration of the GC chromatogram (Fig.
2.1); Area of C15:0 FAME as determined by integration of the GC chromatogram (Fig.
2.1);

mg
sample

3-MWeis.0ra
MWeis.0Tac

IS added ( ) = 4 (ml) - [IS] -

With [IS] the concentration of tripentadecanoin in the chloroform:methanol solution as
determined in step 2.1; MWcis.0 ra the molecular weight of the C15:0 fatty acid (242.4
g/mol); MWcis.0 tac the molecular weight of tripentadecanoin (765.24 g/mol);

Rel. Resp. Factor individual FAME

[C15:0 FAME in calibration solution]  Area of individual FAME in calibration curve
[individual FAME in calibration solution] Area of C15:0 FAME in calibration curve

As determined by running calibration solutions on the GC, constituting out of mixtures of
C15:0 FAME and FAMEs of all individual fatty acids expected in the sample, with [C15:0
FAME in calibration solution] the concentration of C15:0 FAME in the calibration solution
(mg/l); [individual FAME in calibration solution] the concentration of the individual FAME
in the calibration solution (mg/l); and the areas as determined by integration of the GC
chromatogram of the calibration solution.

The total fatty acid content can be calculated as the sum of all individual fatty acids. The
relative abundance of each fatty acid can be calculated by dividing the concentration of
each individual fatty acid by the total fatty acid content.

The fatty acid composition and content of Scenedesmus obliquus UTEX393
(Chlorophyceae) under both nitrogen replete and deplete conditions is shown in Fig. 2.2.
Fatty acid composition and content are highly affected by nitrogen starvation. In S.
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obliquus, C16:0 (palmitic acid) and C18:1 (oleic acid) are the two most abundant fatty
acids.
50% m
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Fig. 2.2: Fatty acid composition (relative abundance of fatty acids) of Scenedesmus obliquus
(Chlorophyceae) under both nitrogen sufficient (black bars) and nitrogen deprived cultivation
conditions (white bars). The total fatty acid contents were 8.6+0.5% and 44.7+1.7% (% of
dry weight) under nitrogen sufficient and nitrogen deprived cultivation conditions,
respectively. Error bars indicate the highest and lowest value of two analytical replicates.

The fatty acid composition and content of Phaeodactylum tricornutum UTEX640 (diatom)
under both nitrogen replete and deplete conditions are shown in Fig. 2.3. Similar to S.
obliquus, the fatty acid content and composition are highly affected by nitrogen
starvation. P. tricornutum also produces substantial amounts of highly unsaturated fatty
acids such as C20:5 (eicosapentaenoic acid, EPA) as well as very long chain fatty acids
(lignoceric acid, C24:0) that can be detected by this method.
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Fig. 2.3: Fatty acid composition (relative abundance of fatty acids) of Phaeodactylum
tricornutum (diatom) under both nitrogen sufficient (black bars) and nitrogen deprived
cultivation conditions (white bars). The total fatty acid contents were 11.7£0.9% and
30.5£1.1% (% of dry weight) under nitrogen sufficient and nitrogen deprived cultivation
conditions, respectively. Error bars indicate the highest and lowest value of two analytical
replicates.

2.4 Discussion

The described method can be used to determine the content as well as the composition
of total fatty acids present in microalgal biomass. Fatty acids derived from all lipid
classes, including storage (TAG) as well as membrane lipids (phospholipids and
glycolipids), are detected. All fatty acid chain lengths and degrees of saturation that are
present in the microalgae can be detected and distinguished. The method is based on
mechanical cell disruption, solvent based lipid extraction, transesterification of fatty
acids to FAMEs, and quantification of FAMEs using gas chromatography in combination
with a flame ionization detector (GC-FID). This method requires small amounts of
sample (5 mg), is accurate and reproducible and can be used among a wide variety of
microalgae species. This method is intended to be used for analytical purposes and is
specifically tailored for using small sample sizes. The method is not intended to be
scaled-up and used for extracting large quantities of microalgal fatty acids. A limitation
of this method is that it is laborious and it can take a few days from starting the
procedure to obtaining results. Especially in the case of process monitoring for industrial
microalgal fatty acid production this might be considered a limitation. If faster results

are required, other options such as staining with lipophilic fluorescent dyes might be
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more suitable. The following recommendations are made with regard to performing the

analytical procedure:

32

1.

Extraction and transesterification procedure are standardized by using a
triacylglycerol (tripentadecanoin) as an internal standard. The use of an internal
standard is commonly used for quantification of FAMEs in samples using gas-
chromatography, but most often a FAME internal standard is used. It is
recommended to use a TAG internal standard rather than a FAME internal
standard and to add it before cell disruption and solvent extraction. Possible
losses during lipid extraction or incomplete transesterification can then be
corrected for, since it is expected that similar losses would occur to the internal
standard. An internal standard should be used that does not co-elute with fatty
acids produced by microalgae. Because microalgae only produce fatty acids with
even carbon numbers, a TAG containing a fatty acid with an odd number of
carbon atoms is a good candidate. Because the GC column and protocol not only
separate on chain length but also on degree of unsaturation, a saturated odd
numbered fatty acid could hypothetically co-elute with an unsaturated even
numbered fatty acid. It should be validated that the used internal standard does
not co-elute with fatty acids naturally present in the sample. In our experience
with various microalgae, tripentadecanoin (TAG containing three C15:0 fatty

acids) does not co-elute with fatty acids naturally present in microalgae.

Saturated and highly unsaturated fatty acids give different GC-FID responses
(peak areas) at identical concentrations. Therefore standards of FAMEs should
be used for calibration and determination of relative response factors of
individual fatty acids as described in the representative results section.
Standards of FAMEs can also be used to determine retention times of individual

fatty acids. Alternatively, GC-MS can be used for fatty acid identification.

Both the retention time and relative response factor of individual fatty acids will
change with GC equipment age. Frequent calibration of retention time and

relative response factor is therefore recommended.

Mechanical cell disruption is an important step in this method. It is realized by a
combination of lyophilisation, bead beating and sonication. Without cell
disruption it is possible that not all lipids are extracted (Lee et al., 2010;
Ryckebosch et al., 2011). Possibly, some of the cell disruption steps are

redundant and less extensive cell disruption (for example shorter bead beating
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times) might yield the same results for some microalgae species or for biomass
derived from certain cultivation conditions. This would need validation for each
specific situation however, therefore the proposed extensive disruption protocol

is recommended.

During the analytical procedure, the solvents used might extract components
from the plastic tubes and pipette tips used. These extracted components might
interfere with detection of the FAMEs using GC-FID. Especially, long bead-beat
times and high temperature during bead-beating will result in contaminating
components. Our experience is that components extracted from the bead-beat
tubes will result in a few additional peaks in the GC-FID chromatogram, some of
which overlay with algae derived FAMEs (mainly the saturated fatty acids).
When the method is executed as proposed, this is never more than 1-2% of the
total peak area. Cooling of the bead-beater tubes during bead-beating and using
larger amounts of biomass per sample will reduce the relative peak area of
these plastic derived peaks. It is recommended to use glass pipettes and glass
tubes as much as possible throughout the protocol. Furthermore, the use of
blanks to check and correct for the components extracted from plastics, but also
to check and correct for contaminations in for example the used solvents, is

recommended.

During the bead-beating process, both the bead-beater and the bead-beater
tubes will heat up. When bead-beating for a much longer time or much higher
rpm than proposed in this method, and when no cooling is applied in between,
this can result in boiling of the solvents and eventually rupture of the tubes.
This will result in a loss of sample. In our experience, this situation occurs when

bead-beating for more than 6 minutes at 6000 rpm.

Microalgae can produce highly unsaturated fatty acids, which can be prone to
oxidation. Ryckebosch et al. (Ryckebosch et al., 2011) observed no change in
fatty acid composition caused by oxidation of unsaturated fatty acids during
various extraction procedures. It was proposed that antioxidants naturally
occurring in microalgae protect these unsaturated fatty acids from oxidation. If
it is suspected that oxidation might occur, a possibility would be to add a
synthetic antioxidant such as butylhydroxytoluene (BHT) as long as the
antioxidant does not co-elute with FAMEs, and as long as the amount of

antioxidant used does not interfere with the chromatography (Ryckebosch et al.,
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2011). To prevent oxidation during long term storage, it is recommended to

store samples at -80°C under a nitrogen gas atmosphere.

8. Lipases present in microalgae can potentially hydrolyze lipids during the
analytical procedure and therefore affect the results. Ryckebosch et al. (2011)
found that lyophilisation inactivates lipases. Moreover, lipases do not degrade
fatty acids, but just detach them from the glycerol group of glycerolipids. Hence,
lipase activity should not interfere with the presented fatty acid protocol.
Enzymes involved in fatty acid degradation act on Coenzyme A activated fatty
acids and the occurrence of such degradation during the extraction thus does
not seem likely. Nevertheless, in case it is suspected that enzymatic breakdown
of fatty acids from glycerolipids might affect results, a possibility would be to
add a lipase inhibitor, such as isopropanol, as long as the inhibitor does not

interfere with the analytical procedure itself (Ryckebosch et al., 2011).

This method could be extended to quantify and determine the fatty acid composition of
neutral lipids (TAG) and polar lipids (phospholipids, glycolipids) by using a solid phase
extraction (SPE) separation step between step 2 (lipid extraction) and step 3
(transesterification) as described by for example Breuer et al. (2012). Alternatively, a
Thin Layer Chromatography (TLC) step can be used to separate various polar lipid
classes, for example as described by Wang and Benning (2011).

This method could be extended to be used in, for example, plants, animal tissues and
other micro-organisms. Because of the emphasis on cell disruption, this method is
mainly suitable for analysis of fatty acids in materials that are very difficult to extract.
The extraction part of the method (steps 1 and 2) could be used for extraction of
pigments and other lipophilic components (Lamers et al., 2010; Mulders et al., 2013).
The cell disruption procedure could be used for extraction of other components such as

starch or carbohydrates by using other solvent systems (including water).
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Abstract

Microalgae-derived lipids are an alternative to vegetable and fossil oils, but lipid content
and quality vary among microalgae strains. Selection of a suitable strain for lipid
production is therefore of paramount importance. Based on published results for 96
species, nine strains were selected to study their biomass, total fatty acid, and
triacylglycerol (TAG) production under nitrogen-sufficient and deficient cultivation
conditions. Under nitrogen-deficient conditions, Chlorella vulgaris, Chlorella zofingiensis,
Neochloris oleoabundans, and Scenedesmus obliquus, accumulated more than 35% of
their dry weight as TAGs. Palmitic and oleic acid were the major fatty acids produced.
The main difference between these strains was the amount of biomass that was
produced (3.0 to 7.8-fold increase in dry weight) and the duration that the biomass
productivity was retained (2 to 7 days) after nitrogen depletion. Scenedesmus obliquus
(UTEX 393) and Chlorella zofingiensis (UTEX B32) showed the highest average TAG
productivity (322 and 243 mg I"* day™).
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3.1 Introduction

Microalgae-derived lipids are considered as an alternative to lipids derived from
terrestrial plants because of their much higher areal productivity (Chisti, 2007).
Microalgae can be cultivated on non-arable land and, when cultivated in closed
photobioreactors, require less fresh water than terrestrial plants. Furthermore,
production is not seasonally limited and microalgae can be harvested daily (Gouveia &
Oliveira, 2008). In addition to their use in biofuels, microalgal lipids could also be used
as feedstock for food (bulk edible oils and/or nutraceuticals), fish feed, and chemicals
(Wijffels & Barbosa, 2010).

Many lipid classes are produced by microalgae, but triacylglycerols (TAGs) are
considered the preferred lipid class for most applications. Bulk edible oils are composed
of TAGs and TAGs are also preferred for biodiesel production, because of their high
content (%w/w) of fatty acids (glycerol backbone with three fatty acids) and the
absence of other chemical constituents besides glycerol, in contrast to, for example,
phospholipids or glycolipids. Many microalgal strains have the ability to accumulate large
quantities of lipids in the form of TAGs under environmental stress conditions such as
nitrogen starvation (Hu et al., 2008). TAGs serve as energy and carbon storage
compounds and as an electron sink in situations where the electron supply provided by

photosynthesis exceeds the requirements for growth (Hu et al., 2008).

Large scale production of microalgae-derived lipids is currently uneconomical as costs
exceed those for the production of vegetable oils (Ratledge & Cohen, 2008). However,
the costs could be reduced several fold by improving process design and operation, for
example by improving irradiation conditions, photosynthetic efficiency, and reducing the
costs for nutrient usage (Norsker et al., 2011; Wijffels & Barbosa, 2010). Other
important factors are lipid content, productivity, and lipid composition of the microalgal
strains (Griffiths & Harrison, 2009). To develop a competitive production process,

selection of a suitable microalgal strain is therefore of paramount importance.

Studies to identify promising oleaginous microalgal strains have already been done
(Gouveia & Oliveira, 2008; Griffiths & Harrison, 2009; Huerlimann et al., 2010; Rodolfi
et al., 2009; Sheehan et al., 1998) but different experimental conditions were applied
resulting in large variations in performance and observed optima, making it difficult to
compare the studies with each other. Furthermore, it was not always confirmed that

optimal accumulation had been achieved and valuable information on TAG content and
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composition as well as the dynamics of TAG or lipid accumulation were not always

provided.

The aim of the present study was to compare the impact of nitrogen starvation on the
dynamics of TAG accumulation in different promising oleaginous microalgal strains.
Knowledge about the dynamics of TAG accumulation during nitrogen starvation and the
differences that exist between strains could direct the selection of suitable strains for
large scale TAG production. The ideal microalgal strain should be able to simultaneously
accumulate large amounts of TAG and maintain substantial biomass productivity. Nine
promising microalgal strains were selected on the basis of a literature survey among 96
microalgal species for TAG and fatty acid production. Selection criteria included lipid and
TAG content under both nutrient-sufficient and deficient conditions, volumetric lipid and
biomass productivity, and growth characteristics. In these nine strains, TAG
accumulation was investigated in batch cultures under both nitrogen-sufficient (control)
and deficient conditions as a function of time for up to two weeks after nitrogen
depletion. It was confirmed that this was sufficiently long to study the dynamics of TAG
accumulation. Nitrogen starvation was accomplished by centrifugation of the biomass
and re-suspension in medium lacking a nitrogen source. In this way, it was possible to
identify four promising strains that were able to accumulate more than 35% TAG (% of

dry weight).

3.2 Material and Methods

3.2.1 Strains, growth medium and pre-cultivation conditions

Freshwater microalgal strains Chlorella vulgaris UTEX 259, Chlorella zofingiensis UTEX
B32, Nannochloris sp. UTEX 1999, Neochloris oleoabundans UTEX 1185 and
Scenedesmus obliquus UTEX 393 as well as marine strains Dunaliella tertiolecta UTEX LB
999, Isochrysis aff. galbana UTEX LB 2307, Phaeodactylum tricornutum UTEX 640 and
Porphyridium cruentum UTEX 161 were obtained from the University of Texas Culture
Collection of Algae (UTEX). Prior to the experiments, cultures were maintained in shake
flasks at 25°C, 40 umol m™ st incident light intensity in a 16:8 hour light/dark cycle. For
culture maintenance, atmospheric air not enriched in CO, was used. Flasks were placed

in incubators and orbitally shaken at 120 rpm.

Culture media for the freshwater and marine strains consisted out of (in mM, unless
stated otherwise): NaCl O (freshwater), 450 (marine); KNOs 16.8 (pre-cultivation
medium), 33.6 (N+ medium), 0 (N- medium); KCI 0 (pre-cultivation medium and N+
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medium), 33.6 (N- medium); Na,S04 0.7 (freshwater), 3.5 (marine); 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) 100; MgS04:7H,0 1
(freshwater), 5 (marine); CaCl,-2H,0 0.5 (freshwater), 2.5 (marine); K;HPO,4 2.5;
NaHCOs 10; NaFeEDTA 28 pM; NaEDTA:-2H,0 80 puM, MnCl;-4H,0 19 pM, ZnS04-7H,0 4
MM, CoCl:6H20 1.2 uM, CuS04:5H,0 1.3 uM, Na;Mo04:2H,0 0.1 pM; Biotin 0.1 uM,
vitamin B1 3.7 yM, vitamin B12 0.1 pyM. The pH was adjusted with NaOH to pH 7.0 for
the freshwater and pH 7.5 for the marine media. The high buffer capacity of the medium
ensured that the change in pH value was never more than 0.6 pH units in nitrogen-

sufficient cultures, and that the pH did not change in nitrogen-deficient cultures.

3.2.2 Batch TAG accumulation

Algae were inoculated in 250-ml glass Erlenmeyer flasks (100 ml liquid volume) at an
OD750nm of 0.2. An average incident light intensity of 150 umol m™ s™! was provided by
Grolux fluorescent tubes (Sylvania F36W/GRO) and cultures were continuously
illuminated. Air enriched with 5% CO; was provided to the incubator head space to
ensure CO; sufficiency. Flasks were placed in an orbitally shaking incubator (120 rpm) at
25°C. Cultures were first grown under nitrogen-sufficient conditions until the biomass
concentration reached 1 to 1.5 g/I. Subsequently, duplicate flasks were pooled to ensure
an equal initial biomass composition between duplicate experiments and culture broth
was divided in an N-sufficient (N+) control pool and an N-deficient (N-) pool. Both pools
were centrifuged for 5 minutes at 400-600 x g after which the pellet was washed once
with the same volume of medium containing 33.6 mM KNOs (N+) or equimolar KCI (N-).
Subsequently, the pellet was re-suspended in the same volume of either N+ or N-
medium. Due to their high viscosity, the cell suspensions of P. cruentum were diluted
twice with the corresponding medium before centrifugation and then centrifuged at 2400
x g to ensure pellet formation. The moment of re-suspension was considered the start of
cultivation and is referred to as t=0. Subsequently, cultures were cultivated for 13 to 14
days under the abovementioned conditions. Samples were always taken around the

same time (morning). Both N+ and N- experiments were performed in duplicate.

3.2.3 Determination of dry weight concentration
Dry weight concentration was determined as described by Lamers et al. (2010). For the
freshwater algae, 0.2 um filtered demineralised water and for marine algae 35 g/l 0.2

pum filtered ammonium formate solution were used as washing buffers.
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3.2.4 Fatty acid analysis

Fatty acid extraction and quantification were performed as described by Lamers et al.
(2010) and Santos et al. (2012), with the exception that the cell pellets were
immediately transferred to bead-beating tubes after centrifugation and freeze dried
before analysis. A 30-min bead-beating time was used. The method is based on
extraction of lipids in chloroform:methanol, followed by methylation of fatty acids to
their methyl esters (FAMEs) and quantification of FAMEs using gas chromatography, as
described in detail by Lamers et al. (2010) and Santos et al. (2012). Tripentadecanoin
was used as an internal standard for fatty acid quantification. Total fatty acid

concentration was calculated as the sum of all individual fatty acids.

3.2.5 Triacylglycerol analysis

Total lipids were extracted as described in section 3.2.4 and dissolved in 0.5 ml hexane.
TAGs were purified from this mixture using an SPE silica gel cartridge (Waters; product
number 186004617). The cartridge was pre-washed with 6 ml hexane and subsequently
the sample was loaded onto the cartridge. TAGs were eluted using 10 ml 87:13 (%v/v)
hexane:diethylether. TAG content in the undiluted eluent was quantified using gas
chromatography (Fisons instuments GC-8610 with FID detector; column: Varian CP-Sil-5
low bleed (CB-MS) (CP7858), 10 m * 0.32 mm ID, DF=0.12um (COL-GC-265); carrier
gas: Hy; column pressure: 30 kPa ~3.7 ml/min (constant flow); FID pressures H,: 50
kPa, air: 100 kPa, make-up Nz: 80-100 mil/min; temperature profile: 80°C (2 min), 10°C
/min, 360°C (5 min); detector temp: FID 370°C; injector volume: 1.0 pl).
Tripentadecanoin was used as an internal standard and TAG concentration was
calculated using the area of the internal standard.

TAG fatty acid composition was determined by evaporation of all solvents in the eluent
followed by methylation of the residue and quantification of FAMEs using gas
chromatography, as described in section 3.2.4.

3.2.6 Calculations
The average volumetric productivity (mg I day™) was calculated by dividing the amount
of product per culture volume formed during cultivation (i.e. biomass, total fatty acids,

or TAG), by the cultivation time.

Average productivity, = G (t;”d )- :i ) Eq. 1
Yo

end
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The maximum volumetric productivity (mg I day™®) during the cultivation was calculated

as the highest productivity observed between two consecutive sample points.

c(t.,)—clt,
Max. prod = max M Eq. 2

With ¢ the concentration of component i (mg/l), in which i represents either the dry

weight, fatty acid or TAG concentration, and t the time (days).

To determine whether the increase in biomass can completely be explained by
accumulation of fatty acids, the content of other major constituents was estimated. In
terms of significant contribution to the cell mass, the biomass dry weight was assumed
to be the sum of protein, lipids, and carbohydrates. The lipid fraction was measured
analytically as described in section 3.2.4, the protein fraction was calculated using a
mass balance over nitrogen, and the carbohydrate fraction was assumed to be the
remaining biomass. Other nitrogen containing constituents, for example chlorophyll and

nucleic acids, were lumped into the protein fraction.

Although protein turnover might occur, it was assumed that the net volumetric protein
content remained constant during N-deficient cultivation at the value present at the start
of nitrogen depletion (g/l) and that there is no net release of nitrogen to the culture
medium (Eq. 3). The protein content per gram dry weight during N-deficient cultivation
was calculated by dividing the volumetric protein content by the dry weight
concentration (g/l). In the situation where release of nitrogen would occur, the
assumptions would lead to an overestimation of the protein fraction and an
underestimation of the remaining carbohydrate fraction. The initial volumetric protein
content was estimated by multiplying the initial biomass concentration by the average
protein content of functional biomass (i.e. biomass with a composition of non-stressed
cells). The average protein content of functional biomass was estimated by dividing the
average nitrogen content of functional biomass (0.09 g/g) by an assumed average
nitrogen content in protein (0.16 g/g), resulting in an initial protein content of 0.5625
9/9 (Eg. 3).
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Protein content, = Eq. 3

Where X0 and X; represent the biomass concentrations (g dry weight I'!) at the start of
nitrogen depletion and at time t, respectively.

The total fatty acid (lipid) fraction was measured analytically as described in section
3.2.4, and is therefore not affected by our assumptions. Carbohydrate content is
calculated by subtracting protein and lipid content from the total biomass fraction (Eq.
4).

CHO content, = 1 — Protein content, — Lipid content, Eq. 4

3.3 Results and discussion

3.3.1 Literature survey

Ninety-six microalgal species belonging to seven different taxa, and including fresh
water and marine strains were included in a literature survey to identify promising
photoautotrophic TAG producing microalgae. The outcomes of this literature survey can
be found in Supplementary data 2 of the online published version of this chapter (Breuer
et al., 2012). Selection criteria for promising strains included lipid and TAG content
under both nutrient-sufficient and deficient conditions, growth characteristics, and
volumetric lipid and biomass productivity. Out of these 96 species, 21 species were
considered promising for TAG production because they showed (i) a high lipid content,
(i) a considerable increase in lipid content upon nutrient starvation, (iii) a high lipid
productivity, and/or (iv) a large TAG fraction of total lipids.

As pointed out by (Griffiths & Harrison, 2009), it is difficult to select a promising strain
for TAG production solely based on a literature review due to differences in methods and

information provided; therefore nine strains were selected for further studies.

3.3.2 Dry weight concentration, total fatty acid and TAG content

Biomass concentration and total fatty acid content under both N-sufficient and deficient
cultivation of the chlorophyte S. obliquus UTEX 393 and the diatom P. tricornutum UTEX
640 as a function of time are shown as an example (Fig. 3.1). These examples were

chosen because these strains are widely studied for lipid accumulation. In addition, S.
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obliquus was chosen because it showed the highest volumetric fatty acid and TAG

productivity. The time courses for the other seven strains are provided in Appendix A.

Dry weight concentration (g I'")

Fatty acid content (g fatty acid/g dry weight)

20

20

0.4

0.3 o
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Fig. 3.1. Biomass concentration (a,b) and total fatty acid content (c,d) in S. obliquus (a,c)
and P. tricornutum (b,d) under nitrogen-sufficient (solid lines) and deficient conditions (dotted
lines). Average values of duplicate culture replicates are shown. Error bars indicate the

deviation of both cultures from the average.

N-sufficient experiments were started with a KNO3 concentration of 33.6 mM. This was

sufficient for the formation of an additional 5.3 g/l biomass with a nitrogen content of

9% (w/w). Most N-sufficient cultures eventually achieved biomass concentrations

exceeding this concentration and thus experienced nitrogen limitation at the end of the
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experiments. Although these data-points are shown in Fig. 3.1 and Appendix A, they

were not used for calculations.

In all cultures, dry weight concentrations increased under both N-sufficient and deficient
conditions (Fig. 3.1 and Appendix A). The fold increase in dry weight concentrations in
N-starved cultures varied greatly among strains (Fig. 3.2a), but it was always smaller
than the fold increase in N-sufficient cultures (Fig. 3.1 and Appendix A). The smallest
increase in biomass concentration was observed for I. galbana and Nannochloris sp.,
which increased 1.4+0.1 and 2.2+0.1 fold in biomass concentration upon nitrogen
starvation, respectively. The largest increase was observed for S. obliquus and C.
zofingiensis. The biomass concentration of these strains increased 7.8+0.3 and 6.8+0.2
fold, respectively, upon nitrogen starvation. The ability to increase in biomass
concentration during initial nitrogen starvation is commonly observed for many
microalgal strains (da Silva et al., 2009; Guarnieri et al., 2011; Li et al., 2008; Lv et al.,
2010; Msanne et al., 2012; Packer et al., 2011; Pal et al., 2011; Pruvost et al., 2009;
Pruvost et al., 2011). Such an increase in biomass concentration could be explained by
accumulation of storage compounds such as TAG (da Silva et al., 2009; Msanne et al.,
2012; Pal et al., 2011).

For all strains except I. galbana, the volumetric biomass productivities (mg I"* day™) for
the N-deficient cultivations were similar to those of the N-sufficient cultivations for a
certain period of time. Thereafter, the productivities of N-deficient cultures became
smaller than those of N-sufficient cultures. The duration of this period was highly strain-
specific and varied between one day to a maximum of seven days (Fig. 3.1 and
Appendix A). The similar biomass productivities indicate that photosynthetic or carbon
fixation rates (mg C mg™* biomass day™') were maintained during early nitrogen
starvation. Some strains can maintain these rates longer than others. During this initial
period, biomass dry weight concentration could increase up to 4.5-fold (S. obliquus).
Similar biomass productivities during initial N-deficient and sufficient growth were also
observed by Guarnieri et al. (2011) for C. vulgaris. After the initial period of similar
productivities, biomass productivities decreased in N-deficient cultures compared to N-
sufficient cultures and were eventually completely halted, except for S. obliquus and C.
zofingiensis. These two strains still showed an increasing dry weight concentration at the
end of the experiment, suggesting that an even larger increase in dry weight

concentration could be achieved under nitrogen starvation. I. galbana, Nannochloris sp.
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and N. oleoabundans decreased in dry weight concentration after a maximum was

reached.
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Fig. 3.2. a) Fold increase in biomass dry weight concentration when exposed to nitrogen
starvation. The highest observed dry weight concentration was used to calculate the fold
increase. This was at the end of the experiment for all strains, except for Nannochloris sp., I.
galbana, and N. oleoabundans, for which the biomass concentration 3 days, 3 days, and 6
days after re-suspension in nitrogen free medium were used, respectively. Black horizontal
line represents initial biomass concentration (1 fold change). Average values of duplicate
culture replicates are shown. Error bars indicate the deviation of both cultures from the
average. b) Cellular total fatty acid (dark grey bars) and TAG (light grey bars) content under
nitrogen-sufficient (bars on left hand side) and deficient (bars on right hand side) conditions.
Bars under nitrogen-sufficient conditions represent average values during nitrogen-sufficient
cultivation. Bars under nitrogen-deficient conditions represent the highest achieved fatty acid
and TAG content. This was at the end of the experiment for all strains except for Nannochloris
sp. and I. galbana, for which the fatty acid and TAG contents 6 days after re-suspension in
nitrogen free medium were used. Average values of duplicate culture replicates are shown.
Error bars indicate the deviation of both cultures from the average.

The total fatty acid content (% of dry weight) did not significantly change during N-
sufficient cultivation but upon nitrogen starvation all strains showed an increase in total
fatty acid content, except D. tertiolecta, which showed a minor decrease (Fig. 3.2b).
Nannochloris sp. and P. cruentum only increased slightly in total fatty acid content upon
nitrogen starvation (Fig. 3.2b). This result is, for unknown reasons, in contrast to that
observed by Takagi et al. (2006) for D. tertiolecta and by Takagi et al. (2000) and
Yamaberi et al. (1998) for Nannochloris sp. Large differences were observed in maximal

total fatty acid contents between strains, but in the four strains that accumulated the
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most fatty acids, these differences were minor (Fig. 3.2b). Highest fatty acid contents
were observed in S. obliquus, N. oleoabundans, C. vulgaris, and C. zofingiensis, reaching
total fatty acid contents of 44.7%=*1.7, 43.8%+1.9, 46.1%=*1.5, and 43.2%=0.2 (% of
dry weight), respectively. I. galbana and Nannochloris decreased in total fatty acid

content after a maximum was reached (Appendix A3.1).

Fatty acid content was affected within one day after re-suspension in nitrogen-free
medium (Fig. 3.1b,d). This observation confirms that, as expected, cultures became
nitrogen limited within one day. Fatty acid accumulation continued for 2 to 14 days,
depending on the strain (Fig. 3.1 and Appendix A3.1). The rate at which the total fatty
acid content increased varied among strains, also between the strains that achieved
similar final total fatty acids contents (Fig. 3.3b).

TAG content was determined at the start of the experiment and once in the N-sufficient
culture and once in the N-deficient culture for the time-point in which the total fatty acid
content was highest (total fatty acid content was determined analytically for each
sample; for most strains the highest values were found at the end of the experiment).
For the six strains that showed a substantial increase in total fatty acid content upon
nitrogen starvation, the increase could completely be accounted for by the accumulation
of TAGs. TAGs constituted up to 90% of total fatty acids and over 40% of dry weight in
some strains (Fig. 3.2b). The content of other lipids, estimated as the difference
between total fatty acid and TAG content, decreased upon nitrogen starvation, possibly
caused by a reduction in the thylakoid membrane or cellular membrane content (Bar et
al., 1995; Guckert & Cooksey, 1990).

3.3.3 Biomass composition

In the absence of a nitrogen source, protein and chlorophyll synthesis is reduced and
their content (% of dry weight) can decrease almost an order of magnitude (da Silva et
al., 2009; Lv et al., 2010; Pruvost et al., 2011). Protein content in N-deficient cultures
was estimated using a mass balance over nitrogen. The volumetric protein content (g/I)
was assumed to remain constant after nitrogen depletion and the nitrogen content in
exponentially growing biomass and in proteins was assumed as 9% and 16% (w/w),
respectively. The protein content per dry weight (g/g) was subsequently calculated using
Eqg. 3. Due to the increase in dry weight concentration after nitrogen depletion, the
protein content (% w/w) decreased. This decrease in protein content was highest in S.

obliquus with an estimated decrease of 56% at the start of the experiment to less than
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8% (w/w) after 14 days (Fig. 3.3a). This observation can be explained by the
accumulation of storage compounds, such as TAGs.

The increase in biomass concentration during nitrogen starvation can at least partly be
explained by de novo fatty acid synthesis. However, depending on the strain, the
increase in volumetric fatty acid content can account for only 42% to 69% of the
increase in biomass dry weight concentration in the oleaginous strains. This difference
indicates simultaneous de novo production of other components, most likely
carbohydrates. Several oleaginous microalgal strains are known to simultaneously
increase in carbohydrate content upon nitrogen starvation to over 60% of dry weight
(Jakob et al., 2007; Lv et al., 2010; Pruvost et al., 2011). The putative carbohydrate
fraction of biomass, estimated using Eq. 4, increased from 30% to 50-60% in the first 2-
4 days of N-deficient cultivation. Hereafter, it slightly decreased again and then
remained constant during the rest of the cultivation (Fig. 3.3c). Initially, the rate at
which the fraction of fatty acids increased was lower than the rate at which the putative
carbohydrate fraction increased (Fig. 3.3b,c). Carbohydrate accumulation prior to, and
simultaneous with, TAG accumulation was observed by Msanne et al. (2012) for
Chlamydomonas reinhardtii and Coccomyxa sp. and by Li et al. (2011) for
Pseudochlorococcum sp. Therefore, Li et al. (2011) suggested that carbohydrates are
used as a primary and TAG is used as a secondary storage product. Possibly,

carbohydrates are even converted into TAGs when nitrogen starvation progresses.
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Fig. 3.3. Dynamics of protein (a), lipid
(b) and putative carbohydrate (c)
content during nitrogen-deficient
cultivation. S. obliquus, D. tertiolecta,
C. zofingiensis, P. tricornutum, and N.
oleoabundans are shown as an
example. Protein and carbohydrate
content were estimated using Eq. 3
and Eq. 4. Total fatty acid (lipid)
content was measured analytically.
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3.3.4 Fatty acid composition
The fatty acid composition of total fatty acids was determined as a function of time in
both N-sufficient and deficient cultures. Examples for S. obliquus and P. tricornutum are

shown in Fig. 3.4 and data for all other strains are provided in Appendix A.

1.0 6
g A B
o

54

S 08 —
£ =
8 R=,)
g 5 44 == c16:0
2 06 ® c16:3
2 ™ £ ci6:4
= ] 3 B2 C18:1
o & E= c18:2
S o4 o [IIID c18:3
g 0 g EED Other
3 @ 24
©
- ) g
S 02 L
> 1
=
©
w

0.0 o0-

1.0 1.0
7 I
] =

0.8 4 = 0.8
= H =
8 2
S s
k<] KRR = [ c16:0
o 0.6 - £ 06 - c16:1
2 @ c16:3
3 e BRRRR C18:1
& 8 == c20:5
b 04 4 o 044 [IIID Other
3 ?
© £
o ©
S 024 L 02
>
£
©
. %

0.0 v T T 0.0 L T T T T T T

0 2 4 6 8 10 12 14 ] 2 4 6 8 10 12 14
Time (days) Time (days)

Fig. 3.4. Change in fatty acid composition during nitrogen-deficient growth. Change in
abundance of fatty acids as percentage of total fatty acids (a,c) and increase in concentration
in the culture medium of individual fatty acids (b,d). S. obliquus (a,b) and P. tricornutum (c,d)
are shown as examples. Average values of duplicate culture replicates are shown.

Fatty acid composition during N-sufficient growth did not change significantly (Table
3.1a) but upon nitrogen starvation, a major shift in the fatty acid profile was observed
(Table 3.1b). The largest change in composition was observed in the first 1 or 2 days.
The composition continued to change until fatty acid content remained constant (Fig.
3.4a,c and Appendix A). All strains, including the ones that did not accumulate
substantial amounts of fatty acids, showed a major change in fatty acid composition
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upon nitrogen starvation. In the oleaginous strains, this can be explained by the
accumulation of TAG, with a different fatty acid composition than that of functional and
structural lipids. In the non-oleaginous strains this could indicate a shift in lipid class
composition, for example a reduction in thylakoid membrane content. Strains that
accumulated the largest amounts of fatty acids also showed the largest change in fatty
acid composition.

In the strains that accumulated more than 40% fatty acids (all belonging to the
chlorophyceae), fatty acid compositions after nitrogen starvation were very similar. In
these strains oleic acid was the dominant fatty acid, constituting up to 50% of total fatty
acids. This is a commonly observed phenomenon for green algae (Ben-Amotz et al.,
1985; Griffiths et al., 2011; Guckert & Cooksey, 1990).

The average degree of unsaturation of total fatty acids (expressed as the average
number of double bonds per fatty acid) decreased upon nitrogen starvation. Depending
on the strains, the degree of unsaturation decreased by 10 to 38% in nitrogen starved
cultures (average reduction of 27%). This reduction was mainly caused by an increase in
oleic acid abundance and a decrease in more unsaturated fatty acid abundance (Table
3.1).

Although the relative abundance of some fatty acid types decreased, the absolute
abundance (mg I'!) of all fatty acid types in the oleaginous strains increased due to the
large increase in volumetric fatty acid content in nitrogen-starved cultures (Fig. 3.4b,d).
This finding suggests that the change in fatty acid profile is a result of a change in the
relative de novo fatty acid production rates.

To meet the EN 14214 biodiesel standard, the contents of linolenic acid (C18:3) and
fatty acids of more than four double bonds should be less than 12% and 1% (w/w),
respectively. These requirements were met by all green algae, except C. vulgaris when
exposed to nitrogen starvation (Table 3.1b). Furthermore, the ideal composition of
biodiesel is a ratio of 5:4:1 of C16:1, C18:1 and C14:0 (Schenk et al., 2008). This ratio
was not present in any of the strains but C16:1, C18:1 and C14:0 were produced in
large quantities by P. tricornutum, all oleaginous chlorophyceae, and I. galbana (Table
3.1). As proposed by Huerlimann et al. (2010), mixing of fatty acids derived from
different strains might be a feasible option for the production of biodiesel with a

desirable composition.
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Table 3.1. Fatty acid composition during nitrogen-sufficient and

(continues next page).

deficient cultivation

E 3 g = - S
= 3 2 = g = g = 5
& & 7 = 2 g X 3 =
g 5 = 5 S S 5 : %
U U Q ~ = = & & v
Saturated
C14:0 2 2 2 17 27 2 1 4 2
C16:0 20 18 18 9 26 22 32 20 18
C18:0 1 2 1 1 1 1 3 2 1
Total 22 21 21 28 29 24 37 26 21
Mono-unsaturated
Cl6:1 1 1 1 47 3 37 31 5
C18:1 47 18 57 14 97 87 57 3% 22
Total 5 19 6 18 12 11 5 34 27
Poly-unsaturated
Cl16:2 11 7 2 8 6 1 37 3
Cl16:3 14 9 47 2 8 12 8 67
Cl6:4 23 20 9
C18:2 19 20 11 137 31 27 14 1 15
C18:3 28 18 35 9 11 20 13
Cl18:4 2 1 10 3
C20:4 1 31
C20:5 1 71 24
C22:6 15
Total 72 58 73 51 58 65 54 36 49
Other 1 3 1 5 4 2
B)
Saturated
C14:0 1 22 1 1 1 3
C16:0 17 15 25 14 37 23 28 27 14
C18:0 2 3 2 1 2 3 4 1 5
Total 19 18 28 37 41 26 33 32 19
Mono-unsaturated
Cl6:1 1 1 1 2 2 3 45 5
C18:1 47 47 14 27 27 41 5 3 50
Total 48 48 1 29 29 44 6 48 55
Poly-unsaturated
Cl16:2 3 4 1 2 3 1 4
Cl16:3 6 2 2 3 2 2 3
Cl6:4 12 1
C18:2 10 17 9 3 18 21 30 1 7
C18:3 14 8 31 4 6 8
C18:4 1 10 1
C20:4 23 1
C20:5 2 3 13 1
C22:6 12
Total 33 32 56 32 30 29 56 18 25
Other 1 1 5 2 1

TRelative standard deviation between 10% and 25%.
IRelative standard deviation between 25% and 60%.
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Table 3.1 (continued). a) Average fatty acid composition of total fatty acids during
nitrogen-sufficient cultivation. Relative deviation of duplicate culture replicates (i.e. measured
value minus average value divided by average value) during nitrogen-sufficient growth was
less than 10% or as indicated otherwise. The reproducibility for fatty acids with a relative
abundance of less than 2% was not considered. b) Fatty acid composition of total fatty acids
under nitrogen-deficient conditions. Data shown are from the time point at which cellular fatty
acid content was maximal and corresponds to the time points shown in Fig. 3.2b. This is at
the end of the experiment for all strains except for Nannochloris sp. and I. galbana, for which
the fatty acid compositions 6 days after re-suspension in nitrogen free medium are shown.
The average values of duplicate culture replicates are shown. Relative deviation of duplicate
culture replicates was less than 5%. The reproducibility for fatty acids with a relative
abundance of less than 2% was not considered.

The marine strains included well known producers of (long chain) poly-unsaturated fatty
acids that can be used as a nutraceuticals or in fish feed (Apt & Behrens, 1999; Wijffels
& Barbosa, 2010). Eicosapentaenoic acid (EPA) was produced by P. tricornutum (22%)
and P. cruentum (10%), arachidonic acid (ARA) was produced by P. cruentum (26%)
and docosahexaenoic acid (DHA) was produced by I. galbana (16%) during cultivation
under N-sufficient conditions. When exposed to nitrogen starvation, the relative
abundance of these fatty acids decreased (% of total fatty acids) but absolute
concentrations of these fatty acids (mg I™) increased during N-deficient cultivation due
to increased volumetric fatty acid contents. The decrease in relative abundance of these
fatty acids in the marine strains was counterbalanced by an increase in saturated and
mono-unsaturated fatty acids, except for P. cruentum, which showed an increase in
linoleic acid (C18:2) abundance (30%).

3.3.5 Productivity

Volumetric and areal fatty acid productivity are considered key parameters to predict
performance of fatty acid production by microalgal strains (Griffiths & Harrison, 2009;
Griffiths et al., 2011; Rodolfi et al., 2009). It is generally accepted that the total fatty
content is enhanced under nitrogen-deficient conditions, but biomass productivity is
decreased (Griffiths et al., 2011; Pruvost et al., 2011; Rodolfi et al., 2009). Both fatty
acid content and biomass productivity contribute to fatty acid productivity, illustrating
the importance of both parameters. Therefore, it is often debated whether highest fatty
acid productivities are achieved under N-sufficient or deficient cultivation conditions. In
the present study, all oleaginous strains showed the highest fatty acid productivity under

nitrogen-deficient conditions (Table 3.2).
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Table 3.2. Average productivities (calculated using Eq. 1) and the highest observed
productivity between two consecutive time points (Eq. 2) of biomass, total fatty acids, as well
as the average TAG productivity (Eq. 1) for nitrogen-sufficient (N+) and deficient (N-)
cultures. Nitrogen-sufficient productivities were calculated using the data until nitrogen
became limiting. Nitrogen-deficient average productivities were calculated over the entire
cultivation or as indicated otherwise. Underlined values represent the highest observed
productivity among all strains in nitrogen-deficient cultures and bold values represent the
highest observed productivity between all strains in nitrogen-sufficient cultures. Average
values of duplicate culture replicates are shown. Relative deviation of duplicate culture
replicates was less than 5% or as indicated otherwise.

Volumetric biomass Volumetric fatty acid Average volumetric

productivity (mg 1! day‘l) productivity (mg 1! day'l) TAG productivity
Species Average Max Average Max (mgl™ day™)
C. vulgaris N- 217 489 130 173 © 134
C. vulgaris N+ 668 ° 771° 77° 91 ¢ 1°
C. zofingiensis N- 508 674 251 301 242
C. zofingiensis N+ 792 973 80 7 3¢
D. tertiolecta N- 341 680 38 46 2
D. tertiolecta N+ 487 503° 56 61° 0°
1. galbana N- 149 £.° 276 657 76 267
I galbana N+ 401° 620° 56° 67 1°
N. oleoabundans N- 426 T 799" 202 265 * 216 T
N. oleoabundans N+ 451° 776" 62 122° 15°¢
Nannochioris sp. N- 264 340° 36 .2 40 15°
Nanmnochioris sp. N+ 524 776 46 56 * 2
P. cruentum N- 308 679" 38°® 58 ¢ 8"
P. cruentum N+ 679 710° 35 37° 21
P. tricornutum N- 1222 4137 51 109 ® 45
P. tricorrutum N+ 486 5301 64 730 11°
S. obliguus N- 719 80t 360 498 @ 323
S. obliguus N+ 767 883 ° 68 % 73 ¢ 6°

7 In cultivations where biomass concentration or total fatty acid content started to decrease after a maximum was
reached, the average productivity until the start of this decrease was used.

® Relative standard deviation between 5 and 10%.

P Relative standard deviation between 10 and 235%.

¢ Relative standard deviation between 25 and 75%.

The highest average volumetric fatty acid and TAG productivity were achieved by S.
obliquus (360 mg fatty acid I day™ and 322 mg TAG It day™) and C. zofingiensis (250
mg fatty acid I'* day™ and 243 mg TAG I! day™). These values are high compared to
previously reported values (Griffiths & Harrison, 2009; Mata et al., 2010), but
productivity parameters are highly dependent on cultivation conditions, making it
difficult to compare results obtained in the present study to those obtained under
different cultivation conditions. Productivities in lab-scale experiments cannot directly be
extended to productivities that can be achieved in outdoor photo-bioreactors, but can

serve as a tool for strain selection.
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Simultaneous fatty acid accumulation and continuation of biomass productivity was
observed. For example, in S. obliquus, fatty acid content reached over 30% of dry
weight in N-deficient cultures before biomass productivity started to decrease compared
to N-sufficient cultivation (Fig. 3.1a,c). During this period, a 4.5-fold increase in dry
weight concentration was achieved. Large differences were observed between the
lengths of the periods during which biomass productivity could be maintained by the
different strains (Fig. 3.1 and Appendix A).

Fatty acid productivity is a combination of the increase in biomass concentration and
fatty acid content. The difference in fatty acid productivities between the four most
productive strains is mainly caused by the difference in achieved biomass concentration
rather than by differences in achieved fatty acid content. This finding could mean that
fatty acid productivities of strains with a relatively low fold increase in biomass
concentration could be enhanced by optimizing the biomass concentration at which
nitrogen depletion starts or by optimizing the initial nitrogen concentration. However,
this approach would increase the usage of the nitrogen source (fertilizer), which in turn
would increase the environmental impact of the overall production process. These
phenomena make the extent to which the biomass concentration, and especially TAG
concentration, can increase under nitrogen-starved conditions an important microalgal
characteristic and should be considered when selecting an appropriate strain and

production strategy.

3.4 Conclusions

S. obliquus (UTEX 393) and C. zofingiensis (UTEX B32) are most promising for TAG
production. These strains accumulated over 35% of their dry weight as TAGs and
achieved the highest average TAG productivity (322 and 243 mg I'! day™, respectively).
The duration that biomass productivity was retained after nitrogen depletion was the
biggest contributor to the differences observed in these TAG productivities, and is
therefore an important microalgal characteristic. Further research on what determines
the length of this period, the distribution of carbon over TAGs and carbohydrates during
nitrogen starvation, and the yield of TAGs on light is recommended.
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Appendix A. Biomass concentration, lipid content and fatty acid composition of
all algae species.

Chlorella vulgaris

12

[
(=]
L

Dry weight concentration (g kg')
(=)

Fatty acid abundans (% of total fatty acids})

oo
L

100%

75%

50%

25%

0%

Time (days)

15

Fatty acid abundans (% of total fatty acids)

50%

Fatty acid content (% of dry weight)

0%

100%

75%

50%

25%

0%

40% A

30% A

20% A

10%

7
.
%
7

Time (days)

A
A
-

3 6 8
Time (days)

15

Dother
BC18:3
0ci18:2
BC18:1
EmC16:3
mci16:2

HC16:0

13

Fig. A.1 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) of C. vulgaris. In the top figures, solid lines indicate
nitrogen replete conditions and dotted lines indicate nitrogen-depleted conditions.
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Chlorella zofingiensis
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Fig. A.2 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) as a function of time in C. zofingiensis. In the top figures,
solid lines indicate nitrogen replete conditions and dotted lines indicate nitrogen-depleted

conditions.
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Dunaliella tertiolecta
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Fig A.3 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) as a function of time in D. tertiolecta. In the top figures,
solid lines indicate nitrogen replete conditions and dotted lines indicate nitrogen-depleted
conditions.
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Isochrysis galbana
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Fig. A.4 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) as a function of time in I. galbana. In the top figures, solid
lines indicate nitrogen replete conditions and dotted lines indicate nitrogen-depleted
conditions.
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Nannochloris sp.
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Fig. A.5 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) as a function of time in Nannochloris sp.. In the top figures,
solid lines indicate nitrogen replete conditions and dotted lines indicate nitrogen-depleted
conditions.
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Neochloris oleoabundans
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Fig. A.6 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) as a function of time in N. oleoabundans. In the top figures,
solid lines indicate nitrogen replete conditions and dotted lines indicate nitrogen-depleted
conditions.
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Phaeodactylum tricornutum
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Porphyridium cruentum
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Fig. A.8 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) as a function of time in P. cruentum. In the top figures,
solid lines indicate nitrogen replete conditions and dotted lines indicate nitrogen-depleted
conditions.
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Scenedesmus obliquus
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Fig. A.9 Biomass concentration (top-left), lipid content (top-right), fatty acid composition
during nitrogen replete cultivation (bottom-left), and fatty acid composition during nitrogen
deplete cultivation (bottom-right) as a function of time in S. obliquus. In the top figures, solid
lines indicate nitrogen replete conditions and dotted lines indicate nitrogen-depleted
conditions.
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Abstract

Microalgae-derived lipids in the form of triacylglycerols (TAGs) are considered an
alternative resource for the production of biofuels and food commodities. Large scale
production of microalgal TAGs is currently uneconomical. The cost price could be
reduced by improving the areal and volumetric TAG productivity. The economic value
could be increased by enhancing the TAG quality. To improve these characteristics, the
impact of light intensity, and the combined impact of pH and temperature on TAG
accumulation were studied for Scenedesmus obliquus UTEX 393 under nitrogen starved
conditions. The maximum TAG content was independent of light intensity, but varied
between 18% and 40% of dry weight for different combinations of pH and temperature.
The highest yield of fatty acids on light (0.263 g/mol photon) was achieved at the lowest
light intensity, pH 7 and 27.5°C.
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4.1 Introduction

Microalgae are considered one of the most promising future feedstocks for sustainable
supply of commodities for both food and non-food products (Draaisma et al., 2013;
Wijffels & Barbosa, 2010). Lipids derived from microalgae in the form of triacylglycerol
(TAG) can for example be used for biodiesel production (Chisti, 2007) and certain
microalgal oils might in part substitute functionalities of major vegetable oils in food
applications (Draaisma et al., 2013).

Many microalgae species have the ability to produce TAG. Under optimal growth
conditions they produce very low quantities of TAG, but when exposed to nitrogen
starvation TAG accumulation is induced and contents as high as 40% of dry weight can
be reached (Breuer et al., 2012). When exposed to nitrogen limitation, the production
rate of functional biomass (i.e. protein, DNA, RNA, chlorophyll) is impaired. The
difference between the rate at which electrons are generated by photosynthesis and the
lower rate at which these electrons can be used to produce functional biomass can at
least partially be used to produce TAG. TAG functions as a storage component for energy
and carbon, but in addition its formation also prevents photo-oxidative damage to the
cell by incorporating excess photosynthetically derived electrons (Hu et al., 2008).
Costs of large scale production of microalgae-derived TAGs currently exceed those for
the production of vegetable oils (Norsker et al., 2011; Ratledge & Cohen, 2008). The
cost price could be reduced by improving the areal and volumetric productivity of TAG.
Furthermore, the economic value could be enhanced by improving the TAG quality,
which is determined by its fatty acid composition. TAG content and quality vary between
microalgae species and depend on cultivation conditions (Breuer et al., 2012; Griffiths et
al., 2011). Selection of a suitable species and optimization of cultivation conditions is
therefore of paramount importance.

In previous research, nine microalgae species were selected as most promising for TAG
production from a literature survey among 96 microalgae strains. These nine strains
were experimentally evaluated and Scenedesmus obliquus UTEX 393 was identified as
the most promising strain for TAG production (Breuer et al., 2012).

Light intensity, pH, and temperature are important cultivation parameters for microalgal
growth and could therefore affect TAG productivity, yield and quality (Hu et al., 2008).
Many investigations focussed on the impact of these process conditions on nitrogen
replete growth whereas only little information is available about the impact of these
process conditions on TAG accumulation induced by nitrogen starvation. For example,
the impact of light intensity on the photosynthetic rate and photosynthetic efficiency

under light limited growth is investigated extensively for many different microalgal
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species (Janssen et al., 2000; Jassby & Platt, 1976; Maclntyre et al., 2002). Also, the
impact of cultivation conditions on the nutritional value of marine microalgae for
aquaculture applications, such as temperature (Renaud et al., 2002; Renaud et al.,
1995) or light intensity (Guedes et al., 2010), has been the topic of many publications.
Finally, many investigations focussed on determining cultivation conditions that result in
maximum growth rates. For example, optimal conditions for nitrogen replete growth of
S. obliquus are pH 7 (Hodaifa et al., 2010a) and a temperature of 25-30°C (Hodaifa et
al., 2010b; Xin et al., 2011).

These investigations did not aim at maximizing TAG content or TAG productivity and
neither did these cultivation conditions contribute to high TAG contents or productivities.
TAG accumulation is most commonly achieved by applying nitrogen starvation. Optimal
cultivation conditions for TAG accumulation under these nitrogen deplete conditions may
be very different from those for growth under nitrogen replete conditions.

Knowledge about this topic is limited. Most knowledge is available about the impact of
light intensity on TAG accumulation under nitrogen starved conditions, but a clear
consensus is lacking. For example, both observations that lipid content is affected only
to a minor extent by light intensity (Pal et al., 2011; Simionato et al., 2011) as well as
observations that lipid content increases with light intensity have been made (Liu et al.,
2012). Too few results are available to draw conclusions about the exact impact of pH
and temperature on TAG accumulation under nitrogen starved conditions. However, it
has been reported that high pH values can contribute to TAG accumulation (Gardner et
al., 2010; Guckert & Cooksey, 1990; Santos et al., 2012).

In addition to the limited availability of knowledge on this topic, reported results are
sometimes difficult to interpret because the impact of nitrogen starvation on TAG
accumulation is not always completely isolated from the impact of the other investigated
cultivation conditions. For example, in some investigations lipid accumulation was only
evaluated at one arbitrarily chosen time point, while the investigated cultivation
condition affected the moment at which the culture became nitrogen starved, and thus
varying the duration of nitrogen starvation. This may lead to erroneous interpretation of
the results and the outcomes might have been different when a different time point
would have been chosen. It is therefore important to determine the point at which
nitrogen is depleted and to monitor the entire accumulation process rather than looking
at one arbitrarily chosen time point.

In this paper, the quantitative impact of light intensity, pH, and temperature on TAG
accumulation induced by nitrogen starvation in S. obliquus is determined under well-

defined and controlled conditions.
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4.2 Materials and Methods

4.2.1 Culture, medium, and pre-cultivation

Scenedesmus obliquus UTEX 393 was used in all experiments and obtained from the
University of Texas culture collection of algae (UTEX). Prior to the TAG accumulation
experiments, cultures were maintained as described by Breuer et al. (2012). Cultivation
medium used in the TAG accumulation experiment consisted of KNO3; 10 mM; NaSO04
0.7 mM; MgS04¢7H,0 1 mM; CaCl,#2H,0 0.5 mM; K;HPO4 2.5 mM; NaHCOs 10 mM;
NaFeEDTA 28 pM; Na,EDTAe2H,0 80 pM; MnCl,#4H,0 19 uM; ZnS0O4¢7H,0 4 uM;
CoClye6H,0 1.2 pM; CuS04¢5H,0 1.3 uM; Na;Mo04¢2H,0 0.1 pM; Biotin 0.1 pM; vitamin
Bl 3.7 uM; vitamin B12 0.1 uM. Medium pH was adjusted to pH 7.0 with NaOH and the

medium was filter sterilized prior to use.

4.2.2 Batch TAG accumulation experiments

TAG accumulation experiments were performed in batch-wise operated, aseptic, heat-
sterilized, flat-panel, airlift-loop photobioreactors (Fig. 4.1). The liquid volume in the
reactors was 380 ml with a light path (reactor depth) of 14 mm.

All cultures were continuously illuminated (24h per day) and illumination was provided
on the culture side of the reactor (left side in Fig. 4.1B) using LED lamps with a warm
white light spectrum (Bridgelux, BXRA W1200). The incident light intensity was
determined as the average of measurements over the entire surface of the inside of the
front glass panel of the reactor. Aeration and mixing was provided by sparging filtered
air at 1.5 vvm. pH was controlled by adding on-demand CO; to the airflow. It was
assured that the percentage of CO; in the airflow, in combination with the total gas flow
rate, was sufficient to meet the CO, demand of the microalgae. In addition, cultures at
pH 5 were supplied with a dilute HCI solution (0.5 M), because CO, sparging alone could
not maintain the desired pH value. The temperature was controlled using a water jacket
on the backside (other side than illuminated surface) of the reactor.

The reactor was inoculated at a biomass dry weight concentration between 0.02 and
0.05 g/I. The cultivation conditions directly after inoculation were: an incident light
intensity of 100 ymol m™2 s, pH 7, and temperature of 27.5°C. Once the biomass
concentration reached 0.25-0.5 g/l dry weight, which was typically after 2-3 days, the
set-points for incident light intensity, temperature, and pH were changed to the values
to be investigated (200, 500, 800, and 1500 pmol m™2 s incident light intensity; pH 5,
7, and 9; temperature of 20, 27.5, and 35°C). The moment at which these set-points
were changed was considered the start of the experiment and is referred to as t=0.

Typically one to two days after the start of the experiment, nitrogen was depleted from
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the culture medium (at a biomass dry weight concentration of approximately 1.5-2 g/I)
and TAG accumulation commenced. Cultivation was continued until the biomass
concentration remained constant or decreased for several consecutive days, which was

typically about two weeks after nitrogen depletion.
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Fig. 4.1. Design of the bioreactor used. The water jacket was connected to an external
temperature-controlled water bath. Illumination was provided from the side of the growth
chamber (left side of Fig. B). The depth of the growth chamber was 14mm and the working
volume in the growth chamber was 380 ml.

Periodically, a sample was taken directly from the reactor (10-20 ml sample volume)
and analysed for dry weight concentration, dissolved (residual) nitrate, total fatty acid
concentration and composition, TAG concentration and TAG fatty acid composition. After

taking a sample, the reactor volume was restored by adding 0.2um-filtered
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demineralized water, to ensure that the pH and temperature probe remained
submerged. It is acknowledged that this resulted in a dilution of the culture, but this
dilution was similar for the different experiments. Heat sterilized 1% (v/v) antifoam

(Antifoam B, J.T. Baker) was added to the reactor manually when foaming was visible.

4.2.3 Cultivation parameters and data analysis

To study the combined impact of pH and temperature, experiments were performed at
all combinations of pH 5, 7, and 9, with temperatures of 20, 27.5, and 35°C (9
combinations). In these experiments, an incident light intensity of 500 umol m™ s™ was
used. To study the impact of light intensity, experiments were performed with an
incident light intensity of 200, 500, 800, and 1500 pmol m™2 s, In these experiments,
the pH and temperature were maintained at pH 7 and 27.5°C.

The reproducibility was investigated by performing replicate experiments for the
experiments at pH 7, 27.5°C (duplicate), pH 5, 20°C (triplicate), and pH 9, 35°C
(duplicate). Interpolation was used for data interpretation. Interpolation was performed

using the Matlab (MathWorks inc., USA) function ‘interp2’ using the ‘spline’ algorithm.

4.2.4 Analyses

4.2.4.1 Dry weight concentration.

The dry weight concentration was determined by filtrating culture broth over glass fibre
filters and measuring the mass increase of the dried filters as described by Kliphuis et al.
(2012).

4.2.4.2 Total fatty acid concentration and composition.

The total fatty acid concentration and composition were determined by a sequence of
mechanical cell disruption, solvent based lipid extraction, transesterification of fatty
acids to fatty acid methyl esters (FAMEs), and quantification of FAMEs using gas
chromatography (GC-FID) as described by Lamers et al. (2010) and Santos et al. (2012)
with modifications as described by Breuer et al. (2012).

4.2.4.3 TAG and polar acyl lipid concentration and composition

All lipophilic components were extracted as described by Breuer et al. (2012). This lipid
fraction was fractionated into a TAG pool and polar acyl lipid pool using a solid phase
extraction (SPE) column as described by Breuer et al. (2012). First, TAG was eluted from
the column using 10ml 7:1 (v/v) hexane:diethylether. Thereafter, polar acyl lipids were

eluted using 10ml 2:2:1 (v/v/v) methanol:acetone:hexane. Subsequently all solvents
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were evaporated and the fatty acid concentration and composition in the two pools were
determined by transesterification of fatty acids to FAMEs. FAMEs were subsequently
quantified using GC-FID as described by Breuer et al. (2012).

4.2.4.4 Dissolved nitrate and nitrite concentration.

The dissolved NO3™ and NOy" (potentially formed by reduction of nitrate) concentrations
in 0.2um-filtrated culture broth were estimated using colorimetric strips (Merck; product
number 1100200001) according to manufacturer’s instructions. Nitrite (NOz")

concentrations were always below the detection limit.

4.2.5 Calculation of time-specific, time-averaged yield, and maximum time-
averaged yield

Yields of biomass, total fatty acids, and TAG on light (g/mol photon) were calculated by
dividing the amount produced in a certain period by the amount of light supplied in that
period. The amount of light supplied was calculated by multiplying the incident light
intensity (photon flux density), illuminated reactor surface area (0.0271 m?), and
duration of illumination.

All yields presented in this paper were calculated based on the incident light intensity.
Calculated yields based on absorbed light would be only slightly higher, since the high
biomass concentrations in the bioreactor ensured that only a small fraction of the
incident light was not absorbed.

A distinction is made between the time-specific yield and the time-averaged yield. The
time-specific yield is calculated between two consecutive time points. The time-averaged
yield is calculated for each time point over the period between that time point and the
start of the experiment (t=0). The maximum time-averaged yield is then defined as the

maximum value of all time-averaged yields observed during one experiment.

4.3 Results and discussion

4.3.1 Batch TAG accumulation experiments

Among all investigated cultivation conditions, similar growth and TAG accumulation
patterns, but different final concentrations and yields were observed. This paragraph
discusses the general patterns observed using the cultivation at pH 7, temperature of
27.5°C, and an incident light intensity of 500 pmol m™ s as an example (Fig. 4.2). The
other paragraphs discuss the main differences observed between the different cultivation
conditions. The dynamics of all cultivation conditions are shown in supplementary data 1

of the online published version of this chapter (Breuer et al., 2013b).
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Fig. 4.2. Dynamics of TAG accumulation induced by nitrogen starvation. A: biomass
concentration (white rectangles), total fatty acid content (black diamonds), and TAG content
(grey diamonds); B: biomass yield between two consecutive time points (rectangles) and
yield averaged over the period between t=0 and each time point (triangles); C: TFA (black)
and TAG (grey) vyield between two consecutive time points (rectangles) and the vyield
averaged over the period between t=0 and each time point (diamonds); D: fatty acid
composition of total fatty acids; E: fatty acid composition of fatty acids in TAG pool; F: fatty
acid composition of fatty acids in polar acyl lipids pool.
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Sufficient nitrate was added to the culture medium (10 mM) to achieve a biomass
concentration of 1.5-2 g/l without nitrogen limitation. After this concentration was
reached and nitrate was depleted (confirmed as described in paragraph 2.4.4), the
biomass concentration continued to increase at a constant rate (g I day™) for typically
50 to 100 hours. Hereafter, the biomass productivity was significantly reduced, halted,
or even a decrease in biomass concentration was observed. Maximum biomass
concentrations reached were between 2 and 8 g/l, depending on cultivation conditions
(Fig. 4.2A).

The total fatty acid (TFA) content increased from 7-9% (% of dry weight) under nitrogen
replete conditions to a maximum of 30-45% during nitrogen starvation. The TAG content
increased from approximately 2% to typically 30-40% (% of dry weight). The TFA and
TAG content typically increased during a period of 150 to 250 hours (Fig. 4.2A).

From the results, the time-specific and the time-averaged yields of TFA, TAG, and
biomass were calculated. The time-specific yield provides information about the actual
efficiency at which photons are used and gives insight into the actual production rates of
individual components at every moment during the experiment. The time-averaged yield
can be used to determine the optimal time of harvest and it is also an important
parameter for the comparison of different process designs. Furthermore, because the
amount of light supplied to a certain area is fixed, the time-averaged yield on light is
directly proportional to the areal productivity and can therefore be used to extrapolate
lab-scale data to areal productivities of large scale outdoor photobioreactors.

For example, extrapolation of the yields obtained in this study, using basic assumptions
and solar irradiance data, results in areal productivities ranging from 2.5 to 34.6 metric
tonne fatty acids ha year?, depending on geographic location and photobioreactor
design (Appendix A).

The time-specific yield of biomass on light was highest during the initial part of the
cultivation during which nitrogen was not yet depleted. Once nitrogen was depleted, the
time-specific yield of biomass on light decreased rapidly (Fig. 4.2B).

Both the time-specific and time-averaged yields of TFA and TAG on light, on the other
hand, were initially low because absorbed photons were mainly used for the production
of biomass other than TFA and TAG (e.g. proteins). After nitrogen was depleted, both
the time-specific and time-averaged yield of TFA and TAG on light increased rapidly,
after which the time-specific yield remained constant for a short period. During this
period, TFA and TAG were produced with the maximum efficiency that was attainable
under the cultivation conditions of the respective experiment. After this period, both the

time-specific and time-averaged yield decreased again (Fig. 4.2C) but TFA and TAG
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accumulation continued. The maximum time-averaged yield of TFA and TAG on light was
therefore achieved before fatty acid accumulation was complete. In some cases,
degradation of biomass, TFA, or TAG was observed at the end of the experiment,
characterized by a negative yield on light.

In the presented example, the maximum time-averaged yield of TFA and TAG was
achieved after 119h of cultivation (138 and 122 mg/mol photon for TFA and TAG,
respectively). At this point the TFA and TAG contents were 35% and 31% of dry weight,
respectively, while at the end of the cultivation final contents of 44% and 38% (% of dry
weight) were achieved, respectively.

As commonly observed, a large change in the fatty acid composition of TFA was
observed once nitrogen was depleted (Breuer et al., 2012; Griffiths et al., 2011). The
relative abundance of C18:1 increased, counterbalanced by a decrease in C18:3 and
C16:4. The C16:0 abundance remained more or less constant. The largest shift in the
composition of TFA was observed in the first two days of nitrogen starvation (Fig. 4.2D).
As also shown by Popovich et al. (2012) for Neochloris oleoabundans, this change in
fatty acid composition is a result of a change in lipid class composition, since the fatty
acid composition of both the TAG and the polar acyl lipid pool remained more or less
constant during the experiment (Fig. 4.2E,F).

As explained in paragraph 2.2, after sampling, the culture volume was restored by
adding 0.2um-filtered demineralized water. This resulted in a dilution of the culture,
which could result in an underestimation of the achievable concentrations and yields.
This dilution was similar between different experiments and the impact of the dilution on
the results was much smaller than the differences observed between the different

experiments.

4.3.2 Effect of pH and Temperature on TAG accumulation

To study the impact of pH and temperature on TAG accumulation, experiments were
performed at all combinations of pH 5, 7, and 9, and 20, 27.5, and 35°C. All
experiments were performed at the same incident light intensity of 500 umol m™ s™,
TAG accumulated under all conditions. The highest final biomass concentration (Fig.
4.3A) and the highest initial biomass productivity (Fig. 4.3B) were observed at pH 7,
27.5°C. In general, conditions that favoured biomass formation also resulted in higher
TAG and TFA contents. Final TFA content varied between 28% and 43% of dry weight
(Fig. 4.3C) and TAG accounted for 69% to 93% of TFA (Fig. 4.3D) resulting in final TAG
contents between 18% and 40% of dry weight (Fig. 4.3E). At 20 and 35°C, the TFA and

TAG content increased with increasing pH. This is in accordance with the observation
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that a high pH, especially in combination with nitrogen starvation, can enhance TAG
accumulation (Gardner et al., 2010; Guckert & Cooksey, 1990; Santos et al., 2012).
The highest maximum time-averaged yield of TFA on light was observed at pH 7, 27.5°C
(0.138 g/mol) and decreased as much as 5 fold at sub optimal pH and temperature (Fig.
4.3F). This TFA yield corresponded with a yield of TAG on light of 0.122 g/mol.

Despite the fact that at a temperature of 27.5°C and pH 7 the highest time-averaged
yields and productivities were observed, the economic and energetic optimum for TAG
production might differ. Cultivation at suboptimal temperature or pH can save energy
and investments in equipment for cooling, heating, or CO, transfer. The presented
results can be used as a tool to calculate the reduction in productivity and yield when
cultivated at suboptimal biological conditions. This can in turn be used to calculate the
energetic and economic optimum when information is available about the relation
between the cultivation conditions and the energy and costs involved in heating, cooling,
and aeration of the photobioreactor.

4.3.3 Effect of light intensity on TAG accumulation

To study the impact of light intensity on TAG accumulation, experiments were performed
at incident light intensities of 200, 500, 800, and 1500 ymol m™2 s™!. These experiments
were performed at pH 7 and a temperature of 27.5 °C, the optimum for TAG production
as determined in paragraph 3.2.

Similar maximum biomass concentrations were observed between all incident light
intensities investigated (Fig. 4.4A). This suggests that the biomass concentrations that
were achieved in the experiments were not limited by the light intensity, but were
limited by the amount of nitrogen provided. Maximum achievable TAG and TFA content
were also found to be independent of the incident light intensity (Fig. 4.4B). In existing
literature, both observations that lipid content and lipid accumulation are only affected
to a minor extend by light intensity (Pal et al., 2011; Simionato et al., 2011) as well as
observations that lipid content increases with light intensity have been made (Liu et al.,
2012). These differences can partly be explained by the fact that the impact of light

intensity was not always isolated from the impact of nutrient starvation.
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Fig. 4.3. The impact of pH and temperature on the maximum biomass concentration, initial
biomass productivity, maximum TFA content, TAG fraction of TFA (determined when TFA
content was maximum), TAG content (determined when TFA content was maximum), and
maximum time-averaged yield of TFA on light. Interpolation between data-points was done
using the Matlab function interp2 using the ‘spline’ algorithm. Average values between
replicates are shown (black dots) and the black vertical bars represent minimum and
maximum values observed in replicate experiments (n=2 for pH 7, 27.5°C and pH 9, 35°C;
n=3 for pH 5, 20°C; n=1 for all other experiments).

In contrast to the impact on the biomass concentration and the maximum achievable
TAG and TFA content, large differences were observed in the maximum time-averaged
yield of TFA and biomass on light at the different light intensities. For example, between

incident light intensities of 200 to 1500 pmol m™2 s}, the maximum time-averaged yield

79



Chapter 4

of TFA on light decreased from 0.263 to 0.048 g TFA per mol photons provided (Fig.

4.4C).
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Fig. 4.4. The impact of light intensity on biomass formation and TAG accumulation. A:
Maximum biomass concentration achieved during cultivation; B: TAG (grey bars) and polar
acyl lipids (white bars) content when TFA content was maximal. The sum of the two bars
represents the total fatty acid content; C: Maximum time-averaged yield of fatty acids on
light; D: Initial biomass productivity. For all experiments n=1 except for an incident light

intensity of 500 pymol m™ s, where n=2,

From these results it can be concluded that a low incident light intensity is most

beneficial for TAG production, since similar biomass concentrations and maximum

achievable TAG contents are achieved compared to high light intensities, but at a higher

time-averaged yield.
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In the case of outdoor production, a very high incident light intensity is provided by
direct sunlight, but to utilize the full potential of the microalgae, a low light intensity is
required. As suggested by Cuaresma et al. (2011) and Wijffels & Barbosa (2010), this
could for a part be achieved by using vertically oriented reactors, under the condition
that they are constructed from light diffusing/reflective material. This distributes the
light over a larger reactor area and lowers the incident light intensity on the reactor
surface.

To the best of our knowledge, this is the first report of yields of TFA and TAG on photons
under nitrogen starved conditions. Although, some areal lipid productivities have
previously been reported in combination with solar radiation data, from which yields can
be deduced. For example, from the results of Bondioli et al. (2012) an average vyield of
0.21 g total lipids/mol PAR photons can be deduced (average irradiance of 26 MJ m™
day™ in combination with an average lipid productivity of 6.5 g m™ day™) or from the
results of Rodolfi et al. (2009) an average yield 0.30 g total lipids/mol PAR photons can
be deduced (average irradiance of 15.4 MJ m™ day™ in combination with an average
lipid productivity of 9 g m™ day™), both for Nannochloropsis sp. In these calculations, it
is assumed that photons in the photosynthetic active radiation (PAR) spectrum have an
energy content of 0.217 MJ/mol and it is assumed that 42% (J/J) of the irradiance has a
wavelength within the PAR spectrum. It should be noted, however, that the areal lipid
productivities reported by Rodolfi et al. (2009) and Bondioli et al. (2012) were
determined using total lipid measurements, rather than total fatty acid measurements.
Total lipid contents (and thus productivities and yields) will always be higher than total

fatty acid contents since not all lipophilic components contain fatty acids.

4.3.4 Effect of light intensity, pH, and temperature on fatty acid composition
The fatty acid composition was found to be dependent on pH and temperature. TAG
consisted mainly of C16:0, C18:1, and C18:3 fatty acids under all investigated
cultivation conditions. Among all investigated cultivation conditions, the relative
abundance of these fatty acids in the TAG pool varied between 14-27%, 32-53%, and
12-21% respectively.

The degree of unsaturation (average number of double bonds per fatty acid) decreased
with both increasing temperature and pH (Fig. 4.5A). In many microalgae species a
general trend towards a higher degree of fatty acid unsaturation at lower temperatures
is observed (Hu et al., 2008). At the individual fatty acid level, large variations were
observed in the relative abundance of the three most abundant fatty acids between the

different cultivation conditions (Fig. 4.5B-D).
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Fig. 4.5. The impact of pH and temperature on the fatty acid composition of the TAG fatty
acid pool. A: Degree of unsaturation (average number of double bonds per fatty acid); B:
Relative abundance of C16:0; C: Relative abundance of C18:1; D: Relative abundance of
C18:3. Interpolation between data-points was done using the Matlab function interp2 using
the ‘spline’ algorithm. Average values between replicates are shown (black dots) and the black
vertical bars represent minimum and maximum values observed in replicate experiments
(n=2 for pH 7, 27.5°C and pH 9, 35°C; n=3 for pH 5, 20°C; n=1 for all other experiments).

In accordance with other reports (Liu et al., 2012; Pal et al., 2011), light intensity had
only a minor impact on the fatty acid composition. The relative abundance of C18:3 in
the TAG pool increased with increasing light intensity under nitrogen starved conditions
(Fig. 4.6A). This resulted in an increase of the degree of unsaturation with light intensity
from a value of 1.26 at 200 pmol m™ s™ to a value of 1.43 at 1500 pmol m2 s,
Variations were observed in the fatty acid composition of the polar acyl lipids but no

clear trends were observed (Fig. 4.6B).
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4.4 Conclusions

The highest time-averaged yield of fatty acids on light (0.263 g fatty acids/mol photons)
was observed at pH 7, 27.5°C, and an incident light intensity of 200 pmol m™ s™,
Suboptimal pH and temperatures reduced both TAG content and yield. Higher light
intensities resulted in the same TAG content, but resulted in lower yields. The maximum

time-averaged yields were observed before TAG accumulation was complete.
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Appendix A: Extrapolation of photosynthetic TAG yields to areal productivities.
Most extrapolations of lab-scale data to areal lipid productivities are based on
multiplication of the maximum achievable lipid content under nitrogen deplete conditions
with biomass productivities or photosynthetic efficiencies under nitrogen replete
conditions (Quinn et al., 2011b). This will lead to erroneous results because nitrogen
starvation reduces the photosynthetic efficiency. This reduction needs to be taken into
account.

Since the amount of light supplied to a certain area is fixed, the areal productivity is
directly proportional to the time-averaged yield on light. This makes the time-averaged
yield on light a very important characteristic. The yields of TAG on light that are found in
this work include the impact of nitrogen starvation.

The highest time-averaged yield of TFA on light in S. obliquus was obtained at pH 7,
27.5°C and was strongly dependent on the incident light intensity. Between incident
light intensities of 200 to 1500 umol m™ s™, the maximum time-averaged yield of TFA
decreased from 0.263 to 0.048 g TFA per mol photons provided.

When it is assumed that, under outdoor production conditions, yields can be achieved
that are similar to our lab-scale experiments, these yields can be used to extrapolate
lab-scale data to estimations of areal lipid productivities using basic assumptions and

solar irradiance data.

A.1 Calculation and assumptions

The areal productivity can be calculated by multiplying the annual areal supply of
photons in the photosynthetic active radiation (PAR) spectrum with the time-averaged
yield of total fatty acids on photons as determined experimentally. This value is
corrected for losses during nocturnal respiration and downtime of the photobioreactor
(Eq 1).

Areal productivity (g TFAm™2 year™) = Yrpa, -%- (1 —71)-Operation (Eq 1).

All values used are listed in Table Al.
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Table Al. Assumptions and constants used in the extrapolation of measured yields of total
fatty acids on light to areal productivities.

Constant Description Value Unit
h Planck’s constant 6.626 103* Js
c Speed of light 2.998 108 ms!
Na Number of Avogadro 6.022 102® mol?
A Wavelength nm
Ion(A) Photon flux density of wavelength umol m2 st nm’
A in reference solar spectrum? !
Irar Cumulative photon flux density of ~ 79° pmol m2 s
all wavelengths in PAR spectrum j L (A)da
in reference solar spectrum? 400
E Average energy of photons in 01 WD) Rec MJ mol™?
PAR range of reference solar N f ’; le
spectrum a0 AR
=0.217233
I Annual insolation? NE?® = 3600 MJ m?2year?
SE* = 6480
SH® = 9000
PAR Fraction of photosynthetic active 0.4234 17
radiation (PAR) in solar
spectrum?
Yrea1 Maximum time-averaged yield of low: 0.048 g mol™
total fatty acids on light as high: 0.263
determined experimentally
r Fraction of absorbed energy lost 0.1 171t
to nocturnal respiration
Operation Annual duration that 10/12 month month™

photobioreactor is in use

!Solar spectrum obtained from ASTM International
(http://rredc.nrel.gov/solar/spectra/am1.5/ASTMG173/ASTMG173.html)
’Irradiance data from SolarGis (http://solargis.info/)

3NE = Northern Europe

“SE = Southern Europe.

5SH = Sahara

A.2 Results and Discussion
The areal productivity was calculated for both a high yield scenario in which it is
assumed that illumination in the photobioreactor is always optimal. The (higher)

maximum time-averaged yield obtained in experiments at low incident light intensity
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(200 pmol m™? s™') was used to calculate this scenario. Also a low yield scenario was
considered, in which it was assumed that illumination is not optimized in the
photobioreactor. In this scenario, the maximum time-averaged yield at a high incident
light intensity (1500 pmol m™ s!) was used. Three geographic locations were
considered: Northern Europe, Southern Europe, and the Sahara. These locations
respectively have a low, medium, and high irradiance. These extrapolations result in
estimated areal productivities ranging from 2.5 to 34.6 metric tonne TFA ha™ year™
(Table A2).

The areal fatty acid productivity of S. obliquus could thus be up to 6 times higher than is
currently achieved with the most productive terrestrial plant (Chisti, 2007). Our
estimations are low, when compared to extrapolations based on multiplication of
biomass productivity or photosynthetic efficiency under nitrogen replete conditions with
maximum achievable lipid contents under nitrogen deplete conditions (Quinn et al.,
2011b). However, our estimations, despite being based on yields obtained under
continuous light, are consistent with reported areal lipid productivities obtained under
outdoor cultivation conditions (Bondioli et al., 2012; Quinn et al., 2012; Rodolfi et al.,
2009).

Table A2. Extrapolated areal total fatty acid productivity of S. obliquus cultivated in
photobioreactors designed with both non-optimized and optimized illumination, in three
different geographic locations (low, medium, and high irradiance).

Areal productivity (metric tonne of fatty acids ha™
year®)

Northern Europe! Southern Europe! Sahara!

I=3600 MJ m™2 I=6480 MJ m™2 I=9000 MJ m™2
year! year? year?
Non-optimized illumination 2.5 4.5 6.3
photobioreactor (Y7ra; = 0.048
g mol?)
Optimized illumination in 13.8 24.9 34.6
photobioreactor (Ytea1 = 0.263
g mol™)

! Irradiance data from SolarGis (http://solargis.info/)

86



Effect of light intensity, pH, and temperature on triacylglycerol (TAG) accumulation

87



Chapter 5

88



Superior triacylglycerol (TAG) accumulation in starchless mutants

Chapter 5 Superior triacylglycerol
(TAG) accumulation in
starchless mutants of
Scenedesmus obliquus:
Evaluation of TAG yield
and productivity in
controlled
photobioreactors

This chapter has been published as:

Guido Breuer', Lenny de Jaeger’, Valentin P. G. Artus, Dirk E. Martens, Jan Springer,
René B. Draaisma, Gerrit Eggink, René H. Wijffels, Packo P. Lamers (2014), Superior
triacylglycerol (TAG) accumulation in starchless mutants of Scenedesmus obliquus: (1)
evaluation of TAG yield and productivity in controlled photobioreactors, Biotechnology
for Biofuels 7:70

"Both authors contributed equally to this work.

89



Chapter 5

Abstract

Many microalgae accumulate carbohydrates simultaneously with triacylglycerol (TAG)
upon nitrogen starvation, and these products compete for photosynthetic products and
metabolites from the central carbon metabolism. As shown for starchless mutants of the
non-oleaginous model alga Chlamydomonas reinhardtii, reduced carbohydrate synthesis
can enhance TAG production. However, these mutants still have a lower TAG
productivity than wild-type oleaginous microalgae. Recently, several starchless mutants
of the oleaginous microalga Scenedesmus obliquus were obtained which showed
improved TAG content and productivity.

The most promising mutant, sIml, is compared in detail to wild-type S. obliquus in
controlled photobioreactors. In the sim1 mutant, the maximum TAG content increased to
57+0.2% of dry weight versus 45+1% in the wild-type. In the wild-type, TAG and starch
were accumulated simultaneously during initial nitrogen starvation, and starch was
subsequently degraded and likely converted into TAG. The starchless mutant did not
produce starch and the liberated photosynthetic capacity was directed towards TAG
synthesis. This increased the maximum yield of TAG on light by 51%, from 0.144+0.004
in the wild-type to 0.217+0.011 g TAG/mol photon in the sim1 mutant. No differences in
photosynthetic efficiency between the sim1l mutant and the wild-type were observed,
indicating that the mutation specifically altered carbon partitioning while leaving the
photosynthetic capacity unaffected.

The yield of TAG on light can be improved by 51% by using the sIm1 starchless mutant
of S. obliquus, and a similar improvement seems realistic for the areal productivity in
outdoor cultivation. The photosynthetic performance is not negatively affected in the
siml and the main difference with the wild-type is an improved carbon partitioning
towards TAG.
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5.1 Introduction

Microalgae are well known for their ability to produce large quantities of triacylglycerol
(TAG), which can be used as a resource for food, feed, and fuel production (Draaisma et
al., 2013; Wijffels & Barbosa, 2010). Microalgae-derived TAGs can be competitive to oils
derived from terrestrial plants due to the higher areal productivities of microalgae and
because no arable land is required for their cultivation (Wijffels & Barbosa, 2010).
However, the economic costs and carbon footprint of photobioreactors make it necessary
to improve the areal TAG productivity even further (Brentner et al., 2011; Norsker et al.,
2011).

The dogma on the physiological role of TAG synthesis is that TAG serves as a compact
energy and carbon storage pool when formation of functional biomass is impaired.
Furthermore, TAG can serve as an electron sink under unfavourable conditions for
growth. An electron sink under these conditions prevents the build-up of photosynthetic
products which would otherwise have resulted in over-reduction of the electron transport
chains. Such over-reduction can result in the transfer of electrons to O,, which results in
the formation of reactive oxygen species (ROSs), such as H,0,, or superoxide (Asada,
2006). These ROS can cause damage to the cell. Production of TAG can thus protect the
cell against the damage induced by adverse growth conditions (Hu et al., 2008). This is
reflected by the fact that under nutrient replete conditions only trace amounts of TAG
are produced. However, as a response to nitrogen starvation, TAG can be accumulated
to over 40% of dry weight by many oleaginous microalgae species (Breuer et al., 2012;
Griffiths et al., 2011; Hu et al., 2008).

Although nitrogen starvation reduces photosynthetic efficiency (Klok et al., 2013a),
photosynthesis and carbon assimilation continue for a certain period when the
microalgae are exposed to nitrogen depleted conditions (Simionato et al., 2013). This is
supported by the observation of an up to eight-fold increase in biomass dry weight
concentration after nitrogen depletion in some species (Breuer et al., 2012). This
increase in biomass can be explained by de novo production of nitrogen-free storage
molecules such as TAG and carbohydrates. Even in the most oleaginous species, the
increase in dry weight cannot solely be explained by the observed TAG production
(Breuer et al., 2012). Other storage components such as starch are simultaneously
accumulated and can easily account for over 40% of the newly produced biomass
(Breuer et al., 2012; Klok et al., 2013b; Li et al., 2011; Zhu et al., 2013). Diverting this
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large carbon flow away from carbohydrates towards TAG could substantially enhance
TAG productivity (Li et al., 2010a).

The partitioning of assimilated carbon between TAG and carbohydrates during nitrogen
starvation is a complex and highly regulated process as indicated by the activity of
transcription factors and the observed changes in transcriptome and proteome during
nutrient starvation (Blaby et al., 2013; Boyle et al., 2012; Dong et al., 2013; Valenzuela
et al., 2012). In addition, it is often proposed that the production rates of TAG and
storage carbohydrates are influenced by competition for common pre-cursors, that is,
intermediates of the central carbon metabolism such as glyceraldehyde-3-phosphate
(GAP) or acetyl coenzyme A (acetyl-CoA) (Fan et al., 2012; Msanne et al., 2012).
Modifying the activity of either pathway using strain improvement techniques could
therefore potentially affect the carbon partitioning between TAG and storage
carbohydrates (Li et al., 2010a). One commonly attempted strategy to accomplish this is
to over-express reactions in the TAG synthesis pathway, such as the initial step in fatty
acid synthesis catalysed by acetyl-CoA carboxylase (Dunahay et al., 1996) or the acyl-
transfer step catalysed by diacylglycerol acyltransferase (DGAT) (La Russa et al., 2012).
However, attempts to improve TAG production by increasing the expression of genes
involved in the TAG biosynthesis pathway have been mostly unsuccessful as reviewed by
Li et al. (2010b).

Another commonly employed strategy is to down-regulate or inhibit the competing
carbohydrate (for example, starch) synthesis. Several successful attempts have been
made to enhance TAG production by reducing or eliminating starch synthesis (Li et al.,
2010a; Li et al., 2010b; Ramazanov & Ramazanov, 2006; Siaut et al., 2011; Wang et
al., 2009). For example, Li et al. (2010b) observed an eight-fold increase in TAG content
(reaching a TAG content of 32.6% of dry weight) under mixotrophic conditions and Li et
al. (2010a) observed a four-fold increase in volumetric TAG productivity under
photoautotrophic conditions, both using the starchless BAFJ5 mutant of Chlamydomonas

reinhardltii.

Although cellular TAG contents are generally enhanced in starchless or impaired
mutants, the overall TAG productivity of such mutant cultures is not always improved.
This is because their biomass productivity under nitrogen starvation conditions is often
largely reduced or even completely impaired compared to their wild-type strains (Li et
al., 2010b). This reduction in biomass productivity is often poorly characterized with the

focus only directed at the TAG content, making conclusive evaluations of the mutant
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performance difficult. The decrease in biomass productivity could, among other possible
explanations, be a result of additional mutations in, for example, the photosynthetic
machinery (Siaut et al., 2011) or of insufficient capacity to channel all excess
photosynthate towards TAG. Especially in the latter case, the impact of starch deficiency
on oleaginous microalgae might be fundamentally different from that on non-oleaginous
microalgae. Namely, a starchless oleaginous microalga might be able to redirect most of
the light energy that would otherwise have been used for starch synthesis towards TAG,
whereas a non-oleaginous microalga might be unable to utilize this light energy. For a
non-oleaginous microalga, this could thus lead to a quick build-up of photosynthetic
products, which in turn could result in over-reduction of the photosynthetic machinery
and the formation of harmful ROSs (Asada, 2006). This might occur at a lower rate in
starchless oleaginous microalgae that are able to channel most excess photosynthate

towards TAG synthesis.

Most previous work on starchless mutants is performed in the non-oleaginous model
alga C. reinhardtii and shows that the use of starchless mutants can be a feasible
strategy to enhance TAG production. However, even these starchless mutants under-
achieve in TAG production compared to good-performing wild-type oleaginous
microalgae. The TAG contents of these C. reinhardtii mutants are at best comparable to
those of oleaginous microalgae (Breuer et al., 2012; Li et al., 2010a; Li et al., 2010b).
In addition, upon nitrogen starvation their biomass productivity decreases to a much
bigger extent than that of wild-type oleaginous microalgae (Breuer et al., 2012; Li et al.,
2010b). Therefore, it is important to study the effect of disabling starch formation on

TAG production in good-performing oleaginous microalgae.

In previous research, Scenedesmus obliquus (recently suggested to be reclassified to
Acutodesmus obliquus (Krienitz & Bock, 2012)) was identified as a very promising
microalga to produce TAG (Breuer et al., 2012; Griffiths et al., 2011) and recently
several starchless mutants of S. obliquus were obtained (de Jaeger et al., 2014). In
shake-flask studies, the sim1 mutant showed both an enhanced TAG content during
initial nitrogen starvation and a biomass productivity comparable to that of the wild-
type, resulting in a net increase in volumetric TAG productivity (de Jaeger et al., 2014).
In this work, a more detailed and quantitative comparison, performed in controlled

photobioreactors, of the S. obliquus wild-type and this starchless mutant is presented.
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5.2 Results and discussion

5.2.1 TAG and starch accumulation

For both the wild-type (wt) S. obliquus (UTEX 393) and a starchless mutant (sIm1) of S.
obliquus (de Jaeger et al., 2014), duplicate nitrogen run-out experiments were
performed to investigate the difference in carbon partitioning between the wt and the
slm1 under nitrogen depleted conditions (Fig. 5.1). Reactors were inoculated at 50 mg
DW/I and cultivated at an incident light intensity of 100 pmol m™2 s until the biomass
concentration was 0.3-1 g DW/I, after which the incident light intensity was increased to

500 pmol m™2 s, The moment of inoculation is considered as t=0.

Nitrogen was depleted from the culture medium at a biomass concentration of
approximately 1.5-2 g/l and occurred 70 to 100h after inoculation (Fig. 5.1). After
nitrogen was depleted, carbon assimilation and biomass formation continued, mainly as
a result of accumulation of TAG (both the wt and the sIm1) and starch (the wt only),
which is consistent with previous observations (Breuer et al., 2013b; Breuer et al.,
2012; de Jaeger et al., 2014). The wt increased more rapidly in biomass concentration
than the sim1 during initial nitrogen starvation and also achieved a higher maximum

biomass concentration (Fig 5.1A,B).

In the wt cultivation, starch and TAG were accumulated simultaneously after nitrogen
was depleted. Initially starch was produced at a much higher rate than TAG (Fig. 5.1C)
but when nitrogen starvation progressed starch synthesis stopped. Starch reached a
maximum content of 38+2% (average of duplicate cultivations £ deviation of duplicates
from average) of dry weight after 168+2 h and a maximum concentration of 3.6+0.2 g/I
after 223+10 h. Subsequently starch was degraded. The starch concentration at the end
of the cultivation decreased to 0.5 g/l (6% of dry weight). During this period TAG
synthesis continued and the TAG content reached a maximum of 45+1% of dry weight
(4.5£0.1 g/I) (Fig. 5.1C; Fig. 5.2A). The simultaneous degradation of starch and
production of TAG in the wt could indicate that degradation products of starch are used
for the synthesis of TAG. This inter-conversion has also been suggested previously for
Pseudochlorococcum sp. (Li et al., 2011), C. reinhardtii (Msanne et al., 2012),
Coccomyxa sp. (Msanne et al., 2012), and Chlorella zofingiensis (also known as
Chromochloris zofingiensis) (Zhu et al., 2013), as well as for conversion of
chrysolaminarin into TAG in the diatom Cyclotella cryptica (Roessler, 1988).
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Fig. 5.1 Duplicate batch nitrogen run-out cultivations of the wt and the siml S. obliquus.
Left: wild-type. Right: slml. Top: biomass concentration (g DW/I) and dissolved NOs-N
concentration. Bottom: total fatty acid (TFA), TAG, and starch content. As indicated in the
legend boxes in the figure, in the top figure, the black symbols represent the dry weight
concentration and the open symbols represent the NOs;-N concentration. In the bottom
figures, the open symbols represent the total fatty acid content (TFA), the grey symbols
represent the TAG content, and the black symbols represent the starch content. The results
indicated with #1 and #2 in the figure legend represent the replicate cultivations.

In the sim1, the production of starch is negligible. As a result, the TAG content increases
more rapidly in the sim1 than in the wt during initial nitrogen starvation; the TAG
content in the sIm1 reached a maximum of 57+0.2% of dry weight (5.2+0.2 g/I) after
433+70 h (Fig. 5.1C,D; Fig. 5.2A).

In neither the wt nor the sim1 can the combined accumulation of starch and TAG

completely account for the increase in dry weight after nitrogen depletion. This

difference between the measured biomass constituents and dry weight concentration is
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relatively constant and accounts for approximately 20 to 30% of dry weight during the
entire cultivation for both the wt and the sim1. Proteins are most likely not part of this
residual biomass as no nitrogen source is available for protein synthesis; also protein
synthesis out of non-protein nitrogen present in the biomass can only contribute very
little, because this fraction of non-protein nitrogen in the biomass is very small (Becker,
2007). It is likely that the cell wall will account for a substantial part of this residual
biomass. Although little is known about the cell wall composition of S. obliquus and other
microalgae, it is hypothesized that this residual biomass consists largely of
carbohydrates (other than starch) such as cellulose, which is known to be a major

constituent of the cell wall of S. obliquus and other microalgae (Aguirre & Bassi, 2013;
Burczyk et al., 1970).
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Fig 5.2. TAG concentration (A), time-averaged yield of TAG on photons (B), and time-
averaged volumetric TAG productivity (C). Open symbols: wt. Grey symbols: sim1. The time-
averaged yield and volumetric productivity are calculated over the period between inoculation
and each time-point. The Results indicated with #1 and #2 in the figure legend represent the
replicate cultivations.
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5.2.2 Yields, productivity and implications for large-scale production

Using the measured TAG concentration at each time point (Fig. 5.2A) and the amount of
light supplied specific to the reactor volume (calculated as the incident light intensity
multiplied by the area-to-volume ratio of the reactor), the time-averaged yield of TAG
on photons was calculated for each time-point (the yield of TAG on light achieved over
the period between inoculation and each time point) (Fig. 5.2B). Because almost no TAG
is produced during nitrogen replete conditions, this yield of TAG on light is very low
during the initial part of the cultivation. After nitrogen depletion, the time-averaged yield
increases to a maximum of 0.217+0.011 and 0.144+0.004 g TAG/mol photon for the
sim1 and wt, respectively (Fig. 5.2B). This illustrates that the sim1 can achieve a 51%
higher time-averaged yield of TAG on light than the wt. Similarly, the maximum
volumetric productivity, calculated between inoculation and each time-point, was
enhanced in the sim1 by 35% compared to the wt and increased from a maximum of
0.265+0.004 in the wt to a maximum of 0.359+0.008 g TAG I day™ in the sim1 (Fig.
5.2C). During the period that these maxima in yield and volumetric productivity were
maintained, the TAG content increased to over 40% of dry weight for both the wt and
the sim1 (Fig. 5.1C,D; Fig. 5.2B,C).

After these maxima in yield and volumetric productivity were achieved, the difference in
performance of the wt and the sim1 became smaller when the cultivation progressed.
This can be explained by the degradation of starch in the wt and possible inter-
conversion into TAG. This could enhance the TAG contents in the wt at the end of the
cultivation, resulting in a smaller difference between the sim1 and wt at the end of the

cultivation.

Due to the different behaviour of the wt and sim1, there is a difference in the biomass
concentration in the wt and sIm1 cultivation (Fig. 5.1). This did not result in a difference
in light absorption rates between the wt and sim1 because nearly all light was absorbed
in all cultures; therefore, a difference in the biomass concentration or pigmentation will
only result in a difference in the light gradient in the photobioreactor. Furthermore,
because all cultures were provided with the same amount of NOs, the amount of light
absorbed per N-mol and per amount of catalytic biomass (assuming that the amount of

catalytic biomass is proportional to the amount of nitrogen) is exactly the same.

When algae are cultivated using sunlight, the amount of light that can be provided to the

photobioreactor is limited to the insolation to that area. The maximum areal productivity
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is therefore directly proportional to the yield on light that can be achieved. Maximizing
this yield of TAG on light can therefore contribute to improving the areal productivity of
microalgal TAG production. The time-point where the highest time-averaged yield of TAG
on light is achieved is therefore proposed as the optimum time-point to harvest the
culture. Previously it has been shown that this yield can be enhanced by improving the
photobioreactor design (Cuaresma et al., 2011; Wijffels & Barbosa, 2010) as well as
optimizing cultivation conditions (Breuer et al., 2013b). In this work it is shown that this
yield on light can be improved by 51% by using a starchless mutant, and a similar
improvement seems realistic for the areal productivity in outdoor cultivation. It should
be noted that at the moment this maximum was reached, the TAG content was over
40% of the dry weight.

In this work, all cultivations were performed using continuous illumination. However,
during day-night cycles starch contents in microalgae oscillate, and starch can likely
provide energy for nocturnal respiration (de Winter et al., 2013; Ral et al., 2006). This
might complicate cultivation of starchless mutants in day-night cycles. In higher plants
such as Arabidopsis thaliana it is indeed reported that starchless mutants show
decreased growth rates and decreased net photosynthesis rates when grown under day-
night cycles, whereas these are indistinguishable from their wild-types during continuous
illumination (Caspar et al., 1985; Radakovits et al., 2010). The sim1 mutant, however,
does not show decreased growth under day-night cycles under nitrogen replete
conditions and possibly the role of starch can be taken over by other storage metabolites
(de Jaeger et al., 2014). Further investigation of the behaviour of sim1 under day-night

cycles and nitrogen depleted conditions would be of future interest.

5.2.3 Photosynthetic energy distribution in the wt compared to the sim1

The biomass productivity was lower in the sim1 than in the wt during the initial period of
nitrogen starvation. Because exactly the same amount of light was supplied, this might
at first suggest a reduced photosynthetic efficiency in the sim1. However, lipids (for
example TAG) are much more energy dense than carbohydrates, (37.6 kJ/g for lipids
compared to 15.7 kJ/g for carbohydrates (Jakob et al., 2007)). The difference in
metabolic costs required to produce TAG and starch can completely explain the observed
difference in biomass productivity. To illustrate this, we compare the photosynthetic
requirement for the observed biomass production after nitrogen depletion in the wt and
the sim1. To calculate this photosynthetic requirement, it is assumed that after nitrogen

depletion only TAG, starch, and other carbohydrates (such as cell wall cellulose) are
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produced. The TAG and starch concentration are measured at each time-point (Fig. 5.1)
and it is assumed that the remaining newly produced biomass consists of other
carbohydrates (calculated as the amount of dry weight produced minus the amounts of
TAG and starch produced). The photosynthetic requirement to produce the biomass that
is made between nitrogen depletion and time-point t can then be calculated by summing
the quotients of the measured concentration of each biomass constituent at time-point t
and the photosynthetic yield of that biomass constituent (Eq. 1):

Photosynthetic requirement(t) = Crac(t)/Y7ac,light + Cstarch(t)/Ystarch,light+

Ccarbohydrate(t)/Ycarbohydrate,light Eq .1

In Eq. 1, Ci(t) represents the concentration of component i (g/l) at time-point t and Y;,jignt
represents the photosynthetic yield of component i (g product/mol photon). These
photosynthetic yields are estimated to be 1.02 g TAG/mol photon, 3.24 g starch/mol
photon, and 3.24 g carbohydrate/mol photon (see Appendix A).

Using this calculation, it appears that although the sIm1 has a lower biomass
productivity, the minimum photosynthetic requirement to produce that biomass is
similar (Fig. 5.3). This indicates that the sim1 does not have a reduced photosynthetic

efficiency, but only seems to differ from the wt in terms of carbon partitioning.
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In the wt, the calculated photosynthetic requirement also increases at the end of the
cultivation, where no substantial increase in dry weight concentration is observed. This
can be explained by an increase in energy density of the biomass due to a change in
biomass composition (increase in TAG and decrease in starch content). This requires

additional energy, which is provided by photosynthesis.

In these calculations it was assumed that the residual biomass (difference between the
produced dry weight and the measured amounts of TAG and starch) consists for a large
part of cell wall material that is made of carbohydrates such as cellulose (Burczyk et al.,
1970). If this were a different biomass constituent with a different photosynthetic yield
than carbohydrates, it would affect the calculated photosynthetic requirement. However,
the estimated amount of this remaining fraction is similar in the wt and the sim1.
Therefore, this will not result in a biased comparison.

It is observed in the wt that starch is first produced and subsequently degraded (Fig.
5.1). This turnover is not taken into account in these calculations. However, the turnover
of starch (synthesis of starch out of GAP and subsequent degradation of starch into GAP)
only costs 1 ATP per glucose monomer and would only result in a minor change in the

calculated photosynthetic requirement.

5.2.4 Photosynthesis

The pigmentation of the cell determines the amount of light that can be absorbed and
ultimately be used for photosynthesis. The absorbance cross section of the biomass was
measured and used as a proxy for the pigmentation. An up to eight-fold decrease in the
biomass specific absorbance cross section (m%/g DW) was observed at the end of the
cultivation compared to the point before nitrogen depletion in both the wt and the sim1
(Fig. 5.4B). A decrease in pigmentation during nitrogen starvation is commonly observed
in microalgae (Geider et al., 1998a). The volumetric absorbance cross section (m?/1),
however, remained more or less constant throughout the entire experiment. This
suggests that the decrease in biomass specific absorbance cross section is mainly a
result of dilution of pigments over newly formed biomass and is likely caused to a lesser
extent by net degradation of pigments.

In addition to a change in absorbance cross section, the absorbance spectrum, and thus
the pigment class composition, changed drastically (Fig. 5.4C). Photo-protective
pigments (carotenoids) can be produced in response to physiological stress to prevent
photo-oxidative damage (Geider et al., 1998a; Lamers et al., 2008). The ratio of

chlorophyll over carotenoids decreased during nitrogen starvation as is apparent from
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the increase in absorbance at 483nm (the observed absorbance maximum of
carotenoids) relative to the absorbance at 680nm (the observed absorbance maximum
of chlorophyll) (Fig. 5.4D). The decrease in absorbance cross section between the sim1
and wt was similar but the sim1 showed a higher ratio of absorbance at 483nm/680nm
as the nitrogen starvation progressed. This suggests that the sIm1 has relatively more
carotenoids than the wt. This difference between the sim1 and wt became more
apparent when nitrogen starvation progressed (Fig. 5.4D). These observations suggest
that a progressively smaller fraction of the absorbed light is available for photosynthesis

when nitrogen starvation progresses due to an increased carotenoid/chlorophyll ratio.
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Fig. 5.4. Impact of nitrogen starvation on photosynthesis. A: Fv/Fm ratio. B: Absorbance
cross section. C: Absorbance spectrum of the sim1 and wt under nitrogen replete and nitrogen
depleted conditions, normalized to the absorbance at 680nm. D: Ratio of absorbance at
483nm and 680nm. In figure C, the time indicated in the figure legend represents the time
after inoculation. Nitrogen starvation commenced 70 to 100 h after inoculation. The spectrum
that is indicated with N+ in the figure legend represents the spectrum before nitrogen was
depleted. Open symbols indicate the wt and grey symbols indicate the siml. The results
indicated with #1 and #2 in the figure legend represent the replicate cultivations.
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The variable fluorescence/maximum fluorescence ratio (Fv/Fm) was measured and can
be used as a proxy for the intrinsic (or maximum) PSII quantum vyield (Li et al., 2010b;
Simionato et al., 2013). Although it does not directly reflect the photosynthetic efficiency
achieved in the photobioreactor, it is often used as a diagnostic value for the
photosynthetic performance (Maxwell & Johnson, 2000). Immediately after inoculation,
the Fv/Fm ratio started substantially below the maximum value that was observed (Fig.
5.4A). This could possibly be due to a shock in biomass concentration and light intensity
as a result of inoculation. During the nitrogen replete growth phase, the Fv/Fm ratio
increased gradually to a maximum of 0.78, which is consistent with maximum values
observed in other studies (Li et al., 2010b). Once nitrogen was depleted, the Fv/Fm ratio
gradually decreased, as is commonly observed (Li et al., 2010b; Simionato et al., 2013).
This could be an indication of increased damage to the photosystems. Fv/Fm ratios in
the sim1 are comparable to, or even slightly higher than the Fv/Fm ratios in the wt. This
is consistent with the observation presented in Fig. 5.3, that the photosynthetic
performance is not negatively affected in the sim1 and that the main difference with the

wt is an improved carbon partitioning towards TAG in the sim1.

5.3 Conclusions

The maximum TAG content increased from 45£1% in wild-type to 57+£0.2% of dry
weight in starchless S. obliquus (sIm1). The sim1 had a lower biomass productivity,
which can completely be explained by the higher energy requirement to produce TAG
compared to starch. The maximum yield of TAG on light in the mutant increased from
0.144+0.004 to 0.217+0.011 g TAG/mol photon, and a 51% improvement in areal TAG
productivity therefore seems realistic for outdoor cultivation. This work highlights the
potential of improved carbon partitioning using a starchless mutant to increase TAG

productivity in oleaginous microalgae.

5.4 Methods

5.4.1 Strains, pre-culture conditions, and cultivation medium

Wild-type (wt) S. obliquus UTEX 393 (recently suggested to be reclassified to
Acutodesmus obliquus (Krienitz & Bock, 2012)) was obtained from the University of
Texas Culture collection of algae (UTEX). The starchless mutant (sIm1) was obtained
using UV radiation-induced random mutagenesis on the wild-type strain of S. obliquus
(de Jaeger et al., 2014). The culture medium was similar to that described by Breuer et
al. (2013b) with the exception that all vitamins were omitted from the culture medium.

The culture medium was autotrophic and contained 10 mM KNOs as the limiting nutrient.
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All other required nutrients were present in excess. Pre-cultures were maintained in
16:8h light:dark cycles as described by Breuer et al. (2012). Both the wt and the sim1
were able to continue growing after multiple serial dilutions while being cultivated

autotrophically under these day-night cycles (16:8 light:dark).

5.4.2 Experimental conditions

Batch cultivations were performed in flat-panel airlift-loop photobioreactors with a
working volume of 1.7 | (Labfors 5 Lux, Infors HT, Switzerland). The reactor design is
similar to that described by Klok et al. (2013a). The reactors were sparged with air
containing 2% CO; at 1 I/min. The reactors were continuously illuminated (24h/day)
using LED lamps with a warm white spectrum located on the culture side of the reactor.
The incident light intensity was calibrated by measuring the average light intensity on
the culture side of the front glass plate. The light path (reactor depth) was 2 cm. The
temperature was controlled at 27.5°C and the pH was controlled at pH 7 using automatic
addition of 1M HCI. These values for pH and temperature were found to be optimal for
both growth and TAG accumulation in S. obliquus in previous research (Breuer et al.,
2013b). A few millilitres of a 1% Antifoam B solution (J. T. Baker) were added manually
when excessive foaming was visible. Prior to inoculation, reactors were heat-sterilized
and subsequently filled with 0.2 um filter-sterilized medium. Reactors were inoculated at
50 mg algae dry matter/l and grown at an incident light intensity of 100 pmol m2 s
until the biomass density reached 0.3 to 1 g dry weight (DW)/I (typically after 48 h). At
this point the incident light intensity was increased to 500 pmol m™ s, Periodically,
samples were taken aseptically and analysed for dry weight concentration, biomass
composition, residual dissolved NOs", Fv/Fm ratio, absorbance spectrum, and absorbance
cross section. After nitrogen was depleted, more than 95% of the incident light was
absorbed. Therefore, for simplicity, in the calculations it is assumed that the absorbed
light is identical to the incident light intensity.

Although a condenser was installed at the gas exhaust of the reactor, water losses were
present due to evaporation. Evaporation was quantified in a separate reactor that was
filled with water and operated under the same conditions as during cultivation. The
evaporation rate was 0.9 ml/h. Evaporation results in concentration of the biomass,
which thus has an effect on the measured dry weight concentration. The measured
biomass composition is unaffected. The biomass concentration was corrected for

Vobserved

evaporation using C, correctea = Cxobserveqa+ The correction factor decreased

Vwithout evaporation

from 1 at the start of the cultivation to a minimum between 0.60 and 0.71 (depending
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on the duration of the cultivation) at the end of the cultivation. All presented results and
calculations throughout this work are based on the concentrations corrected for
evaporation. Evaporation rates were similar in all experiments and therefore did not
result in a biased comparison between the sim1 and wt in any way. However,
evaporation and the accompanying concentration effect did increase the steepness of
the light gradient in the reactor and reduced light penetration and biomass specific light

absorption rates.

5.4.3 Analyses

5.4.3.1 Dry weight

The dry weight concentration was determined by filtrating culture broth over pre-
weighted glass fibre filters and measuring the weight increase of the filters after drying
at 95°C as described by Kliphuis et al. (2012).

5.4.3.2 Total fatty acid

The total fatty acid (TFA) concentration was determined by a sequence of cell disruption,
total lipid extraction in chloroform:methanol, trans-esterification of acyl lipids to fatty
acid methyl esters (FAMEs) and quantification of FAMEs using gas chromatography as

described by Breuer et al. (2013a). Tripentadecanoin was used as an internal standard.

5.4.3.3 TAG

The TAG concentration was determined by separating the total lipid extract, obtained
using the aforementioned method, into a TAG and polar lipid pool using a solid phase
extraction column (SPE) as described by Breuer et al. (2013b), followed by
transesterification and quantification of the fatty acids in the TAG pool as described by
Breuer et al. (2013a).

5.4.3.4 Starch

The starch concentration was determined using an AA/AMG Total Starch Kit (Megazyme,
Ireland) with modifications as described by de Jaeger et al. (2014). The procedure
consisted of a sequence of cell disruption, starch precipitation using an aqueous solution
of 80% ethanol, enzymatic hydrolysis of starch to glucose monomers using a-amylase
and amyloglucosidase, and a spectrophotometric based assay for quantification of

glucose monomers.
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5.4.3.5 Dissolved nitrate
Dissolved nitrate was analysed in supernatant using a Seal analytical AQ2 nutrient

analyser (SEAL Analytical Inc., USA) according to the manufacturer’s instructions.

5.4.3.6 Fv/Fm

Pulse amplitude modulation (PAM) fluorometry was used to determine the Fv/Fm ratio
using an AquaPen AP-100 fluorescence spectrophotometer (PSI, Czech Republic)
according to the manufacturer’s instructions. Cultures were diluted in demineralized
water to an optical density of 0.4 at 750nm in a cuvette with a light path of 10mm
(equivalent to a concentration of 0.2 g DW/I) and adapted to dark conditions for 15
minutes prior to the measurement. It was confirmed that longer dark-adaptation times

did not affect the results.

5.4.3.7 Absorption spectrum and absorption cross section

Cell suspensions were diluted to an optical density at 750nm of 1.4 to 1.6 as measured
in a cuvette with a 1 cm light path. Subsequently, the absorption spectrum was
measured in these diluted cell suspensions with a Shimadzu UV-2600 integrating sphere
spectrophotometer in the spectrum 300 to 750nm, which results in the absorption
spectrum corrected for scattering. Residual scattering was calculated as the average
absorption between 740 and 750nm and subtracted from the absorption spectrum. From

this absorption spectrum, the average biomass dry weight specific absorption cross

In(10
£ aps; 02

300 DW

section between 400 and 700nm (a, unit: m?/g) was calculated as a = . Where

abs, is the absorbance at wavelength A, z the light path of the cuvette (0.002 m), and
DW the dry weight concentration (g/m?).
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Chapter 5 - Appendix A

Appendix A: Calculation of the photosynthetic yield of biomass constituents
TAG consists of a glycerol backbone with three fatty acids. Because approximately 50%
of the fatty acids in TAG are oleic acid molecules in S. obliquus (Breuer et al., 2013b),
triolein is used as the reference TAG molecule to calculate the photosynthetic yield of
TAG. In the production of one molecule of oleic acid from CO,, 70 molecules of NADPH
and 71 molecules of ATP are required and 18 molecules of NADH are produced. In the
production of the glycerol backbone 7 NADPH and 9 ATP are consumed (Johnson & Alric,
2013). Finally, in the condensation of the fatty acids to the glycerol backbone, it is
assumed that 1 ATP is consumed for each fatty acid. This results in the net utilization of

cofactors as presented in Eq. Al.

217 NADPH + 225 ATP + 54 NAD* = 54 NADH + 1 triolein + 217 NADP* + 225 ADP +
225 P Eqg. Al

Similarly, one glucose monomer of starch can be produced out of 19 ATP and 12 NADPH
(Eq. A2). It is assumed that production of other carbohydrates (such as cell wall

cellulose) is similar to production of starch in terms of metabolic requirements.

12 NADPH + 19 ATP > 1 starch glucose monomer + 12 NADP*+ 19 ADP + 19 P,
Eq. A2

The required cofactors can be provided using photosynthesis through either linear
electron transport (theoretical maximum: 8 photons - 3 ATP + 2 NADPH) or cyclic
electron transport (theoretical maximum: 2 photons - 1 ATP). Furthermore, it is
assumed that oxidative phosphorylation can be used to provide 2.5 ATP using 1 NADH.
Using these stoichiometric relationships, it can be calculated that a minimum of 868
photons are required to produce 1 mol of triolein and a minimum of 50 photons are
required to produce 1 mol of starch glucose monomers. Using the molecular weights of
triolein (885 g/mol) and starch glucose monomers (162 g/mol), theoretical maximum
yields of 1.02 g TAG/mol photon and 3.24 g starch/mol photon can be found.

Note that according to the stoichiometric relationship of triolein production, additional
NADH is produced (Eq. A1l). If this NADH can be used to reduce NADP* to NADPH, the
yield of TAG on photons could increase to 1.36 g TAG/mol photon.
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Abstract

This work investigates how the photoacclimated state at the onset of nitrogen starvation
and the light intensity during nitrogen starvation influence carbon partitioning and
photosynthetic efficiency in nitrogen-starved Scenedesmus obliquus. Nitrogen-depleted
batch cultivations were performed at an incident light intensity of 200 and 1000 pmol m”
2 57!, These nitrogen-depleted batch cultivations were started with biomass that was
photoacclimated to an incident light intensity of either 200 or 1000 pmol m™ s* under
nitrogen replete conditions. During initial nitrogen starvation, fatty acids and starch are
produced in a 1:4 ratio. This ratio progressively increased towards only fatty acid
synthesis. Hereafter, the initially accumulated starch was degraded and likely used as a
substrate for fatty acid synthesis. The ratio between starch and fatty acid synthesis
correlated strongly to the biomass nitrogen content. Slightly more carbon was
partitioned to starch synthesis at high light intensities, and carbon partitioning was not
affected by the photoacclimated state at the onset of nitrogen starvation. Likely, this
observed carbon partitioning is caused by competition between fatty acid and starch
synthesis for a common carbon pre-cursor. The photosynthetic efficiency decreased 2-

fold at high versus low light intensities but was not affected by photoacclimation.
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6.1 Introduction

Oleaginous microalgae can produce large amounts of fatty acids in the form
triacylglycerol (TAG). These TAGs are of commercial interest as a resource for food,
feed, and biofuels (Draaisma et al., 2013; Wijffels & Barbosa, 2010). Microalgae can be
seen as ‘microplants’ and have several advantages over agricultural crops that are
currently used to produce these commodities. Microalgae have the potential to reach
much higher productivities than terrestrial plants, can be cultivated on non-arable land,
and have lower freshwater and fertilizer requirements than agricultural crops (Draaisma
et al., 2013; Hu et al., 2008; Wijffels & Barbosa, 2010).

Microalgal TAGs are only produced under conditions of physiological stress (Hu et al.,
2008). The most common approach to induce TAG production in microalgae is using
nitrogen starvation (Hu et al., 2008). During nitrogen starvation, not only TAG
accumulation is induced, but also the photosynthetic efficiency and carbon assimilation
rate decrease progressively in time, leading to progressively decreasing TAG
accumulation rates (Breuer et al., 2012; Klok et al., 2013a). Furthermore, even in the
best TAG producing microalgae species, TAG only accounts for approximately half of the
biomass produced after the depletion of nitrogen (Breuer et al., 2012). Other biomass
constituents, such as starch, are produced simultaneously (Breuer et al., 2014). The
overall TAG productivity during nitrogen starvation is thus determined by the product of
the photosynthetic rate during nitrogen starvation and the fraction thereof that is
partitioned towards TAG synthesis.

Both the light intensity during the nitrogen replete growth phase and the light intensity
during the nitrogen starvation phase can affect the photosynthetic efficiency and carbon

partitioning during nitrogen starvation, as discussed below.

Light intensity during nitrogen starvation

It is generally accepted that the photosynthetic efficiency is strongly dependent on the
light intensity (Jassby & Platt, 1976; Maclntyre et al., 2002). At low light intensities,
photosynthesis is limited by light absorption but at high light intensities photosynthesis
is limited by the capacity of the photosynthetic machinery. The excess absorbed light is
then thermally dissipated, resulting in a decreased photosynthetic efficiency at high light
intensities (Jassby & Platt, 1976; Maclntyre et al., 2002). A high light intensity during
nitrogen starvation will thus also reduce the photosynthetic efficiency during nitrogen
starvation (Breuer et al., 2013b; Klok et al., 2013a).
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Also carbon partitioning may be affected by the light intensity during nitrogen
starvation. Many studies report the impact of the light intensity on carbon partitioning
towards TAG. The conclusions of these studies are contradicting however. Some studies
hypothesize that TAG production is the result of an overflow metabolism where excess
photosynthetic products are used for TAG synthesis. These studies report that
partitioning towards TAG increases with light intensity and suggest that optimal TAG
production will be achieved at high light intensities (Kandilian et al., 2014; Liu et al.,
2012; Van Vooren et al., 2012). Other studies report that the light intensity does not
affect carbon partitioning and maximum TAG content, but does influence TAG
productivities and yields, because the light intensity affects the photosynthetic rate and
photosynthetic efficiency (Breuer et al., 2013b; Pal et al., 2011; Simionato et al., 2011).
Yet different studies claim that starch is the primary accumulation product, and that low
light intensities result in increased partitioning towards TAG (Klok et al., 2013b;
Solovchenko et al., 2007). Note that the carbon partitioning response to light intensity
might very well be species specific, making comparison of aforementioned studies
difficult. In conclusion, it is clear that no consensus exists on how the light intensity

during nitrogen starvation influences carbon partitioning.

Light intensity during the nitrogen replete growth phase

Microalgae acclimate to the light intensity (Maclntyre et al., 2002). The light intensity
prior to the onset of nitrogen starvation thus determines the photoacclimated state at
the onset of nitrogen starvation. The effects induced by this photoacclimated state are
likely to persist during nitrogen starvation because acclimation to a change in light
intensity typically occurs with half-times in the order of 10h, during nitrogen replete
conditions (Neidhardt et al., 1998; Sukenik et al., 1990). This means that the effects of
the photoacclimated state will at least persist during initial nitrogen starvation. But
because protein synthesis is impaired during nitrogen starvation, re-acclimation likely
occurs at a much slower rate (Neidhardt et al., 1998; Prézelin & Matlick, 1983). The
effects of the photoacclimated state might therefore also persist during prolonged
nitrogen starvation.

The photoacclimation state is reflected in the pigmentation and composition of the
photosystem. A change in photoacclimation state can thus have a large impact on the
photosynthetic efficiency (Maclntyre et al., 2002; Melis, 2009; Melis et al., 1999). This
can also affect carbon partitioning in the case that energetic imbalances are the driving
force behind carbon partitioning, as is often proposed (Kandilian et al., 2014; Van

Vooren et al., 2012). It has for example been proposed that microalgae, that are first
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acclimated to a low light intensity and are subsequently exposed to a high light intensity
during nitrogen starvation, can have an enhanced TAG accumulation because of the
increased energetic shock (Simionato et al., 2011). Photoacclimation can also affect the
biochemical composition of the biomass, and potentially also the composition of the
enzymatic machinery for fatty acid and starch synthesis. When the composition of the
enzymatic machinery persists during nitrogen starvation, this can also affect carbon
partitioning during nitrogen starvation.

In summary, little is known about the effects of the photoacclimated state at the onset
of nitrogen starvation on the photosynthetic efficiency and carbon partitioning during
nitrogen starvation, because typically the same light intensity is used during the
nitrogen replete phase and nitrogen-depleted phase of a batch cultivation. This makes it
impossible to distinguish between the effects of the light intensity during nitrogen
starvation and the photoacclimated state. Also no consensus exists on the impact of the
light intensity during nitrogen starvation on carbon partitioning. Therefore, in this work,
we investigate how the light intensity during nitrogen starvation and the
photoacclimated state at the onset of nitrogen starvation influence carbon partitioning
and the photosynthetic efficiency during nitrogen starvation in the oleaginous microalga
Scenedesmus obliquus.

To do so, light-limited, nitrogen replete, chemostat cultivations were performed at a low
and a high light intensity to obtain two differently photoacclimated cultures.
Subsequently, these differently photoacclimated cultures were used to perform nitrogen-
depleted batch cultivations at either a low or a high light intensity (4 experimental
conditions in total). The chemostat operation allowed for a high degree of control over
the photoacclimated state of the biomass. Furthermore, this setup ensured that the
transition from a low to a high, and from a high to a low light intensity was simultaneous

with the onset of nitrogen starvation.
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Fig. 6.1 (continued). In these cultivations, the dilution rate was adjusted such that NOs;™ was
almost completely consumed (90-95%). This resulted in similar biomass concentrations for all
chemostat cultivations. Subsequently, both these differently photoacclimated cultures were
continued as a nitrogen-depleted batch, at an incident light intensity of either 200 or 1000
pumol m2 s! (LL-N" and HL-N-, respectively). (B) transition from light-limited chemostat
operation to nitrogen-starved batch operation. After the chemostat operation was terminated,
the residual NOs™ was consumed within 2 hours. After confirmation that all residual NO5™ was
completely consumed, the light intensity was set according to the scheme shown in figure A.
In the period between transition of chemostat to batch operation and change in light
intensity/depletion of NO5’, the biomass concentration increased between 6 and 13%
compared to the steady-state biomass concentration during the chemostat operation (Table
6.1).

6.2 Material and Methods

6.2.1 Experimental design

All experiments were started as light-limited, nitrogen replete, chemostat cultivations.
These chemostat cultivations were operated at an incident light intensity of 200 or 1000
pmol m™2 s to obtain two differently photoacclimated cultures. In these chemostat
cultivations, the dilution rate was chosen such that between 90 and 95% of the NO5”
present in the feed-medium (10 mM) was consumed (Appendix A). Once steady state
conditions were achieved (evaluated based on a constant biomass concentration and
absorption cross section), chemostat cultivation was continued for more than 4 culture
dilutions. During this period, NO3s” was at no point depleted. Hereafter, chemostat
operation was terminated, and batch operation was initiated (Fig. 6.1B). This was
accomplished by stopping the medium-inflow and overflow pumps. Because of the near
complete NO3™ consumption during the chemostat operation, all residual NO3™ was
consumed within two hours (Fig. 6.1B). During this period the consumption of residual
NO3;™ was measured every 30 minutes until all NOs” was consumed. Once depletion of
NOs™ was confirmed, the light intensity was set to 200 or 1000 pmol m™ s (depending
on the experimental condition) and batch operation was followed for at least 21 days
(Fig 6.1B).

There was a short period between the transition from chemostat to batch-operation and
the moment of nitrogen starvation/change in light intensity during which nitrogen was
not yet depleted. As a consequence, there was a small increase in biomass concentration
in this period (Fig. 6.1B). To quantify this difference, a sample was taken when nitrogen
was depleted to measure the change in biomass concentration in the period between
termination of chemostat operation and complete consumption of NO3". This increase in
dry weight (DW) concentration was in all cases less than 13% (Table 6.1). All

experiments were performed in duplicate.

115



Chapter 6

6.2.2 Reactor design and operation

Cultivations were performed in flat-panel airlift-loop photobioreactors with a working
volume of 1.7 | and a light path of 2 cm (Labfors 5 Lux, Infors HT, Switzerland), as
described by (Breuer et al., 2014). The reactors were aerated with air enriched with 2%
(v/v) CO;z at 1 I/min. The condenser was operated at 2°C to prevent water losses due to
evaporation. The reactors were continuously illuminated (24h/day) using a panel
containing 260 LED lamps, with a warm-white spectrum (as specified in the user manual
of the Labfors 5 Lux; colour temperature of 4000 K), located on the culture side of the
reactor. The temperature was controlled at 27.5°C and the pH was controlled at pH 7
using automatic addition of a 5% (v/v) H2SO4 solution. The O, and CO; concentration in
the off-gas were measured online using a mass spectrometer (Prima dB, Thermo
Scientific). Prior to inoculation, the composition of the ingoing gas was measured. This
was subtracted from the measured concentrations in the cultivation off-gas to determine
the AO, and ACO,. For chemostat operation, filter-sterilized medium was pumped into
the reactor at a constant flow rate. A pump with a higher capacity pumped liquid, from
the top, out of the reactor to maintain a constant liquid level. This harvested liquid was
collected in an overflow bottle that was weighted daily. The sum of this harvested liquid
and sample size (10-30 ml/day) was used to calculate the actual dilution rate. During
both nitrogen replete chemostat operation and nitrogen-depleted batch cultivation,
between 95 and 100% of the incident light was absorbed. Calculations for yield on light

are based on the absorbed light.

6.2.3 Species, medium, and pre-culture conditions

Wild-type S. obliquus UTEX 393 was used in all experiments and obtained from the
University of Texas culture collection of algae (UTEX). The culture medium and pre-
culture conditions were similar to those described by Breuer et al. (2014). The culture
medium did not contain any added carbon source and contained 10 mM KNOs (for the
nitrogen replete chemostat cultivations that were used in combination with the nitrogen-
depleted batch cultivations; from which the results are shown in the main text) or 34
mM KNOs (for the nitrogen replete chemostat cultivations used to determine the
photoacclimation behaviour; from which the results are shown in Appendix A and 2). All

other required nutrients were present in excess.

6.2.4 Analyses
Biomass DW, dissolved nitrate, total fatty acid (TFA), and starch concentration were

measured as described previously (Breuer et al., 2014; Breuer et al., 2013a). The
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absorption cross section was measured and calculated as described by Vejrazka et al.
(2011) between 400 and 700nm using a Shimadzu UV-2600 integrating sphere
spectrophotometer. In addition, the ratio of the absorption cross sections between 550-
700nm and 400-700nm was used as a proxy for the pigment class composition.
Chlorophylls have an absorption maximum at both 400-500nm and 600-700nm, where
carotenoids only have an absorption maximum between 400-500nm. The ratio between
the absorption cross section between 550-700 and 400-700 can thus be used as a proxy
for the relative chlorophyll abundance in total pigments or the chlorophyll/carotenoid
ratio. This ratio does not quantitatively represent a ratio in concentrations and can only
be used qualitatively. A higher value for this ratio indicates a higher chlorophyll

abundance in total pigments and higher chlorophyll/carotenoid ratio.

6.2.5 Statistical analysis
Statistical significance was determined using paired samples student t-tests using SPSS

19. Differences were considered significant when p<0.05.

6.3 Results

To investigate how the light intensity during nitrogen starvation and the photoacclimated
state at the onset of nitrogen starvation affect carbon partitioning and the
photosynthetic efficiency in nitrogen-starved S. obliquus, the experimental setup as
presented in Fig. 6.1was used. Nitrogen-depleted batch cultivations were performed at
incident light intensities of 200 and 1000 pmol m™ s, These are from now on referred
to as LL-N" and HL-N", respectively (in which LL stands for low light and HL stands for
high light). These nitrogen-depleted batch cultivations were started using S. obliquus
cultures that were photoacclimated to an incident light intensity of either 200 or 1000
umol m™2 st in light-limited, nitrogen replete, chemostat cultivations (Fig. 6.1A). This
photoacclimated state is from now on referred to as LL-N* and HL-N*, respectively.

S. obliquus that was acclimated to a light intensity of 200 pmol m™2 s (LL-N*) had a
1.7-fold higher absorption cross section, a higher chlorophyll/carotenoid ratio, a slightly
higher TFA content (9.2+0.5 compared to 6.9+0.1% of DW) and lower starch content
(7.1£0.5 compared to 13.9+0.4% of DW) than cultures that were photoacclimated to
1000 pmol m2 s (HL-N*) (Table 6.1; Appendix A). Photoacclimation also had an impact
on the fatty acid composition. In the LL-N* acclimated S. obliguus, the relative
abundance of C18:3 was lower and that of C18:2 was higher than in HL-N* acclimated

S. obliquus (Supplementary Fig. S1). The photosynthetic biomass yield was 1.8-fold
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lower during the HL-N* cultivation than during the LL-N" cultivation (0.65+0.03
compared to 1.19+0.03 g/mol)(Table 6.1; Appendix A).

The dilution rate in the nitrogen replete chemostat cultivations was chosen such that
between 90-95% of the NOs™ present in the feed medium was consumed (Table 6.1). It
was confirmed that this low residual NO3™ concentration was not limiting for growth and
did not affect photoacclimation (Appendix A). Because the same NOs™ concentration (10
mM) was used in all cultivations, the steady-state biomass concentration was
approximately 1.5 g/l in all chemostat cultivations (Table 6.1). After the transition from
nitrogen replete chemostat operation to nitrogen-depleted batch operation, all residual
NOs™ was consumed within 2 hours. The biomass concentration increased less than 13%
during this period in all cases (Table 6.1). Because the light intensity was not changed
during this period, this only resulted in a minor change in light gradient and a minor
adjustment of the photoacclimated state during this 2-hour period. For example, the
change in absorption cross section in this period was in all cases less than 4%. When
depletion of NO3™ was confirmed, the light intensity was set to either 200 or 1000 pmol
m™ s (Fig. 6.1). This transition from chemostat to batch operation of one of the
experiments is shown as an example in Supplementary Fig. S2.

In total, four combinations of photoacclimated state and light intensity were investigated
(Fig. 6.1A), in duplicate. In this paper, these combinations are from now on referred to
as “photoacclimated state at onset of nitrogen starvation” - “light intensity during
nitrogen starvation”, e.g. LL-N* > HL-N" (Fig. 6.1).
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6.3.1 Biomass productivity and biomass composition during nitrogen starvation
The light intensity during nitrogen starvation had a large impact on the biomass
productivity and photosynthetic efficiency during nitrogen starvation. For the HL-N"
conditions, the biomass productivity during the first two days of nitrogen starvation was
approximately 2.2-fold higher than for the LL-N" conditions (2.6+0.1 compared to
1.2+0.1 g I'* day™). When it is considered that the light intensity was 5-fold higher in
the HL conditions, the photosynthetic biomass yield (g biomass/mol photon) was 2.3-
fold lower in the HL-N" condition than in the LL-N" conditions (0.6 vs 1.4 g/mol). The
differently photoacclimated cultures that were cultivated at the same nitrogen-depleted
light intensity had similar biomass productivities, as can be seen from their increase in
DW as a function of time (Fig. 6.2A). For all conditions, the dry weight (DW)

concentration increased 7 to 8-fold during nitrogen starvation (Fig. 6.2A).

The increase in biomass was mainly a result of the production of starch and fatty acids.
Together, the accumulated starch and fatty acids accounted for approximately 70% of
the biomass produced during nitrogen starvation (Supplementary Fig. S3). For all
conditions, starch accumulation commenced immediately upon nitrogen depletion (Fig.
6.2C). Starch accumulation continued for several days and then stopped. Hereafter,
degradation of starch was initiated (Supplementary Fig. S4). Total fatty acids (TFA)
accumulation commenced approximately 1 day after the depletion of NO3™ and continued
until the end of the cultivation (Fig. 6.2B). As a response to nitrogen starvation, also a
major shift in TFA composition was observed. During nitrogen starvation, the relative
abundance of C16:4, C18:2, and C18:3 decreased and the relative abundance of C18:0
and C18:1 increased (Supplementary Fig. S1). In this work, we only measured TFA,
because in previous work it has been shown that in S. obliquus, cultivated under similar
conditions, the complete increase in TFA after the depletion of nitrogen is caused by the
production of TAG (Breuer et al., 2014; Breuer et al., 2013b; Breuer et al., 2012).

Although the same general trends were observed for all treatments, the light intensity
during nitrogen starvation did have an effect on the biomass composition during
nitrogen starvation. In the HL-N" experiments, higher maximum starch contents were
reached and these maxima were achieved earlier than in the LL-N" experiments (Fig.
6.2C). Maxima in starch content were 32-35% of DW after 4-6 days for the LL-N"
cultivations, and 37-42% of DW after approximately 2 days for the HL-N" cultivations. In
the HL-N" experiments, the TFA content increased slightly faster than in the LL-N"

experiments, but only minor differences in maximum TFA content were observed
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between the different conditions (Fig. 6.2B). No differences in starch and TFA content
were observed between the differently photoacclimated cultures (LL-N* and HL-N*)
when these were cultivated at the same nitrogen-depleted light intensity

(LL-N" or HL-N").

The reduction in the photosynthetic biomass yield at high light intensities resulted in a
threefold reduction in the maximum time-averaged TFA yield on light in the HL-N"
compared to the LL-N" experiments (Table 6.2). No difference in the maximum time-
averaged TFA yield on light was observed between the differently photoacclimated
cultures, when these were cultivated at the same nitrogen-depleted light intensity (Table
6.2). This time-averaged TFA yield on light was calculated for each time-point as the
yield of TFA on light (g TFA/mol photon) between that time-point and the onset of
nitrogen starvation (t=0)(Supplementary Fig. S5). The maximum time-averaged yield
was then obtained by taking the maximum among these yields. This correlation between
the TFA yield on light and the incident light intensity is consistent with previous

observations for S. obliquus (Breuer et al., 2013b).

Table 6.2. Maximum time-averaged TFA yields on light. The time-averaged TFA yield on light
was calculated for each time-point as the yield of TFA on light (g TFA/mol photon) between
that time-point and the onset of nitrogen starvation (t=0)(Supplementary Fig. S5). The
maximum time-averaged yield was then obtained by taking the maximum among these
yields. The values indicate the averagexdeviation from the average of the duplicate
cultivations.

Experimental condition Maximum time-averaged TFA yield on light
(g/mol)
LL-N* > LL-N 0.295+0.033
LL-N* > HL-N" 0.103+0.004
HL-N* > LL-N" 0.291+0.000
HL-N* > HL-N" 0.095+0.000
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Fig. 6.2. Biomass concentration
(A), TFA content as percentage of
DW (B), and starch content as
percentage of DW (C) during the
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blue: LL-N*>HL-N"; vyellow: HL-
N*>LL-N; green: HL-N*>HL-N".
The closed symbols/solid lines and
open symbols/dashed lines
represent replicate cultivations.
Time = 0 represents the onset of
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6.3.2 The ratio between fatty acid and starch synthesis changes during
nitrogen starvation

Starch and fatty acids are produced simultaneously during nitrogen starvation, but in a
continuously changing ratio. To investigate how the ratio between starch and fatty acids
synthesis progresses during nitrogen starvation, we calculated the carbon partitioning
ratio as a function of the extent of nitrogen starvation (Fig. 6.3). This carbon partitioning
is defined as the amount of fatty acids produced (g/l) between two consecutive time-
points (ATFA) divided by the combined fatty acid and starch production (g/l) in that
same period (ATFA+AStarch). The nitrogen content of the biomass, expressed here as
the dry weight/N ratio (DW/N ratio), was used as a proxy for the extent of nitrogen
starvation. This biomass-nitrogen content is commonly used as a state-variable to
describe nitrogen-starvation-related processes (Bernard, 2011; Packer et al., 2011).
Given the fact that all NOs™ was consumed from the cultivation medium, this DW/N ratio
was calculated from the measured dry weight concentration and from the nitrogen

concentration originally present in the cultivation medium (10 mM).

For all conditions, fatty acids and starch were produced in a 1:4 ratio immediately after
the depletion of nitrogen, as can be seen from a ATFA /(ATFA+AStarch) ratio of 20% at
the lowest DW/N ratios (Fig. 6.3). When nitrogen starvation progressed (DW/N ratio
increased), this ratio shifted more towards fatty acid synthesis, ultimately reaching the
point where only fatty acids were being produced (the ATFA /[ATFA+AStarch] ratio
reached 100%)(Fig. 6.3). Hereafter, starch was degraded (at a DW/N ratio of 63+5 and
69+6 for the LL-N" and HL-N" conditions, respectively)(Supplementary Fig. S4). In the
partitioning ratio of Fig. 6.3, only net production is considered. AStarch was therefore
set to 0 when net degradation of starch was observed. This resulted in a partitioning of
100% towards fatty acids, also after starch degradation was initiated (i.e. at very high
DWY/N ratios).

The general trend in how the fatty acid:starch synthesis ratio increased as a function of
the DW/N ratio was similar for all combinations of photoacclimated states (LL-N* and
HL-N*) and light intensities during nitrogen starvation (LL-N" and HL-N"). Nevertheless,
the light intensity during nitrogen starvation did have a minor impact on how the fatty
acid:starch synthesis ratio progressed. At the same extent of nitrogen starvation (same
DWY/N ratio), more carbon was partitioned to fatty acid synthesis in the LL-N"

experiments than in the HL-N" experiments. This can be seen from the slightly higher
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ATFA /(ATFA+AStarch) ratios in the LL-N" experiments than in the HL-N" experiments, at
the same DW/N ratio (Fig. 6.3). Differences were minor however.
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Fig. 6.3. Carbon partitioning between starch and fatty acids during nitrogen starvation. The
carbon partitioning ratio is plotted versus the extent of nitrogen starvation, which is
represented here by the dry weight/N ratio (DW/N ratio). Nitrogen replete S. obliquus
contains approximately 9% (% of DW) nitrogen and thus has a DW/N ratio of 11. When
nitrogen starvation progresses, the DW/N ratio increases. The carbon partitioning ratio was
quantified as the amount of fatty acids produced between two consecutive time-points (ATFA)
divided by the combined fatty acid and starch production in that same period
(ATFA+AStarch). Fatty acid and starch production together contributed 70% to the increase in
DW during nitrogen starvation (Supplementary Fig. S3). At a low light intensity (LL-N°),
carbon partitioning was favoured slightly more towards fatty acid synthesis at the same extent
of nitrogen starvation (DW/N ratio), compared to a high light intensity. The photoacclimated
state at the onset of nitrogen starvation (LL-N* compared to HL-N*) did not have an effect on
how the carbon partitioning ratio progressed during nitrogen starvation. Red: LL-N*->LL-N";
blue: LL-N*>HL-N"; yellow: HL-N*>LL-N"; green: HL-N*>HL-N". The closed and open symbols
represent replicate cultivations.

The photoacclimated state at the onset of nitrogen starvation did not have an effect on
how the fatty acid:starch synthesis ratio progressed during nitrogen starvation, as no
differences were observed between the ATFA /(ATFA+AStarch) ratios of the differently
photoacclimated cultures (LL-N* and HL-N*)(Fig. 6.3).
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6.3.3 The effects of photoacclimation persist during nitrogen starvation

The light intensity towards which S. obliquus was acclimated, had a large impact on the
absorption cross section and chlorophyll/carotenoid ratio at the onset of nitrogen
starvation (the ratio of the absorption cross section between 550-700nm and 400-
700nm is used as a qualitative proxy for the chlorophyll/carotenoid ratio as explained in
the material and methods section; Table 6.1). These differences induced by
photoacclimation persisted during nitrogen starvation (Fig. 6.4). In the LL-N"
experiments, the difference in absorption cross sections and chlorophyll/carotenoid ratio,
introduced by the photoacclimated state at the onset of nitrogen starvation, persisted for
at least 2-3 days (Fig. 6.4A,B). During this period, the absorption cross section and
chlorophyll/carotenoid ratio of the HL-N* acclimated culture converged to that of the LL-
N* acclimated culture. This can be seen in the temporary increase in absorption cross
section and chlorophyll/carotenoid ratio in the HL-N*>LL-N" experiments (Fig. 6.4A,B).
The absorption cross section and chlorophyll/carotenoid ratio decreased immediately in
the LL-N*>LL-N" experiment (Fig. 6.4A,B). In the HL-N" experiments, the difference in
absorption cross section and chlorophyll/carotenoid ratio, introduced by the
photoacclimated state at the onset of nitrogen starvation, persisted during almost the

entire nitrogen starvation period (Fig. 6.4A,B).

During nitrogen starvation, a general trend towards a decreased absorption cross section
and decreased chlorophyll/carotenoid ratio was observed (Fig. 6.4A,B). The absorption
cross section (m?/kg) decreased more in the HL-N" experiments than in the LL-N"
experiments. Also the chlorophyll/carotenoid ratio decreased more in the HL-N"
experiments than in the LL-N" experiments (Fig. 6.4). The decrease in absorption cross
section was mainly a result of dilution of existing pigments over newly formed biomass,
as becomes apparent from the volumetric absorption cross section (m?/m?). This
volumetric absorption cross section, which is a measure for the total pigment
concentration in the reactor, increased during initial nitrogen starvation (Fig. 6.4C). This
increase in volumetric pigment concentration is most apparent in the HL-N*>LL-N"
experiments, where also the biomass-specific absorption cross section temporarily
increased (Fig. 6.4A). In this specific experiment, the increase in pigmentation during
initial nitrogen starvation also included de novo synthesis of chlorophyll as both the
volumetric absorption cross section and the chlorophyll/carotenoid ratio increased (Fig.
6.4B,C). For the other treatments it is not possible to conclude whether de novo
synthesis of chlorophyll occurred, due to the semi-quantitative nature of the

measurements, but it nevertheless seems plausible.
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6.4 Discussion

6.4.1 Photosynthetic efficiency during nitrogen starvation

The photosynthetic efficiency was strongly reduced in the HL-N" experiments compared
to the LL-N" experiments. This is consistent with earlier findings (Breuer et al., 2013b)
and it is commonly accepted that the photosynthetic efficiency decreases with increasing
light intensities. This is because at low light intensities, photosynthesis is limited by light
absorption, but at high light intensities, light absorption exceeds the capacity of the
downstream photosynthetic machinery. This excess absorbed light is thermally
dissipated, resulting in a decreased photosynthetic efficiency (Jassby & Platt, 1976). This

is commonly called photosaturation.

Although the photoacclimated state at the onset of nitrogen starvation had a large
impact on the composition of the photosystems during nitrogen starvation (e.g.
pigmentation), the photoacclimated state at the onset of nitrogen starvation did not
have an effect on the photosynthetic efficiency during nitrogen starvation. It is,
however, often hypothesized that microalgae with a lower pigmentation can have a
higher photosynthetic efficiency at high light intensities (de Mooij et al., 2014; Melis,
2009; Melis et al., 1999). It is then reasoned that the photosystem of microalgae with a
lower pigmentation becomes saturated at a higher light intensity, because microalgae
with a lower pigmentation have a lower light absorption rate at any given light intensity.
This can increase the photosynthetic efficiency at high light intensities because less light
is then thermally dissipated (de Mooij et al., 2014; Melis, 2009; Melis et al., 1999).
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The differently photoacclimated cultures (LL-N* and HL-N*) had an almost twofold
difference in their pigmentation (231£14 vs 134+3 m?/kg; Table 6.1). The difference in
pigmentation between these differently photoacclimated cultures persisted throughout
almost the entire nitrogen starvation period in the HL-N" experiments (Fig. 6.4). In
theory, a twofold difference in pigmentation can result in a twofold difference in the
photosaturated light intensity. This in turn can result in a twofold difference in the
photosynthetic efficiency under saturating light conditions (de Mooij et al., 2014). No
differences in the photosynthetic efficiency between the LL-N* and HL-N* acclimated
cultures were however seen in the HL-N" experiments, as these cultures had a similar
biomass productivity and biomass composition throughout the cultivation (Fig. 6.2).
These results could either mean that the pigmentation did not have an effect on the
photosynthetic efficiency, or it could mean that other physiological characteristics
change simultaneously with the pigmentation and have an opposite effect on the
photosynthetic efficiency. For example, the extent of photoinhibition also increases with
light intensity. Photoinhibition is caused by light-induced damage to the photosystem
reaction centres. This damage is reversible thanks to cellular repair mechanisms, but at
high light intensities a larger proportion of the reaction centres is damaged. This results
in a decreased photosynthetic efficiency (Rubio et al., 2003). The LL-N* acclimated
cultures are thus expected to have a lower extent of photoinhibition than the HL-N*
acclimated cultures. The extent of photoinhibion does not change instantaneously when
the light intensity is changed and is thus likely to persist during (at least initial) nitrogen
starvation (Appendix B)(Neidhardt et al., 1998; Sukenik et al., 1990). This means that
the potential negative effects of a high pigmentation can possibly be counteracted by a
lower extent of photoinhbition in the LL-N* acclimated cultures, resulting in a similar net
photosynthetic efficiency as in the HL-N* acclimated cultures that have a low
pigmentation but possibly also a higher extent of photoinhibition.

Similar observations were made for a change in light intensity under nitrogen replete
conditions. After a transition from a high to a low light intensity, the photosynthetic rate
(quantified using the AO, and the ACO; concentration in the reactor off-gas) was
temporarily lower than the steady state photosynthetic rate that was ultimately reached.
This is an indication that the photosynthetic efficiency was temporarily lower and that
the detrimental effects of photoinhibition possibly persisted after a transition from a high
to a low light intensity (Appendix B). After a transition from a low to a high light
intensity, the photosynthetic rate was temporarily higher than the steady state
photosynthetic rate that was ultimately reached. Exactly the opposite would have been

expected based on the higher pigmentation caused by acclimation to the low light
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intensity (Table 6.1). It could however be explained if the microalgae that were
acclimated to a low light intensity had a lower extent of photoinhibition which improved
their photosynthetic efficiency during these high light intensity conditions (Appendix B).

6.4.2 Carbon partitioning during nitrogen starvation

It was found that 70% of the biomass produced during nitrogen starvation consisted of
starch and fatty acids (Supplementary Fig. S3). The ratio in which fatty acids and starch
were produced was highly variable and dependent on the extent of nitrogen starvation,
which was quantified as the DW/N ratio (Fig. 6.3). At the lowest DW/N ratios
(immediately after the onset of nitrogen starvation), fatty acids and starch were
produced in a 1:4 ratio. At the highest DW/N ratios (end of nitrogen starvation), only
fatty acids were produced and the initially accumulated starch was degraded (Fig. 6.3;
Supplementary Fig. S4). Likely, the degradation products of starch are used as a
substrate for fatty acid synthesis (Breuer et al., 2014). The synthesis of starch, or other
carbohydrates, simultaneous with fatty acid synthesis has also been observed for
various other microalgae species (Breuer et al., 2012; Dillschneider & Posten, 2013;
Fernandes et al., 2013; Klok et al., 2013b; Siaut et al., 2011). And in Neochloris
oleoabundans, it was also found that relatively more TAG is produced at lower biomass
nitrogen content (more severe nitrogen limitation)(Klok et al., 2013a; Klok et al.,
2013b). The inter-conversion of carbohydrates to fatty acids has also been described for
various other microalgae species (Li et al., 2011; Msanne et al., 2012; Roessler, 1988;
Zhu et al., 2013). It has up to now, however, never been quantified how these
processes progress during nitrogen starvation and how these are influenced by the light
intensity or photoacclimated state.

The same general trend in carbon partitioning was observed for all combinations of the
light intensity during nitrogen starvation and the photoacclimated state at the onset of
nitrogen starvation (Fig. 6.2;Fig. 6.3). However, at high light intensities, slightly more
carbon was partitioned towards starch at similar DW/N ratios (Fig. 6.3). This difference
is reflected by the slightly higher maximum starch content that was achieved in the HL-
N~ experiments (Fig. 6.2C). Similar observations were made for N. oleoabundans, where
it was also found that at higher light intensities, and at a given DW/N ratio, more light
energy is partitioned towards starch (Klok et al., 2013a; Klok et al., 2013b). The
photoacclimated state at the onset of nitrogen starvation did not have any effect on how
the fatty acid:starch partitioning ratio progressed during nitrogen starvation (Fig. 6.2;
Fig. 6.3).
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It is often proposed that fatty acid accumulation during nitrogen starvation is caused by
an “overflow-metabolism”-like response, in which excess light energy is used for fatty
acid synthesis (Kandilian et al., 2014; Packer et al., 2011). It is however unlikely that
such a mechanism controls fatty acid accumulation in S. obliquus. In that case, a very
large increase in carbon partitioning towards fatty acid synthesis would be expected with
increasing light intensities. This is not observed. In fact, slightly more light energy is
partitioned towards starch at high light intensities. This means that if any overflow
metabolism would be active during nitrogen starvation, starch is the most likely overflow
metabolite. Such a hypothesis is seemingly supported by the observation that during
initial nitrogen starvation mainly starch is accumulated. Starchless mutants of S.
obliquus, however, do not show a decreased photosynthetic efficiency during nitrogen
starvation and can efficiently redirect the liberated photosynthetic capacity towards fatty
acid synthesis (Breuer et al., 2014). This makes it unlikely that starch functions as an

overflow metabolite.

A more likely explanation for the observed partitioning between fatty acids and starch is
that it is caused by competition for a common carbon pre-cursor between the fatty acid
and starch synthesis pathways (Fan et al., 2012; Li et al., 2010a; Msanne et al., 2012).
This is supported by the fact that fatty acid synthesis and starch synthesis are
simultaneously active, and share the products of the Calvin cycle as a common carbon
pre-cursor. Furthermore, fatty acid synthesis can readily take over the carbon flux
through the starch synthesis pathway when this pathway is eliminated in starchless
mutants of S. obliquus (Breuer et al., 2014; de Jaeger et al., 2014). Finally, it is unlikely
that starch or fatty acid synthesis are limited by the capacity of their synthesis
machinery during nitrogen starvation. This becomes apparent from the observation that,
at the same extent of nitrogen starvation (DW/N ratio), the ratio between starch and
fatty acid synthesis is mostly independent of the light intensity and corresponding
biomass productivity (Fig. 6.3). This means that both the fatty acid and starch synthesis
rate increase roughly proportionally to the biomass productivity. More evidence that the
fatty acid synthesis capacity is not limiting is provided by the observation that starchless
mutants can achieve much higher fatty acid synthesis rates than their wild-types (Breuer
et al., 2014; de Jaeger et al., 2014; Li et al., 2010a).

The ratio between fatty acid and starch synthesis does however change when nitrogen
starvation progresses. This changing ratio could be explained by a changing activity of

their pathways over time. The observation that this ratio changes independently of the
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photoacclimated state and almost independently of the light intensity, suggests that the
activity of both pathways is tightly regulated during nitrogen starvation. This is
consistent with observations in the transcriptome of other microalgae species during
nitrogen starvation, where it is found that transcript-level regulation occurs for the
glycolysis, TCA cycle, and fatty acid synthesis pathways (Li et al., 2014). In addition, the
activity of these pathways could be redox or allosterically regulated, as is known to
occur in higher plants (Hunter & Ohlrogge, 1998).

6.5 Conclusion

The photoacclimated state at the onset of nitrogen starvation does not affect the
photosynthetic efficiency or carbon partitioning during nitrogen starvation. High light
intensities during nitrogen starvation result in lower photosynthetic efficiencies and
favours carbon partitioning slightly more towards starch synthesis. Carbon partitioning
between starch and fatty acids strongly correlates to the DW/N ratio. At the lowest
DW/N ratios, fatty acids and starch are produced in a 1:4 ratio. At increasing DW/N
ratios, this ratio progressively shifts towards only fatty acid synthesis. At these DW/N
ratios, starch is degraded and likely used as a substrate for fatty acid synthesis. Likely,
this observed carbon partitioning is caused by competition between fatty acid and starch

synthesis for a common carbon pre-cursor.

Abbreviations

DW: Dry weight; TAG: triacylglycerol; TFA: total fatty acids; LL-N*: photoacclimated
during nitrogen replete chemostat operation to a light intensity of 200 pmol m2s™; HL-
N*: photoacclimated during nitrogen replete chemostat operation to a light intensity of
1000 pmol m™2s!; LL-N": nitrogen-depleted culture at a light intensity of 200 pmol m™2s”
1. HL-N": nitrogen-depleted depleted culture at a light intensity of 1000 umol m™2s™,

Acknowledgements

This research project is financially supported by the Food and Nutrition Delta program of
Agentschap NL (FND10007) and Unilever.

131



Chapter 6 - Appendix A

Appendix A: Determination of required dilution rate and effects of
photoacclimation
Al.1 Methods
A 90-95% consumption of the 10 mM NOs™ in the feed medium was desired for the
chemostat cultivations presented in the main text. Because the biomass nitrogen
content of nitrogen-replete-grown S. obliquus is approximately 9% (w/w) of DW
(measured using the DUMAS method; results not shown). The corresponding biomass
concentration to this 90-95% consumption is thus approximately 1.5 g/I. To find the
dilution rate that results in this biomass concentration, first chemostat cultivations were
performed with a NO3™ concentration of 34 mM in which the biomass yield on light (Eq.
A1l) and biomass composition were determined as a function of the incident light
intensity. The dilution rates of these chemostats were iteratively adapted until the
steady-state biomass concentration was between 1.3 and 1.8 g/I.
To better understand the effects of photoacclimation, this was done for incident light
intensities between 100 and 1400 umol m™ s (thus not only at incident light intensities
of 200 and 1000 pmol m™ s that were used for the experiments in the main text). This
resulted in dilution rates between approximately 0.4 day™* at 100 pmol m? s and
approximately 2.0 day™ at 1400 pmol m2 st, These dilution rates were subsequently
used as initial estimates for the required dilution rate for the 10 mM NOs™ chemostats.
Subsequently, these dilution rates in the 10 mM NOs3;™ chemostats were iteratively
adapted until the 90-95% consumption of NOs3 criterion was satisfied. These dilution
rates are shown in Table 6.1.

Yield [%] =
Eq.

dilution rate [day~!] - biomass concentration [%] -103 [ L ] Al

m3
1

reactor thickness [m]

10-6[M0L] . 0 en . S
10 [umol] 60 - 60 24[ day]

light intensity [umol m=2 s=1] -

A1l.2 Results

The results of these chemostat cultivations, that were operated with a residual NO3”
concentration of 0.5-1 mM (90-95% consumption of the initial 10mM NOs™ in the culture
medium), are shown in the main text and were compared to the chemostat cultivations
that were operated at the same dilution rate, but with a NO3™ concentration in the feed-
medium of 34mM (residual NOs™ concentration of approximately 24 mM). In these

experiments similar biomass concentrations, yields, and absorption cross sections were
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achieved (Fig. Al). This confirmed that this 0.5-1 mM residual NO3;™ was not limiting for
growth during the chemostat cultivation nor affected photoacclimation (Fig. Al).

Both the photosynthetic biomass yield and absorption cross section were approximately
twofold lower at high light intensities than at low light intensities (Fig. A1). The biomass
yield on light decreased from approximately 1.25 to 0.6 g/mol and the absorption cross
section decreased from 200-250 to 120 m?/kg between incident light intensities ranging
from 100 to 1400 pmol m™ s (Fig. Al;Table 6.1). Also the pigment class composition
changed towards a reduced chlorophyll/carotenoid ratio with increasing light intensities,
as is apparent in the ratio of the absorption cross section between 550-700 and between
400-700nm (Fig. Al;Table 6.1).
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Fig. Al. The photosynthetic biomass yield (A), absorption cross section (B), and ratio of
absorption cross section between 550-700nm and 400-700nm (C) during nitrogen replete
chemostat cultivation are dependent on the incident light intensity. Values shown are steady-
state values obtained from light-limited, nitrogen replete, chemostat cultivations. The results
of the chemostat cultivations that were operated with a 5-10% residual NOs™ concentration of
the initial 10mM in the culture medium (open symbols) and of the chemostat cultivations
operated at the same dilution rate, but with a NOs™ concentration in the culture medium of
34mM (closed symbols) are both shown. The biomass concentration was in all cases between
1.3 and 1.8 g/I.
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Appendix B: Dynamics of photoacclimation in response to a change in light
intensity

B2.1 Methods

To investigate how S. obliquus acclimates to a change in light intensity during nitrogen
replete conditions, chemostat cultivations similar as described in Appendix A (using a
NO3™ concentration of 34 mM) were performed, at an incident light intensity of 200 and
1000 pmol m2st. Subsequently, the steady-state operation of these chemostat
cultivations was perturbed by changing the incident light intensity and measuring the
subsequent photoacclimation. To maintain a constant biomass concentration, the dilution
rate was changed accordingly, simultaneously with the change in light intensity. The
required dilution rate was determined as described in Appendix A and the biomass
concentration was between 1.4 and 1.9 g/I at all times.

Experiments were performed in which the incident light intensity was increased from 200
to 1000 pmol m2s™ (LL>HL), and experiments were performed in which the incident
light intensity was decreased from 1000 to 200 pmol m2s™ (HL>LL). The biomass
concentration, absorption cross section and the AO, and ACO, concentration (absolute
difference between the concentration in the ingoing gas and off-gas of the reactor) were
measured during this transition. The AO, and ACO, concentration were used as a proxy
for the photosynthetic rate.

B2.2 Results

The acclimation of the pigmentation (as quantified using the absorption cross section)
and pigment class composition (as quantified using the ratio of absorption between 550-
700 and between 400-700nm) to a change in light intensity took more than two days,
equivalent to at least one culture dilution (i.e. at least one biomass replication), before
new steady-state values were achieved (Fig. A2A,C). This is consistent with the
observations by for example (Sukenik et al., 1990), who found that half-times of
changes to the photosynthetic machinery, upon a change in light intensity, are in the
order of 10h.

As measured by the AO, and ACO; concentration (absolute difference between the
concentration in the ingoing gas and off-gas of the reactor), the photosynthetic rate
responded immediately to a change in light intensity. Nevertheless, it took several days
(and thus also biomass replications) before new steady-state values for the
photosynthetic rate were reached (Fig. A2B,D). In the LL>HL transition experiment, the
photosynthetic rate was initially well above the steady-state value before it decreased
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towards the steady-state value. The opposite was observed in the HL>LL transition
experiment, although to a lesser extent. In this case, a temporarily decreased
photosynthetic rate was observed (Fig. A2D).

A temporary difference in biomass composition might explain such a temporary
difference in the photosynthetic rate because different biomass constituents have a
different specific photosynthetic requirement (Breuer et al., 2014). The differences in
biomass composition between S. obliquus that was acclimated to a low and a high light
were however minor (Table 6.1). Nevertheless it remains possible that the biomass
composition changes temporarily upon a change in light intensity, contributing to this
difference in photosynthetic rate. When disregarding any influences of this slightly
different biomass composition, the photosynthetic efficiency would be directly
proportional to the photosynthetic rate because nearly all incident light was absorbed
(material and methods section). In that case, the results would suggest a temporarily
higher photosynthetic efficiency in the LL>HL transition experiment and a temporarily

lower photosynthetic efficiency in the HL>LL transition experiment (Fig. A2B,D).

It has often been proposed that microalgae with a lower pigmentation have a higher
light saturated light intensity and as a consequence can have a higher photosynthetic
efficiency at high light intensities (Melis, 2009; Melis et al., 1999). Similar, microalgae
with a high pigmentation are expected to have a lower photosynthetic efficiency at high
light intensities than microalgae with a low pigmentation. In the LL>HL transition
experiment, the pigmentation was initially approximately twofold higher than the steady
state pigmentation at this high light intensity (Fig. A2A). If the pigmentation would be
the only difference between low and high light acclimated cells, this would decrease the
photosaturating light intensity twofold and thus result in a twofold reduction in the
photosynthetic efficiency under saturating light conditions. However, the observed
higher pigmentation did not result in a decreased photosynthetic efficiency during this
transition period (Fig. A2B). In fact, the photosynthetic efficiency was higher during this

transition from a low to high light intensity.

Among possible other explanations, this temporary increase in photosynthetic efficiency
could be explained by a lower extent of photoinhibition in low light acclimated
microalgae. Photoinhibition is caused by light-induced damage to the photosystem. This
damage is reversible, and the extent of photoinhibition is therefore a result of an
equilibrium between damage and repair rates (Rubio et al., 2003). At high light

intensities, this damage rate increases, resulting in a larger extent of photoinhibition
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(Baroli & Melis, 1996; Rubio et al., 2003). These damaged photosystems thermally
dissipate all absorbed light, resulting in a decreased photosynthetic efficiency (Baroli &
Melis, 1996; Rubio et al., 2003). The extent of photoinhibition does not change
instantaneously when the light intensity is changed and takes time to build up (in the
case of a shift from low to high light) or to repair (in the case of a shift from high light to
low light) (Baroli & Melis, 1996; Neidhardt et al., 1998). In the LL>HL transition
experiment, the lower extent of photoinhibition during this transition could explain the
temporarily higher photosynthetic efficiency (Fig. A2B). Similarly, in the HL>LL
transition experiments, the higher extent of photoinhibition could explain the temporarily
lower photosynthetic efficiency (Fig. A2D).

In summary, these results are an indication that the detrimental effects of
photoinhibition can be larger than the beneficial effects of a lower pigmentation in the
initial phase after a change in light intensity. In microalgae acclimated to a high light
intensity, the built-up photoinhibition can thus counteract the effects of the reduced
pigmentation. This also means that the behaviour of short-antennae mutants, mutants
that have a natural lower pigmentation, is fundamentally different from microalgae that
have a lower pigmentation as a result of photoacclimation. This is because in these
antennae mutants, the lower pigmentation does not (necessarily) coincide with an
increased photoinhibition, where-as in microalgae that have a low pigmentation as a
result of photoacclimation, photoinhibition and a low pigmentation do coincide. These
insights in photoacclimation and photoinhibition, and their timescales, can be valuable to
understand the biomass production in highly variable light intensity conditions, as will be

encountered in outdoor cultivation.
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Fig. A2. Acclimation to a change in incident light intensity in light-limited, nitrogen replete,
chemostat cultivations. A,B: Acclimation from 200 to 1000 pmol m2 s, C,D: Acclimation from
1000 to 200 pmol m™ s, Time = 0 refers to the moment of the change in incident light
intensity. The dilution rate was adjusted simultaneously with the change in incident light
intensity, such that the biomass concentration remained between 1.3 and 1.8 g/l in all cases.
These dilution rates (symbol D) are indicated in figure A and C, together with the duration of
one retention-time (RT; equal to 1/D). A,C: Absorption cross section and pigment composition
(expressed as ratio between absorption cross section between 550-700 and 400-700nm).
B,D: AO, and ACO, concentration in the reactor off-gas, used as a proxy for the
photosynthetic rate. To allow for representation on the same scale, the absolute values of AO,
and ACO, are shown. Nearly all incident light was absorbed, and differences in photosynthetic
rate are thus a result of differences in photosynthetic efficiency and not a result of differences
in the amount of light absorbed. Due to technical problems with the mass spectrometer, off-
gas data between -14h and -4h (figure B) and before -4h (figure D) is not available.
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Appendix C: Supplementary figures
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Supplementary Fig. S1. Fatty acid composition during nitrogen replete cultivation (green
bars) and the fatty acid composition at the end of nitrogen starvation (orange to red bars).
The relative fatty acid abundance of all C16 and C18 fatty acid species are shown (expressed
as percentage of total fatty acids). Fatty acids with other chain lengths were detected, but
only in minor amounts (<2%) and are therefore not shown. Error bars indicate the standard
deviation (n=4, nitrogen replete) or deviation from average between replicate cultivations
(n=2, nitrogen-depleted).
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Supplementary Fig. S2. Example of the transition from light limited, nitrogen replete,
chemostat operation to nitrogen-depleted batch operation. The grey area left of the dotted
line represents the nitrogen replete chemostat part of the cultivation. The vertically dotted line
represents the transition from the chemostat operation to the batch operation (at time =0).
The white area right of the dotted line represents the nitrogen-depleted batch part of the
cultivation (only the first 9 days are shown). The data shown correspond to the HL-N*->LL-N"
II experiment. Left: biomass concentration (blue), total fatty acid (TFA) content (red), and
starch content (yellow). Right: biomass-specific absorption cross section between 400-700nm
(blue) and 550-700nm (red) and the ratio between both (orange). DW = dry weight.
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Supplementary Fig. S3. Residual biomass (biomass that is produced during nitrogen
starvation and is not starch or fatty acids) during nitrogen starvation. This fraction is
calculated as residual biomass(t) = dry weight(t) — dry weight (t = 0) — TFA(t) — starch(t), in which
each term represents the corresponding concentration in g/l at timepoint t, and t=0 refers to
the onset of nitrogen starvation. In all experiments, this residual biomass contributed
approximately 30-35% to the dry weight (DW) concentration throughout the entire nitrogen
starvation period. It is hypothesized that this residual biomass constitutes of carbohydrates
other than starch, for example cellulose present in the cell wall (Breuer et al., 2014). Red: LL-
N*>LL-N7; blue: LL-N*>HL-N"; yellow: HL-N*>LL-N"; green: HL-N*>HL-N". The closed and
open symbols represent replicate cultivations.
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Supplementary Fig. S4. Starch concentration (g/l) throughout the nitrogen-depleted batch
part of all cultivations (top). The maximum starch concentration was higher in the HL-N-
experiments (3.24£0.09) than in the LL-N" experiments (2.49+0.22). After a maximum
concentration is reached, starch is degraded. When O0%-order-degradation kinetics are
assumed, these degradation rates were 56+28 mg |* day™ for the LL-N*->LL-N" cultivation,
43+19 mg I'* day™ for the HL-N*>LL-N" cultivation, 85+21 mg I day™ for the LL-N*>HL-N"
cultivation, and 140+7 mg I day™ for the HL-N*>HL-N" cultivation (bottom left and bottom
right). Although, the degradation rate of starch was on average higher in the HL-N-
experiments, this difference was not statistically significant (paired samples student t-test;
n=4; p=0.126). Red: LL-N*>LL-N"; blue: LL-N*>HL-N"; yellow: HL-N*>LL-N"; green: HL-
N*>HL-N". The closed and open symbols represent replicate cultivations.
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Supplementary Fig. S5. Time-averaged vyield of total fatty acids on light throughout the
nitrogen-starved batch cultivation. This time-averaged vyield is calculated for each time-point
as the yield over the period between that time-point and t=0 (the onset of nitrogen
starvation). The maximum observed value among these time-averaged yields for each
cultivation is used as the maximum time-averaged yield in the main text (Table 6.2). These
maximum time-averaged vyields were 0.294%+0.034, 0.291+0.000, 0.103+0.004, and
0.095+0.000 g/mol for the cultivations of LL-N*>LL-N", HL-N*>LL-N", LL-N*>HL-N", and HL-
N*>HL-N" ymol m™ s, respectively. Red: LL-N*>LL-N"; blue: LL-N*>HL-N"; yellow: HL-
N*>LL-N"; green: HL-N*>HL-N". The closed and open symbols represent replicate
cultivations.
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Abstract

New sustainable sources of vegetable oil are highly desired as global demands for food
and biofuels increase rapidly. Arable land to produce these vegetable oils is however
limited. Microalgae have the potential to achieve much higher oil productivities than
common terrestrial plants and can be cultivated on non-arable land. Microalgae are
therefore often considered as a promising alternative natural-source of vegetable oils.
Projected microalgal productivities are, however, often poorly supported by scientific
evidence and based on too optimistic assumptions. To provide a better insight in what
can be expected from microalgae, we condensed existing knowledge and novel scientific
insights into a mechanistic model that describes photosynthesis and carbon partitioning.
Subsequently, we quantified the potential for improvement in oil productivity for various
technologies and projected that improvements in the carbon-partitioning mechanism,
photosynthesis, and reactor design can improve the oil productivity from 2.1 to up to
10.9 g m™ day™.
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7.1 Introduction

New sustainable sources of vegetable oil are highly desired as global demands for food
and biofuels increase rapidly. Arable land to produce these vegetable oils is however
limited. Microalgae have the potential to achieve much higher oil productivities than
common terrestrial plants and can be cultivated on non-arable land (Wijffels & Barbosa,
2010). Microalgae are therefore often considered as a promising alternative natural-
source of vegetable oils (this oil is from here on referred to as triacylglycerol;
TAG)(Draaisma et al., 2013). Although high productivities are often projected for
microalgae, these projected productivities are often poorly supported by scientific
evidence and based on too optimistic assumptions (Waltz, 2009). Projections that are
supported by a detailed understanding of the microalgal physiology are therefore highly
desired.

Oleaginous microalgae only produce TAG in response to nitrogen starvation (Breuer et
al., 2012). This microalgal response to nitrogen starvation is complex, and affects both
the photosynthetic efficiency and carbon partitioning. A model can help to quantify how
biological traits, process conditions, and process design influence, and can be exploited
to enhance, TAG production. Because existing models either focus on photosynthesis
(Geider et al., 1998b; Packer et al., 2011; Quinn et al., 2011a) or carbon partitioning
(Dillschneider & Posten, 2013; Klok et al., 2013b; Mairet et al., 2011) during nitrogen
starvation, they only partly describe the actual response to nitrogen starvation. To
provide a better insight in what can be expected from microalgae, we therefore
condensed existing knowledge and novel scientific insights into a novel mechanistic
model that independently describes the effects of nitrogen starvation on photosynthesis
and carbon partitioning. Subsequently, we used the model to quantify how
improvements in the carbon-partitioning mechanism, photosynthesis, and reactor design
can improve the TAG productivity. These findings are finally used to provide projections

of microalgal areal TAG productivities.

7.2 Results and Discussion

7.2.1 Model development

The developed model consists of a photosynthesis module and a carbon partitioning
module (Appendix A.1-5). The photosynthesis module uses a photosynthesis-irradiance
response curve (PI-curve) to describe the part of the absorbed photons that is used for
photosynthesis and the part that is thermally dissipated, as a function of light intensity
and extent of nitrogen starvation (Appendix A.2). At low light intensities, the

photosynthetic rate is limited by absorption of photons and increases linearly with
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increasing light intensity (Fig. 7.1a). This increase is proportional to the absorption cross
section (a) and the photosynthetic quantum yield (wn). At higher light intensities, the
photosynthetic machinery becomes saturated and the photosynthetic rate approaches a
maximum photosynthetic rate (gn/™). The values of these parameters decrease during
nitrogen starvation as a result of a reduction in pigmentation (Breuer et al., 2014; da
Silva et al., 2009; Kandilian et al., 2014), a reduction in the photosynthetic capacity (da
Silva et al., 2009; Geider et al., 1998b), increased photoinhibition, and changes in
pigment (Breuer et al., 2014; Kandilian et al., 2014) and photosystem composition
(Simionato et al., 2013) (Appendix A.2). These changes affect the shape of the PI-curve
(Fig. 7.1a), the photo-saturated light intensity (Fig. 7.1a), light attenuation (Fig. 7.1b),
and as a consequence of these, the local photosynthetic rates in the photobioreactor
(Fig. 7.1c). When assumed that characteristic times of photosynthesis are much smaller
than mixing times, the average photosynthetic rate in the photobioreactor can be found
as the average of these local photosynthetic rates (Vejrazka et al., 2013) (Appendix
A.2).

This photosynthetic response to nitrogen starvation results in a decreased
photosynthetic efficiency, but photosynthesis and carbon assimilation continue (Breuer
et al., 2012). Many models that focus on the above mentioned photosynthetic response,
often assume that all excess photosynthetic capacity during nitrogen starvation is used
for TAG synthesis (Packer et al., 2011; Quinn et al., 2011a). This is however not the
case. Various biomass constituents are made during nitrogen starvation, in a
continuously changing ratio. These can account for more than half of the increase in dry
weight (Breuer et al., 2012).

Therefore, we propose a novel carbon-partitioning mechanism, based on the results
from chapter 5 and 6 (Fig. 7.1d). Here, the photosynthetic capacity is first used to fulfil
maintenance requirements. Next, in the presence of a nitrogen source, only reproducing
biomass is made. This reproducing biomass constitutes of a constant ratio of proteins,
lipids, and carbohydrates (Appendix A.3). In the absence of a nitrogen source, first a
fraction of the photosynthetic capacity is used for the synthesis of residual biomass
other than starch and TAG (CHO), such that this fraction in the total biomass remains
constant (Supplementary Fig. A.3). It is assumed that CHO constitutes of structural
carbohydrates other than starch (e.g. cellulosic cell wall material)(Breuer et al., 2014).
The remaining capacity is partitioned towards synthesis of starch and TAG. During initial
nitrogen starvation, most of this capacity is used for the synthesis of starch and when

nitrogen starvation progresses, more and eventually all of this capacity is used for TAG
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synthesis (Supplementary Fig. A.4; chapter 6). When nitrogen starvation progresses

further, starch is inter-converted into TAG (Breuer et al., 2014; Roessler, 1988).
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Fig. 7.1 Nitrogen starvation affects photosynthesis and carbon partitioning. Schematic
representation of the impact of a decrease in the absorption cross section (a), photosynthetic
quantum vyield (wn), or maximum photosynthetic rate (gn™) on the photosynthesis-
irradiance response curve (a), and on light attenuation in a photobioreactor (b). Combining
the photosynthesis-irradiance response curve and light attenuation gives the local biomass
specific photosynthetic rate as a function of the location parallel to the incident light (c). The
black lines represent the reference case and the grey lines represent the change caused by a
reduction in a, wy, or gn™. Carbon partitioning in S. obliquus (d). The photosynthesis
module provides the photosynthetic rate, expressed as the amount of photons (hv) that
become available for metabolism (node PE). Then, the photosynthetic-rate is used to fulfil the
maintenance requirements (node 1). Under nitrogen-replete conditions all remaining
photosynthetic capacity is used to produce reproducing biomass (node 2). Under nitrogen
deplete conditions, a fraction of the available photons is used for the synthesis of residual
biomass (CHO) such that the CHO content remains constant (node 3). The remainder is
partitioned between TAG and starch (node 4). This partitioning ratio is dependent on the
cellular nitrogen content (% N in DW). Finally, starch is inter-converted into TAG when the
cellular nitrogen content decreases below a critical value (node 5). The depicted
photosynthetic and inter-conversion yields of the different biomass constituents were
calculated using flux balance analysis.
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To include the behaviour of starchless mutants in this model, this carbon-partitioning
mechanism is adapted using the assumption that all remaining photosynthetic capacity
after CHO synthesis (node 4 in Fig. 7.1d) is used for TAG synthesis in starchless mutants
(Breuer et al., 2014) (Appendix A.4).

The energetic requirements to produce these various biomass constituents vary up to
threefold (Breuer et al., 2014). This is commonly overlooked in existing models (Mairet
et al., 2011; Packer et al., 2011; Quinn et al., 2011a) and can result in a large
misunderstanding of production rates. Therefore, the photosynthetic and inter-
conversion yields associated with production of these biomass-constituents were
estimated, using a metabolic network and flux balance analysis (FBA), to be 1.62 g
reproducing biomass/mol photon, 3.24 g starch/mol photon, 3.24 g CHO/mol photon,
1.33 g TAG/mol photon, and 0.39 g TAG/g starch (Appendix A.3).

This model is developed to describe the behaviour of both wild-type (wt) and the sim1
starchless mutant of Scenedesmus obliquus (Breuer et al., 2014) (Appendix A.6), but
could easily be adapted to describe the behaviour of other microalgae species. The
model accurately describes experimental data from nitrogen-starved batch cultivations

of both wt and sIm1 starchless mutant S. obliquus (Supplementary Fig. A.5).

7.2.2 Optimizing the photosynthetic TAG yield

S. obliquus is recognized as a very promising microalga to produce TAG (Breuer et al.,
2012; Griffiths et al., 2011) and the recently generated starchless mutant (de Jaeger et
al., 2014) showed an up to 50% improvement in TAG production (Breuer et al., 2014).
Therefore, we used S. obliquus as a case study to discuss optimization of TAG
production. The TAG yield on light (g TAG/mol photon) was used as the target
optimization parameter because this yield ultimately determines the areal productivity
and allows for comparison between light intensities (Breuer et al., 2013b). This TAG
yield refers to the yield at the time-point were harvesting would have resulted in the
highest yield. Process duration is thus optimized (Appendix A.7). First, this TAG yield
was calculated as a function of the incident light intensity using the model parameter
values estimated from the validation experiments (red symbols in Fig. 7.2a-d).
Subsequently, we quantified how this TAG yield is impacted by the biomass
concentration at the onset of nitrogen starvation (cyn-0), reactor thickness (z),
pigmentation and maximum photosynthetic rate at the onset of nitrogen starvation

(Qreplete @and gn/™®). These parameters were varied in the range as presented in Appendix
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A.7 (blue symbols in Fig. 7.2a-d). This was done for both the wt and starchless mutant.

The outcomes are briefly discussed below, and more comprehensively in Appendix A.8.

Among the parameters investigated, the incident light intensity has the most prominent
impact on the TAG vyield on light. The variation in the TAG yield was therefore expressed
as a function of the incident light intensity in Fig. 7.2. The TAG yield increased up to
threefold when the incident light intensity was reduced from 1500 to 200 pmol m2s™
(Fig. 7.2a,b). This is consistent with experimental data (Breuer et al., 2013b), and is a
result of increased photosaturation at high light intensities (Fig. 7.1a). Although solar
irradiation provides a given incident light intensity to a certain ground area, smart use of
refraction and reflections at the reactor surface can distribute this incident light over a
larger reactor area without reducing the total amount of light provided to the culture; a
principle called light dilution (Slegers et al., 2011; Wijffels & Barbosa, 2010; Zemke et
al., 2013) (Supplementary fig. A.7). In Supplementary fig. A.7, it is calculated that an
angle between the solar irradiation and reactor surface of 83° can result in a 10-fold
reduction of the incident light intensity. Furthermore, high mixing rates can be used to
provide very short light/dark cycles to which the microalgae are exposed. When these
cycles are short enough, the photosynthetic efficiency no longer responds to the high
local light intensity, but to the lower average light intensity (Vejrazka et al., 2013)
(Appendix A.8). By lowering the light intensity perceived by the microalgae,
photobioreactor design can thus improve the TAG yield up to threefold.

At low z and cy,n-0, Only part of the incident light is absorbed. This results in a
substantial loss in TAG yield (Fig. 7.2a,b). Also at high z and cx n-0o, this yield can
decrease because of increased cell maintenance requirements. An optimum for these
values is therefore often observed (Zemke et al., 2013). In our case, this optimum is
very wide due to the low maintenance coefficient (Appendix A.8). When all incident light
is absorbed, variation in z and cx n-o still cause a 14% variation in the TAG vyield for the
wt but no variation for the starchless mutant (Fig. 7.2a,b). This difference is a
consequence of the applied carbon-partitioning mechanism (Appendix A.8).

Strain improvement can be employed to improve carbon partitioning towards TAG. For
the starchless mutant, a 40-48% higher TAG yield is projected than for the wt when the
reference conditions are compared, consistent with experimental observations (Breuer et
al., 2014). A 22-29% higher yield is projected when the best-cases are compared (Fig.
7.2a,b). In these starchless mutants, still not all photosynthetic capacity is directed
towards TAG synthesis. Further improvements seem possible if the activity of other

competing pathways is reduced (Appendix A.8).
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Fig. 7.2 (continued). The yields indicated with the numbered white circles in figure a-d
correspond to various optimization scenarios and are extrapolated to areal productivities for
comparison with productivities of vegetable oils in terrestrial crops (e). The values between
brackets represent the improvement relative to the base-case. Productivities of terrestrial oil-
crops were derived from https://attra.ncat.org/attra-pub/summaries/summary.php?pub=312
and (Chisti, 2007).

Strain improvement can also be employed to improve the photosynthetic efficiency. A
general trend towards higher TAG yields at lower pigmentations (Arepiete) and higher

maximum photosynthetic rates (gn™*

) is observed (Appendix A.8). The potential for
improvement was 76 and 55% at 1500 pmol m2 s and 13 and 24% at 200 pmol m™ s
(wt and starchless mutant, respectively)(Fig. 7.2c,d). This illustrates that although the
potential improvement is higher at high light intensities, the photosynthetic efficiency
can also be enhanced substantially at low light intensities. The range in which g™ and
Oreplete Were varied in our simulations was chosen arbitrarily (+/-50% of the reference
value) and it remains to be tested whether these biological parameters can be altered
without negatively affecting other physiological traits. The absolute improvement in TAG
yield should thus be interpreted with caution. Nevertheless, the ranges in which these
parameters were varied seem realistic based on natural variation in these parameters
(Appendix A.8). A reduction in pigmentation can be achieved in so-called short-antennae
mutants (Melis, 2009) and the maximum photosynthetic rate could be improved by de-
bottlenecking the photosynthetic chain (Peterhansel et al., 2008) by increasing the
number of electron carriers in the photosystem (Chida et al., 2007) or the activity of

rate-limiting enzymes for CO; fixation (e.g. rubisco) (Sukenik et al., 1987).

7.2.3 Areal TAG productivities

To compare our findings to other work, these yields were extrapolated to areal
productivities for an insolation corresponding to southern Europe, using some basic
assumptions (Appendix A.9). From the simulated yields, 10 scenarios were derived
(numbered circles in Fig. 7.2a-d; Appendix A.9). The base-case is defined as the wt, no
light dilution (incident light intensity of 1500 pmol m™ s™'), and reference values for z,
Cx,n=0, Qreplete, aNd gn,™** (scenario 1). The optimization scenarios include optimization of
Cx,n=0 and z (scenarios 2 and 4) the use of a starchless mutant (scenarios 5, 6, 9, and
10), maximal use of light dilution (scenarios 3, 4, 6, 8, and 10), and an improved
photosystem (scenarios 7-10). This results in a projected areal TAG productivity of 2.1 g
m™ day for the base-case. Starchless mutants, an improved photosynthetic machinery,

and optimal use of light dilution can improve this productivity to 3.1, 3.7, and 6.3 g m™
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day™, respectively. Productivities of up to 10.9 g m™ day* are projected for
combinations of these technologies (Fig. 7.2e).

These projected productivities are still far from the theoretical maximum productivity of
34.5 g m2 day* (extrapolated using the theoretical maximum TAG yield of 1.33 g/mol,
estimated through FBA). This maximum is not reached because of side-product
formation, photosaturation, and a major reduction in the photosynthetic efficiency
during nitrogen starvation. As a consequence, the base-case achieves only 6% and the
most optimistic scenario 32% of this theoretical maximum TAG productivity. This
emphasizes that prospects near theoretical maxima are far from realistic, even when
highly optimized photobioreactor designs or well-engineered strains are used.
Peer-reviewed data of microalgal TAG or acyl-lipid productivities under representative
outdoor conditions are very scarce, but published productivities for acyl-lipids (1.7-3.2 g
m™2day™) (Quinn et al., 2012), and total lipophilic-components (1.7-6.5 g m™ day™)
(Bondioli et al., 2012) are consistent with our base-case projection of 2.1 g TAG m™day”
! when it is taken into account that these published lipid fractions only partly consist of
TAG. Our projected, and these published, productivities are a substantial improvement
compared to terrestrial plants (Fig. 7.2e), but much lower than what is often assumed in
life-cycle (LCA) and techno-economic studies (Moody et al., 2014). These studies
typically assume productivities that range from twice our base-case to more than our
best case. Often, these studies combine optimistic biomass productivities under nitrogen
replete conditions (20-30 g m™ day™!) with TAG contents that are only achieved during
prolonged nitrogen starvation (25-50% of dry weight) to yield unrealistically high
productivities. We believe that, with available technology, areal productivities for an
optimized process between 2.1 (base-case) and 8.8 g TAG m™ day™! (starchless mutant

and maximal use of light dilution) are more realistic.
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Appendix A: Model development.

A.1 General model structure

A modular design is used to independently describe the effects of nitrogen starvation on
photosynthesis and partitioning of photons towards the different biomass constituents
(Fig. A.1).

Flux balance Concentration of
analysis exogenaus nitrogen source

~.__ Photosyntheticyiekds A e
o iy moF] Nitrogen uptake rate
e 19 lg DW= b))
~

LD

= Incident light intensity

+  Reactor geometry Carbon Biomass concentration

Photosynth i S -
— otosynthesis partitioning Material balances == Biomass composition !

+  Biomass concentration
+ Biomass composition

3
1 1
I
|
1

reactor geometry and biomass concentration and composition to calculate the biomass specific
photosynthetic rate. A carbon partitioning module is used to calculate biomass specific
production rates of the different macromolecules as a function of the cellular nitrogen content,
using the photosynthetic rate and photosynthetic yields that are calculated using flux balance
analysis. These biomass specific production rates are used to calculate the biomass
concentration and composition throughout the cultivation using material balances. The cellular
nitrogen content is used as the state variable that controls the regulation involved in
photosynthesis and carbon partitioning. The availability of an extracellular nitrogen
concentration is used as a switch between nitrogen replete and nitrogen deplete conditions.

A photosynthesis module describes absorption of photons, the part of these photons that
is used for photosynthesis and the part of these photons that is dissipated (section A.2).
A carbon partitioning module (section A.4) describes the partitioning of the available
photons, as calculated in the photosynthesis module, towards de novo synthesis of four
different biomass constituents: reproducing biomass (the biomass that is produced
during nitrogen replete cultivation), TAG, starch, and residual biomass (CHO). In
addition, this module describes conversion of starch into TAG. Flux balance analysis is
used to calculate the photosynthetic yield for each biomass constituent and the inter-
conversion yield of starch to TAG (section A.3). Finally, material balances are used to
provide the biomass concentration and composition throughout the cultivation using the

rates derived in the carbon partitioning module (Section A.5).

Both the photosynthetic module and the carbon partitioning module use the cellular
nitrogen content (Q) as proxy for the extent of nitrogen starvation and as a state
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variable to model metabolic regulation and the physiological changes influenced by
nitrogen starvation. The approach to use the cellular nitrogen content as a control
mechanism to model nitrogen starvation originates from the Droop equation (Droop,
1968) and has been implemented in most models describing nitrogen starvation in
microalgae (Bernard, 2011; Geider et al., 1998b; Mairet et al., 2011; Packer et al.,
2011; Quinn et al., 2011a). The extracellular nitrogen concentration is used as a switch

between nitrogen replete and nitrogen starvation conditions.

In all cases, photons refer to photons in the photosynthetically active radiation (PAR)
spectrum. This model assumes that the pH and temperature are kept at their optimal

values and that all nutrients other than NOs are present in excess.

The model is developed to describe the behaviour of both wild-type (wt) and the sim1
starchless mutant (de Jaeger et al., 2014) of Scenedesmus obliquus, but could easily be
adapted to describe the behaviour of other microalgae species. The experimental data

from (Breuer et al., 2014) is used for model validation.

A.2 Photosynthesis

A.2.1 Photosynthesis-irradiance response curve

The photosynthetic rate and photosynthetic efficiency are dependent on the light
intensity. It is generally accepted that at low light intensities, the photosynthetic rate is
limited by absorption of photons and increases linearly with increasing light intensity.
The slope of this increase is proportional to the photosynthetic absorption cross section
(a) and the photosynthetic quantum yield (w). When the light intensity increases
further, the photosystem becomes saturated and the photosynthetic rate approaches a

max

maximum photosynthetic rate (gn/"**). The light intensity at which this maximum

photosynthetic rate is achieved is referred to as the photosaturating light intensity.

Many empirical equations are used to describe this photosynthesis-irradiance response
(Jassby & Platt, 1976). These equations share the same parameters and often yield very
similar results. Most photosynthetic models use the O, production rate or the biomass
specific growth rate as a proxy for the photosynthetic rate, but that makes it impossible
to distinguish between the process of photosynthesis and the utilization of co-factors
such as NADPH and ATP. Because different biomass constituents have different cofactor
requirements, this work expresses the photosynthetic rate as the rate at which photons

are channelled into the electron transport chains (thus representing the absorbed
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photons minus the dissipated photons), while the use of photosynthetic products is

considered separately in the carbon partitioning module.

In this model, the photosynthesis-irradiance response curve is described using the
hyperbolic tangent equation (Jassby & Platt, 1976). A variable factor between 0 and 1 is
introduced to describe the reduction in the quantum yield as a result of nitrogen
starvation (wn). The biomass specific photosynthetic rate (g;,) at a given light intensity,

I, can then be described by Eq. 1.

aypyl Eq. 1
ane = acant (S
v

The values for the photosynthetic quantum yield (y,), absorption cross section (a), and
maximum photosynthetic rate (g)}**) are affected by nitrogen starvation and as a result

are variable throughout a nitrogen depleted batch cultivation.

A.2.2 The absorption cross section decreases during nitrogen starvation

During nitrogen starvation, the biomass specific absorption cross section decreases as a
result of a decrease in pigmentation (da Silva et al., 2009; Geider et al., 1998a; Kolber
et al., 1988). This can have various causes. Firstly, the production of storage
metabolites, such as TAG and starch, causes dilution of pigments over total biomass dry
weight. Secondly, the most abundant pigment, chlorophyll a, contains nitrogen. Nitrogen
starvation can thus result in competition for nitrogen between proteins and chlorophyll
a. This could result in degradation of chlorophyll a to liberate nitrogen for protein
synthesis or at least inhibit the de novo synthesis of chlorophyll a when no exogenous
nitrogen source is available. Finally, the reduction of pigmentation could be a result of a
protective mechanism to protect the cell against photo-oxidative damage during
nitrogen starvation, by actively reducing the amount pigments and thus the amount of
light that is absorbed (Hu et al., 2008).

A reduction of the biomass specific absorption cross section can have an effect on light
harvesting in different ways. First of all, the amount of light that can be absorbed per
unit of biomass will decrease and this decreases the slope of the photosynthesis-
irradiance response curve resulting in a lower photosynthetic rate at low light intensities

while retaining the high photosynthetic rate at high light intensities (Fig. 7.1A). This

155



Chapter 7 - Appendix A

results in an increase in the photosaturating light intensity. Second, the biomass specific
absorption cross section together with the biomass concentration determines light
attenuation in the reactor. A change in the biomass specific absorption cross section can
therefore also result in a different light gradient in the photobioreactor (Fig. 7.1B), and
will thus affect local photosynthetic rates (Fig. 7.1C).

For S. obliquus, it is observed that the absorption cross section is linearly correlated to
the cellular nitrogen content, Q (Fig. A.2)(Eq. 2). Similar observations were made for
several other microalgae species (Bernard, 2011; Geider et al., 1998b; Griffiths et al.,
2014). Nevertheless, it is possible that different correlations between the absorption

cross section and cellular nitrogen content exist for other microalgae species.

Q
a = Qreplete Qmax Eqg. 2

In EqQ. 2, areplete represents the biomass specific absorption cross section of nitrogen

replete biomass and Qmax represents the cellular nitrogen content under nitrogen replete

conditions.
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Fig. A.2 Impact of nitrogen starvation on photosynthesis. (A): The absorption cross section
(a) decreases proportionally with decreasing biomass nitrogen content (Q). (B): The dark
adapted maximum quantum vyield (Fv/Fm) decreases with decreasing biomass nitrogen
content. This decrease in Fv/Fm mimics the Droop equation that is used to describe the
reduction in the photosynthetic quantum vyield during nitrogen starvation (wn; Eq. 4).
Experimental data derived from (Breuer et al., 2014). Black symbols: wt. Open symbols: sim1
starchless mutant of S. obliquus.
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Because the absorption cross section correlates linearly to the biomass nitrogen content
and because the amount of total biomass nitrogen remains constant after the depletion
of nitrogen, the volumetric absorption cross section remains constant after the depletion
of nitrogen. This also means that, according to the model, light attenuation (i.e. light

gradients in the photobioreactor) does no longer change after nitrogen is depleted.

A.2.3 The maximum photosynthetic rate decreases during nitrogen starvation
At light intensities above the photosaturating light intensity, the photosynthetic rate is
no longer limited by the absorption capacity of the biomass but is limited by the
maximum photosynthetic rate (Fig. 7.1A). This maximum photosynthetic rate is a result
of the capacity of the photosystem reaction centres and downstream machinery (of for
example the photosystem reaction centres, rubisco, or anabolism). Because this
downstream machinery consists for a large part out of proteins, its content in the
biomass decreases with decreasing nitrogen content (da Silva et al., 2009; Geider et al.,
1998b). At a high (local) light intensity, this will result in a lower biomass specific
photosynthetic rate. At a low (local) light intensity, however, this will not affect the
biomass specific photosynthetic rate because at low light intensities only light absorption
is limiting (Fig. 7.1A,C). Furthermore, a lower maximum photosynthetic rate will also
result in a lower photosaturating light intensity (Fig. 7.1A).

In this work, the correlation found by (Geider et al., 1998b) is used to describe the
reduction of the maximum photosynthetic rate during nitrogen starvation (Eq. 3). It
describes that the maximum photosynthetic rate decreases linearly with decreasing

nitrogen content reaching zero at the minimum cellular nitrogen content (Qmin).

q%ax — q;lr]l;ax,replete( Q_Q_min. ) EC|. 3
Qmax len

In Eq. 3, gn™™ P represents the biomass specific maximum photosynthetic rate under

nitrogen replete conditions.

A.2.4 Nitrogen starvation results in a reduction of the photosynthetic quantum
yield

Changes in the absorption cross section and maximum photosynthetic rate can affect the
photosynthetic efficiency, with their contribution to the photosynthetic efficiency being
dependent on the (local) light intensity. In addition to these changes, various

physiological changes occur that affect the photosynthetic efficiency in a way that is
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independent of the (local) light intensity because they decrease the probability that an
absorbed photon becomes available for photosynthesis. This results in a decrease of the
photosynthetic quantum yield. Examples include photoinhibition, changes in pigment

composition or ratio between the amount of PSII/PSI photosystems, as explained below.

Photoinhibition is the result of light-induced damage to the PSII D1 protein resulting in
an inactivated PSII complex. Because the amount of intact D1 is a result of an
equilibrium between damage and repair rates of D1, the net result of photoinhibition is a
lower ratio of active/inactive PSII (Rubio et al., 2003). The inactivated PSII still contains
light harvesting complexes, but absorbed photons will not be used for electron transport
and will be dissipated as heat instead. This results in a reduced quantum vyield at
increasing photoinhibition. In the absence of an exogenous nitrogen source, protein
synthesis (and repair) is entirely dependent on protein turnover. This will most likely
result in slower regeneration rates of the D1 protein during nitrogen starvation and
therefore reduces the relative amount of active PSII reaction centres, and thereby the
photosynthetic efficiency (Kolber et al., 1988). In addition, increased photoinhibition can
also reduce the maximum photosynthetic rate because the amount of active

photosystem is reduced. This phenomenon is implicitly included in gn,™®* (section A.2.3).

A decrease in the ratio of light-harvesting pigments (chlorophylls) to photoprotective
pigments (carotenoids) is commonly observed during nitrogen starvation (Berges et al.,
1996; Breuer et al., 2014; Geider et al., 1993; Kandilian et al., 2014). These
photoprotective pigments dissipate their absorbed photons, independent of the light
intensity (Mulders et al., 2014b). An increased ratio of such photoprotective pigments

over light harvesting pigments therefore results in a reduced photosynthetic efficiency.

The ratio in number of PSII/PSI photosystems is decreased during nitrogen starvation
(Berges et al., 1996; Simionato et al., 2013). This will likely result in more photons
absorbed by PSI than that it receives electrons from PSII. This imbalance will decrease
the rate of linear electron transport and thereby the photosynthetic efficiency. Possibly,
the excess photons absorbed by PSI can contribute to cyclic electron transport to
generate ATP, but this will inevitably result in increased thermal dissipation of photons
(Ort, 2001).

158



Opportunities to improve the areal oil productivity in microalgae

These physiological changes that result in a decrease in the photosynthetic quantum
yield are lumped together in wy. It is assumed that yy decreases with decreasing cellular
nitrogen content following a modified Droop equation (Droop, 1968) (Eq. 4).

le _ (1 _ Qmin) (1 _ Qmin)_1 Eq 4

Q Qmax

coN—1
The constant (1 —g:n'%) is introduced to ensure that y, has a value between 0 and 1. It

is often proposed to use the PSII variable fluorescence/maximum fluorescence ratio of
dark adapted biomass (Fv/Fm) as a proxy for the photosynthetic quantum yield
(Simionato et al., 2013). Although, the Fv/Fm measurement excludes some of the above
mentioned phenomena, the decrease in yy as a result of nitrogen starvation indeed

mimics the observed decrease in Fv/Fm during nitrogen starvation (Fig. A.2).

A.2.5 Average photosynthetic rate in light gradients

A light gradient is present inside photobioreactors. Due to mixing in the reactors, cells
are intermittently exposed to high light intensities and low light intensities, sometimes
referred to as light-dark cycles (not to be confused with day-night cycles). Reported
turnover times of the photosynthetic apparatus are in the order of 1-10 ms (Sukenik et
al., 1987; Sukenik et al., 1990), whereas typical mixing times in photobioreactors (e.g.
bubble columns) have seconds as their order of magnitude (Camacho Rubio et al.,
2004). It is therefore assumed in this model that the characteristic time of
photosynthesis is much smaller than the characteristic time of mixing and it is therefore
assumed that the photosynthetic rate is dependent on the local light intensity in the
photobioreactor and therefore varies throughout the reactor. In that case, the average
photosynthetic rate of the entire photobioreactor can be found by integrating the
photosynthetic rate throughout the reactor using the light gradient present in the
reactor. This is often referred to as growth integration (Bernard, 2011; Vejrazka et al.,
2013).

Very high mixing rates (order of ms) or very steep light gradients (as a result of high
biomass densities) can result in very short light/dark cycles. When flashes of a high light
intensity are compared to a continuous illumination with the lower average light
intensity, it can be seen that the photosynthetic efficiency during these high light
intensity flashes approaches that of the photosynthetic efficiency during the continuous
lower light intensity when these cycles are short enough (Posten, 2009; Vejrazka et al.,

2013). In this situation the photosynthetic efficiency can approach that of what would be
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achieved in the much lower average light intensity. This can substantially reduce

photoinhibition (Posten, 2009), but at the cost of large energy inputs for mixing.

In this model, the effects of scattering are neglected and the local light intensity is
described using the light attenuation model of Lambert-Beer. It is assumed that all light
is parallel (no diffuse light) and enters the photobioreactor perpendicular to the reactor
surface. All combined, the average biomass specific photosynthetic rate for a flat panel
photobioreactor (g;,) can then be described by Eq. 5.

U

max
z Ahy

z
I (—acyz) E . 5
qny = —f q%*tanh (—awN e )dz a
0
In Eq. 5, z represents the light path of the reactor, I, the incident light intensity, and cy

the biomass concentration.

The effects of scattering, different reactor geometries, or different (variable) solar
inclinations could be included as described by for example (Lee et al., 2014; Slegers et
al., 2011).

A.3 Photosynthetic and inter-conversion yields of metabolites calculated using
flux balance analysis

A.3.1 Metabolic network

During photosynthesis, the absorbed photons that are channelled towards the electron
transport chains are used to regenerate NADPH and ATP. These can subsequently be
used to fixate CO; in C3 molecules using the Calvin cycle. These C; molecules can be
converted into a wide variety of end products, which are grouped into either of the four
major biomass constituents considered in this model: reproducing biomass (the biomass
that is made during nitrogen replete cultivation, including a fixed amount of starch and
carbohydrates), TAG, starch, and carbohydrates other than starch (CHO). It is assumed
that these biomass constituents have a constant composition. These biomass
constituents can be synthesized de novo through photosynthesis, but in addition it is
assumed that starch can be converted to TAG. Conversion of polar acyl-lipids to TAG is
not considered, because no net degradation of polar acyl-lipids was observed during

nitrogen starvation in the validation experiments (Breuer et al., 2014).
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The metabolic requirements to produce these different biomass constituents are very
different due to differences in energy density and degree of reduction (Breuer et al.,
2014; Klok et al., 2013b). As a result, very different photosynthetic yields are observed
for these biomass constituents (g biomass constituent/mol photon). The amount of
biomass that can be made at a certain photosynthetic rate is therefore dependent on the

biomass composition.

The theoretical maximum photosynthetic yields of these biomass constituents can be
calculated using the stoichiometry of the metabolic network. In this work, the metabolic
network for Chlamydomonas reinhardtii as described by (Kliphuis et al., 2012) is used
with some modifications that are based on (Boyle & Morgan, 2009; Falkowski & Raven,
2007; Johnson & Alric, 2013; Yang et al., 2000), as summarized below. Both C.
reinhardtii and S. obliquus belong to the Chlorophyceae (green algae). It is assumed
that they share a similar central carbon metabolism and compartmentalization. The
number of reactions in the network is largely reduced by lumping sequential non-
branched reactions into single reactions. In summary, this simplified metabolic network
is split into two compartments, the chloroplast and a combined cytosol/mitochondria. In
the chloroplast, cyclic (2 photon - 1 ATP) and linear electron transport (8 photon > 3
ATP + 2 NADPH) can be active, in a variable ratio. The Calvin cycle is used for CO>
fixation. The Calvin cycle, the upper part of the glycolysis (between G6P and 3PG), fatty
acid synthesis (from acetyl-CoA to fatty acids), reduction of NO, to NH4*, glutamine, and
glutamate synthesis are located in the chloroplast. The lower glycolysis (between GAP
and acetyl-CoA), the oxidative pentose phosphate pathway (oxidative PPP), citric acid
cycle (TCA cycle), reduction of NO3™ to NO,” synthesis of amino acids other than
glutamine and glutamate, nucleic acid synthesis, and protein assembly are located in the
cytosol/mitochondria. Starch and other carbohydrates are produced from G6P in the
chloroplast. TAG is assembled from fatty acids and glycerol-3-phosphate in the cytosol.
Glucose-6-phosphate (G6P), glyceraldehyde-3-phosphate (GAP), 3-phospho-glycerate
(3PG), a-ketoglutarate (aKG), glutamine, glutamate, acetyl-CoA, fatty acids, and NO;
can be transported over the chloroplast membrane. Co-factors cannot be transported
over the chloroplast membrane. Oxidative phosphorylation is assumed to produce 2.5
ATP out of 1 NADH in the cytosol/mitochondria. It is assumed that excess ATP is
dissipated to heat using an ATP hydrolase. Appendix B provides a complete overview of

all (lumped) reactions in the metabolic network.
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It is assumed that starch and CHO consist of poly-glucose, and that all fatty acids in TAG
are oleic acid (i.e. are triolein). The amino acid composition of protein, the nucleic acid
composition, and the co-factor requirements to produce biomass constituents out of
their monomers and biomass assembly are assumed to be similar as described by
(Kliphuis et al., 2012). Finally, it is assumed that the reproducing biomass of the
wildtype consists of 45% protein, 0.2% DNA, 6% RNA, 10% fatty acid (oleic acid), 10%
starch, and 28.8% other carbohydrates. For uniformity, it is assumed that all starch in
the reproducing biomass is replaced with other carbohydrates in the sim1 starchless
mutant. The ash content is neglected and assumed to be 0%. This results in an
elemental nitrogen content of 9% of dry weight (DW). This is consistent with
experimentally observed biomass and elemental compositions of S. obliquus (Breuer et
al., 2014) (Fig. A.3) and other microalgae (Kliphuis et al., 2012).

A.3.2 Calculation of yields

Using flux balance analysis, flux distributions are found that result in the highest
possible yield of each of these biomass constituents on photons. In this procedure, the
photon supply rate is fixed to 1 and through linear programming (MATLAB: l/inprog) a
flux distribution is found that results in the highest possible production rate of a specific

biomass constituent (Eq. 6).

Objective: Maximize vm (biomass constituent production rate)

Constrained with Eq. 6

Sv=0 (stoichiometric constraints)

Vphoton = 1 (all rates are normalized to photosynthetic rate)

Vmin £ V < Vmax (flux constraints used to describe reversibility of
reactions)

With, S, the stoichiometry matrix and v, the vector containing the flux rates. The
boundaries of the flux rates are set according to the reversibility of reactions, consistent
with (Kliphuis et al., 2012). vmin is set to 0 for irreversible reactions and set to -infinite
for reversible reactions. vmax is set to infinite (see Appendix B for an overview of all
reactions and their reversibility). The photosynthetic yield of product M can then be
calculated as vm /Vphoton. TO calculate the conversion yield of TAG on starch, Vstarch is set
to -1, Vphoton is set to 0, vrag is maximized similar to Eq. 6, and the yield is calculated as

VTAG/'Vstarch .
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This results in theoretical maximum yields of 1.62 g reproducing biomass/mol photon
(when grown on nitrate), 3.24 g starch/mol photon, 3.24 g CHO/mol photon, 1.33 g
TAG/mol photon, and 0.39 g TAG/g starch (Appendix B).

A.3.3 Discussion of assumptions in metabolic network

The large difference in magnitude of the aforementioned yields illustrates the importance
of using a yield specific for each biomass constituent rather than using an average
photosynthetic yield for carbon fixation. Nevertheless, uncertainty remains about the
exact values of these yields. This is mainly due to assumptions for compartmentalization
and transport of carbon intermediates between compartments. For example, in the
model it is assumed that GAP, 3PG, and glucose can be freely transported over the
chloroplast membrane in both directions. This allows for balancing of reducing power
(NAD(P)H) between the chloroplast and cytosol/mitochondria, that cannot be
transported directly. Namely, using these transporters, 3PG can be exported from the
chloroplast to the cytosol/mitochondria where it can be reduced to GAP using excess
NADH from the cytosol/mitochondria. GAP can then be transferred back to the
chloroplast where it is oxidized to 3PG to provide NADPH in the chloroplast. This shuttle
could enhance the maximum yields in the case that NADH production in the
cytosol/mitochondria exceeds the requirements for NADH in the cytosol/mitochondria.
The contribution of this shuttle to the biomass and starch/carbohydrate yield is
negligible (Appendix B). However, the predicted yields of TAG on photons and TAG on
starch would be reduced from 1.33 to 1.15 g/mol and from 0.39 to 0.21 g/g,
respectively, if these transporters would not operate in both directions (Appendix B).
Because such a metabolic loss seems unrealistic and because a similar shuttle is
described for C. reinhardtii when grown on acetate (Johnson & Alric, 2013), these

transporters are assumed to be bidirectional.

A.4 Carbon partitioning

In section A.2, the net biomass specific photosynthetic rate is derived. This rate provides
the amount of photons that are available for the production of new biomass. This new
biomass can consist out of different biomass constituents that can be produced
simultaneously and in variable ratios (Fig. 7.1D). This section describes the partitioning
of photons towards these different biomass constituents. Together with the yields
calculated in section A.3, this carbon partitioning allows calculation of the biomass

specific production rate of each biomass constituent.
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It is assumed that in all cases the available photosynthetic capacity is first used to fulfil
maintenance requirements (ms; mol photon (g DW h)™; node 1 in Fig. 7.1D). This
biomass specific maintenance coefficient is assumed to be independent of the cultivation
conditions and physiological state of the biomass, but assumed to be proportional to the
fraction of reproducing biomass in the total biomass (i.e. proportional to Q/Qmax). It is
thus assumed that storage products such as TAG and starch do not have maintenance
requirements.

It is assumed that when the extracellular nitrogen concentration (N) is above 0, all
remaining photosynthetic capacity that is not used for cell maintenance, is used for the
synthesis of reproducing biomass (X). When no extracellular nitrogen is available, the
synthesis of reproducing biomass is completely impaired (Eq. 7) and the remaining
photosynthetic capacity is used for the production of TAG, starch, and other
carbohydrates (CHO) (node 2 Fig. 7.1D).

G = yx,hv(m_msﬁ) if N>0

* 0 ifN=0 ma.7
The ratio in which these products are made during nitrogen starvation is variable and is
dependent on the extent of nitrogen starvation. This carbon partitioning during nitrogen
starvation is highly complex and many regulatory mechanisms can be active
simultaneously. These can enhance or counteract each other. Analyses of the
transcriptome in various microalgae species shows that the activity of fatty acid
synthesis, glycolysis, oxidative PPP, TCA cycle, and the gluconeogenesis are regulated at
the transcription level (Blaby et al., 2013; Li et al., 2014; Rismani-Yazdi et al., 2012;
Valenzuela et al., 2012; Yang et al., 2013). In addition, the activity of some of these
pathways is also regulated by allosteric interactions (Hunter & Ohlrogge, 1998).
Furthermore, production rates of TAG and storage carbohydrates can be influenced by
competition for substrate, i.e. intermediates of glycolysis (Fan et al., 2012; Msanne et
al., 2012). This is supported by observations that TAG synthesis is enhanced in
starchless mutants (Breuer et al., 2014; de Jaeger et al., 2014; Li et al., 2010a). Finally,
inter-conversion of biomass constituents can occur during nitrogen starvation (Breuer et
al., 2014; Roessler, 1988). What makes modelling carbon partitioning during nitrogen
starvation even more complex is that the partitioning of carbon changes when nitrogen
starvation progresses (Breuer et al., 2014; Fan et al., 2012; Gardner et al., 2013;
Msanne et al., 2012).
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Mechanistic modelling of all these regulatory mechanisms is currently not realistic and
certainly will result in an over complicated model. Nevertheless, accurate description of
the carbon partitioning is required to model the biomass productivity because the
various biomass constituents have very different photosynthetic yields (section A.3).
Therefore an empirical approach is chosen to describe the carbon partitioning during

nitrogen starvation.

Besides starch and TAG, also other biomass constituents are produced during nitrogen
starvation. It is assumed that these other biomass constituents are carbohydrates other
than starch (CHO) and could represent cell wall or structural carbohydrates. As observed
by (Breuer et al., 2014), the contribution of these other biomass constituents to biomass
dry weight is relatively constant and contributes approximately 30% to the biomass dry

weight during nitrogen starvation in S. obliquus (Fig. A.3).
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Fig. A.3 Biomass composition of wt (A) and the sIm1 starchless mutant (B) of S. obliquus
during nitrogen starvation (nitrogen was depleted after 70-80h of cultivation). In the wt, the
starch content (% of DW) increased rapidly during initial nitrogen starvation followed by
degradation of starch. The TAG and total fatty acid (TFA) content (% of DW) increased more
slowly and the CHO content (% of DW) remained more or less constant. In the starchless
mutant, no starch was produced. As a consequence TAG was more rapidly accumulated. Also
in the starchless mutant, the CHO content remained more or less constant throughout the
entire cultivation. The CHO content was calculated as the difference between the dry weight
concentration and the sum of the reproducing biomass (it is assumed that the amount of
reproducing biomass does not change after the depletion of nitrogen from the culture
medium), starch, and TAG concentration. Experimental data derived from (Breuer et al.,
2014).

This biomass specific CHO production rate (qcno) is included such that the CHO content

in the biomass dry weight (% of DW) remains constant (node 3 in Fig. 7.1D).
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Mathematically, this is achieved using an equation that partitions all photons towards
CHO synthesis when the CHO content in the biomass newly produced during nitrogen
starvation is below a critical value (XcHo) and partitions no photons towards CHO
synthesis when this CHO content exceeds xcro. (Eq. 8). When the integration step-size is

chosen small enough, this results in a constant CHO content.

( 0 . CHO S ]
Y CHOTTAG + Starch > Xero
— ilable ph
qcHo = 4 r—"—Avm able photons De novo CHO production CHO } Eq . 8
—_— . ’Y_"“ . <
Qo — M5 —Qmax) CHO,hv if CHO + TAG + Starch = XCHOJ

The photosynthetic capacity that is not used for CHO synthesis during nitrogen
starvation is used for the synthesis of TAG and starch (node 4 Fig. 7.1D). During initial
nitrogen starvation, most photons are used for the synthesis of starch, but when
nitrogen starvation progresses most and eventually all of these remaining photons are
used for the synthesis of TAG (Fig. A.4A).
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Fig. A.4 Carbon partitioning between starch and TAG, expressed as the fraction of photons
partitioned towards TAG (frag) in nitrogen depleted wt S. obliquus. A: frac increases
progressively to 1 when nitrogen starvation progresses. After this point, frac remains equal to
1 and starch degradation and inter-conversion to TAG is initiated. B: frag correlates non-linear
to the biomass nitrogen content (Q). This correlation is used to describe the partitioning
between TAG and starch by the model (Eq. 9). Nitrogen was depleted after 70-80 h of
cultivation. Experimental data derived from (Breuer et al., 2014).

The fraction of photons partitioned towards TAG (at node 4 in Fig. 7.1D), from now on
called frag, correlates non-linear to the cellular nitrogen content (state variable Q) (Fig.

A.4B; Eq. 9). Due to the empirical nature of this equation, this equation does not
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guarantee that the value for frac is always smaller or equal to 1. Therefore, frac is set to

1 in the model when the predicted frac exceeds 1.
. 1 Eq. 9
frac —mm{pA.Q—Pa} a-

In the sIm1 starchless mutant, no starch is produced and the photosynthetic capacity
that is used to produce starch in the wt, is used for the production of TAG in the sim1
starchless mutant (Breuer et al., 2014). Therefore, the partition coefficient frac is

assumed to always be equal to 1 in the sIm1 starchless mutant.

When nitrogen starvation progresses, the accumulated starch is degraded again. These
degradation products can subsequently contribute to TAG synthesis (Breuer et al.,
2014). It is assumed that during initial nitrogen starvation no starch is degraded, but
when the nitrogen content decreases below a critical nitrogen content (Qgeg),
degradation of starch follows 0™ order kinetics with rate rstarcn,tac™ (node 5 in Fig.
7.1D). It is assumed that all degraded starch is used for the synthesis of TAG and that
degradation of the starch that is produced during nitrogen starvation can continue until
this starch is completely degraded (node 5 in Fig. 7.1D; Eq. 10).

0 if Q> Qgeg o7 Starch =0 }

Tstarch.raG = {r;?;r’zhm if Q < Qaeq and Starch > 0 Eq. 10

This results in the biomass specific production rates of TAG and starch as presented in
Eg. 11 and 12.

Photons remaining De novo

Available photons  after CHO production TAG production  Conversion of starch to TAG
— ——

_ _ dcHo

qdrac =

Q
Qmax YcHOh /

Photons remaining De novo
Available photons  after CHO production starch production
qstarch =

Qny — Mg " fragYragmw t+ TstarchracYracstaren  EQ- 11

Starch degradation

—_— ——
dcHo 7 N —_—
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A.5 Material balances

A set of ordinary differential equations (ODEs) was used to describe the change in
reproducing biomass (X), TAG, starch, CHO, and dissolved nitrogen (N) concentration
using the biomass specific production rates as derived in section A.4, resulting in Eq. 13-

17 for a batch cultivation.

ax

ar - IxCx Eq. 13
d
% = qracCx Eqg. 14
dStarch

Stdt = (starchCx Eq 15
d
% = qcHoCx Eg. 16
d
= = qucx Eq. 17

Since nitrogen is only a constituent of reproducing biomass, the biomass specific
nitrogen uptake rate (qnin Eq. 17) is dependent on the production rate of reproducing
biomass and the nitrogen content of reproducing biomass (Eq. 18). It is assumed that
the nitrogen content of reproducing biomass is constant and equal to the maximum

nitrogen content (Qmax).

v = —9xQmax Eq. 18

Notice that Eq. 17 and Eq. 18 do not prevent nitrogen from being taken up when the
nitrogen concentration becomes zero. However, qy will be 0 at a nitrogen concentration
of 0 because qx is forced to zero in that case (Eq. 7).

The total biomass concentration (cx) is calculated as the sum of X, TAG, Starch, and CHO
(Eqg. 19).

¢y =X+ TAG + Starch+ CHO Eqg. 19

The cellular nitrogen content (Q) of the total biomass is calculated using Eq. 20.
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_ QmaxX Eq. 20

Q c
Eq. 13-17 were integrated using the 4"/5" order Runge-Kutta algorithm using the

MATLAB ode45 function to yield the concentrations as a function of time.

TAG, Starch, and CHO refer to the amounts of TAG, Starch, and CHO made after
nitrogen depletion and do not include the amount of TAG, Starch, and CHO present in
the biomass that is made during nitrogen replete conditions because this is already part
of the reproducing biomass, X (section A.3). The experimentally measured biomass,
however, does include the starch and CHO present in the reproducing biomass (TAG in
reproducing biomass is negligible). For model validation, the simulated starch and CHO
content are therefore corrected for the amount present in the reproducing biomass. This
is done using Eq. 21 and 22.

X + Starch
Starch content = Xstarcnx T STATCh Eq. 21
CX
X+ CHO
CHO content = XCHO’XC— Eq. 22
X

In which, Xstarch,x @and Xcho,x represents the fraction of starch and CHO in reproducing
biomass and are assumed to be, respectively, 0.1 and 0.288 g/g for the wt and 0 and
0.288 g/g for the sim1 starchless mutant, based on experimental observations (section
A.2). It is assumed that this Xstarch,x is Not used for inter-conversion into TAG when

nitrogen starvation progresses.

A.6 Parameter estimation and model validation

A.6.1 Treatment of experimental data

The model was validated using nitrogen run-out cultivations of both the wt and the sim1
starchless mutant of S. obliquus using the data presented by (Breuer et al., 2014). In
these cultivations, the algae were inoculated at a low biomass density (less than 0.05
g/) and cultivated at an incident light intensity of 100 umol m2s™ until the biomass
density reached 0.3-1 g/| after which the light intensity was increased to 500 ymol m™2s’
!, In these cultivations an initial amount of 10 mM KNOs was supplied, which was
completely consumed at a biomass concentration of 1.5 g/I. The results of the duplicate

cultivations were combined and treated as a single dataset. Their time-axes were shifted
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such that the experimental data of both duplicates overlayed. The first experimental
point, immediately after setting the light intensity to 500 umol m2s™, was used as the
initial (boundary) condition for integration and was considered t=0 (Table A.1). All
results after the increase in light intensity, until the point where the biomass
concentration started to decrease substantially (cell decay), were used for parameter
estimation.

The incident light intensity, light path of the reactor, absorption cross section and
nitrogen content of nitrogen replete cells were directly derived from the experimental
conditions or observations, and were used as constants in the model (Table A.1).
Parameters related to partitioning of photons between TAG and starch and degradation
of starch were only relevant for the wt, because it is assumed that frac (Eq. 9) is always
equal to 1 in the sIm1 starchless mutant. This results in 8 parameters to be estimated

for the wt and 4 parameters to be estimated for the sim1 starchless mutant

A.6.2 Initial parameter estimation from experimental data

Initial values for all parameters were determined from the experimental data and used
as the starting point for parameter estimation as follows. g™ was estimated at 0.077
mol photon (g DW h)* from an assumed maximum specific growth rate of 3 g g day™
and a biomass yield of 1.62 g/mol. Qmin Was estimated at 0.012 and 0.014 g N (g DW)*!
for the wt and sIm1 starchless mutant, respectively, from the nitrogen content in
nitrogen replete biomass (9%) and the observed maximum increase in dry weight
concentration after the depletion of nitrogen. ms was assumed to be 0 as the initial value
due to the uncertainty related to this value. pa and ps were estimated to be 0.003 and
1.328 using Fig. A.4B. XcHo was estimated to be 0.3 g CHO (g DW)™ from Fig. A.3. Queg
was estimated at 0.014 g N (g DW)™* from the biomass concentration at which the

a

volumetric starch concentration was highest. rearcn7ac™ < Was estimated at 0.693 mg

starch (g DW h)! from the observed average starch degradation rate.

A.6.3 Final parameter estimation by minimizing sum of squared differences
Subsequently, parameters were estimated by minimizing the normalized sum of squared
differences (ssq) between model predictions and experimentally observed dry weight

concentration and starch and TAG contents throughout the cultivation (Eq. 23).
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3 Z crodel (1) — c2¥P (1) 2 [TAG content™%L(t) — TAG content®*®(t)\’ Eq. 23
554 = - (1) TAG content®* (t)

N Starch content™°4el(t) — Starch content®*?(t) 2
Starch content®P(t)
Because local minima might exist, first, a Monte-Carlo algorithm was used in which the
ssq was calculated for combinations of parameters that were randomly distributed
around the aforementioned values from S6.2 (using ranges of £20, 50, 20, 20, 20, 100,

,replet .
and 100% for qn™ ", Qmin, Pa, P, XcHo, Fstarch,Tac, and Queq, respectively).

The combinations of model-parameter values that resulted in the lowest ssqg-values were
manually evaluated and it was confirmed that the trends of the model were consistent

with the trends as observed in the experimental data.

Second, the combination of parameters that was considered best to fit the experimental
data was subsequently further optimized using unconstrained non-linear optimization

(Matlab: fminsearch) to yield the values as presented in Table A.1.

Table A.1 Estimated parameters, constants, and boundary conditions used for solving the
material balances for the wt and sIm1 starchless mutant of S. obliquus.

Estimated parameters units wt sim1
QpyMreplete mol photon (g DW h)™* 0.0642 0.0423
Qnmin g N (g bw)* 0.0108 0.0151
Ms mmol photon (g DW h)™* 0.100 0.100
Pa - 2.491 103
Ps - 1.509
XcHo g CHO (g bw)* 0.367 0.405
Fstarch, TAG ™2 g Starch (g DW h)* 0.516 107

—Queq g N (gbwW)* 0.0144
Constants units wt sim1l
Qmax g N (g bw)? 0.090 0.090
Creplete m?g* 0.200 0.200
z m 0.020 0.020
Io umol m? s 500 500
Initial values (boundary units wt sim1
conditions)
Cx gm3 120 550
TAG, Starch, and CHO gm?3 0 0
N g NOs-N m’3 129 91

When the model was simulated using these parameters it can be seen that the model
closely follows the experimental data and is able to reproduce all trends in the evolution

of the biomass concentration and composition in the experimental data (Fig. A.5).
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Fig. A.5 Model simulations using the parameters as presented in Table A.1 compared to the
experimental data. (A,C,E,G) wt S. obliquus. (B,D,F,H) sim1 starchless mutant S. obliquus.
(A,B) biomass dry weight concentration (g/m?3), (C,D) TAG and TFA content (% DW), (E,F)
starch and CHO content (% DW), (G,H) dissolved NOs-N concentration (g NOs-N/m?3).
Experimental data is derived from (Breuer et al., 2014). As explained by (Breuer et al., 2014),
after NOs; was consumed, biomass formation continued. In the wild-type, starch accumulation
started immediately after the depletion of nitrogen and accumulated to 40% of dry weight.
Hereafter starch was degraded again. TAG accumulation also commenced shortly after NO;
depletion and continued until the end of the cultivation. In the slm1l starchless mutant, no
starch is produced and the photosynthetic capacity that would otherwise have been used for
starch synthesis is directed towards TAG synthesis. This resulted therefore in higher TAG
synthesis rates in the sim1 starchless mutant than in the wt and this is reflected by the higher
TAG contents during initial nitrogen starvation in the sIm1 starchless mutant. Continues next

page.
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Fig. A.5 (continued). The maximum time-averaged TAG vyield and volumetric TAG
productivity were increased in the sim1 starchless mutant from 0.144 to 0.217 g/mol and
from 0.265 to 0.359 g (I day)™ as a consequence of this higher initial TAG synthesis rate
(Breuer et al., 2014). The amounts of starch and CHO predicted by the model refer to the
amounts of starch and CHO produced after nitrogen depletion. The simulated CHO and starch
contents are therefore corrected for the amounts of CHO and starch, that were already
present in the reproducing biomass at the start of nitrogen starvation, using the contents of
starch and CHO in the reproducing biomass as explained in section A.5. When model
simulations are performed using these parameters, it can be seen that the model closely
represents the experimental data and that this model can successfully describe the trends
observed in biomass formation and carbon partitioning during a batch process that includes
both nitrogen replete growth and nitrogen starvation.

A.6.4 Parameter sensitivity

Especially the parameters related to starch degradation in the wt were difficult to
estimate because starch synthesis and starch degradation could occur simultaneously
(starch turnover). This was reflected by identification of several local minima with closely

related ssq values but substantially different estimated parameters.

Although the model is well able to reproduce the experimental data, there are some
complications when using the nitrogen content as a proxy for the physiological state in
specific cases. For example, when nitrogen starvation progresses, up to 75% of the
starch that is initially produced during nitrogen starvation is degraded and converted
into TAG. This results in a large loss in biomass because the yield at which starch can be
converted into TAG is only 0.39 g/g (section A.3). During this period photosynthesis
continues, producing additional TAG. The net result of these two processes is a large
change in biomass composition, but not a large change in cellular nitrogen content. This
can make the model very sensitive to changes in parameters related to the cellular
nitrogen content, such as for example the nitrogen content at which starch degradation
is initiated (Qageg). A better understanding of the physiology and regulation behind carbon
partitioning and photosynthesis during nitrogen starvation is required to model these

processes more mechanistically.

A.7 Impact of model parameters on photosynthetic TAG yield

A.7.1 Model simulations and ranges of parameter values

Using the validated model, the impact of various model parameters, that represent, or
can be influenced by, the reactor design, process design, carbon-partitioning
mechanism, or photosynthetic machinery were investigated. To do so, model simulations

were performed using Monte-Carlo-sampled combinations of the incident light intensity
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(Io), biomass concentration at the onset of nitrogen starvation (cxn-0), and reactor
thickness (z), and for combinations of the incident light intensity, the pigmentation at
the onset of nitrogen starvation (Qrepiete), and the maximum photosynthetic rate (gn/™).
This was done for the carbon-partitioning mechanism of both the wt and sim1 starchless
mutant (blue symbols in Fig. 7.2). As a reference, these simulations were also

max

performed in which the values for Cxn=0, Z, Greplete, aNd gny" - were kept at the values
estimated from the experimental data (section A.6; red symbols in Fig. 7.2; Table A.2).
These parameters were sampled within the range as presented in Table A.2. All other
parameters were used according to Table A.1. For each of these simulations, only the
nitrogen starvation period was simulated. The desired biomass concentration at the
on