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Abstract (English)

It is well established that society’s main means for producing energy, the combustion
of fossil fuels, is unsustainable and contributes to global warming. Microalgae have high
potential for the production of biodiesel and energy source that can at least partially
replace fossil fuels. In addition, microalgae are a valuable resource for cleaning up the
wastewater that developed societies produce on a daily basis. The research presented
in this thesis covers how various growth conditions affect the production of lipids —
potential energy source — in Nordic microalgae species, and how these species can
benefit municipal wastewater treatment.

The research presented in Paper 1 demonstrated that the combination of Fourier-
Transform IR (FTIR) and Multivariate Curve Resolution-Alternating Least Squares (MCR-
ALS) is a powerful tool for monitoring changes in the biochemical composition (lipids,
carbohydrates and proteins) of microalgae grown under different conditions.
Experiments showed that Chlorella sp. isolated from Umea was able to grow under
heterotrophic conditions using glycerol as a carbon source and, more importantly,
demonstrated high lipid content. The substantial accumulation of lipids observed in
Chlorella sp. corresponded to a decrease in carbohydrate content. Paper 2 covered the
key metabolites associated with the observed high lipid content under heterotrophic
conditions. The low carbohydrate content observed under these growth conditions may
be linked to low levels of the metabolites involved in gluconeogenesis. Conversely, the
increase in lipid content may be associated with an increase in fatty acid metabolites
and/or certain amino acids. The research presented in Paper 3 showed that microalgae
grown under high light intensity (300 HE m™2 s ) have higher lipid contents than
microalgae grown under low light intensities (50 and 100 uE m=2 s71). The increase in
lipid content under high light intensity conditions corresponded with a decrease in
protein content. The research described in paper 4 demonstrated that among various
Nordic strains, Desmodesmus sp. is the best candidate for biomass and lipid production
under heterotrophic conditions with glycerol as the carbon source. Furthermore, the
research covered in Papers 1, 3 and 4 demonstrated that the increase in lipid content
under certain growth conditions corresponded to better biodiesel quality based on fatty
acid composition. The experiments described in Papers 1,3 and 4 also showed that
microalgae were able to remove most of nitrogen and phosphorus in wastewater, and
thus, could be beneficial to municipal wastewater treatment plants.



In summary, we showed that coupling FTIR to MCR-ALS is useful for evaluating changes
in the biochemical composition of microalgae. Nordic microalgae were able to produce
high amounts of lipids, which showed a favorable fatty acid profile in terms of biodiesel
quality, under certain growth conditions. Subsequent analyses provided insight into
which metabolites were responsible for the observed changes in lipid accumulation. We
also showed that Nordic microalgae can contribute to wastewater treatment.
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Abstrakt (Svenska)

Den mest anvdanda energikdllan i samhallet kommer fran foérbranning av fossila
branslen, vilken ar ohallbar och tyvarr bidrar till den globala uppvarmningen. Darfor
behovs alternativ: Mikroalger utgér ett sadant alternativ darfor att de har en stor
potential nar de galler produktion av lipider som kan anvdndas vid produktion av
biodiesel, en energikdlla som delvis kan ersatta fossila branslen. Mikroalger har
dessutom formaga att rena avfallsvatten som kommer fran vara kommuner och stader.
Forskningen som presenterasi denna avhandling behandlar produktionen av lipider hos
Nordiska arter av mikroalger odlade under olika tillvaxtforhallanden, och hur de olika
arterna kan anvandas for att behandla kommunalt avfallsvatten.

Forskningen som presenteras i den forsta studien demonstrerar att man kan kombinera
metoderna Fourier-Transform IR (FTIR) och Multivariate Curve Resolution-Alternating
Least Squares (MCR-ALS) och fa ett kraftfullt verktyg for att folja forandringar i den
biokemiska sammansattningen (lipider, kolhydrater och proteiner) hos mikroalger
odlade under olika forhallanden. Experimenten visade att Chlorella sp., isolerad i Umea
kunde tillvaxa under morker (heterotrofa forhallanden) med glycerol som kolkéalla och
tillika, kanske annu viktigare, hade hogt lipidinnehall. Den substantiella ackumuleringen
av lipider som kunde observeras i denna art av Chlorella motsvarade en minskad mangd
kolhydrater.

Nasta studie beskriver de nyckelmetaboliter som associeras med det observerade hoga
lipidinnehallet nar algerna odlades under heterotrofa forhallanden. Det Iaga innehallet
av kolhydrater som observerats under denna tillvaxt kan lankas till laga nivaer av
metaboliter involverade i glukoneogenesen och/eller vissa aminosyror.

Studie 3 visar att mikroalger som vuxit under hég ljusintensitet (300 hE m=2 s71) har
hogre lipidinnehall jamfort mikroalger under laga ljusintensiteter (50 and 100 uE
m=2s7'). Okningen av lipider under hég ljusintensitet motsvarar minskning i
proteininnehall.

Slutligen visar studie 4 att bland olika Nordiska arter av mikroalger, sa ar Desmodesmus
sp. den bast lampade kandidaten for biomassa och lipidproduktion under heterotrofa
forhallanden med glycerol som kolkalla.
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Sammanfattningsvis, har vi visat att Nordiska mikroalger har férmaga att producera
stora mangder lipider under vissa tillvaxtforhallanden, vilka dessutom visade sig ha en
gynnsam fettsyra profil som ar vardefullt fér biodiesel kvaliteten. Ytterligare analyser
klarlade vilka metaboliter som bidrog till den observerade forandringen i ackumulering
av lipider. Nordiska mikroalger kan anvandas for behandling av avfallsvatten. Vi har
ocksa visat att det ar mycket anvandbart att koppla metoderna FTIR till MCR-ALS for att
utvardera forandringar i biokemisk sammansattning hos mikroalger.
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Abbreviations

DAG:
FTIR:
GC:
LCMS:
MS:

MCR-ALS:

TAG:
PCA:

Diacylglycerol

Fourier-transform infra-red spectroscopy

Gas chromatography

Liquid chromatography mass spectrometry

Mass spectrometry

Multivariate curve resolution-alternating least Squares
Triacylglycerol

Principal component analysis
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I. Introduction

Contemporary society has become dependent on the combustion of fossils fuels for
energy production, a dynamic which is unsustainable and has impacted the global
climate in a way that we have already began to witness [1]. Microalgae are considered
a promising source of biofuels that can at least partially replace fossils fuels [1].
Furthermore, microalgae are also efficient at cleaning the wastewater that we produce
every day [2]. The research presented in this thesis covers how various growth
conditions affect the production of lipids — a precursor of biofuels — in Nordic
microalgae species, and how these species can benefit municipal wastewater
treatment.

1. Microalgae

1.1 What are algae ?

Algae are photosynthetic organisms that can be found all over the world, mostly in
aquatic environments such as ponds, lakes, oceans and even wastewater [3, 4]. There
are 30,000 to 1 million species of algae globally, and they produce nearly 70% of the
oxygen in the atmosphere during photosynthesis [5, 6]. In contrast to plants, algae
lack roots, stems or leaves but each cell is photosynthetic and can also absorb nutrients.
They can survive in environments with high ranges of temperature, salinity, pH and light
intensity [7]. They are eukaryotes that can be classified according to their size as
microalgae or macroalgae. Microalgae are unicellular, with sizes of around 3 to 7 um,
while macroalgae (seaweeds) are multicellular and up to 70 m long [8]. Algae have
different colors due to differences in photosynthetic pigments. Thus, they are often
classified according to their pigment composition as green algae (Chlorophyceae), red
algae (Rhodophyceae), brown algae (Phaeophyceae), diatoms (Bacillariophyce) and
golden algae (Chrysophyceae) [3] (Fig. 1).
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Figure 1: Classes of algae according to their photosynthetic pigments. Adapted from [3].

Cyanobacteria, previously called blue green algae, are not only photosynthetic but also
prokaryotic organisms. Therefore, many authors exclude cyanobacteria from algal
groups [4]. Algae can produce various valuable compounds, such as health
supplements, pharmaceuticals and cosmetics [9]. Algae have recently gained
alot of attention since clean, sustainable fuels that could replace fossil fuels can be
generated from them. They can also be used in cheap, environmentally friendly
wastewater treatment processes [2]. In this thesis, the term microalgae refers to green
algae, and not other classes of microalgae (diatoms or golden algae), unless otherwise
stated (Fig. 1).

1.2 Factors influencing growth of microalgae

Microalgal growth is affected by diverse biotic and abiotic environmental factors.
Temperature, light and carbon source are examples of abiotic factors, whereas initial
algal cell density, algal pathogens and zooplankton are examples of biotic factors [10,
11]. Some of the most important microalgal growth factors are discussed below.



1.2.1 Carbon source

The carbon source is the most crucial factor for cultivation of microalgae. Like plants,
microalgae can grow autotrophically using inorganic carbon, especially CO,, to produce
chemical energy through photosynthesis.  Certain microalgae,  such
as Chlorella pyrenoidosa and Scenedesmus obliquus can grow efficiently in high
CO; concentrations (5-20%) [12]. Therefore, microalgae are considered
good candidates for taking up CO,from industrial flue gases and thus reduce CO;
emissions into the atmosphere that are strongly contributing to global warming. In
addition to autotrophy, some microalgae can grow heterotrophically, using organic
carbon compounds as sources of energy, in the absence of light [13]. Glucose is the
mostly widely used source of organic carbon by heterotrophic microalgae
and assimilated through hexose/H* symport systems [14, 15]. Other organic carbon
sources that are known to be utilized by some microalgae include acetate, xylose and
glycerol [15, 16]. Different species can use different organic carbon sources and, for
example, the ability to assimilate glucose is not necessarily accompanied by ability to
assimilate xylose or glycerol [16]. Heterotrophic microalgae can play important roles in
commercial scale microalgal production in boreal regions where there are long winters
and low solar fluxes. In addition, evolution of the ability to grow heterotrophically may
have been an adaptive requirement for microalgae to survive in boreal regions. Thus,
screening for the ability to grow in heterotrophic conditions could be important for
large-scale microalgal production. Microalgae that can assimilate and use organic
carbon and at the same time CO; photosynthetically are called mixotrophic [13].

1. 2.2 Light

Both the quality and quantity of light are extremely important factors for growth of
microalgae as they are photosynthetic organisms. Different light sources have different
spectra, and thus different effects on growth of microalgae, as the photosynthetically
active wavelengths depend on their pigments [3]. Light intensity also strongly
influences their growth, and three important ranges for microalgal growth can be
defined: light limitation, saturation and inhibition [17](Fig. 2). In the light limitation
range, the microalgal growth rate increases as light intensity increases until a saturation
threshold is reached. Beyond this threshold the photon absorption rate exceeds energy
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conversion and associated production rates of key metabolites: the reduced form of
nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine triphosphate
(ATP) [18]. Above the light saturation threshold, light inhibits growth of microalgae and
their photosynthetic apparatus is irreversibly damaged [11]. The optimum light
intensity for maximum biomass growth varies among microalgal species [11], so it is
interesting to investigate the optimum light intensity of isolated microalgae.

A

Growth

No cell growth
Light limitation
Light saturation
Light inhibition

)

Light intensity [umol m2s™]

Figure 2: Effect of light intensity on the specific growth rate of microalgae under phototrophic
cultivation. Adapted from [17].

1.2.3 Nutrients

Like plants, microalgae need various micro and macronutrients to grow. However,
nitrogen (N) and phosphorus (P) are the two major crucial macronutrients for their
growth [19]. Nitrogen is needed to synthesize important biochemical compounds,
including DNA, RNA, amino acids and pigments such as chlorophyll [19, 20]. It occurs in
several inorganic forms that can be assimilated by microalgae, including nitrate
(NOs37), nitrite (NOy), ammonium (NH4*) and nitric oxide (NO). Assimilated nitrogen is
processed by the glutamine synthetase system, which catalyzes the formation of
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the amino acid glutamine from ammonium and glutamate. NO3” must be converted to
NO,, and NOy to NH4* before it can be used by this system [20]. Thus, NH4* is the most
preferred nitrogen source since the least energy is required for its uptake and
assimilation. NO can also be used to grow microalgae. This can be obtained from flue
gases with high contents of nitrogen oxides (NOx), which are hazardous pollutants, and
thus reduce emissions of NOx into the atmosphere [20].

Phosphorus is an important element for major components of organisms, such as DNA,
RNA, membrane phospholipids and ATP. Phosphorus is present in environments in
various natural forms, including orthophosphate, polyphosphate, pyrophosphate, and
metaphosphate as well as the organic forms [20]. Phosphorus is actively absorbed by
cells in orthophosphate form (H2PO4 - or HPO4 %) and certain enzymes are involved in
transforming different phosphorus forms into orthophosphate. However, small
amounts of various form of phosphorus can also be absorbed passively [20]. Microalgae
can assimilate more phosphorus than they need and storeitas ‘polyphosphate
granules [21]. Phosphorus stored in polyphosphate granules can be used when
phosphorus is scarce in the environment, and the ability of microalgae to accumulate
high phosphorus contents in granules gives them attractive potential for removing
excessive phosphorus in wastewater [21] (which can have damaging environmental
effects, as outlined in section 4.1).

1.2.4 Temperature.

The optimum temperature for microalgal growth is species- or strain-dependent, and
mostly varies between 15 and 40 °C [19]. However, they can grow at up to 15 °C less
than their optimum temperature. For example, authors (date) found that Chlorella
vulgaris grew maximally at 15 °C, but could survive and grow at 4°C [11]. Moreover,
[22] recently showed that species isolated from Nordic regions can grow at very low
temperatures (5°C) and produce as much biomass as when grown at high temperature
(25°C). At low temperature, the fluidity of cell membranes declines, so there are
reductions in both membrane transport and overall microalgal growth rates. In
adaptive responses, the ratio of unsaturated to saturated fatty acids in membrane
generally rises as temperature declines since unsaturated fatty acids can increase cell
membranes’ fluidity [19, 23].



1.2.5 pH

Another major factor influencing microalgal growth is the pH of the medium or
extracellular environment, as diverse cellular processes (including enzyme activities and
uptake of both CO, and nutrients) are affected by the medium or extracellular pH [11].
Most microalgae grow optimally in the pH 7-9 range, although some can grow at very
low or very high pH[24]. Lower than optimal (acidic) pH interferes with nutrient
absorption and diverse cellular functions while effects of higher than optimal (alkaline)
pH include reductions in CO, affinity and impairment of cell cycling [11] .

As most microalgae live in water, the CO, they absorb during photosynthesis is dissolved
in water and may be in three forms: H,COs;, HCO; or CO;*. The pH determines which
carbon form dominates, and the carbon forms influence the pH. HCOs is the major form
at pH around 8. When HCOs is used as a CO; source, OH- is released into the medium,
thereby raising the pH (Equation 1)[25]. At high pH, CO;>becomes the major form, but
OH-is still released if CO;> is used as a CO, source, so the pH of cultures will become
even higher (Equation 2). It is recommended to use a buffer in large-scale cultivation of
microalgae to avoid excessive pH fluctuations[25]. Another problem associated with
high pH is formation of ammonia, which is very toxic even at very low concentrations,
from ammonium present in the environment.

Equation 1: HCO; — CO, + OH- [25]
Equation 2: CO;*+H,0 — CO,+20H  [25]



2. Lipid production in microalgae

2.1 What are lipids ?

Lipids are crucial components of organisms, but there is no universally accepted
definition. They can be simply defined as fats and oils, or chemically as molecules that
are insoluble in water but soluble in organic solvents such as chloroform, ethers and
alcohols [26]. According to the latter definition, diverse compounds, such as sterols,
carotenoids, triacylglycerols (TAGs) and phospholipids, are all lipids, despite major
differences in their chemical structures and biosynthesis [26]. However, various
substances that are generally regarded as lipids are almost as soluble in water as in
organic solvents, so more biologically significant definitions have also been proposed,
notably “Lipids are fatty acids and their derivatives, and substances related
biosynthetically or functionally to these compounds [27].”. Fatty acids are major
components of numerous types of TAGs, phospholipids and other diacylglycerols
(DAGs), which are the main constituents of biological fats, oils and membranes (see
section 3.3). In these substances, the fatty acids are covalently linked to a glycerol
‘backbone’ (Fig. 3).

X
I

Hydrophilic polar (|3
head group

O=p—0
b oy oTeg
e T YT
OH OH OH (l) (l) (l) (lj (lj H

C=0 C=0 C=0| Hydrophobic | c_q5 c=0

| | I acyl chains I I

R, R, R, R, R,
Glycerol backbone Triacylglycerol Phospholipid

Figure 3 : The ‘glycerol backbone’ and two main groups of fatty acyl lipids: TAGs (neutral) and
phospholipids (polar). Adapted from [26].

There are numerous fatty acids, with different chemical structures and associated
variations in both chemical properties and physiological roles. Hereafter, the term ‘lipid’
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refers to TAGs and DAGs, unless otherwise stated. Fatty acids and lipids derived from
them are used commercially in the food industry, for example as cooking oils and
butter, and in the chemical industry, for example, as detergents and lubricants [26].

2.2 Structure of fatty acids

A fatty acid is a carboxylic acid with a long chain of carbon and hydrogen atoms (Fig. 4),
which provides its ‘fatty’ (hydrophobic) properties. Formic acid (HCOOH) and carboxylic
acids with short chains (less than around six carbons) lack this hydrophobicity and thus
are not classified as fatty acids [26]. Fatty acids differ in numbers of carbons in their
hydrocarbon chain, and both numbers and positions of double bonds in the chain. Fatty
acids structures determine the properties of lipids [28]. For example, lipids composed
of fatty acids with no double bonds (which are called saturated, because they are
‘saturated’ with hydrogen) are solid at room temperature and mostly known as fats or
waxes. Lipids composed of fatty acids with double bonds (unsaturated) are liquid at
room temperature and mostly known as oils [28].

COOH

AV AVE VAV ANVAVENVavd

COOH
Z N Z

Figure 4 : Examples of fatty acids: Linoleic acid (18:2) and linolenic acid (18:3). The first number
in the numerical notation (here 18) refers to the number of carbon atoms in the chain, the
second number refers to the number of double bonds.

2.3 Major forms of microalgal lipids and their functions

Lipids can be classified as polar or neutral. Fatty acids in free form are toxic, and their
content is minimized by their combination with another molecule, usually glycerol in
cells. The carboxyl (-COOH) group of a fatty acid can react with any of the three hydroxyl
(-OH) groups of glycerol. Most carboxyl groups are charged at cellular pH, but this
reaction results in loss of fatty acids’ charge, and glycerol is not charged [26, 29, 30].
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Thus, TAGs (in which fatty acyl groups are linked to all three hydroxyl groups of glycerol)
are neutral. In a DAG, two of the three hydroxyl groups of glycerol are attached to fatty
acids, but the third hydroxyl is attached to a charged molecule (Fig. 3). Two of the main
polar lipids of microalgae are phospholipids and glycolipids, in which the charged
molecule is a phosphate and carbohydrate, respectively. Phospholipids and glycolipids
are key structural and functional components of cell membranes, while TAGs are
usually present in organelle-like structures called lipid droplets or lipid bodies, each of
which usually contains various types of TAGs [31, 32]. The physiological roles of TAGs
are not well characterized, but they are involved in energy and carbon storage, possibly
because fat has around twice as high energy content per unit mass than protein or
starch [32]. Due to their high energy content and lack of charged groups, TAGs are
potentially strong clean, sustainable alternatives to fossil fuels [30, 32].

2.4 Fatty acids and TAG synthesis in microalgae.

Like plants, microalgae synthesize fatty acids in chloroplasts. Unlike plants, in which
fatty acids can be synthesized and stored in special cells, tissues or organs, the whole
fatty acid synthesis process occurs within single cells in microalgae [30, 33]. Acetyl-CoA
produced from glycolysis is the starting point of fatty acid synthesis. The initial step of
dedicated fatty acid synthesis is transformation of acetyl-CoA into malonyl-CoA (Fig. 5).
This is also regarded as the most limiting step for synthesis of fatty acids as acetyl-CoA
is also used in energy production via the TCA cycle [34]. Malonyl-CoA then reacts with
acyl carrier protein (ACP), yielding malonyl ACP (Fig. 4). A multisubunit enzyme called
fatty acid synthase then starts the elongation of fatty acids, using malonyl coA and
acetyl CoA as substrates (Fig. 5). The reaction is repeated several times, adding malonyl
CoA (and hence two carbon atoms) each time to a growing fatty acid chain. The reaction
may be stopped at various points to release a completed fatty acid, but usually a
saturated fatty acid called palmitic acid (16:0) is released. This 16:0 is then used as a
precursor to synthesize longer, unsaturated or polyunsaturated fatty acids such as 18:0,
18:1 or 18:3. Produced free fatty acids can later be used for de novo TAG synthesis [33].

De novo TAG synthesis starts with a transfer of free fatty in the form of acyl CoA from
chloroplast to cytoplasm, where they get linked to glycerol to make TAG (Fig.5). To
make one TAG molecule, two acyl CoA provide acyl groups to positions 1 and 2 of
glycerol 3 phosphate, in a reaction sequence that results in phosphatidic acid (PA)
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formation (Fig. 5). PA is later dephosphorylated to diacylglycerol (DAG). Finally, another
acyl group provided by acyl CoA is added to the DAG, resulting in a TAG (Fig. 5). In
addition to de novo synthesis, TAG can be produced via acyl CoA-independent
pathways. In that case, phospholipids from plasma or chloroplast membrane may be
recycled and reused to make TAGs (Fig. 5)[33].

Glucose

Glucose-6-phosphate

Pyruvate
DHAP
G3PDH s CoA Acetyl CoA
Glycerol-3-phosphate ' LCS '1'
Acy! CoA(—4 Free Malonyl CoA
Acyl CoA / fatty acids
' Malonyl ACP
Lysophosphatidic'acid '
J vLPaaT : A oo
Phosphatidic acid i Acyl-ACP . :ggc)’
I x .
Plasma i, PA phosphatase Y o fatty acid
membrane . Diacylglycerol TAG synthesis
lipids s DGAT N Trans- 3-Hydroxyacyl
TG ', "~ Enoyl-ACP -ACP
ER L
\ Oil )
bod
Oil y
body
Chloroplast
Cytosol

Figure 5 : Fatty acids and TAG synthesis in microalgae. Adapted from [33]

2.5 Measurement of lipid contents

The traditional method to measure lipid contents is based on extraction and purification
of lipids followed by their gravimetric determination, i.e. weighing them using an
analytical balance. To separate lipids from other cell components, organic solvents are
used, most frequently a mixture of chloroform and methanol [35, 36]. However,
gravimetric methodology has several disadvantages. Most importantly, for measuring
fatty acyl lipids, there are obvious risks of overestimating their contents through
inclusion of other lipids, such as pigments or steroids. This problem can be solved by
using gas chromatography (GC) to detect and quantify solely fatty acids [37]. For this,
fatty acids in extracted lipids are first methylated via a process called transesterification,
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which results in fatty acid methyl esters (FAMEs). Transesterification neutralizes the
polarity of fatty acids’ carboxyl groups, which otherwise hinders GC analysis [38].
Another more important benefit of using GC is that fatty acids are individually
measured, so it provides a ‘profile’ showing percentages of each specific fatty acid in
samples [37].

There are also other techniques to measure contents of lipids that do not require their
extraction. These include fluorescent methods, which are also faster and require
smaller numbers of cells to determine lipid contents than gravimetric methods. Nile red
and BODIPY are two fluorescent dyes that are commonly used to determine lipid
contents, since they can stain neutral lipids in cells. Fluorescence microscopy and
spectroscopy are then used to analyze images and quantify lipid contents [39, 40]. The
main drawback of fluorescence methods is that the thickness and rigidity of some
microalgae species’ cell walls impair the dyes’ penetration into the cells [39]. FTIR is
another method to measure lipid contents that does not require lipid extraction. In
standard spectroscopy, samples are exposed to a beam of monochromatic (single-
wavelength) light, and possibly beams of light with one or more other wavelengths after
changing settings. In contrast, in FTIR, samples are exposed to a
polychromatic light beam, each molecule in the sample has specific absorption peaks,
and the sum totals of these peaks form an infrared absorption spectrum (which is
measured)[41]. The areas or heights of peaks in infrared spectra correspond to
concentrations of specific molecules in the samples. Carbohydrates are associated with
three bands between 900 and 1100 cm™ due to stretching vibrations of vC—O—C bonds
in polysaccharides. Proteins are associated with two bands, at 1650 and 1540 cm™ due
to stretching of vC=0 and N-H bonds of amides (amide | and ll, respectively). A band
at 1740 cm™ arising from C=0 stretching is assigned to lipids (Fig. 6)[42]. The protein
amide | peak has been used as an internal reference to estimate lipid and carbohydrate
contents in analyses of FTIR spectra, because the protein content is not supposed to
vary substantially. However, in some cases it may vary significantly between samples,
so standard FTIR data analysis is unreliable [43, 44]. In recent efforts to resolve the
problem, MCR-ALS has been used to analyze FTIR spectra of animal and plant samples
[45]. This resolves numbers of spectral components assigned to specific chemical
classes that differ between samples, and relative contributions of each component to
every sample’s FTIR spectrum [45] (Fig. 6). The combination of FTIR and MCR ALS can
also be reliably used in analyses of algae. In addition to its rapidity, a major advantage
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of FTIR over other methods is the ability to measure three major biochemical
components of microalgae (lipids, carbohydrate and protein) simultaneously.

0,24
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Figure 6. Results of FTIR data analysis using MCR-ALS, showing three resolved components:
Components (blue), (red) and (black) respectively assigned to carbohydrates, lipids and
proteins [46].

2.6 Microalgal lipids as a source of biofuel

Demand for energy will probably continue to increase, and fossil fuels will eventually
be depleted. In addition, combustion of the fossil fuels that we currently use results in
emission of high amounts of CO; into the atmosphere, thereby contributing to global
warming [1]. Therefore, alternative fuels are needed that are renewable,
environmentally friendly and abundant. Biodiesel, produced from fatty acids in TAGs
obtained from suitable organisms, has been considered a good alternative (Fig. 7) [47].
Combustion of biodiesel releases amounts of CO; into the atmosphere, which are very
similar to the amounts absorbed by the plants or algae during the photosynthesis that
generated the fuel [48]. However, before fatty acids in TAGs and DAGs can be used they
must be transesterified, because biological fats and oils are too viscous for use in
combustion engines, at least without expensive additional fuel treatment systems [49].
To generate biodiesel, fatty acids in the source material are transferred to an alcohal,
generally methanol, because it is cheap [50]. This results in a kind of biodiesel consisting
of fatty acid methyl esters (FAMEs) (Fig. 7 ). To date, biodiesel has been mostly
produced from plants, for example soybean in USA and rapeseed in Sweden [51]. This
raises the question of food vs fuel because the price of food may increase significantly
if a large portion of food crop is used for biodiesel production. Even if the biodiesel can
be produced from non- food crop, the agricultural land for cultivation will still be
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needed and therefore still the food vs fuel problem [1]. Biodiesel can also be produced
from microalgae with several advantages compared to plants. Microalgae have much
higher growth rates than plants, as they can double their biomass in less than 5 hours
during exponential growth phases [1]. They do not need agricultural land to grow, thus
avoiding competition with agricultural crops and the food vs fuel dilemma. In addition,
the biomass of some algal species contains high amount of TAGs, the most suitable type
of lipids for biodiesel production [9].
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Figure 7 : Biodiesel production using methanol as an alcohol substrate. Adapted from [52].

Different microalgae species have different types of fatty acids, and the quality
of biodiesel is determined by the length and saturation of the constituent fatty acid
carbon chains (Fig. 4) [53]. The tendency of biodiesel to be degraded by oxidation is also
affected by its FAME (or, more generally, Fatty Acid Alcohol Ester) composition, and
storage conditions. Biodiesel with high contents of di- or higher unsaturated
hydrocarbon chains (e.g. 18:2, 18:3 and 20:4 ) is most vulnerable to oxidation, because
the presence of double bonds make biodiesel susceptible to oxygen attack. The ‘cold
flow properties’ (fluidity at low temperatures) of biodiesel are also important [54]. As
the temperature declines, the fluidity of biodiesel decreases and crystals may form in it
that can clog filters. This tendency is correlated to its contents of saturated FAMEs (e.g.
16:0 and 18:0) [54]. Double bonds in fatty acids cause kinks in their chains, while fatty
acids with saturated hydrocarbon chains are straight. Therefore, saturated fatty acids
can pack together easily, which reduces fluidity [55].
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3. Wastewater treatment
3.1 What is wastewater ?

Wastewater can simply be defined as any “used water” from different human activities.
Wastewater have different contaminants depending on the origin of wastewater [56].
For example, industrial wastewater is rich in heavy metals (e.g.: cadmium and zinc),
chemical toxins (e.g.: biocides and surfactants) and poor in nitrogen and phosphorus
content [57, 58]. In contrast, municipal wastewater which is wastewater from our
homes such as wastewater from baths, dishwasher, toilets, are rich in nitrogen and
phosphorus [59]. Wastewater has to be treated to remove contaminants before reuse
or discharge into aquatic environments, such as lakes, rivers or the sea. Releasing
untreated wastewater contaminated with heavy metals or other toxins into aquatic
environments can cause massive damage to ecosystems directly, while release of water
with high nitrogen and phosphorus contents leads to excessive growth of algae and
plants (‘eutrophication’)[60]. When these algae and plants die, they are decomposed
by bacteria, which consume nearly all the available oxygen in the process. This results
in ‘hypoxic’ conditions, i.e. too low oxygen concentrations for fishes and various other
aquatic organisms to survive [61].

3.2 Wastewater treatment

Wastewater treatment generally involves three phases: primary, secondary and tertiary
[62-64]. Primary treatment refers to the mechanical or physical removal of solid objects
by passing wastewater through screens, a comminutor and grit chamber (Fig. 8).
Screens prevent the passage of most debris, the comminutor grinds any residual debris,
then the ground material sediments in the grit chamber and a tank called a primary
clarifier. The sedimented solid is called primary sludge [64]. Secondary treatment refers
to the decomposition of soluble organic compounds by microbes in the wastewater
(Fig. 8). Air is supplied in secondary treatment to facilitate metabolic processes [63].
One of the most widely used types of secondary treatment involves use of an aerated
tank for microbial activities followed by another tank (a secondary clarifier) for
sedimentation of solid products (mainly bacteria) called ‘activated sludge’[64]. Some of
the activated sludge is re-used in the aerated tank with new wastewater while the rest
is disposed of in an appropriate fashion (Fig. 8). The wastewater obtained can be
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disinfected and either released into a recipient surface water body or subjected (if
necessary) to tertiary treatment [64].
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Figure 8 : Schematic diagram of primary and secondary wastewater treatment procedures
[64].

Tertiary treatment is the final cleaning phase before wastewater is discharged to the
environment. The purpose of this phase of wastewater treatment is to remove any
contaminants that were not removed during secondary treatment. For example,
inorganic compounds such as nitrogen and phosphorus are removed during this phase
[62, 65]. Nitrogen can be removed using both chemical or physical methods, e.g., ion
exchange and air stripping of ammonia, respectively, neither of which are particularly
cost-effective. The air stripping of ammonia is based on adding lime to wastewater in
order to volatilize ammonia, after which the volatile compounds are transferred from
the liquid to an air stream, while ion exchange removes ammonium by using an ion
exchange resin (e.g. clinoptilolite) that selectively captures ammonium. Nitrification-
denitrification is a biological method that is commonly used to remove nitrogen from
wastewater. In this method, specific bacteria first convert ammonia into nitrate, after
which another set of bacteria transform nitrate into nitrogen gas, which is released into
the air. However, nitrification-denitrification can be rather expensive due to the costs
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associated with constant aeration and the maintenance of large settling tanks.
Phosphate can be chemically removed from wastewater by relying on precipitation with
compounds such as aluminum or ferric ions, but this method is also expensive. A
biological method for phosphorus removal also exists, as certain bacteria are able to
accumulate phosphate and store excess amounts as polyphosphate. For instance,
microalgae are an example of phosphate-accumulating microorganisms [21, 66].

3.3. The relevance of microalgae to municipal wastewater treatment

The global population is currently experiencing a long-term trend of urbanization, which
will increase daily water consumption, and hence, municipal wastewater production, in
urban areas. Municipal wastewater with high levels of nitrogen and phosphorus is the
optimal environment for microalgae growth [59, 60]. However, wastewater cannot be
considered as an artificial growth medium because of the constant changes in
wastewater composition. For example, ammonia concentrations may periodically
exceed the levels that support microalgae growth [67]. Moreover, nitrogen and
phosphorus concentrations in wastewater can vary depending on the origin of the
wastewater as well as the time of year. Another example of the complexity of
wastewater is that wastewater may contain predatory zooplankton that prey on
microalgae, and/or bacteria that consume organic compounds and compete with
microalgae [58, 68]. Despite the complexity of wastewater, different microalgae have
been shown to thrive in wastewater and remove efficiently the total nitrogen and
phosphorus [2, 4]. Importantly, after wastewater treatment, microalgal biomass can be
used to generate biodiesel and bioethanol via the chemical transformation of
microalgal lipids and carbohydrates, respectively [59, 69]. This use of wastewater for
growing microalgae could decrease the cost of producing biodiesel to a point that such
projects are economically feasible [59]. Microalgal uptake of nutrients from
wastewater varies between microalgae species and, in some cases, strains of the same
species. As such, certain microalgae are more efficient than others at removing
nutrients from wastewater. For example, the microalgae that already inhabit
wastewater are usually highly effective at removing target compounds, most likely due
to the fact that they have adapted to the environment, i.e., these algae survive
alongside other naturally occurring organisms [58]. In addition, microalgae found near
the site of the wastewater plant can also be effective bioremediation agents since they

are adapted to the local environment. This factor has recently been noted to be
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important for large-scale microalgae cultivation [58]. When focusing on biodiesel
production, researchers should try to identify a local strain that is able to remove
nutrients from wastewater as well as accumulate significant amounts of lipids.

4. Metabolomics

4.1 What is metabolomics?

Metabolomics can be defined as a tool for identifying and quantifying metabolites
(e.g., amino acids, peptides, carbohydrates, lipids) in living organisms [70, 71]. While
other “omics” approaches (genomics, transcriptomics, proteomics) are concerned with
what may happen in an organism, metabolomics shows the current state of an
organism (Fig. 9). For example, it is difficult to connect mRNA or protein levels to
metabolism because of various biochemical processes, such as RNA splicing and post
translation [71, 72]. Metabolites are most often quantified using mass spectrometry
(MS) since this methodology can detect diverse metabolites at very low concentrations
[73]. Various separation techniques may precede MS, with liquid chromatography MS
(LCMS) and gas chromatography MS (GCMS) the most commonly applied systems [72].
The selection of separation technique depends on the metabolite of interest. For
example, GCMS is employed when the sample contains volatile compounds that should
be derivatized (e.g., via methylation), while LC-MS can be applied to samples that do
not require derivatization and already exist in the liquid phase [72]. Environmental
changes can significantly influence organisms over various levels; for example, a change
in temperature may alter transcription, which stimulates metabolic changes, and
subsequently, impacts both phenotype and physiology [74]. In microalgae-based
biodiesel production systems, the environmental changes that impact lipid production
and accumulation are of paramount importance, as lipids are the basis for biodiesel
production. Various previous studies have failed to increase lipid production by
targeting the expression of key enzymes, which suggests that our knowledge of lipid
metabolism in microalgae is lacking [75]. Therefore, it is important to use metabolomics
as a tool to follow, and begin to understand, lipid production in microalgae.
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Figure 9: An illustration of how different “omics” approaches can be used to study how cells
and organisms function. Adapted from [76].

4.2 Metabolomic studies of algae under auto- and heterotrophic conditions

As described above, certain microalgae are able grow in a light-deprived environment
by relying on an external carbon source. Importantly, some of these heterotrophic
microalgae show higher accumulation of lipids, especially fatty acids, under
heterotrophic conditions. The mechanism which explains this change in lipid
metabolism under heterotrophic conditions is not well understood, but different
pathways have been suggested (Fig. 10). The first theory focuses on glucose - the most
common source of organic carbon - which is taken up through the hexose/h+ symporter
system [14]. During glycolysis, glucose is broken down over several steps to yield
pyruvate. Acetyl-CoA, a precursor of lipid synthesis, is then produced from pyruvate,
and can enter the TCA cycle to produce cellular energy (Fig. 10). Another theory focuses
on glycerol, which some microalgae obtain by simple diffusion. Within the cell, glycerol
is transformed into glyceraldehyde 3-phosphate, an intermediate of glycolysis
pathways, and — similar to glucose — will later yield pyruvate [15]. Glyceraldehyde 3-
phosphate can also be obtained from the Calvin cycle, one component of
photosynthesis, which is active when light is available (Fig. 10). Therefore, identifying
and quantifying various metabolites from the microalgae that are characterized by
improved lipid productivity under heterotrophic conditions will advance our
understanding of lipid production in microalgae.
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Il. Aims

There is a need for a rapid and efficient method to determine lipid contents of
microalgae in order to assess (and assist efforts to improve) their suitability for biodiesel
production. FTIR spectroscopy fulfills those requirements, and has been recently used,
assuming that protein content is constant, to measure lipid (and carbohydrate)
contents of microalgae grown in various growth conditions [42-44]. However, the
assumption that protein content is constant may be false, and result in wrong
conclusions [44]. A potentially attractive solution is to combine FTIR spectroscopy and
and MCR-ALS analysis. Thus, the aim of the study reported in Paper 1 was to evaluate
the ability of FTIR coupled with MCR-ALS to monitor changes in biochemical
composition (particularly lipid, carbohydrate and protein contents) of microalgae
under different growth conditions. The following growth conditions were used in
reported tests: autotrophic, mixotrophic with glucose or glycerol, and heterotrophic
with glucose and glycerol.

Certain growth conditions promote lipid accumulation in microalgae [15, 77]. However,
lipid production in microalgae is not well understood and recent attempts to increase
it by changing the expression of key enzymes have not been successful [75]. Several
‘omic’ approaches have been developed to survey organisms’ hierarchical pools of
substances involved in biological processes and the transition from genetic information
(in the genome), through proteins (the proteome) and myriads of metabolites (the
metabolome) to a phenotype [71, 72]. As the metabolome is the closest of these levels
to the phenotype, the goal of the study reported in Paper 2 was to identify key
metabolites related to high lipid production observed under heterotrophic condition
with glycerol.

Effects of increases in light intensity on microalgae seem to be species-dependent, and
may vary from reducing to increasing their lipid contents [7-9]. Thus, it is important to
study effects of light on the lipid production of each species of potential interest.
Moreover, effects of light intensity on relative proportions of three major components
of microalgal biomass (lipids, protein and carbohydrates) have received insufficient
attention. Thus, the aim of the study reported in Paper 3 was to investigate effects of
varying light intensity (at 50, 150 and 300 pE m=2s7?) on the growth, lipid production
and overall biochemical composition of Nordic microalgae.
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Conditions that microalgae have adapted to at high latitudes include long winters with
low solar fluxes. Therefore, screening the capacity of locally isolated microalgae for
heterotrophic growth is important for large-scale biodiesel production in Nordic
regions. While glucose is expensive, glycerol seems to be a better alternative to grow
microalgae in heterotrophic conditions as it can be obtained cheaply as a by-product of
biodiesel production [78]. Thus, the aim of the study described in Paper 4 was to
identify, by screening, Nordic microalgae capable of growing well in heterotrophic
conditions with glycerol.

In the studies reported in Papers 1, 3 and 4, we analyzed fatty acid profiles of lipids
produced under selected growth conditions. We also measured the uptake of
nutrients (nitrogen and phosphorus) of microalgae from municipal wastewater used
as a growth medium.
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1l Results and discussion

Paper 1

The main aim of this paper was to combine FTIR and MCR-ALS to examine changes in
the biochemical composition of Chlorella sp. and determine how this method performs
in comparison to standard quantification methods. Chlorella sp. was grown in municipal
wastewater under autotrophic, mixotrophic and heterotrophic conditions with either
glucose or glycerol provided as the organic carbon source.

The microalgal strain used in this study was isolated from samples collected at a
community wastewater treatment plant in Umea. The isolation of a local microalgal
strain was expected to provide a species that is adapted to wastewater and performs
better than other species from a different location. The isolated microalgal strain was
identified using primers that were originally developed for cyanobacteria [79]. The
cyanobacteria-specific primers for 16S rRNA have been shown to also target 16S rRNA
gene fragments from microalgae [80, 81]. The amplified sequence was compared to
sequences from the NCBI database using BLAST software, and the isolated microalgal
strain was identified as Chlorella sp.

We first examined the total biomass of Chlorella sp. after eight days of growth under
autotrophic, mixotrophic and heterotrophic conditions. The Chlorella sp. biomass under
mixotrophic conditions with glycerol as the carbon source was slightly higher (1.29g/l)
than what was observed under autotrophic conditions ( 1.12 g/l) and mixotrophic
conditions with glucose as the carbon source (1.17 g/l). After only two days, the
biomass measured in microalgae grown under mixotrophic conditions — regardless of
carbon source — significantly exceeded the biomass measured in microalgae grown
under autotrophic conditions. [82] reported similar results for microalgal strains grown
under mixotrophic conditions. Additionally, similar to our results, in the cited study [82],
four out of 10 strains showed high growth rates that did not correspond with increased
biomass — relative to autotrophic conditions — at the end of the experiment. Our study
demonstrated that carbon source - either glucose or glycerol — did not noticeably affect
the biomass of microalgae grown under heterotrophic conditions. Previous estimations
have placed the optimal glucose concentration for microalgal growth between 10 to

22



60g/| [83], whereas we reported a figure of 6.7g/l. This may explain why microalgal
growth at heterotrophic conditions with glucose as the carbon source was not as at the
level that was expected.

We tested how efficient the strain of Chlorella sp. is at removing nutrients from
municipal wastewater by measuring nitrogen and phosphorus concentrations from
wastewater samples after eight days of cultivation. The initial nitrogen concentration
of 25 mg/I decreased to 6.1 and 5.6 mg/I in heterotrophic conditions with glycerol and
glucose as the carbon source, respectively, to 2.83 and 3.1 mg/l in mixotrophic
conditions with glycerol and glucose as the carbon source, respectively, and 4.2 mg/l in
autotrophic conditions. The lower nitrogen removal efficiency noted for heterotrophic
conditions may be linked to the low Chlorella sp. growth rates observed in
heterotrophic conditions relative to the other tested conditions. The initial phosphorus
concentration of 6 mg/l decreased to less than 1 mg/l under all growth conditions.
Recent reports of higher nitrogen and phosphorus removal efficiencies than what was
observed in this study can be explained by longer cultivation periods and higher
microalgal biomass accumulation [84]. The results indicate that Chlorella sp. is a
promising species for microalgae-based municipal wastewater treatment.

We also investigated whether certain biochemical changes in Chlorella sp. could be
attributed to different growth conditions. FTIR spectroscopy data acquisition and MCR-
ALS FTIR data analysis were combined in this stage of the research. We attributed FTIR
spectral bands to molecular groups based on descriptions from [42]. More specifically,
the three bands between 900-1100 cm™ were assigned to vC—O-C stretching in
polysaccharides, the two bands at 1650 cm™ and 1540 cm-! were assigned to proteins
(amide I and amide Il, explained by vC=0 and §N-H amide stretching, respectively), and
the band at 1740 cm™ was considered to represent lipids (C=0 stretching). In this type
of FTIR analysis, it is critical to accurately determine the number of components, i.e.,
signals from either single compounds or groups of compounds that cannot be resolved
further [45]. The FTIR data gathered in this study could be interpreted using two
components, and MCR ALS analysis revealed that component one was predominantly
composed of carbohydrates while component two mainly included lipids. Microalgae
with the highest content of component 2 (mainly lipids) represented heterotrophic
conditions with glycerol as the carbon source, while microalgae with the highest
content of component 1 (mainly carbohydrates) represented autotrophic and
mixotrophic conditions with glycerol as the carbon source. Both mixotrophic and
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heterotrophic conditions with glucose as the carbon source resulted in slightly lower
levels of component 1 than the other treatments, with the lowest share of component
1 observed in microalgae grown under heterotrophic conditions with glycerol as the
carbon source.

The results observed from the coupling of FTIR and MCR-ALS prompted us to use
standard methods for lipid and carbohydrate quantification (i.e., gas chromatography
for lipids and anthrone assay for carbohydrates) to check whether both approaches
provided similar results. Based on the second analyses, microalgae representing
autotrophic conditions showed slightly higher carbohydrate contents (53.12%) than
microalgae representing mixotrophic conditions (50.3%), with microalgae cultivated
under heterotrophic conditions with glycerol as the carbon source accumulating by far
the lowest amount of carbohydrates (8.2%). Moreover, microalgae cultivated under
mixotrophic conditions with glucose as the carbon source and heterotrophic conditions
with glucose as the carbon source showed carbohydrate contents of 42.9% and 34.9%,
respectively. Interestingly, microalgae cultivated under heterotrophic conditions with
glycerol as the carbon source demonstrated the highest lipid content (39.5%), with
microalgae grown under autotrophic and mixotrophic conditions with glycerol as the
carbon source displaying significantly lower lipid contents (13.4% and 10.5%,
respectively). In contrast to previous findings that lipid content increases under
mixotrophic conditions with glycerol as the carbon source, we found that these
conditions actually increase the carbohydrate content of microalgae. It should be noted
that no CO; was added in the previous experiments while the present study included
experiments in which microalgae were grown with 5% CO,. It has been shown that
higher CO; levels may favor carbohydrate production, as was observed in the current
study [85].

A comparison of the results from standard methods and the reported combination of
FTIR and MCR-ALS revealed a high degree of correlation between the two methods.
Regarding lipid and carbohydrate measurements, a comparison of the results yielded
R2 values of 0.99 and 0.94 for lipids and carbohydrates, respectively. Hence, our results
demonstrate that MCR-ALS can be utilized to efficiently analyze FTIR data for the
purpose of monitoring changes in the biochemical composition of microalgae. The
combination of MCR-ALS and FTIR can solve the problem of relying on protein amide |
and Il bands to quantify lipids and carbohydrates, as this approach assumes that protein
contents are constant, which is not always the case [43, 44, 86].
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We also examined the fatty acid profiles of extracted lipids using gas chromatography.
The most prominent fatty acids in microalgae representing all of the growth conditions
were 16:0, 16:1, 18:0, 18:1, 18:2 and 18:3. Furthermore, all of the analyzed samples
showed 18:3 contents lower than 12%, which is the maximum content of 18:3 allowed
in biodiesel according to European standard EN14214 [87]. Polyunsaturated fatty acids,
such as 18:3, are susceptible to oxidation during long-term storage or at high
temperatures, which leads to significant biodiesel degradation [88]. Importantly,
microalgae cultivated under heterotrophic conditions with glycerol as the carbon
source — which showed the highest lipid content — also showed the lowest 18:3 content
relative to other growth conditions. The most abundant fatty acids in microalgae
representing autotrophic conditions - 16:0 and 18:2 - decreased in microalgae
cultivated in heterotrophic condition while 18:1 became the most abundant fatty acid.
This supports previous research in which C. zofingiensis was shown to have lower 16:0
and higher 18:1 contents in heterotrophic than in autotrophic conditions [89].
Saturated fatty acids such 16:0 decrease cold flow properties, which means that a lower
content of saturated fatty acids improves biodiesel quality [54]. On the other hand, an
increase in polyunsaturated fatty acids such as 18:1 improves oxidative stability and
cold flow properties, both of which enhance biodiesel performance [90]. Therefore, our
results suggest that growing Chlorella sp. under heterotrophic conditions with glycerol
increases lipid content, as well as the quality of the biodiesel that can be produced from
these lipids relative to microalgae from other growth conditions.

Paper 2

We have shown in paper 1 that Chlorella sp. accumulate more lipids under
heterotrophic conditions with glycerol provided as the carbon source than in other
growth conditions. Hence, Paper 2 extended the research presented in Paper 1 [91] by
using GC-MS-based metabolomics analysis to identify key metabolites of Chlorella sp.
that contribute to the increased lipid production observed under heterotrophic
conditions. The metabolite profiles of microalgae grown under different conditions
served as the controls against which the metabolomics analysis of microalgae exposed
to heterotrophic conditions could be compared. These growth conditions were
autotrophic, mixotrophic and heterotrophic with glucose as the carbon source, and
mixotrophic with glycerol as the carbon source.
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A total of 85 metabolites - including sugars, amino acids and fatty acids — were
annotated. We were interested in studying how the metabolite profile of microalgae
grown under heterotrophic conditions differed from the metabolite profiles
representing other growth conditions. A PCA score plot revealed a clear separation
between sample clusters based on growth conditions, which suggests that microalgae
grown under different conditions have distinct metabolite profiles, especially
heterotrophic condition with glycerol.

Glucose-6-phosphate, fructose-6-phosphate and glyceric acid-3-phosphate were
present at high levels in microalgae representing all of the growth conditions except
heterotrophic conditions with glycerol as the carbon source. These three sugars are
substrates of glycolysis (glucose degradation) and gluconeogenesis (glucose synthesis)
[92]. Hence, Chlorella sp. cultivated under growth conditions other than heterotrophy
with glycerol as the carbon source accumulated high levels of carbohydrates associated
with glucose metabolism. We theorize that the high levels of certain carbohydrates
(glucose-6-phosphate, fructose-6-phosphate and glyceric acid-3-phosphate) were
associated with increased gluconeogenesis, which increased the carbohydrate content
of microalgae. This finding is supported by previous reports of fructose-1,6-
bisphosphatase upregulation, which transforms 1,6-biphosphate into fructose-6-
phosphate during gluconeogenesis, in microalgae characterized by low lipid content
and high carbohydrate content [93].

Microalgae grown under heterotrophic conditions with glycerol as the carbon source
demonstrated heightened levels of the amino acids alanine, lysine, ornithine and
glutamine relative to microalgae grown under other conditions. Amino acid recycling
can be used to generate acetyl-CoA, which is a precursor of fatty acid synthesis. For
example, previous research has shown that microalgae growing under stress conditions
recycle nitrogen from amino acids, with the nitrogen initially stored in the form of
certain amino acids, but later used to drive lipid synthesis [94]. In the current study,
microalgae growing in heterotrophic conditions with glycerol as the carbon source
showed lower biomass than microalgae grown under other conditions, which could be
considered a sign of exposure to stress (paper 1) [91]. Moreover, the formation of
certain amino acids under stress conditions has been linked to the synthesis of specific
phosphorus-free membrane lipids that are required to cope with these conditions.
Recent studies have identified two of these phosphorus-free membrane lipids to
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contain ornithine and glutamine. Therefore, the high levels of these two amino acids in
the microalgae grown under heterotrophic conditions observed in the current study
may be associated with the formation of phosphorus-free membrane lipids [95, 96].

In the current study, microalgae grown under heterotrophic conditions with glycerol as
the carbon source showed heightened levels (relative to microalgae cultivated under
other conditions) of three out of the four investigated fatty acids. These three fatty
acids were margaric acid (17:0), pelargonic acid (9:0) and arachidic acid (20:0). This is
consistent with our previous data, i.e. high lipid content was observed in microalgae
grown under heterotrophic conditions with glycerol as the carbon source [91]. In the
previously study, we also showed that oleic acid increased (18:1) — at the expense of
linolenic acid (18:3) — when microalgae were exposed to heterotrophic conditions with
glycerol as the carbon source [91].

Paper 3

The four microalgal strains used in the study were isolated from the Northern
Hemisphere. Microalgae were then grown under three different light intensities (50,
150 and 300 pE m™ s7!) to investigate how light intensity influences biomass
productivition, total fatty acid content and biochemical composition. The four
microalgal strains were cultivated in municipal wastewater.

All four microalgae species were first grown for eight days. Desmodesmus sp. showed
the highest biomass (1.1g/l) when grown at a light intensity of 300 uE m™ s, with
biomass in this species increasing as light intensity increased. In contrast, biomass
productivition in C. vulgaris and S. obliquus was not significantly influenced by light
intensity, as biomass in these species only increased slightly when light intensity was
increased from 150 HE m™2 57 to 300 uE m™2 s, Therefore, from a biomass productiion
point of view, 150 uE m2 s™! was the optimum light intensity for cultivating C. vulgaris
and S. obliquus. Our results agree with previously published research, namely, the light
intensity at which biomass begins to decrease varies between microalgae species [97,
98]. The two species that showed high biomass (Desmodesmus sp. and S. obliquus )
were selected to study whether a longer cultivation period (15 days) will have a
noticeable effect on biomass and fatty acid content. Apart from E. pseudoalveolaris, all
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of the other microalgae species demonstrated satisfactory growth rates under the
tested conditions, which warrants further research.

We used gas chromatography to investigate fatty acid content in the four studied
microalgal strains under different light intensities. This methodology is highly relevant
to biodiesel research because it can be applied to only quantify the fatty acids in a
sample [37]. After eight days, Desmodesmus sp. showed the highest fatty acid content
(6.2%), with S. abundans demonstrating a slightly lower content of 5.8%. Our data are
in line with previous findings that microalgae grown at higher light intensities produce
more lipids than microalgae grown at lower light intensities. For example, it was
previously observed that the lipid content of S. abundans increases when the light
intensity increases from 55 to 110 uE m=2 s7* [99]. Moreover, another study found that
various Chlorella species produced more lipids at 600 pE m=2 s7! than at lower light
intensities [100]. This increase in lipid production under high light intensities may be
partly attributed to the conversion of excess photoassimilates into fatty acids. However,
several recent studies have also reported that lipid content in microalgae decreases as
light intensity increases, even though total biomass has increased [101, 102]. Cited
authors theorize that — in microalgae - the energy from light may be used for cell
division rather than the production of storage lipids [101, 102]. Our data for C. vulgaris
and E. pseudoalveolaris show that lipid content decreased when light intensity
increased from 150 uE m™2t0 300 UE m~2 s71. Thus, it seems that light intensity exerts
variable effects on lipid production among microalgae species. We decided to cultivate
the two species which showed the highest biomass productivities for 15 days (instead
of the initial cultivation period of eight days). Between days 8 to 15, the lipid content in
S. obliquus doubled (5.8 to 11.6%) when grown at 300 uE m™2 s7%, while lipid content
did not change significantly when microalgae were grown at 50 and 150 uE m~2 s, High
lipid production has been partly associated with nitrogen starvation. However, in the
current study, nitrogen and phosphorus levels were not depleted during the 15-day
cultivation period.

Previous research has tended to focus on how light intensity affects biomass production
and lipid content, while changes in carbohydrate and protein contents have been
overlooked. Therefore, we investigated the effect of light intensity on lipid,
carbohydrate and protein contents using the FTIR method presented in paper 1 [91]. In
Desmodesmus sp. and S. obliquus, an increase in light intensity was associated with an
increase in lipid content at the expense of protein content, while carbohydrate levels
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stayed almost constant. Our results agree with previous data that Dunaliella tertiolecta
grown at high light intensity shows high lipid content and low protein content [103]. On
the other hand, recent studies have shown that the high lipid content observed during
nitrogen starvation conditions corresponds to a decrease in carbohydrate content —
with protein levels staying constant [104-106]. One of these studies revealed that
increased lipid production was associated with starch degradation, which is based on
the hypothesis that blocking starch synthesis may increase lipid production because
lipid and carbohydrate pathways compete for the same carbon precursors [106].
However, our observation that lipid content increases at the expense of protein content
suggests that lipid synthesis depends on protein degradation. Therefore, the increased
lipid synthesis observed under high light intensities and nitrogen starvation (which was
not applied in this study) may depend on distinct pathways, resulting in either protein
or carbohydrate catabolism.

We also examined fatty acids composition among the four microalgal strains using gas
chromatography. An increase in light intensity changed the fatty acid composition in all
of the microalgal strains except for E. pseudoalveolaris, which showed a constant fatty
acid profile at all three light intensities. In the other three strains, the fatty acids 16:0
and 18:3, and — to an extent - 18:2, dominated the profile at lower light intensities. As
light intensity increased, the prevalence of 18:3 decreased while 18:1 became more
pronounced in the fatty acid profile. This agrees with the results of experiments in
which C. protothecoides grown at a high light intensity showed low 18:3 content and
high 18:1 content [107]. As described above (Paper 1) [91], feedstocks characterized by
low 18:3 content and abundant 18:1 will yield high-quality biodiesel. Therefore, we
provide evidence that increasing the light intensity will change the lipid composition of
microalgae in a way that benefits biodiesel production.
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Paper 4

The research presented in Paper 4 aimed to identify algal strains that could grow in
heterotrophic conditions with glycerol (20mM or 40mM) as the carbon source. The
experiments were performed in municipal wastewater.

Screening conducted on agar plates identified six strains that can grow under
heterotrophic conditions and use glycerol as carbon source. The four strains with the
highest growth rates, more specifically, Desmodesmius (2-6), Coelastrella (3-4),
Scenedesmus obliquus (SP) and Chlorella vulgaris (LNY), were selected for further
experiments. Ettlia pseudoalveolaris (FNY-2) was used as a control. The selected strains
were grown under heterotrophic conditions with either 20mM or 40mM of glycerol,
after which the results were compared to what had been observed under autotrophic
conditions. LNY demonstrated the highest biomass, which was observed under
heterotrophic conditions with 40 mM glycerol. Under autotrophic conditions, all of the
four tested species showed almost the same biomass of around 0.3g/l. The low biomass
productivities observed under autotrophic conditions may be explained by the decision
to not provide the microalgal cultures with external CO,, which usually increases
biomass production by stimulating photosynthesis. Under heterotrophic conditions,
the two strains (LNY and 2-6) with the highest biomass productivities showed higher
biomass accumulation when provided with 40mM glycerol than 20 mM glycerol. [16]
recently showed that the biomass productivities of nine out of 10 strains were lower
when algae were grown under heterotrophic conditions than when algae were grown
under autotrophic conditions. The algal cultures in the study were provided with 20mM
glycerol as the carbon source. In the current study, algae grown under heterotrophic
conditions with 20mM glycerol also showed lower biomass productivities than algae
grown under autotrophic conditions. In summary, despite the low observed biomass
productivities across all of the tested strains, 2-6 and LNY were nevertheless identified
as good candidates for biomass production under heterotrophic conditions with 40mM
glycerol.

The fatty content analysis of all the strains grown under heterotrophic conditions with
40 mM glycerol showed that 2-6, LNY and SP had the highest fatty acids contents of
around 7.6%. When grown under heterotrophic conditions with 40mM glycerol
provided as the carbon source, the fatty acid content of LNY increased relative to
autotrophic conditions. 3-4 and FNY had the lowest fatty acid contents. Since 2-6 and
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LNY had shown the highest biomass of the tested strains under heterotrophic
conditions, and the same lipid content, 2-6 can be selected for lipid production since
2-6 had higher 18:1 content and lower 18:3 content than 3-4. Thus, 2-6 was also
superior in terms of providing a feedstock that could be used to produce high-quality
biodiesel as described in paper 1 [91]. This research is relevant because using crude
glycerol, which is far more affordable that glucose, in a heterotrophic microalgae
biomass production system could significantly reduce the price of operating such a

system.
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IV. Summary and future perspectives

We showed that the combination of FTIR and MCR-ALS is a powerful analytical method
for monitoring changes in the biochemical composition of microalgae grown under
different conditions. This method could have applications for the daily monitoring of
various classes of compounds (lipids, carbohydrates and proteins) in a microalgal
cultivation system through a single experiment. Even though microalgae may show
high lipid content, the extraction of these compounds may be complicated by the
rigidity, and high structural diversity, of the cell wall [108]. Therefore, lipid extraction in
the context of microalgae should be extensively studied so that researchers can
confidently determine whether microalgae-based production of biodiesel is feasible.
The research underlying this thesis revealed that some microalgae are able to use
glycerol as a carbon source in heterotrophic conditions. Furthermore, some of these
microalgae also accumulated significant amounts of lipids under these conditions; it
would be interesting to quantify precisely how much glycerol was taken up by the
microalgae. In addition, other cheap carbon sources, such as molasses and food waste,
could be studied for their relevance in microalgae biomass production systems
operating under heterotrophic conditions. We have also demonstrated that microalgal
lipid production is positively correlated with light intensity, although the threshold for
this effect varies between species.

However, since the highest light intensity studied in the research presented in this
thesis was 300 uE m™2 s71, future research should investigate whether even higher light
intensities can stimulate microalgal growth and lipid production. It could be presumed
that extremely high light intensities would inhibit microalgal growth; as such, higher
light intensities could be applied during the last days of cultivation when cells are in the
late exponential growth phase. Under heterotrophic conditions, the observed increase
in lipids was associated with a decrease in carbohydrate levels, while high light
intensities resulted in decreased protein levels. These changes in the biochemical
composition of microalgae, especially those related to an increase in lipid production,
need to be studied in more detail so that scientists can better understand which
conditions have the largest impact on lipid production. Certain metabolites were
present at either high or low concentrations under the growth conditions that
stimulated lipid production. The metabolic changes associated with these conditions
could be studied through the exogenous introduction of certain metabolites, which
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could reveal the pathways that are responsible for the observed changes in biochemical
composition. Although the increase in lipid content was associated with better biodiesel
quality, we feel that the transmethylation step of biodiesel production from fatty acids
warrants more research so that it can be optimized. The utility of introducing
microalgae to wastewater for the production of biomass depends on their ability to also
contribute to the cleaning of the wastewater. The results presented in this thesis
showed that microalgal strains that are promising candidates for biofuel production can
also effectively remove nutrients (nitrogen and phosphorus) from wastewater.
Nevertheless, these results reflect laboratory-scale experiments, which have to be
replicated in pilot studies and full-scale wastewater facilities to determine their
applicability. Some of these microalgal strains could also be tested for their ability to
assimilate CO;, which is a by-product of various industrial processes [109]. Last but not
least, microalgal biomass should be considered as a precursor for diverse high value
products. Hence, future research should also investigate whether microalgal biomass
can be used to produce nutritional, cosmetics and/or pharmaceutical products [9].
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