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ABSTRACT

Microalgae have been under investigation as alternatives for wastewater treatment
for the last 60 years. However, we are yet to see an algal based process to be trusted
as a treatment strategy on a large scale. At present, recycling of the wastewaters and
nutrient utilization have been solidified as main objectives in wastewater treatment
in European Union. The metabolism of microalgae and cyanobacteria enables them
to assimilate and store inorganic nutrients in their biomass. Therefore, under the new
wastewater treatment objectives microalgae might present a promising solution.

The present work investigates the possibility of using algal biomass grown in
wastewater for the production of a high value compound eicosapentaenoic acid
(EPA), a type of Omega-3 fatty acid. The heterokont microalgae Nannochloropsis
oculata (Eustigmataceae) were successfully grown in wastewaters from a paper/pulp
mill, and we show that EPA content stayed at the same level as in microalgae grown
in control conditions.

Furthermore, a stable wastewater treatment process was established in an up-
scale tubular photobioreactor (PBR) with the microalgae Ettlia oleoabundans
(Chlorophyceae), achieving 99.6 % and 75 % phosphate and ammonium removal
efficiencies, respectively. The work points out the importance of wastewater pre-
treatment and wastewater optimization in order to achieve a reliable wastewater
treatment process with microalgae.

Finally, the cyanobacterium Synechocystis sp. PCC6803 and its sigma factor
mutants were investigated in order to evaluate potential stress induced by the
wastewaters. The experiments revealed that sigma factor D (sigD) may play an
important role in acclimation to wastewaters and its over expression might give an
edge of the photosynthetic cells used for wastewater treatment in outdoor conditions.
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TIVISTELMA

Levien kéyttod vaihtoehtoisena jdtevedenpuhdistusmenetelmd on tutkittu jo 60
vuoden ajan, mutta suurimittakaavainen leviprosessi ei silti ole vield missdin
kaytossd. Euroopan Unioni pitdd jitevesien kierrdtystd ja niiden siséltdmien
ravinteiden talteenottoa jatevedenpuhdistuksen tirkeimpind pd&dmaddrind. Levét ja
syanobakteerit ovat lupaava ratkaisuvaihtoehto jitevedenpuhdistukseen, koska
niiden aineenvaihdunta mahdollistaa epédorgaanisten ravinteiden assimilaation ja
varastoitumisen biomassaan.

Kaisilld olevassa tyOssd tutkittiin mahdollisuutta jidtevedessd tuotettavan
levabiomassan kéyttimiseen eikosapentacenihapon (EPA) tuottamiseen. EPA on
markkina-arvoltaan merkittivd omega-3-rasvahappo. Heterokonta-ryhméan kuulu-
van FEustigmataceae-heimon Nannochloropsis oculata -levdd kasvatettiin
onnistuneesti selluloosa- ja paperitehtaan jatevedessd, ja EPA:n méird biomassassa
sdilyi levissd samalla tasolla kuin kontrollioloissa kasvatetuissa levissa.

TyOssd rakennettiin  stabiili  jatevedenpuhdistusprosessi, jossa Ettlia
oleoabundans -nimistd viherlevdd (Chlorophyceae) kasvatettiin suuressa putki-
fotobioreaktorissa. Prosessi poisti jiteveden fosfaatista 99.6 % ja ammoniumista 75
%. Ty osoitti, ettd jdteveden esikdsittely ja ravinnepitoisuuden optimointi ovat
toimivan kisittelyprosessin edellytyksia.

Lopuksi tyossd tutkittiin my6s Synechocystis sp. PCC6803 -syanobakteerin ja
erityisesti sen sigmatekijamutanttien toimivuutta jitevedenpuhdistuksessa erityisesti
jiteveden aiheuttaman stressin kannalta. Kokeet osoittivat sigD-sigmatekijin
ndyttelevin tirkedé roolia syanobakteerin akklimaatiossa. Tyon perusteella SigD:n
ylituotto voisi parantaa syanobakteerin kdyttomahdollisuuksia ulko-olosuhteissa.
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1 INTRODUCTION

1.1 Origins, and health and environmental impacts
of wastewaters

Wastewaters originate from various sources from household, hotels and
manufacturing to agriculture and solid waste treatment. Wastewater can be
categorized as commercial, industrial, domestic or municipal (Metcalf & Eddy et al.
2004; Lofrano and Brown 2010). All four groups have complex constituents and may
contain toxic compounds and pathogens, hence the necessity of proper treatment and
disposal. Usually wastewaters are disposed in natural water bodies where organic
constituents cause growth of heterotrophic bacteria, depriving water of O,.
Furthermore, wastewaters may contain high levels of ammonia/ammonium proven
to be toxic for aquatic life (Thurston et al. 1981; Wang 1991). Discharge of
wastewaters in water bodies used as a drinking water source may harm human health.
Mortality caused by diseases is known to increase with the lack of wastewater
treatment (Naik and Stenstrom 2012).

1.2 Constituents and characterization of
wastewaters

1.21 Physical characteristics

Typical physical characteristics of wastewater are total solids (TS), turbidity,
colour, temperature and conductivity. TS include colloidal particles, floatable,
settleable and suspended particles as well as substances that can precipitate from
the liquid. Usually TS are measured by evaporating the water from a wastewater
sample and measuring the residual matter. However, TS consist of multiple solids
fractions (Fig. 1).

11
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. —\/SS
Filter Oven
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S EEE—

Figure 1. Different fractions originating from the total solids (TS) present in a wastewater sample.
TSS - total suspended solids; TDS — total dissolved solids; VSS — volatile suspended
solids; FSS — fixed suspended solids; VDS — volatile dissolved solids; FDS - fixed
dissolved solids.

Total suspended solids (TSS) and total dissolved solids (TDS) can be separated by
passing wastewater through 2.0 pm filter (Metcalf & Eddy et al. 2004, Chapter 2).
Furthermore, after drying those two fractions at 500 + 50 °C, four more fractions will
be obtained: volatile suspended solids (VSS) and fixed suspended solids (FSS) from
the TSS fraction and volatile dissolved solids (VDS) and fixed dissolved solids
(FDS) from the TDS fraction.

1.2.2 Chemical characteristics

1.2.21 Inorganic chemical characteristics

This group includes inorganic non-metallic constituents (nitrogen, phosphorus and
sulphur compounds, ions like chloride, hydroxide, carbonate, bicarbonate, hydrogen
ions) and metallic constituents. Nutrients, mainly nitrogen and phosphorus, are the
primary reasons why wastewater treatment is necessary, as wastewaters containing
those nutrients cause eutrophication.

Wastewaters can contain different forms of nitrogen. From wastewater treatment
perspective, the ones of most importance are ammonium (NH4"), ammonia (NH3),
nitrate (NOs3"), nitrite (NO>"), and organic nitrogen. Wastewaters can be characterized
on the basis of their nitrogen content by total ammonia nitrogen (TAN), which is the
sum of the concentrations of NH3 and NH4"; total inorganic nitrogen (TIN), which is
the sum of the concentrations of NHsz, NH4", NO;™ and NOy; total Kjeldahl nitrogen
(TKN), giving the total concentration of organic N and TAN; organic N is the

12
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difference of TKN and TAN; and total nitrogen (TN) is the sum of organic N and
TIN.

Phosphorus in wastewater is characterized by three fractions — inorganic
phosphorus (Inorg. P), such as orthophosphates PO.*", HPO4*, H,PO4 and H3POs,
present at pH < 2,12, organic phosphorus (Org. P) and Total phosphorus (TP), which
is the sum of the concentrations of Inorg. P and Org. P.

From the non-metallic constituents, the ones determining the pH of a wastewater
are of high importance. Those characteristics are crucial in the operation of a
wastewater treatment process.

Metallic constituents are often related to toxic effects over aquatic life, and their
determination is important for designing an adequate process for their removal.
Small concentrations of iron, copper, manganese and other metallic nutrients may
promote harmful algal blooms when discharged (Sunda 2006; Kudela et al. 2010).

1.2.2.2 Organic chemical characteristics

Usually when discussing wastewaters and their treatment, one of the main concerns
for the environment is the presence of organic pollutants in the wastewater. Their
characterization in wastewater treatment is done by an analysis that measures a group
of organic pollutants that have similar properties, referred to as aggregate organic
constituents, and by analysis targeting specific organic molecules.

Methods for measurement of aggregate organic constituents are chemical oxygen
demand (COD), biological oxygen demand (BOD), and total organic carbon (TOC).
COD is determined by an indirect titrimetric method with dichromate as oxidizing
agent, and COD indicates the amount of oxygen necessary to oxidize the organic
constituents (Equation 1).

C,H,0,N, + dCr,0%~ + (8d + c)H* - nCO, + 2234 0 + cNH} + 2dCr3* (Eq.l
. q

COD measurement can be completed in 15 min to 2.5 h However, since this
method uses a strong oxidant, inorganic substances may also contribute to COD, and
non-biodegradable organic substances also will be oxidized. Therefore, COD
analysis might be misleading for designing biological wastewater treatment.
Consequently, BOD characterization of wastewaters has been adopted as more
accurate indication of biological treatability of wastewaters. BOD methods are
performed in a bottle, where a wastewater sample is enriched with additional
nutrients and oxygen, promoting biological growth. The bottles can also be
inoculated with additional microorganisms. Before closing the bottle, oxygen
concentration is measured, and the closed bottle is incubated for either 5 (BODs) or

13
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7 (BOD») days. After the growth period, residual oxygen indicates the amount that
was used during aerobic degradation of the organic pollutants. The main
disadvantages of BOD characterization, when compared with COD, are the
complexity and duration of the testing.

TOC methods, in turn, apply heat, oxygen, chemical oxidizing agents or their
combination to convert organic carbon to CO,. TOC measurements are fast — 5-10
minutes. If a relationship between TOC and BOD can be established, then TOC
measurements can be used during wastewater plant operation.

1.2.3 Biological characteristics

Wastewater are characterized biologically by the presence and number of coliform
organisms, other bacteria, protozoa, viruses as well as toxicity. Special attention is
paid to pathogenic microorganisms such as bacteria like Sa/monella, Escherichia
coli, Vibrio cholerae, the protozoa species Cryptosporidium parvum, Cyclospora,
Giardia lamblia, helminths from the Taenia family, as well as the Schistosoma
family. Common approaches for determination of pathogenic organisms are use of
an indicator microorganism, direct count, membrane filtration and fluorescence
methods.

Wastewater toxicity is defined by concentrations of compounds present.
Substances such as ammonium can be toxic when present in high concentrations,
which also can be species dependent. As it will be later shown in this thesis,
ammonium can be utilized be microalgae only when it is available below certain
concentration threshold, otherwise it is toxic to the microalgal culture. Other
substances like arsenic, heavy metals and pesticide residues can be acutely or
chronically toxic at low concentrations. Determination of toxicity of a wastewater is
crucial due to the potential damage to the environment that it can cause. Furthermore,
it is essential to determine toxic concentrations of compounds in the wastewater if a
biological step is planned for the treatment. Sensitive aquatic species like micro or
macro algae, or small minnow fishes, are often applied in determining the presence
of substances at toxic concentration levels.

1.3 Wastewater treatment

The most common, simplified wastewater treatment process scheme generally consists
of three main treatment stages, known as primary, secondary and tertiary treatment
(Fig. 2). Primary treatment removes large size pollutants such as gravel and rocks from
the wastewater. The secondary treatment is the main purification process, where
suspended organic and inorganic pollutants are utilized or removed. Tertiary treatment
is final adjustment and disinfection of the wastewater before discharge.

14
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Primary Tertiary
Secondary Treatment
Treatment v Treatment
Prlrn_a_ry Activated Sludge Secor_mdary Disinfection
Clarifier Process Clarifier

| | | | Effluent

Influent ‘,U

Figure 2. A simplified wastewater treatment process scheme consisting of Primary, Secondary
and Tertiary treatment stages.

Three different groups of methods can be applied for wastewater treatment: physical
methods, referred as unit operations, and chemical and biological methods, referred
as unit processes.

1.3.1 Physical methods

Physical methods include mixing, aeration, sedimentation, and air stripping. Primary
treatment applies different screeners and filtration approaches for the removal of coarse
to fine solids such as plastic bags, sticks, grid, sand, macroalgae etc. In some cases,
grinders are used to minimize the size of bigger solids. Physical methods used in the
primary treatment prolong the lifespan of the equipment of the wastewater treatment
plant and increase the efficiency of the subsequent process. Gravity separation by
sedimentation in the primary settler is commonly used for separation of suspended and
colloidal particles. In secondary treatment, a secondary settler is used to separate
wastewater from the activated sludge coming from the biological treatment step (Fig.
2). In such a case, settling also concentrates the sludge, making it easier to handle and
dispose. Unit operations like UV radiation and filtration are used in final tertiary
treatment for disinfecting wastewater prior to discharge. Settlers can be used in
combination with chemical methods, especially in coagulation/flocculation processes.

1.3.2 Chemical methods

Chemical unit processes, just like physical unit operations, can be applied to enhance
primary treatment, main process or the tertiary stage of wastewater treatment.
Typical chemical methods are precipitation, coagulation, flocculation, oxidation,
advanced oxidation, ion exchange, disinfection, neutralization and scale control.
Chemical coagulants and flocculants can speed up sedimentation and removal of
suspended particles during primary treatment. Removal of organic pollutants,
inorganic constituents such as NHs" and PO4>, as well as heavy metals can be
achieved by applying different methods such as ion exchange, chemical oxidation
and precipitation strategies instead of a secondary treatment. In a tertiary treatment,
ozonation and chlorination are commonly used for disinfection. Chemical
neutralization methods are applied for pH adjustment, which is crucial at different

15
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stages of the wastewater treatment. Chemical methods are used to control scale
formation caused by CaCOs. For example, hydrochloric acid can be used to convert
CaCOsto COs to prolong the lifetime of the wastewater treatment plant.

The versatility of chemical wastewater treatment processes allows them to be
designed and applied in combination with biological unit processes for a broad
variety of wastewater types. In some cases, chemical methods can work as a
standalone wastewater treatment process.

1.3.3 Biological methods

Biological methods are very common as secondary treatment due to less chemicals
used during process, less accumulation of waste solids and consumption of less energy
than chemical methods. Biological methods are applied only when the wastewater
contains biodegradable organic compounds as main pollutants. These methods utilize
microorganisms for the degradation of organic molecules and for nutrient removal.

The main goals the biological methods are to reduce the organic constituents
either by biological oxidation or mineralization, and to remove or utilize nutrients
such as inorganic nitrogen, inorganic phosphorus or specific micronutrients.
Suspended non-biodegradable solids are trapped by the bacterial biomass during the
biological treatment. The design of a wastewater treatment process, especially for
industrial wastewaters or municipal wastewaters containing industrial waste streams,
requires careful consideration. Inorganic and organic compounds might be toxic for
the microorganisms that normally take part in the biological treatment.

Biological treatment can be divided to aerobic and anaerobic processes on the basis
of the metabolic requirements of the microorganisms used in the process. Aerobic and
anaerobic processes can be used as standalone methods or designed to work together
when metabolic by-products of one process can be used as substrates for the other.

Activated sludge process is the most common biological suspended growth
process (Fig. 2). By definition, it is a process where active microbial biomass is
produced by aerobic degradation of organic material (Ardern and Lockett 1914).
Historically the first one to be investigated was a plug-flow reactor. At a later stage,
complete-mix reactors were also adopted. Furthermore, a combination of reactors,
referred to as staged process, was implemented as well.

With the advance of technology and wastewater treatment engineering, activated
sludge treatment was also implemented in inorganic nutrient removal processes.
Staged reactors can be combined with subsequent aerobic and anaerobic conditions,
useful in removal of nutrients. A typical example is a nitrification/denitrification
process, schematically shown in Figure 3. This process combines the operation of
two different types of bacteria: nitrifiers oxidize NH4" to NOs7, and denitrifiers
reduce nitrate to nitrogen gas that escapes to the atmosphere.

16
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As shown in Figure 3, water is recycled from the aerobic part of a staged
bioreactor to the anaerobic part. This internal recycling is necessary because
nitrification occurs under aerobic conditions whereas denitrification takes place
under anaerobic conditions. The design is done in this particular manner to give the
more slowly metabolizing anaerobic organisms a chance to utilize the necessary
amount of organic material before the aerobic stage, where heterotrophic bacteria
can rapidly degrade organic compounds.

Internal

Recycle
A Secondary

Clarifier

Influent — Effluent
Anaerobic Aerobic

Sludge Recycle

Figure 3. Simplified scheme of activated sludge process with a nitrification/denitrification step,
applied via an internal recycle between the aerobic and anaerobic part of the activated
sludge process.

During activated sludge process, a large amount of microbial biomass is accumulated
and usually industries have to transport the biomass and dispose it to landfill, which
adds to the maintenance costs. No major improvement has taken place in aerobic
wastewater treatment practices since its discovery by Ardern and Lockett in 1914,

Anaerobic processes implement anaerobic bacteria, and the process can be
summarized with Equation 2:

C6H1206 d 3C02 + 3CH4 (Eq 2)

An anaerobic process goes through four distinctive stages: hydrolysis,
acidogenesis, acetogenesis and methanogenesis.

Facultative and anaerobic bacteria hydrolyse the complex organic constituents
of the wastewater to small molecules such as fatty acids, amino acids and simple
sugars. Acidogenic fermentative bacteria further break down those compounds to
volatile fatty acids (VFA), ammonia, CO, and H,S. Acetogens advance the oxidation
of the VFA formed by the acidogenic bacteria to acetic acid and H,. The final stage
involves methanogenic bacteria, which use the products from the previous stage to
produce CHas, CO; and H,O.

In general, anaerobic processes are used in wastewaters with high concentration
of organic constituents. There are several advantages of anaerobic processes over
aerobic ones. As discussed, they can operate with highly polluted waters, which
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results in smaller volumes and smaller land use for the process, when compared with
the activated sludge process. They are energetically more efficient than the activated
sludge process. Furthermore, less sludge is produced, as anaerobic metabolism is
slower and results in less biomass synthesis. Anaerobic bacteria require less nutrients
for growth, which makes them applicable in cases where wastewaters lack nutrients
for aerobic bacterial growth. Due to the complexity of the whole process, including
different types of anaerobic bacteria, many by-products and different operating
parameters, anaerobic processes can be extremely sensitive to variations in
temperature and pH. Anaerobic treatment is known for slow start up, due to the slow
growth of anaerobic bacteria (Lettinga et al. 1980). Furthermore, anaerobic
wastewater treatment requires further treatment of the effluent, since anaerobic
bacteria involved are not efficient in inorganic nutrient removal.

1.4 Requirements define technology

Wastewater treatment has been designed to purify water mainly based on COD and
TSS and pathogen content (Metcalf & Eddy et al. 2004). Wastewater treatment
legislation has prioritized the reduction of TOC, TN and TP content of the effluent
(Metcalf & Eddy et al. 2004). This has created the emergence of biological methods
for wastewater treatment. The current European Union (EU) urban wastewater
treatment directive (UWWTD) defines strict discharge parameters of WWTP
effluent (91/271/EEC 1991) (Table 1).

Table 1. Wastewater discharge parameters according to
the UWWTD from 1991.

Parameter Concentration mg L™
COD 125
BODs 25
TSS 35
TN 15
TP 2

The current challenges of the wastewater treatment come with the new demanding
requirements, addressing climate changes, carbon footprint and establishment of
circular economy. Lower energy input, nutrient recovery, minimizing chemicals use
and wastewater recycling are the main objectives of the current WWT engineering.
Wastewater treatment processes and plants are aging, and the existing technology
has limitations in performance and energy consumption. Still, the old technology is
in use, and it has been challenging to comply with the new strategy.
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1.5 Photoautotrophic microalgae and cyanobacteria
1.5.1 Oxygenic photosynthesis

1.5.1.1 Light driven redox reactions of photosynthesis

Light reactions of photosynthesis take place in the thylakoid membranes of
cyanobacteria and chloroplasts. Figure 4 shows a simplified scheme of the light
reactions. A central role in photosynthesis is played by two protein-pigment
complexes, Photosystem I (PS I) and Photosystem II (PS II). PS I and PS II are
associated with light-harvesting complexes (LHC). In eukaryotes, chlorophylls and
carotenoids participate in light harvesting, whereas in cyanobacteria also bilins are
important light harvesting pigments. PS II contains in its reaction centre a group of
chlorophylls called P680, absorbing 680 nm photons. PS I’s reaction centre
chlorophyll dimer absorbs 700 nm photons and is therefore called P700.

The pigment molecules in LHCs are capable of absorbing higher energy photons
from a broad visible light spectral range. The pigment molecules of LHCs transfer
the excitation energy to P680 and P700 via resonance (Clegg et al. 2010).

carbohydrates ¥__

ATP

H PC H

/N \
H,O0 O, +H

Figure 4. Simplified model of the photosynthetic apparatus consisting of two photosystems (PS |
and PS Il), cytochrome bsf complex (Cyt bef) and adenosine triphosphate synthase (ATP
synthase). The figure has been provided by Heta Mattila.

In oxygenic photosynthesis, oxygen evolving complex (OEC) oxidizes water to

oxygen, four protons and four electrons. This reaction takes place in PS II on the side
that faces the thylakoid lumen. OEC is a manganese containing cofactor of PS II.
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Theoretically a minimum of 4 photons are necessary to oxidize 2 water molecules to
one molecule of oxygen. This generates 4 protons that will accumulate in the lumen.
The electrons from this reaction are used to reduce the P680", hence the driving force
for the water oxidation reaction is photon absorption by LHC II and consequent
oxidation of P680. Electrons from water oxidation are carried via an electron transfer
chain. Differences in redox potentials of the carriers enables electron transport via
oxidation-reduction reactions. Electrons from excited P680 are carried inside PS II
via plastoquinone molecules Qa and Qg. Qg needs two electrons to be fully reduced.
Once fully reduced Qsg, called plastoquinol (PQH>), is released and diffuses through
the thylakoid membrane to cytochrome bsf complex (Fig. 4). The cytochrome bsf
complex acts as a mediator between PS Il and PS 1, by transferring the electrons from
plastoquinol to the water soluble plastocyanin (PC) on the luminal side. PC reduces
P700 of PS 1, after light induced charge separation. The electrons from P700 through
series of reduction-oxidation reactions, are carried to ferredoxin (FD). Ferrodoxin-
NADP reductase catalyses the reduction of NADP* to NADPH by FD. During the
electron transfer, a proton gradient accumulates across the thylakoid membrane. This
gradient is utilized by the ATP-synthase.

1.51.2 Carbon fixation reactions

The ATP and NADPH produced during the light-driven reactions of photosynthesis
are utilized in the Calvin- Benson cycle (Fig. 5).

3C0O,
‘ Stage 1:
RuBisCo Carbon fixation

Regeneration of RUBP

5 molecules GA3| Stage 2:
Stage 3: - Reduction of 3-PGA

Figure 5. Reactions of the Calvin- Benson cycle occurring in three distinguished phases. RuBisCo-
Ribulose-1,5-bisphosphate carboxylase/oxygenase; 3-PGA- 3-Phosphoglyceric acid;
GA3P- Glyceraldehyde 3-phosphate; RuBP- ribulose bisphosphate.
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The Calvin-Benson cycle takes place in the chloroplast stroma in microalgae and in
the cytoplasm of cyanobacteria. The cycle goes through three stages: carbon fixation,
reduction and regeneration (Fig. 5). During carbon fixation, CO; is bound to ribulose
bisphosphate (RuBP) resulting in 2 molecules 3-phosphoglycerate (3-PGA). This
stage is catalysed by RuBP carboxylase or RuBisCo. In the reduction stage, the
NADPH and ATP produced during light reactions of photosynthesis are used for the
reduction of 3-PGA to glyceraldehyde 3-phosphate (GA3P). GA3P is used as a
precursor for the synthesis of glucose and other carbohydrates and utilized in the
regeneration stage that recovers RuBP for the next round of the cycle with the help
of ATP.

1.6 Nutrient requirements of photoautotrophic
microbes

1.6.1 Macronutrients

1.6.1.1 Carbon (C)

Carbon is the most abundant element in any living organism. Microalgae and
cyanobacteria grown autotrophically use inorganic carbon (C;, including CO,, HCO3
and COs;*) as main carbon source. In aquatic conditions, due to physiologically
relevant pH values, C; is mainly present as HCO3 (Colman et al. 2002). For carbon
fixation to work efficiently in aquatic conditions, CO; has to be present in high
concentrations at the RuBisCo active site. Therefore, microalgae and cyanobacteria
have developed carbon concentrating mechanisms (CCMs) that accumulate a high
intercellular concentration of CO,. CCMs differ among microalgae and
cyanobacteria. However, CCMs share three main characteristics: active transport via
transporter molecules of CO, and HCOs™ across the plasma membrane; assistance
from different extracellular and intracellular carbonic anhydrases (CAs); special
cellular compartment where RuBisCo is located.

The alkaline pH of microalgal and cyanobacterial cytoplasm as well as the
chloroplast stroma of microalgae in the light favours HCO;™ as the dominant C;
species. CO; uptake is done with the help of different classes of CA associated
transporters, catalysing the reversible conversion between CO, and HCOjs. In
Chlamydomonas besides the plasma membrane, also the chloroplast envelope
membrane contains transporters and CAs. Since RuBisCo cannot fix C; in the form
of HCOs", HCOs'must be converted to CO,. This is catalysed by CAs. In microalgae,
HCOs is converted to CO» in the thylakoid lumen via lumenal CA. RuBisCo in
microalgae is located in a specialized micro-compartment called pyrenoid. How
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exactly CO; from the lumen is transferred to the pyrenoid is unclear. In some cases,
thylakoid tubules have been shown to enter the pyrenoid, suggesting a possible way
of transfer of the lumenal CO; to RuBisCo (Wang et al. 2015). In cyanobacteria,
RuBisCo is located in carboxysomes, situated in the cytosol. Besides RuBisCo, a
cyanobacterial carboxysome contains CA that catalyses the conversion of HCOs™ to
CO,, available for RuBisCo.

1.6.1.2 Nitrogen (N)

Nitrogen comes as a fourth most abundant element of biomass, after C, O and H.
Autotrophic microalgae and cyanobacteria can utilize inorganic nitrogen species,
most common of which are NH4", NH3 and NO3. Ammonium diffuses through
porine channels in the plasma membrane (Falkowski 1975; Boussiba and Gibson
1991; Perez-Garcia et al. 2011b), and the actual diffusion through the AMT or Rh
channels probably occurs in the form of NH3 (Kim et al. 2005; Baday et al. 2015).
NH; can also diffuse through the plasma membrane. Nitrate is actively transported
across the membrane via nitrate specific membrane transporters (Flynn 1991; Lara
et al. 1993). Once inside the cell, nitrate is converted to ammonium. This two-step,
enzyme catalysed process involves two enzymes - nitrate reductase (NR) and nitrite
reductase (NiR). Intracellular ammonium is incorporated into cell biomass via the
glutamine/glutamate pathway (Gln/Glu) that can be summarized with Equations 2
and 3:

NHf + Glu - Gln (Eq. 3)
Gln+ 2-0G - 2Glu (Eq. 4)

where 2-OG is 2-oxoglutarate

Nitrogen and carbon assimilation in microalgae and cyanobacteria are in close
relation, since nitrogen uptake is controlled by metabolites from the carbon fixing
Calvin- Benson cycle. It has been proposed by Flynn (1991) that Gln, 2-oxoglutarate
(2-OG) and the resulting Gln/2-OG ratio. A low intracellular concentration of
ammonium lowers the GIn/2-OG ratio that triggers several metabolic responses,
observed in algal cells under nitrogen deprived conditions (Flynn 1991). Under low
GIn/2-OG ratio, decrease in photosynthetic rate and activation of enzymes
responsible for the assimilation of different nitrogen sources, such as nitrogen,
ammonium, urea and amino acids, have been reported (Hipkin and Syrett 1977). On
the other hand, insufficient C;, with regard to the intracellular ammonium
concentration, will result in high cellular GIn/2-OG ratio, causing inactivation of the
different nitrogen transporters and assimilatory enzymes (Flynn 1991). However, in
high ammonium concentrations at alkaline conditions, ammonia is the dominant
species. Insufficient C; will result in increase of the intracellular ammonium
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concentration, since the cells cannot control ammonia diffusion. This will create
unfavourable conditions for the cells, since high ammonium concentrations inside
the cell have been proven damaging for PS II, inhibiting photosynthetic growth
(Drath et al. 2008).

1.6.1.3 Phosphorus (P)

Phosphorus is an essential element in algal and cyanobacterial biomass. Phosphorus
in solution, depending on pH, can exist as phosphoric acid (H3POs), dihydrogen
phosphate ion (H,PO4), hydrogen phosphate ion (HPO4*) and phosphate ion (PO4*
) (Wagh 2016). For autotrophic suspended culture of microalgae and cyanobacteria,
the most relevant form of inorganic P is HPO4*, since it is the dominant species
between pH 7.2 and 12.37.

Nitrogen uptake is in direct relation with bioavailable phosphorus in the culture
medium. Redfield (1934) after researching marine phytoplankton has observed that
N and P composition of the oceans, on the average, is similar to the N:P molar ratio
of marine phytoplankton. This ratio is known today as Redfield ratio, where N:P is
16:1. However, microalgal and cyanobacterial cells have species-specific N:P ratios
differing from the average. In some cases that difference can be used as a selective
pressure. By changing the N:P ratio of the culture medium, one could promote the
growth of one microalgal or cyanobacterial species over another. It has also been
shown that increasing the P content of culture medium can enable, to a certain extent,
higher nitrogen uptake.

Both low and high affinity phosphate transporters have been found in a few
microalgal and cyanobacterial species. Low affinity transporters are induced in high
phosphate conditions and result in slower uptake rate. High affinity transporters are
triggered in low phosphate conditions and increase the rate of phosphate uptake.
Besides being building blocks for proteins, lipids and nucleic acids, phosphate plays
roles in cell signalling and stress responses.

1.6.1.4  Sulphur (S)

Autotrophic cultures of microalgae and cyanobacteria utilize inorganic sulphur in
the form of sulphate (SO4*). However, both groups are capable of cleaving sulphur
from organic molecules, such as sulphate esters via extracellular arylsulfatases.
Furthermore, it has been shown for Synechococcus 6301 and Anabaena variabilis
that they can absorb sulfur containing cysteine, methionine and glutathione (Schmidt
1988). Sulphate is transported inside the cells via active transport (Pollock et al.
2005). Inside the cell, sulphate is firstly reduced to sulphite (SOs*) and then to
sulphide (S*) through several reactions involving ATP sulfurylase, APS reductase
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and sulphite reductase (Saito 2000; Ratti and Giordano 2008). Finally, sulphide
reacts with serine to form cysteine which is the first stable sulphur organic form in
sulphate metabolism (Ratti and Giordano 2008). Cysteine is a precursor for
methionine and other sulphur containing organic molecules. Sulphur containing
compounds play vital roles in acclimation to different stress conditions such as
osmotic stress, toxic metals and oxidation.

1.6.2 Metal micronutrients involved in photosynthesis

Micronutrients with metal nature are essential for all living organisms and also parts
of the photosynthesis machinery. The following chapter will give a brief summary
on metal micronutrients involved in photosynthesis. Therefore, molybdenum and
cobalt will not be discussed, since they do not have direct relation with
photosynthesis. The emphasis is on micronutrients that often limit the growth of
photosynthetic organisms, and therefore magnesium and calcium are not discussed,
despite of their high importance.

Iron (Fe) is an essential micronutrient for all living organisms. Iron is engaged
as a co-factor in many haem and non-haem photosynthetic proteins such as Fe-S
proteins, involved in redox processes (Héansch and Mendel 2009).

During growth in iron depleted conditions, cyanobacterial cells undergo changes
in the organisation of the photosynthetic machinery. Amount of PS I complex
decreases, suggesting that PS I is more dependent on iron availability than PS II.
Amount of phycobilisomes is reduced as well, possibly because the proteins
involved in their synthesis are iron containing proteins (Barber et al. 2006). In
microalgae, iron deficiency has been shown to affect the overall photosynthetic
activity and supress cell growth (Lopez-Millan et al. 2000; Andaluz et al. 2006;
Terauchi et al. 2010; Paper II). On the other hand, supplementing growth medium
with iron up to 10° mol 1", significantly improved growth rate, cell densities and
lipid accumulation of microalgae from Chlorella genus (Liu et al. 2008; Wan et al.
2014).

Copper (Cu) plays role in electron transfer from cytochrome f of the
cytochrome bsf complex to P700+, as part of the active site of plastocyanin. This
makes it crucial to the normal operation of the photosynthetic process in microalgae.
However, excess Cu can be extremely toxic. Toxicity levels of Cu may vary among
microalgae and cyanobacterial species. It has been shown that microalgae cultivated
in elevated Cu concentrations show enhanced production of glutathione, proline and
thiols. Furthermore, under the same conditions, higher activity of superoxide
dismutase (SOD) has been observed. It has been suggested that these metabolites
might be involved in defence toward toxic concentrations of Cu (Rijstenbil et al.
1994; Tripathi and Gaur 2004).
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Manganese (Mn), bound to PS II, is involved in the water splitting reaction
(Barber 2003). Zinc (Zn) containing superoxide dismutase converts the superoxide
radical to H>O,. Zinc is also involved in CO; assimilation, as a co-factor of carbonic
anhydrase, and lack of zinc disturbs photosynthesis in plants (Jelakovic et al. 2003).

1.7 Biotechnological application of microalgae and
cyanobacteria

Microalgae and cyanobacteria are diverse groups with various metabolisms, and
their biotechnological potential has been proven by extensive research for food, feed
and healthcare applications. Their biomass is a great source for several biochemical
compounds such as starch, pigments, fatty acids, ethanol, glycerol, biotoxins and
others. Microalgae and cyanobacteria have been promising candidates for bioenergy
production and wastewater treatment.

Products derived from microalgal and cyanobacterial biomass can be classified
as edible and non-edible, or high and low-value products. Even though cyanobacteria
have been used as food since ancient times in Mexico and Chad, we have just 60
years of commercial production experience (Masojidek and Prasil 2010; Chu 2012;
Borowitzka 2013). The pioneer species cultured on a commercial scale was green
alga Chlorella in 1950 - 1960, followed by cyanobacterium Arthrospira in 1970
(Masojidek and Prasil 2010; Wijffels et al. 2013). China, Israel, Australia, USA and
India have established industrial scale production for high-value products from
microalgae and cyanobacteria. The main products are food supplements and
additives such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
(omega-3-fatty acids), beta-carotene, astaxanthin and beta-glucan (Pulz and Gross
2004; Spolaore et al. 20006).

With the approaching energy crisis, climate change and environmental concerns,
great efforts are being laid toward bioenergy production from microalgae and
cyanobacteria. The concepts of production of biodiesel and bioethanol have been
technologically proven but it has been challenging to establish economically feasible
algal/cyanobacterial based bioenergy processes. Nevertheless, researchers are still
working on improvement and optimization of bio-based energy production in order
to increase productivity and to lower the investment and operational costs of an
industrial scale process.

Microalgae and cyanobacteria may also utilize pollutants as nutrients.
Combining biomass production with wastewater treatment could help towards
economically feasible bioenergy production. Furthermore, significant steps toward
sustainable industry could be achieved via genetic modifications.
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An ideal hypothetical scenario is presented in Figure 6, showing the production
of high and low value compounds from microalgae or cyanobacteria combined with
wastewater treatment process.

Wastewater treatment with Microalgae / Cyanobacteria

v

Discharge quality water Low value products K

Figure 6. A combined process for wastewater treatment and biomass production, showing
hypothetical biotechnological application of microalgae and cyanobacteria.

1.8 PBRs for suspended growth

1.8.1 Open systems

Open systems have surfaces exposed to the environment. A typical example of an
open PBR is a high rate algal pond (HRAP). Those were the first PBRs to be used
on a large scale (Ugwu et al. 2008). They are technologically simple to construct and
operate, which gives them an advantage when considering investment and
operational costs. However, due to being exposed to the environment, process
control is challenging. Contamination from other photoautotrophic microorganism,
bacteria and zooplankton is highly possible, hence maintaining an axenic culture is
difficult. Therefore, open systems can be used in specific scenarios, with fast
growing cyanobacteria or extremophile species (Hayes et al. 2018). HRAP systems
are known for poor mixing of the suspended culture, which results in uneven light
distribution among the photoautotrophic cells (Ugwu et al. 2008). This causes non-
optimal growth conditions, leading to low cell densities and low volumetric
productivities. Low biomass concentrations (cell densities) in open ponds are one
more reason for increased chance of contamination (Deruyck et al. 2019). HRAP
systems can be constructed only horizontally, which results in a large land
requirement.
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1.8.2 Closed PBRs

Closed PBRs evade the drawbacks related with HRAPs (Borowitzka 1999). Closed
systems are isolated from the environment and have to be constructed from
transparent material like glass or acrylic. Complete isolation allows for precise
process control. Specific operational parameters can be set, giving optimal
conditions for the organism of interest. This allows microalgal and cyanobacterial
cells that cannot be cultured in open systems to be easily grown in closed PBRs.
Maintaining an axenic culture on an industrial scale is difficult and expensive but in
a closed system, it can be easy to keep the species of interest as dominant. Closed
systems are characterized with better mixing than HRAPs and with lower chance of
contamination. With all the advantages stated above over the HRAP, closed PBRs
are characterized with better light distribution, higher cell densities and higher
volumetric productivities (Wang et al. 2012). However, open ponds are more
commonly used on an industrial scale, due to their lower investment cost compared
to closed systems (Wang et al. 2012; Hayes et al. 2018). Examples of closed PBRs
used as a production system are tubular and flat panel PBRs. Excellent summary
table, comparing open ponds and closed PBRs, has been presented by Jamsi (2019).

1.9 Genetically modified photoautotrophs

Already in 1996, an excessive research done in USA (Algae Species Programme)
has concluded that in order to obtain price competitive biofuels from microalgae,
genetic modification would be necessary (Sheehan et al. 1998). Recent
developments in molecular-genetic techniques and technologies have shown
promising progress in strain modification. The desired improvements necessary for
the use of microalgae and cyanobacteria in economically feasible industrial and
aquaculture processes has been described by Wijffels et al. (2013) and can be listed
as follows:

1. Enhancement of cell’s performance and photosynthetic efficiency under
different environmental conditions (light and temperature fluctuations)
caused by seasonal changes.

2. Increased productivity of the metabolite of interest as well as introduction
of novel metabolic pathways.

3. Minimizing environmental risk when using genetically modified
microalgae and cyanobacteria for industrial scale processes.

Control challenges in outdoor cultivation of microalgaec and cyanobacteria are
related to rapid changes in light intensity and temperature (Grobbelaar 2008).
Temperature control in upstream processing of microalgae is crucial in order to
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establish optimal growth conditions (Béchet et al. 2010). Thermophilic
cyanobacteria that can grow in high temperatures (Miyamoto et al. 1979) but most
microalgal and cyanobacterial species with industrial applications have a
temperature optimum between 20 and 30 °C (Béchet et al. 2010). Identification of
the genes responsible for high-temperature tolerance can enable the creation of heat
tolerant strains that can produce valuable compounds. A recent study by Su et al.
(2017) revealed that overexpression of stress tolerance proteins HspA and osmotin
in the cyanobacterium Synechococcus elongatus enables cultivation of the mutant in
high salt, high light and high temperature conditions in a closed outdoor PBR.
Acclimation of cyanobacteria to stress conditions is regulated via group 2 ¢ factors
of the RNA polymerase (RNAP) (Nikkinen et al. 2011; Rantaméki and Tyystjarvi
2013; Antal et al. 2016; Hakkila et al. 2019). Those o factors regulate the expression
of genes responsible for certain stress acclimations (Koskinen et al. 2016). Group 2
o factors of the cyanobacterium Synechocystis sp. PCC 6803 consists SigB, SigC,
SigD and SigE (Imamura et al. 2003). Through extensive studies performed with
knockout mutants of PCC 6803, where triple inactivation strains (triple mutants),
lacking 3 out of 4 group ¢ factors 2 as well as strain lacking all (quadruple mutant),
the roles of each member of the group 2 o factors has been determined and can be
seen summarized in Table 1 of Paper III. Those results show the potential of
manipulating the expression levels of group 2 ¢ factors to produce a robust strain for
biotechnological applications (Stensjo et al. 2018). Furthermore, further
investigation of Synechocystis ¢ mutants could potentially give a solution to the
problems related with large-scale application of genetically modified microalgae and
cyanobacteria and the environmental hazard risk that they bring. Cyanobacterial
mutants could be designed as sigma knockout mutants, lacking certain sigma factors.
Such mutants could be tuned to be less competitive in the environment, minimizing
the risk of environmental contamination with GMOs, while being capable of
tolerating fluctuating temperatures and light intensities.

Reduction in antenna size is beneficial in algal cultivation and could minimize
energy loss caused by heat and fluorescence. Furthermore, small antenna could
promote biomass accumulation due to more light available for the microalgae inside
the reactor volume (Beckmann et al. 2009; Ort and Melis 2011).

Improving Rubisco carboxylation activity would result in increased CO; fixation
and biomass productivity. In Chlamydomonas reinhardtii, (Genkov et al. 2010) has
successfully expressed a hybrid Rubisco enzyme consisting of a plant small subunit
(from spinach, Arabidopsis, sunflower) and an algal large subunit. Even though the
hybrid enzyme showed higher CO,/O; specificity, typical for plants, it did not show
changes in the overall carboxylation activity when compared with Rubisco from
Chlamydomonas wild type (wt). However, research in those areas are encouraging
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in our pursuit of algal and cyanobacterial strains with faster growth, denser cultures
and higher PBR productivities.

Studies on algal and cyanobacterial metabolites have often focused on lipid
productivity in microalgae, due to potential applications in biofuel and food
production. The preferred fraction of lipids for industrial applications is
triacylglycerols (TAGs). Some microalgae accumulate triacylglycerols when
exposed to nitrogen limited conditions (Pruvost et al. 2011; Bondioli et al. 2012;
Breuer et al. 2012). However, under such conditions, cell growth is negatively
influenced, resulting in low biomass productivity and low overall lipid productivity.
Understanding the mechanisms behind lipid accumulation might enable its
improvement without arresting cell growth (Wijffels and Barbosa 2010).

Several successful attempts have been made for ethanol, sucrose and isoprene
production via recombinant cyanobacterial cells and metabolic pathway engineering
(Deng and Coleman 1999; Lindberg et al. 2010; Ducat et al. 2012).

Another way to enable economically feasible production of value compounds
from microalgae and cyanobacteria is to stimulate extracellular secretion of the
desired metabolite. This would significantly decrease downstream processing cost.
A genetically manipulated process for extracellular recombinant protein secretion
has been designed for the green alga Chlamydomonas reinhardtii. Lauersen et al.
(2013) managed to utilize the native secretion signal for CA of Chlamydomonas
reinhardtii to secrete a recombinant protein in the culture medium (Lauersen et al.
2013).

1.10  Photoautotrophs in wastewater treatment

The idea of microalgae-based wastewater treatment was first proposed by Oswald et
al. 1957 after investigating oxygen supply in oxidation ponds. Nowadays microalgae
and cyanobacteria are considered promising for nutrient recovery in wastewater
treatment. Multiple studies have proved the potential of microalgae and
cyanobacteria for nitrogen and phosphorus removal from a variety of wastewater
streams (Gonzdlez et al. 1997; Wilkie and Mulbry 2002; Ruiz-Marin et al. 2010;
Chinnasamy et al. 2010; Wang et al. 2010; Riafio et al. 2012; Hernandez et al. 2013;
Sutherland et al. 2014; Michels et al. 2014; Hernandez et al. 2016; Jams4 et al. 2017;
Paper II). In USA and Canada two companies, Bio-Recovery System, Inc. and BV
Sorbex, Inc. have developed immobilized microalga products that can achieve 99%
heavy metal removal (Molinuevo-Salces et al. 2019). Furthermore, microalgae and
cyanobacteria produce O, as a by-product of photosynthesis. In activated sludge
process, up to 50 % of the electricity consumed by an entire wastewater treatment
plant is used to supply oxygen for the heterotrophic bacteria (Stoica et al. 2009). On
the other hand, heterotrophic bacteria release CO,. Studies performed with mixed
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cultures of microalgae and heterotrophic bacteria have shown promising results in
COD reduction of wastewaters with high organic content (Hernandez et al. 2013,
2016). A combined microalgal-bacterial system reduces the carbon footprint of
wastewater treatment.

Arguably, the main benefit of using microalgae in wastewater treatment is their
versatile biotechnological application. The opportunity to combine wastewater
treatment with production of low and high value compounds could significantly help
to achieve an economically feasible process (Mulbry et al. 2008; Gouveia 2011).

The features mentioned above enable the possible application of microalgae and
cyanobacteria in the secondary or tertiary stage of a wastewater treatment. However,
there are several bottlenecks. Optimal light conditions should be applied. Day-night
cycles and seasonal light availability have major impacts over the design and
operation of such a wastewater treatment process; artificial light will probably not
be economically feasible. Furthermore, the high turbidity and dark colour of
wastewaters reduce light available for photosynthesis. Therefore, pre-treatment
methods should be adopted such as sedimentation, coagulation/flocculation or
filtration (Molinuevo-Salces et al. 2019; Roselet et al. 2019). Those methods will
increase the investment and operational cost. PBR design is heavily influenced by
light utilization, which presents a challenge for large-scale photoautotroph-based
wastewater treatment. HRAPs, so far, seem to be more appropriate for wastewater
treatment, since they are cheap to construct and up-scale.

Another bottleneck is the presence of certain inorganic elements in specific
ratios. Optimal C:N:P ratio in wastewater is necessary for efficient nutrient uptake
(Michels et al. 2014; Molinuevo-Salces et al. 2019). Furthermore, low availability
of certain micronutrients, such as iron, copper, zinc and manganese can cause growth
arrest (Posadas et al. 2013; Markou et al. 2014; Paper II).
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2 AIMS OF THE STUDY

Microalgae uptake and utilize nutrients efficiently, suggesting that they might be
excellent alternatives for wastewater treatment (Selvaratnam et al. 2015).
Furthermore, the use of wastewaters as growth media for microalgae would allow
low-operational-cost industry that specifically aims at production of algal biomass
and valuable algal compounds (Kligerman and Bouwer 2015). Due to the interest in
microalgae, PBR systems have become popular among researchers and wastewater
treatment companies.

In this thesis, the aim was to investigate the potential of microalgae and
cyanobacteria in wastewater purification by utilizing actual wastewaters generated
from several conventional industrial and waste management processes. Furthermore,
we have designed and constructed an up-scale photobioreactor as more realistic
approach to the evaluation of possible challenges that might occur on an industrial-
scale. We have also made an effort to look into the potential application of
genetically modified cyanobacteria in wastewater treatment. To summarize, this
thesis aims at the following:

1. To investigate the possibility of high value compounds production from
microalgae grown in wastewaters.

2. To design and create an algal- based wastewater treatment process with
pilot scale tubular PBR.

3. To investigate the potential of genetically modified cyanobacterial cells
in wastewater treatment applications.

The relation between the content of this thesis with the scientific papers presented
with it are shown via Venn diagram in Figure 7.
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Figure 7. Venn diagram showing the relationship between the chapters and subchapters (Arabic
numbers) of this thesis book with the scientific publications (Paper |, Il and Ill) presented
with it.
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3 METHODOLOGY

3.1 Wastewaters

During the course of these studies, we used several types of wastewater provided by
our industrial partners — UPM-Kymmene Oyj and Helsingin Seudun Ympéristo-
palvelut (HSY) (Table 2)

Table 2. Origin and pre-treatments of waste waters. PAC- powdered activated carbon; GAC-
granulated activated carbon.

Name Wastewater stream Provider  Pre-treatment Paper

. flocculation + PAC filtration
DER Digest effluent UPM +0.22 um cup filter |

wastewater treatment plant UPM

WWTPE 0.22 um filtration

effluent
KA2 landfill leachate HSY fg‘ﬁ fFi!{;T‘D“Fo?“tration I
KA2 landfill leachate HSY E/?)_nglt;:;ﬁgﬂp o I
TAL1 mix of wastewaters streams HSY PAC filtration Thesis

+0.22 pym cup filter

The excess activated sludge, collected from a wastewater treatment plant servicing
a mixture of process wastewaters from a paper/pulp factory and municipal
wastewaters in Rauma, Finland was anaerobically digested in laboratory scale
bioreactors as described in Paper 1. To remove solids, the raw digester effluent
(DER) was first treated with SuperFloc C-581 flocculant, then the supernatant was
further treated with powdered activated carbon (PAC) and filtrated through a mesh
filter. Finally, the purified form of the digester effluent (DE) was prepared by filter
sterilizing DER with a 0.22 pum bottle top cup filter and stored at 4 °C until use.
Nutrient and heavy metal compositions of DER are shown in Tables 1 and 2 of Paper
I, respectively. The analysis was done by Labtium Oy (Espoo, Finland) with
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inductively coupled mass spectrometry. Nitrate and ammonium were determined
with ion-selective electrodes (Thermo Fischer Scientific, Waltham, MA, USA). As
DER is very rich in ammonium and magnesium, DE was typically diluted with either
distilled water or with wastewater treatment plant effluent (WWTPE) prior to use.
WWPTE was collected from the same wastewater treatment plant as the excess
activated sludge used for DER production, filter sterilized and stored at 4 °C until
use.

KA2 from HSY is groundwater contaminated with leachate seeping through the
bottom structures of an anaerobic landfill. In large scale experiments (Paper II),
turbid yellowish-orange KA2 was first filtered through a granular activated carbon
unit by pumping KA2 through a 20 L canister filled halfway with granular activated
carbon in up-flow manner, and thereafter through a 0.1-um drinking water
polyvinylidene difluoride (PVDF) membrane filter. In small scale purification
(Paper III), KA2 solids were removed with PAC and the liquid was sterilized with a
0.22 pm filter.

Biowasher is leachate from an aerobic reactor for solid waste whereas TAL1 is
a mixture of KA2, Biowasher and all other wastewater streams that are generated on
a solid waste management site of HSY. Biowasher and TAL1 were pre-treated with
PAC and filter sterilized (Table 2). Ammonium, nitrate, phosphate and sulphate were
determined spectrophotometrically using Spectroquant test kits 100683, 114773,
114848, 101812, respectively (Merck Millipore, Merck, Germany). The
measurement protocols were adapted to Genesys 10S UV-VIS (Thermo Fisher
Scientific, US) spectrophotometer and 10 mm cuvettes. Calibration curves were
obtained for each test kit (Paper II, Figs. S2, S3, S4 and S5). BOD and COD analyses
were performed by Ramboll Oy (Lahti, Finland) and standard methods were used as
described in Subchapter 1.2.2.2.

Table 3 summarizes the wastewater-based growth media and photoautotrophs
used in this study. DE was either diluted with distilled water or with WWTPE, using
either 10% or 25 % of DE (Table 3). For a continuous alga-based wastewater
treatment process with Ettlia oleoabundans, KA2 was modified by adding extra
phosphate during the initial batch mode to a final concentration of 25 mg L' and
further in the turbidostat phase to 34 mg L. In addition, extra sulphate and
micronutrients were added to correspond to those in the BG-11 growth medium
(Paper II).
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Table 3. Wastewater streams, wastewater optimization strategies and microorganisms.

Growth media Organism used Paper
DE 10 % + WWTPE 90 % N. oculata I
DE 25 % + WWTPE 75 % N. oculata I
DE 10 % + DW 90 % N. oculata Thesis
DE 25 % + DW 75 % N. oculata Thesis
KA2 E. oleoabundans I, Thesis
KA2 + PO4* + SO4% + heavy metals E. oleoabundans Il
TAL1 E. oleoabundans Thesis
Biowasher E. oleoabundans Thesis
KA2 Synechocystis sp. PCC6803 [
KA2 + 20 mM HEPES pH 7.5 Synechocystis sp. PCC6803 1]
KA2 + POs* Synechocystis sp. PCC6803 I
3.2 Strains and growth conditions

Table 4 compares the physiological and morphological features of the three species
used in the studies. Well-known model species were chosen for the studies, and
optimal growth conditions for each species were applied during pre-culturing.

3.2.1 Nannochloropsis oculata

The Nannochloropsis oculata strain UTEX LB 2164 was grown in artificial seawater
medium (ASW) or in diluted digester effluent DE under continuous illumination at
the photosynthetic photon flux density (PPFD) of 25 umol m2s~! at 20 °C in ambient
air (Paper I). First, the growth of N. oculata was tested in batch cultures grown in
Erlenmeyer bottles using DE media prepared via dilution either with distilled water
(DE 10% + DW 90 % or DE 25 % + DW 75 % ) or with wastewater treatment plant
effluent (DE 10% + WWTPE 90% or DE 25 % + WWTPE 75 %). For biomass and
EPA production experiments, N. oculata was grown in a DE medium (DE 25 % +
WWTPE 75 %) in the FMT-150 flat panel PBR (Photon Systems Instruments, Brno,
Czech Republic) as a 400-ml batch culture (Paper I). During the first 24 h, PPFD
was 50 umol m? s™!, then 100 umol m™s™! for 24 h, and thereafter 200 pmol m? s’
Mixing was provided via bubbling with air or 0.3 % CO; as described in Paper II.
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Table 4. Comparison between N. oculata, E. oleoabundans and Synechocystis sp. PCC6803,
based on basic physiological and morphological features.
Nannochloropsis Ettlia Synechocystis sp.
oculata oleoabundans PCC6803
Eukaryota, Bacteria,
Phylogeny Eustigmatophyceae Eukaryota, Chlorophyceae Cyanophyceae
. arid soils
. brackish waters freshwaters
Habitat (Droop 1955) (Cha”ta”?ggazt) andBold  piooka et al. 1979)
phototrophic, mixotrophic phototrophic,
Carbon phototrophic, and heterotrophic mixotrophic, light-
mixotrophic (Baldisserotto et al. 2016;  activated heterotrophic

assimilation

Location of
Rubisco

Photosynthesis

Antenna
pigments

Cell size

Cell wall

Reproduction

Growth mode

Optimal Growth
temperature

Growth medium

Biotechnologycal
relevance

(Razak et al. 2015)

pyrenoid-like structure
(Suda et al. 2002)

oxigenic

chlorophyl a,

carotenoids,

violaxanthin
(Adl et al. 2005)

2—4 ym
(Conveti et al. 2009)

Cellulose
(Jeong et al. 2017)

asexual
cell division
(Droop 1955)

unicellular

20-25°C
(Conventi et al. 2009)

saline

EPA
(Omega 3- fatty acid)

Morales-Sanchez et al. (Anderson and

2013) Mcintosh 1991)
pyrenoid carboxysomes
. ; (Hackenberg et al.
(Giovanardi et al. 2013) 2012)
oxigenic oxygenic
chlorophyl a,

chlorophyl a and b,
carotenoids
(Giovanardi et al. 2013)

phycocyanobilins,
carotenoids
(Vavilin et al. 2003)

5-12 ym
(Loera-Quezada et al. 2011)

~2 um
(Zavrel et al. 2019)

Non-cellulose
(Rashidi and Trindade 2018)

Gram negative
(Huang et al. 2004)

asexual

autospores ool divigon
(Garibay-Hernandez et al. Ripok L 197
2017) (Rippka et al. 1979)
unicellular unicellular
25-30°C 30-35°C

(Wang and Lan 2011) (Zavrel et al. 2015)

freshwater and saline freshwater

model organism
genetic transformations

high neutral lipid content
(biodiesel production)

3.2.2

Ettlia oleoabundans

Ettlia oleoabundans (Komarek 1989) UTEX 1185, referred to with the widely used
but recently deprecated name Neochloris oleoabundans in Paper 1I, was maintained
as a liquid culture in BG-11 growth medium (Rippka et al. 1979) under continuous
light, PPFD 30 pmol m? s at 20 °C, in ambient air (Paper II). The growth of Ettlia
oleoabundans in KA2, TAL1 and Biowasher wastewaters was first tested with
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Erlenmyer flask experiments. For large scale experiments, KA2 wastewater was
selected, and Ettlia oleoabundans was grown in a home-made 45 L PBR in batch
and turbidostat mode (Paper II). In some experiments, the KA2 wastewater was
supplemented with extra nutrients and for a control, cells were also grown in BG-11
medium (Paper II).

3.2.3 Synechocystis sp. PCC6803

The glucose-tolerant strain of Synechocystis sp. PCC6803 (Williams, 1988) was used
as a control strain (CS) in Paper III. Construction of the ¢ factor inactivation strains
AsigBCD, AsigBCE, AsigBDE AsigCDE (Pollari et al. 2011) and AsigBCDE
(Koskinen et al. 2016) have been described earlier. The strains were maintained on
BG-11 medium plates supplemented with 20 mM HEPES pH 7.5. The plates for
triple mutants were supplemented with chloramphenicol (10 pg ml!), kanamycin (20
pg ml ™), spectinomycin (10 ug ml ™) and streptomycin (20 pg ml™") and those for the
quadruple mutant also with nourseothricin (10 pg ml'). Plates were grown in
standard growth conditions under continuous light, PPFD of 40 umol m?s™, at 32
°C in ambient air (Paper III).

For liquid cultures, cells were grown as 30 ml cultures in 100-ml Erlenmyer
flasks without antibiotic supplements. Cell were grown in standard growth
conditions using either BG-11 medium, BG-11 medium supplemented with 20 mM
HEPES, pH 7.5, low phosphate BG-11 medium with 20 mM HEPES, pH 7.5 or KA2
wastewater medium with or without addition of 20 mM HEPES, pH 7.5, or with
extra phosphate as indicated (Paper III). In some experiments, as indicated, the
growth chamber air was enriched with 3% CO; (Paper III).

3.3 Growth measurements

Growth curves of Nannochloropsis oculata were measured at OD7y by the optical
sensor provided with the FMT150 flat panel PBR (Paper I). Measurements were
taken every 30 minutes. Based on those measurements, maximum specific growth
rates (max) Were calculated from the exponential part of the growth curve.

Growth of Ettlia oleoabundans was monitored with a self-made optical sensor,
measuring scattering of 880 nm light. This sensor was used to apply turbidostat
operation in order to maintain constant biomass concentration during continuous
mode. The mV signal from the photodiode was converted via custom software to
ODgso using the Lambert-Beer equation (Equation 5):

0D = logo™, (Eq. 5)
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where I is the signal measured before inoculation and I is the signal measured during
algal growth.

During the up-scale experiments, ODgso was measured every 10 s.

Growth of Synechocystis sp. was followed by measuring OD73 every 24 h (Paper
II). If OD73p exceeded 0.4, the cell culture sample was diluted before the
measurement.

3.4 Biomass Dry Weight Analysis

In Paper I, 10 mL of the N. oculata culture at the end of growth experiment was
filtered through a glass microfiber filter, dried for 3 h at 105 °C, and the dry mass
measured with an analytical balance. In Paper II, dry weight of algal biomass was
measured daily from a 5 ml sample. The sample was withdrawn from the PBR,
filtered with a glass fibre filter and dried overnight at 96 °C before weighing.

3.5 Nutrient content and removal efficiency

Elemental wastewater analysis of DER was performed by Labtium Oy (Espoo,
Finland) (Paper I). In addition, we measured nitrate and ammonium concentrations
as those varied between DER batches and also depended on DER storage time.
Ammonium and nitrate contents of the DE medium were analysed with ion-selective
electrodes (Thermo Fischer Scientific, Waltham, MA, USA) as described earlier
(Ojanen et al. 2015).

The removal of NH4*, NO5’, POs* and SO from the growth medium was
followed by measuring their concentrations using SpectroQuant® Nitrate,
Ammonium, Phosphate and Sulfate tests (Papers I and III). We prepared and used
our own calibration curves for each method (Paper II), using standard solutions of
NH4CL, NaNOs, KH>PO4 and K»>SOs. Samples exceeding the dynamic range of the
particular method were diluted accordingly. Nutrient measurements were performed
on a daily base. Prior to nutrient measurements, biomass was removed from the
sample via filtration through a 0.2 um filter.

NH," and PO+* removal efficiencies for the stable wastewater treatment phase
of the final experiment described in Paper II were calculated by Equation 6:

NRE = x 100 (Eq.6)

Concentration(influent)—Concentr ation(ef fluent)

Concentration(influent)

where NRE is the nutrient removal efficiency (%).
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3.6 Lipid analysis

An extensive lipid analysis was performed during this work and the detailed
procedure is described in Paper 1. At the end of each growth experiment (after 7
days), N. oculata cells were harvested via centrifugation. The harvest was subjected
to lipid extraction. The extracted lipids were separated to cholesteryl esters (CEs),
triacylglycerols (TAGs), glycolipids (GLs) and phospholipids (PLs). The fatty acids
of each lipid class were converted to methyl esters with BF3;-methanol treatment
(Metcalfe et al. 1966, with minor modifications), and the fatty acid profile of each
lipid class was the determined with gas chromatography. Standards were used for
cholesteryl esters, triacylglycerols and phospholipids fractions, whereas the
glycolipid fraction was identified on the basis of its green colour and high EPA
content. Fatty acid methyl esters were identified with standards.

3.7 Chlorophyll a and carotenoids

Chlorophylls and carotenoids of N. oculata were extracted with methanol (99.9%)
and determined spectrophotometrically according to Ritchie (2006) and Strickland
and Parsons (1972), respectively (Paper I).

3.8 Photosynthesis measurements

Pulse amplitude modulation fluorometry was used to measure the relative quantum
yield of photosynthetic electron transfer and the relative electron transfer rate (ETR),
non-photochemical quenching (NPQ) and the coefficient of photochemical
quenching (qP). The relative quantum yield of photosynthetic electron transfer and
ETR were measured from 1 ml sample illuminated with actinic PPFD ranging from
0 to 3000 pmol m? s™'. The sample was illuminated at each PPFD for 30 seconds
before firing a saturating pulse, PPFD 5000 umol m~s™'. Relative ETR was obtained
from equation 7:
ETR = PPFD X (FM' —FS)/FM'’ (Eq. 7)

where PPFD is the actinic PPFD, FM is fluorescence intensity measured during a
saturating pulse of light, and F'S is fluorescence intensity before the pulse.

Relative quantum yield of photosynthetic electron transfer (o) and maximum
ETR (ETRmax) were obtained as the best fit of the dependence of ETR on PPFD to
equation 8:

ETR(PPFD) = ETR,4, X tanh(a X PPFD)/ETRmqy) (Eq. 8)

Maximum (Fum) and minimum (Fo) fluorescence were measured after 5 min dark
incubation from N. oculata and after 10 min from E. oleoabundans. NPQ and qP
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were obtained from samples illuminated for 5 min with PPFD 1000 pmol m?s™.
After the measurement, the sample was darkened for 15 min and NPQ and qP were
measured again. NPQ and qP were calculated using Equations 9, 10 and 11:

NPQ = (Fu — Fy)/Fu (Eq. 9)
qP = (Fy — Fo)/(Fy — Fo) (Eq. 10)
' F,
FO = m (Eq 11)
T tFl

where Fy and Fy are the maximum and minimum fluorescence, respectively, from a
dark acclimated sample, Fy' is the maximum fluorescence during illumination, Fy is
the minimum fluorescence from an illuminated sample, calculated using Eq. 11, and
Fis fluorescence during illumination, measured before a saturating pulse.

3.9 Statistical analysis

In Paper I the cell number, dry weight measurements, EPA content, total fatty acids
(TFA), lipid fractions, fatty acids profile, as well as major fatty acids in the lipid
fractions, and pigments content were determent from four independent experiments.
The standard deviation was calculated with STDV function of Microsoft Excel.

In paper I DW measurements and were obtained from three technical replicates
collected on a daily base. Measurements of NH4", NO5", POs* and SO4* from the
wastewater and from the photobioreactor samples, were collected from three
technical replicates on a daily base. The standard deviation was calculated as in
Paper 1.

Wastewater treatment process with the up-scale photobioreactor was performed
for 5 times HRT counted from day 13 of the experiment, ensuring steady state
conditions.

All Synechocystis sp. growth experiments were performed with three biological
replicates and three technical samples from each biological replicate were subjected
to analysis. Standard deviation was calculated as in Paper I and II.

Student's t-test was used to compare the statistical significance of differences
between sample sets.
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4 OVERVIEW OF RESULTS

4.1 Construction of a pilot scale tubular PBR

Significant part of this thesis work has been devoted to the design and construction
of a pilot-scale tubular PBR. Detailed schematics of the self-made up-scale tubular
PBR is shown in Paper II, Figure 1. The reactor was designed and constructed as a
vertical airlift tubular PBR, where circulation of the suspension was done with an air
pump. The tubular PBR is equipped with seven real-time sensors. Two self- made
optical sensors, OD880 and OD680, measure biomass growth as turbidity, and
relative chlorophyll content of the culture, respectively. The OD sensors consist of a
LED source (880 nm and 680 nm respectively) and a corresponding photodiode
(Paper II). The LED source and the photodiode of each sensor are placed in custom
designed stainless-steel part, that is incorporated in-line the photobiorectr’s tube. The
LED and the photodiode are positioned against each other at 15 mm distance. The
photodiode voltage signal output can be regulated via resistor R1 (Paper II, Fig. S1),
which enables the sensors’ sensitivity to be adjusted according to the desired
operational biomass density. The OD measurements are result of extinction of light
either mostly by absorption (OD680) or solely by light scattering (OD880). Two
oxygen sensors (Oain and Ozoy) measure O, concentrations (mbar) before and after
degassing. A temperature sensor measures temperature inside the PBR and a pH
sensor was installed for pH control via on demand sparging of 99% CO,. The flow
rate is measured with flow sensor (Paper II). Technical details and manufacturers of
the sensors can be found in Paper II.

The tubular PBR’s volume could be adjusted according to preferences and
experimental planning. During the course of my work either 80 L (Fig. 8A) or 45 L
(Fig. 8B) construction was used.
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Figure 8. Pilot scale tubular PBR. A 80 L reactor set up. B 45 L reactor set up.

A test run for the 80 L tubular PRB was performed using N. oculata cells and ASW
medium. A 3 L inoculum was grown in a 5 L flask at 25 °C, PPFD 150 pmol m™ s-!,
1 % CO; in ASW medium. The PRB was first run in batch culture mode for 5 days
and thereafter switched to the turbidostat mode. Figure 9 shows real time data
recorded by the six in line sensors, as well as offline dry weight measurements during
the run. The batch mode period allowed cells to acclimate to the conditions in the
reactor and reach high cell density. Also, during batch mode, the ODsgo
measurements were calibrated with off-line dry weight measurements for each
reactor experiment. Reactor volume was kept constant with an overflow point in the
degasser. The overflow (harvest) was collected in a 200 L harvest tank. Growth rates
of the microalgae grown in the system were determined by automated gravimetrical
measurement of the harvest tank every 10 min. The specific growth rate achieved
during the turbidostat phase of this test experiment was 1.24 day'.
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Figure 9. Test experiment with a 80 L tubular PBR, N. oculata and ASW medium. (1) Batch phase
of the experiment; (2) Turbidostat phase of the experiment. Measurements shown from
six in-line real-time sensors: (—) [O;] out- oxygen concentration after degassing; (—)
[O-] in- oxygen concentration before degassing; (—) pH; () OD 680 - optical density
at 680 nm; (—) OD 880 - optical density at 880 nm; (—) temperature. Squares show the
results of off-line dry weight measurements.

This test experiment showed that the PBR constructed for the purpose of my work
did not show any growth limiting features that could disturb the evaluation of algal
growth in wastewaters. Furthermore, the dry weight measurements confirmed that
our home-made OD880 sensor can be used for setting up a constant biomass
concentration, enabling continuous operation of the process.

4.2 Pre-treating and testing wastewaters as growth

media for microalgae

421

All the wastewaters (DER, WWTPE, KA2, TAL1 and Biowasher) investigated in
this work were received in their raw form. All were coloured and required pre-
treatment before use as growth media.

Removing solids from wastewaters
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Figure 10. Four stages of coagulation/flocculation pre-treatment. From left to right: DER; DER and
coagulant/flocculant; separation of the sludge and the liquid phase (after 10 minutes of
addition of coagulant/flocculant); DER after removal of the solid phase.

DER (Paper I), had a high total solids content, consisting mainly of bacterial biomass
sludge and undissolved particles (Fig. 10). Coagulation/flocculation was used to
separate the sludge from the liquid, but the process could not completely remove
colour, and the wastewater appeared dark yellow (Fig. 10). Therefore, DER was
treated with PAC, which produced completely transparent wastewater (Fig. 11) that
was used as part of a growth medium (Paper I).

~a37

Figure 11. DER after coagulation/flocculation
(1) and DE obtained after
treatment with powdered activated
carbon (2).
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For the tubular PBR experiments, bigger volumes of wastewater were needed.
Therefore, a home-made granulated activated carbon filter (GAC) was designed
(Fig. 12). A canister was filled to 2/3 of its volume with granulated activated carbon,
specially prepared for wastewater treatment purposes. The wastewater was pumped
from the bottom, passed through an activated carbon bed and left the filter from the
top via overflow.

Effluent ( w B

4
Filtered

Wastewater

Granulated

Activated
Carbon

Figure 12. A: Home-made GAC filter; B: schematic representation of GAC up-flow filter operation.

The GAC filter was used without a coagulation/flocculation step for “TAL1”, “KA2”
and “Biowasher” wastewaters as they had a low total solids content (Fig. 13). The
rates used to efficiently pre-treat wastewaters were 50—100 ml min™!, depending on
the turbidity and colour intensity of the wastewater. Figure 13 shows the effect of
the GAC filter pre-treatment for “TAL1”, “KA2” and “Biowasher”.
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Figure 13. Three different wastewater streams treated with GAC filter. 1 TAL1; 2 KA2; 3 Biowasher.
A wastewaters before treatment with a GAC filter; B the respective wastewater samples
after treatment with the GAC filter.

4272 Ammonium contents of different wastewaters and their
ability to sustain algal growth

The concentrations of main nutrients varied between the different
wastewaters, and especially ammonium concentrations varied, even between
batches of the same wastewater (Table 5). All tested wastewaters contained
nitrogen mainly as ammonium while nitrate concentrations were low.

Table 5. Ammonium concentrations of different batches of wastewaters.

NH4*
Wastewater mg L mM
Batch 1 1300 72.1
DER Batch 2 380 21.1
Batch 3 200 11.1
Batch 1 40 2.2
Batch 2 60 3.3
KA2 Batch 3 105 5.8
Batch 4 120 6.7
Batch 1 60 3.3
TALA1 Batch 2 70 3.9
Batch 3 120 6.7
Biowasher Batch 1 600 33.3
Batch 2 800 443

Prior to PBR experiments, the wastewaters were always tested in small scale batch
cultures in Erlenmyer flasks. The first attempts to grow N. oculata in DE were
performed with a wastewater batch with the NH4" concentration of 1.3 g L. N.
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oculata did not grow in 100 % DE. If DE was diluted with distilled water, cells did
not grow in 25 % DE, but grew well in 10 % DE (Fig. 14). However, when DE was
diluted with wastewater treatment plant effluent (WWTPE), N. oculata cells grew
fast in 25 % DE (Paper I, Fig. 1). Therefore, the EPA production experiments in the
flat panel PBR were performed in wastewater mix (DE medium) of 25 % DE and 75
% WWTPE.

DE DE DE
ASW 10% 25% 25 %

2
4 0 “ *ﬁ ﬁc . ——  ASW P
ays = ’ -
‘ q —%‘d 16 —— DE10 % //

Time (days)

Figure 14. N. oculata grown in flasks with different ratios of DE and distilled water- 10 % DE + 90
% DW; 25 % DE + 75 % DW (duplicate). ASW was used as reference growth medium.

Suitability of E. oleoabundans for wastewater remediation was tested with three
different wastewater streams provided by HSY. E. oleoabundans failed to grow in
the high ammonium containing “Biowasher” wastewater (Fig. 15). Just in three days
cells bleached out, showing no signs of growth. Based on this experiment, only
TAL1 and KA2 were submitted for further investigation with the pilot-scale PBR.
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Figure 15. Flask batch growth of E. oleoabundans in three different wastewater streams. (1) TAL1;
(2) KA2; (3) Biowasher. A E. oleoabundans cultures on day 0; B E. oleoabundans
cultures after 3 days of growth.

4.3 Biomass and EPA production of
Nannochloropsis oculata in digester effluent
based media

N. oculata was grown in a flat panel bioreactor in ASW or in DE medium at 21 °C
in continuous illumination, PPFD 200 pmol m?s'. (Paper I, Fig. 2). ASW was
buffered with 25 mM Tricine to pH 8.1 whereas the DE medium was not buffered
and had pH of 9.2. The cultures were sparged with air, except for short periods of
sparging with CO; to balance increased pH (for details, see Paper I). For the ASW
experiment this happened first at 72 h (Paper I, Fig. 2A) and for the DE medium
experiment at 100 h (Paper I, Fig. 2B). A second increase of pH for both experiments
occurred after 130 h, and this time the pH correction was done with 2% CO,,
applying an EPA accumulation enhancement procedure proposed by Hoshida et al.
2005.

Maximum specific growth rates (imax) of N. oculata were 0.365 day™! and 0.405
day! in ASW and DE medium, respectively (Paper I). Although the maximum
specific growth rate of the microalgae was similar in the ASW and DE medium,
there were several distinct differences. Growth of N. oculata in ASW medium did
not stop at the end of the experiment (160 h), whereas in DE medium, N. oculata
cells reached a stationary phase already at 130 h, and due to degradation of
chlorophyll, cells showed yellowish-green appearance at the end of the experiment
(Paper I, Fig. 3). The chlorophyll content of N. oculata was lower in DE medium
that in ASW, whereas the carotenoid content was similar in both media (Fig. 16),
resulting in a lower chlorophyll a to carotenoid ratio of 5.4 for the cells grown in the
DE medium than in the ASW medium, where the ratio was 6.2.
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Figure 16. Chlorophyll a and carotenoid contents of N. oculata grown in ASW (blue) and DE
medium (red) after 7 days of growth in flat panel PBR. Each bar represents an average

of four independent experiments and the error bars show SD.

To follow the photosynthetic properties of cells grown in ASW or in DE medium,
PS II quantum yield and electron transfer rate, non-photochemical quenching (NPQ)
and photochemical quenching (qP) were measured from N. oculata samples after 3,
5, 6 and 7 days of growth. The electron transfer rates, and quantum yields were
similar in ASW and in the DE medium grown cells (Paper I, Fig. S1). High-light-
induced NPQ and closure of PS II reaction centres occurred similarly whether the
cells were grown in ASW or in DE medium, and the dark relaxation of NPQ and
reopening of PS II centres were similar for cells grown in ASW and for cells grown
in the DE medium (Paper I, Fig. S1). Overall, the results revealed that the growth
medium (ASW or DE medium) did not have any significant effect on photosynthesis
parameters.

Our goal was to use wastewater-grown N. oculata to produce EPA. EPA (20:5n-
3) was found to be the most abundant fatty acids in N. oculata. Cells grown in the
ASW medium were able to accumulate 37.2 % EPA of their total fatty acid content
whereas the EPA content of cells grown in DE medium was 29.2 % of total fatty
acids (Paper I). However, the EPA content of N. oculata cells grown in the DE
medium for 7 days was slightly higher than that of cells grown in ASW. However,
it has to be taken into account that the total fatty acid content of cells grown in DE
medium was twice as high as that of ASW grown cells (Fig. 17).
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Figure 17. EPA and total fatty acids (TFA) content as gram per gram of dry weight biomass of N.
oculata cultures grown in ASW (blue) and in DE medium (red) for 7 days in a flat panel
PBR. Each bar represents an average of four independent experiments and the error
bars show SD.

Growth medium affected the relative amounts of cholesterylesters, galactolipids,
phospholipids and triacylglycerols (Paper I, Table 5). EPA in N. oculata when grown
in ASW medium, was primarily associated with the membrane lipid classes
(phospholipids and galactolipids) (Fig. 18).

When cells were grown in the DE medium, the triacylglycerol fraction was larger
and the phospholipid fraction was smaller than in control cells (Paper I, Table 5).
Furthermore, the fatty acid profiles of the lipid classes depended on growth medium
(Paper I, Fig. 6). In particular, the DE medium appears to have induced formation of
EPA-containing triacylglycerides (Fig. 18). Due to the relatively high EPA content
of the triacylglyceride fraction, the overall EPA content of the culture was slightly
higher in the DE medium than in the control medium (Fig.17).
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Figure 18. EPA (% of TFA) as part of TFA belonging to each lipid fraction of N. oculata grown in
ASW (blue) and in DE medium (red) for 7 days in flat panel PBR. Each bar represents

an average of four independent experiments and the error bars show SD.

4.4 Wastewater treatment with E. oleoabundans in
a pilot scale tubular PBR

4.4 .1 Optimizing wastewater pre-treatment for up-scale
experiments

The second goal of my thesis was to test if E. oleoabundans could be used to remove
nitrogen and phosphorus from wastewater. In the first large-scale experiment,
growth of E. oleoabundans slowed down early before the shadowing effect could be
assumed to have an impact. Since KA2, Batch 2 (Table 2) used in this experiment
was low in ammonium, 10 L of ammonium rich TAL1 Batch 3 was used to replace
10 L of cell culture on days 4, 5, 6 and 7. Some recovery of growth was observed,
and continuous mode was set on day 9 (Fig. 19). Productivity of the system was only
0.1 day! in the beginning of the turbidostat mode indicating that something was
limiting the growth. After 3 days of turbidostat, the growth rate did not recover and
the system was brought back to batch growth, switching off the dilution. However,
growth did not recover (Fig. 19) At that point a sample from the reactor was taken
and analysed under microscope.
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Figure 19. Experimental run with E. oleoabundans and KA2/TAL1 in 45 L PBR. (1) Batch mode +
semi- batch mode. The experiment started with KA2 as a batch and around day 4, semi-
batch mode was started with repeated additions of TAL1 (downward shifts in OD880);
(2) Turbidostat mode with TAL1. The data are from six in-line real-time sensors: (—)
[O2] out - oxygen concentration after degassing; (—) [O2] in - oxygen concentration
before degassing; (—) pH; () OD680 - optical density at 680 nm; (—) OD880 - optical
density at 880 nm; (—) Temperature.

The microscope observation revealed that the wastewater was contaminated with a
predator that was able to penetrate the cell wall of E. oleoabundans, bursting the cell
open. Obviously, the UV treatment of the wastewater was not enough to kill
predators. Therefore, a decision for selecting a new approach was taken. The reactor
was equipped with three mechanical filters (Fig. 20). The first one, 1 pm mesh filter,
removed bigger particles and that was followed by 0.5 um ceramic filter and 0.1 pm
PVDF membrane filter. The 0.5 pm filter was included to protect the expensive and
important 0.1 pum filter.
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Figure 20. (1) 5 um mesh filter, (2) 0.5 um ceramic filter, (3) 0.1um PVDF filter as
inline pre-treatment strategy. Flow direction from (1) to (3).

To test for potential side effects of the new filter sterilization system, for example
nutrients collection, a test experiment was run by growing E. oleoabundans in 45 L
of BG-11 medium in the PBR. After a successful batch mode period (Fig. 21), the
system was set in turbidostat mode. After 24 hours in turbidostat mode, the growth
rate first decreased from 0.8 day™! to 0.5 day! and finally down to 0.12 day"! (Fig.
21). At that point, the system was set back to batch mode operation, but growth rate
did not improve and in the end of the experiment, and all biomass was lost (Fig. 21).
This was due to formation of algal cell flocs, which started sticking to the surface of
the reactor tubes. At that point, microscopic analysis was performed, and the results
confirmed that no predator agents were present. In order to remove the biofouling on
the inner reactor surface, a self-made pom-pom was inserted inside the system (Fig.
21). The spikes of OD880 sensor, seen in Figure 21 result from the pom-pom sticking
between the OD880 sensor components. Therefore, the pom-pom was removed for
the rest of the experiment. In the following phase, 10 L of the cell culture was
replaced with fresh BG-11 medium. This resulted in immediate recovery of growth.
This was received as an effect of the pom-pom ball which managed to clean the inner
reactor surfaces and suspend the attached biomass back to the suspension. The
reactor was brought back to turbidostat operation mode. However, growth rate
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deceased in few days after that, and it was found that both 1 um and 0.5 pm filters
had collected biomass within their transparent casings.
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Figure 21. Experiment with E. oleoabundans, BG-11 in 45 L PBR. (1) Successful batch phase, (2)
unsuccessful turbidostat phase, (3) unsuccessful batch phase, (4) unsuccessful batch
phase with pom-pom, (5) batch phase after addition of 10 L BG-11 medium, (6)
unsuccessful turbidostat phase. The data are from six in-line real-time sensors: () [O2]
out- oxygen concentration after degassing; (—) [O2] in- oxygen concentration before
degassing; () pH; () OD680 - optical density at 680 nm; (—) OD880 - optical density
at 880 nm; (—) temperature.

The surfaces of the filters inside the casings were getting greener during turbidostat
mode, indicating photosynthetic growth. Samples were collected after each filter and
from the BG-11 medium supply tank. The sample after the 0.5 um filter showed 60
% decrease in phosphate content compared with the sample collected from the BG-
11 supply tank. Furthermore, additional 20 % loss of phosphate was measured after
the 0.1 pm filter. Thus, photosynthetic cells accumulating on filters collected 80 %
of total phosphate of BG-11 before the growth medium reached the bioreactor. To
prevent accumulation of photosynthetic organisms in filters, the whole batch of the
wastewater was pre-filtered through 1 pm and 0.5 pm filters and only the 0.1 um
PVDF filter was used in-line during turbidostat mode.

4.4.2 Wastewater optimization for stable algal growth

For the first experiment, E. oleoabundans inoculum was prepared in BG-11 medium.
After inoculation of the tubular PBR (45 L, KA2), a long lag phase (2.5 days) was
observed, but thereafter algal cells acclimated and grew well for 5.5 days. On day 8,
turbidostat operation was started at 0.5 g L' biomass concentration. Shortly after the
shift to the turbidostat phase, productivity significantly decreased, indicating a
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growth limitation in the process (Paper II, Fig. 3). The growth limitation was
investigated by addition of nutrient components based on BG-11 composition. For
that purpose, the reactor was set back to batch mode and the nutrients were added
one by one in the following order to final concentrations of 23 mM K,HPO4; 0.24
mM CaCly; 0.3 mM MgSOy4; BG-11 trace metal mix (46 uM H3;BOs; 9 uM MnCly;
0.77 uM ZnSQOy4; 1.6 uM NaMoO4; 0.3 uM CuSOs4; 0.17 pM Co(NOs), and finally
21 uM ferric ammonium citrate (Paper I, Fig. 3). Between nutrient additions, a 24
h period was left to allow each nutrient to cause a growth effect. Growth recovery
was observed after addition of Fe as ferric ammonium citrate (Paper II, Fig. 3).

For the second trial, E. oleoabundans inoculum was grown in KA2 wastewater
supplemented with 21 uM ferric ammonium citrate. This time no significant lag
phase was observed after inoculation and the microalgae grew well in the wastewater
(Paper II, Fig. 4). However, four days after the start of the batch phase, growth
limitation was observed indicating that KA2 was still limiting growth. Since iron had
already been added, we decided to investigate if deprivation of other metals limited
growth. Therefore BG-11 “trace metal mix” (same concentrations as in the previous
experiment) was introduced directly in the PBR. Growth recovered (Paper 11, Fig.
4), indicating that low concentration or absence of a trace metal was the reason of
algal growth arrest in KA2 wastewater.

443 Achieving a stable wastewater treatment process

In Paper II, in the final experiment, all algal growth limitations present with KA2
wastewater were addressed by introducing appropriate pre-treatment strategy and
optimizing the wastewater with additional nutrients (Paper II, Fig. 5).

This experiment started as usual with a batch phase, followed by a turbidostat
phase (Paper II, Fig. 5). Macronutrient concentrations in the growth medium were
followed during the batch phase (Paper 11, Fig. 6), and these measurements suggested
the need of extra phosphate. Phosphate was re-adjusted for the turbidostat phase to
33.95 mg L' (0.357 mM) (Paper II, Table 2). Shortly after the start of the turbidostat
phase (24 h), a decrease in O, production (Paper II, Fig. 5), drop in PBR productivity
as well as a low Fy/Fm value of 0.334 were observed. However, growth was
successfully recovered by addition of trace metal mix solution directly into the PBR,
indicating possible chelating of metals occurring in the wastewater supply tank.
From that point on the experiment continued without any disturbances for 7 days,
until all KA2 wastewater dedicated for the experiment had been finished. Daily
samples from the reactor during that period showed a stable Fv/Fy value of 0.76. In
summary, appropriate treatment of the KA2 wastewater includes pre-treatment with
GAC and 0.1 PVDF membrane filter, addition of iron and “trace metal mix” and
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adjustment of PO4** and SO4* concentrations of the feeding wastewater (Paper II,
Table 2). Table 6 summarizes the stable KA2 wastewater treatment process.

Table 6. KA2 wastewater treatment process parameters achieved with E.

oleoabundans.
Parameter Value
Biomass concentration (Avg.) 047 gL
Growth rate (Avg.) 0.73 day’
Volumetric productivity (Avg.) 0.34 g L' day’
NH4* removal efficiency 75 %
PO4* removal efficiency 99.60 %

4.5 Potential of Synechocystis sp. PCC 6803 and
its regulatory sigma factor mutants for
wastewater purification

Series of batch-based flasks experiments were conducted in order to investigate how
efficiently cyanobacteria can remediate wastewaters, especially remove phosphate,
nitrate or ammonium. A rapidly growing Synechocystis sp. PCC 6803 cell culture
removed almost all phosphate and 50 % of nitrate from the nutrient rich BG-11
growth medium within four days (Paper III, Fig. 1). Similarly, Synechocystis cells
removed nutrients efficiently from KA2 wastewater, as in only three days, almost all
ammonium and phosphate were collected (Paper III, Fig. 2). However, the cells
continued growing for a few more days (Paper III, Fig. 3), showing the nutrient
storage capabilities of Synechocystis sp. PCC 6803 cells.

In addition to the control strain of Synechocystis sp. PCC 6803, we also tested
sigma factor mutants (AsigBCD, AsigBCE, AsigBDE, AsigCDE and AsigBCDE) for
their growth abilities in KA2 (Paper 111, Fig. 3). The aim of the experiment was to
reveal if the KA2 wastewater induces oxidative stress to Synechocystis cells, as
AsigBCDE is known to be highly vulnerable to any kind of oxidative stress (Hakkila
et al. 2019) whereas the AsigBCE and AsigCDE strains have shown superior growth
compared to the control strain in chemically induced oxidative stress (Hakkila et al.
2019).

For the first 4 days, all mutant strains showed similar growth in the wastewater
as the control strain (Paper IlI, Fig. 3a). It was clear that for all strains, long term
exposure to KA2 causes premature seizure of growth, when compared to CS grown
in BG-11 (Paper III, Fig. 3a). Strain AsigBCDE, switched to stationary growth
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already after six days in KA2, and bleaching of pigments was especially noticeable
on the 13" day of growth (Paper III, Fig. 3). The pale yellow-orange colour indicated
that the old AsigBCDE culture (Paper 111, Fig. 3) had degraded almost all chlorophyll
a and phycocyanobilin. AsigBCD and AsigBCE switched to stationary growth phase
already after the 8" day of growth. The AsigBCE strain did not show any visible loss
of pigments, whereas AsigBCD cells appeared bleached during the stationary phase
(Paper 111, Fig. 3). AsigBDE (contains only SigC) and AsigCDE (contains only SigB)
grew almost as well as the control strain (Paper III, Fig. 3).

We hypothesized that the low phosphorus content of the KA2 wastewater (circa
half of that in the BG-11 medium) might explain growth differences between the
strains, as in a previously study (Hakkila et al. 2018) phosphate transporters genes
were highly upregulated in the AsigBCD strain even when cells were grown in
normal phosphate-replete BG-11 medium. To check this hypothesis, we investigated
the ability of Synechocystis strains to grow in BG-11-5 %P medium that contains
only 8.75 uM phosphate (Paper III, Fig. 4). For the first 2 days all Synechocystis
strains grew well in BG-11-5 %P medium. After that, AsigBCD and AsigBCE grew
only slowly (Paper III, Fig. 4). All other strains grew almost as well as the control
strain, including the AsigBCDE mutant strain. This showed that for AsigBCD and
AsigBCE strains, low phosphate concentration might be the reason for early growth
arrest in KA2 wastewater. For the rest of the strains, the low phosphate in KA2 might
not be not explain the early growth arrest. Therefore, we submitted AsigBCD and
AsigBCE strains to further investigation in order to find the relationship between
phosphate concentration and their growth abilities. We conducted batch growth
experiments with KA2, where we added additional phosphate, adjusting the final
phosphate concentration of wastewater to be the same as in the BG-11 medium.
However, this addition did not improve the growth of AsigBCD or AsigBCE strains,
and actually AsigBCD cells had a long lag phase before they started to grow
indicating that low phosphate is not the main reason for the early growth arrest of
AsigBCD or AsigBCE.

Unlike the BG-11 growth medium, the KA2 wastewater was not buffered for the
growth experiments. We next investigated how a constant pH of 7.5 would affect
nutrient uptake, as growth of cyanobacteria without buffering rapidly increases the
pH of the growth medium. Growth and nutrient uptake of CS, AsigBCD and
AsigBCE cells were studied in KA2 wastewater supplemented with phosphate and
buffered with 20 mM HEPES to pH 7.5. No differences were detected in ammonium
removal between CS, AsigBCD and AsigBCE cells (Paper III, Fig. 5c). However,
the removal of ammonium from KA?2 after buffering (Paper III, Fig. 5c) was slower
than without buffering (Paper III, Fig. 2) indicating that without buffering, volatile
ammonia formed and escaped. AsigBCD cells grew more slowly than CS cells even
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after buffering KA2 medium and AsigBCD cells collected phosphate more slowly
from buffered KA2 than the other strains (Paper III, Fig. 5c).

Adjustment of pH changed the behaviour of the AsigBCE strain. The AsigBCE
strain first grew like CS in buffered KA2 and growth was even better than that of the
CS in the end of the experiment (Paper III, Fig. 5c). Rapid growth of AsigBCE cells
in the end of the experiment was accompanied with more rapid removal of phosphate
than in the control strain (Paper III, Fig. 5¢). As AsigBCE strain not only collected
phosphate slightly more efficiently than the other stains, but it also grew better than
the other strains in bright light (Paper III, Fig. 6), it might be a more robust strain for
wastewater treatments than the control strain if pH adjustment is included in the
process to prevent formation of toxic ammonia.
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5 DISCUSSION

5.1 Up-scale PBR as an experimental set up for
wastewater treatment

In order to investigate the potential of a given algal species for wastewater
remediation, the PBR used in the experimental set up should not present any growth
limitations caused by its design and operation or materials used for the construction.
A good PBR helps testing as wastewater treatment systems, as the only possible
growth limitations will come from the wastewater itself. The test run shown in Figure
9 shows that the system built here has excellent characteristics.

The marine alga N. oculata was used for the test run because a salt water medium
such as ASW is optimal for the alga but acts as a natural preservative, decreasing the
chance for contamination (von Alvensleben et al. 2013). This setting would therefore
reveal growth limiting factors inherent to the reactor design and operation. Batch
phase operation already showed that the system can support the growth of N. oculata
without any severe limitations, as the biomass grew to a high density just in 4 days,
indicated by the OD880 sensor growth curve. Furthermore, the batch phase of the
experiment was efficiently used as a calibration stage by comparing the OD880
sensor reading to dry biomass concentration. Calibrating the OD880 sensor is
important for the turbidostat mode operation, as setting a constant ODgso value
enables constant biomass concentration in the PBR, achieved by on demand dilution
of the reactor contents when ODgso measurement exceeds a set value. Continuous
dilution and harvest through an overflow of the tubular PBR define continuous
bioreactor operation. It was also important to test the reactor’s on demand pH control
with 99 % CO,. As will be discussed later, maintaining a constant pH when using
ammonium rich wastewater is crucial for optimal algal growth. It has been
previously shown that N. oculata shows higher growth rates when the culture was
sparged with 2 % CO; enriched air. However, higher concentrations of CO; at 5 %,
10 % and 15 % proved to be growth inhibiting for N. oculata (Chiu et al. 2009). On
demand sparging with CO, based on pH is a safe and efficient way to supply
necessary inorganic carbon for photosynthetic growth, without an inhibitory effect.
As seen in Figure 9, pH was kept stable at 7. 8 using this approach during the
turbidostat phase. Furthermore, on demand CO, addition enables a high specific
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growth rate, on the average 1.24 day!, for N. oculata during the turbidostat phase. A
slightly higher specific growth of 1. 49 day™!' was achieved in small scale (2L) batch
experiments with N. oculata sparged with 1 % CO; enriched air (Rasdi and Qin
2015).

5.2 Importance of wastewater pre-treatment

Wastewater turbidity is an unfavourable factor in the design of algal based
wastewater treatment. Removing undissolved solids and colloidal particles from the
wastewater vastly improves the performance of a process based on autotrophic
microalgae. Low turbidity ensures good light penetration into the reactor, and more
light will be available for photosynthetic growth, which also drives fast uptake of
inorganic nutrients by microalgae or cyanobacteria. High turbidity is also related to
dissolved organic pollutants, and the presence of biodegradable organic compounds
promotes growth of heterotrophic bacteria that can easily overtake the algal culture.
Wastewaters coming from an anaerobic process have a low concentration of
biodegradable pollutants but may contain dense anaerobic sludges as seen in Figure
10. DER, coming from the pilot-scale anaerobic digestors, had a high sludge content
and was treated via chemical coagulation/flocculation (Fig. 10). A combination of
chemical coagulation and flocculation is a well adopted process in wastewater
treatment engineering, with decades of applications (Metcalf & Eddy et al. 2004,
Chapter 6). Therefore, applying it in an algal based wastewater treatment would not
be a big design challenge.

There are other possible processes such as electrocoagulation, granulated
activated charcoal, sand filtration or membrane filtration for removal of solids from
wastewater. In my studies, activated granular charcoal was the pre-treatment strategy
for the KA2, TAL1 and “Biowasher” wastewaters, as well as an additional pre-
treatment step for DER after coagulation/flocculation. All those wastewaters were
yellowish, and a home-made PAC and GAC filter (Fig. 12) were used for their
complete discoloration (Fig. 11 and Fig. 13). This method is well established for
waters with high turbidity (Metcalf & Eddy et al. 2004; Hatt et al. 2013).
Furthermore, GAC has little or no effect on inorganic nutrients such as ammonium,
phosphate and nitrate (Metcalf & Eddy et al. 2004, Table 11-2). However, during the
experimental work described in Paper II, GAC may have had an impact on the heavy
metal content of the wastewater. Goher et al. (2015) have shown that GAC can
reduce the content of iron and manganese by 99.02% and 79.05 % respectively.
Unfortunately, we cannot show how much of the heavy metal content of KA2 were
affected by GAC, as we did not have the facilities to perform detailed micronutrient
analysis. However, adsorption by GAC would change the metal composition of the
wastewater, and possibly even deprive microalgae of essential micronutrients.
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In Paper I we speculated that one of the reasons why N. oculata cannot grow in
non-diluted DE wastewater, besides high ammonium content, is the presence of
manganese above limits tolerable by the alga. Optimizing the GAC pre-treatment
could completely solve this problem, as GAC can efficiently remove manganese.
Thus, in particular cases where heavy metal ion concentrations are high enough to
become toxic for microalgae (Arunakumara and Zhang 2008), GAC filtration might
be an option that can adsorb growth inhibiting heavy metal ions.

Turbidity can alternatively be removed by using a series of filters. A set of filters
including a 5 um mash filter, 0.5 wm ceramic filter and 0.1 tm membrane filter could
completely substitute coagulation/flocculation and GAC filtration. Membrane
filtration has shown great potential in the removal of natural organic matter in
drinking water treatment (Metsdmuuronen et al. 2014). During the experimental
work for Paper II, on many occasions bacterial growth started in the wastewater
supply tank for the PBR. When wastewater was kept at room temperature, just in 24
hours, visible bio sludge had been accumulated on the walls of the supply tank.
Besides heterotrophic bacteria, we have observed cyanobacteria and microalgae
native for the wastewaters growing in the transparent supply silicone tubing. Without
the 0.1 um PVDF filtration, those bacteria could easily contaminate the algal culture
in the PBR and take over the process. In the experimental set up, we used filters
designed for domestic drinking water applications (Fig. 20). These filters are easy to
clog and difficult to maintain. The absence of self-cleaning or manual cleaning
options of those disposable filters brought the biggest disadvantage in the set-up of
the pre-treatment. The filtered bacterial and algal biomass coming with the
wastewaters accumulated on the filter surface as described in Chapter 4.4.1. This
biofouling resulted in substantial decrease of phosphate by 80%. The algal culture in
the reactor was deprived of phosphorus and therefore did not grow (Fig. 21). This
would lead to a lower than expected wastewater treatment capacity. An appropriate
industry-based membrane filter would apply daily back flush cleaning cycles that
would remove the attached biomass.

To avoid the above challenges, pre-treatment consisting of a GAC filter and a
0.1 pm membrane filter was designed. Furthermore, during a PBR run, wastewater
analysis was performed from the supply tank and after the 0.1 um membrane filter.
If significant difference was detected, a sanitation procedure with sodium
hypochlorite was performed. The membrane was unplugged from the reactor influent
supply line and 10 L, 1% sodium hypochlorite was pumped through the filter. After
that the filter was washed with 30 L of tap water and installed back to the PBR.

Applying a pre-treatment step for algal based wastewater treatment would
increase investment and operational costs. In the studies described here, I used
coagulant/flocculant and GAC methods as best suited for the research, as they are
commercially available and relatively simple to implement. As any engineering
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process, availability of the methods as well as financial capabilities will determine
the most cost-effective solution. However, coagulation and GAC filtration are
widely used in conventional wastewater treatment and in many cases used prior to
an activated sludge step for organic content reduction to promote the efficiency of
the biological process. Thus, use of these pre-treatment methods in microalga-based
wastewater treatment might not be so different when comparing with conventional
biological treatment. However, if one’s main objective is to benefit from the
microalgal biomass as a product with a good market value, using wastewaters might
not be the optimal choice and one should consider a mineral growth medium from
clean water and salts, avoiding the investment and operational costs related to
wastewater pre-treatment. On the other hand, ultra and microfiltration are more
economical to apply than coagulation and flocculation. We have managed to show
that a membrane filter could function as a sole pre-treatment step, when wastewaters
with low TS content are treated. Furthermore, introducing membrane filtration is
critical, in my opinion, as in general algal-based processes strongly benefit from
sterilization of not only wastewaters, but also mineral growth medium.

5.3 Wastewater optimization for a stable alga-
based wastewater treatment process

5.3.1 Fluctuations in wastewaters composition

Wastewaters come from different sources, which directly impacts the qualities and
characteristics of the wastewaters. Furthermore, as shown in Table 2, one and the
same wastewater source can produce different wastewaters, based on pollutant
concentrations and composition. Many of the processes generating wastewaters can
fluctuate based on materials used for the process, process parameters and seasonal
changes (Leitdo et al. 2006; Chang et al. 2008; Niwa et al. 2016).

DER was obtained as an effluent from semi-batch pilot-scale anaerobic reactors.
The ammonium composition of anaerobic reactor effluent can vary due to
temperature fluctuations (El-Mashad et al. 2004). However, in the case of DER, the
effluent was obtained from a laboratory set up, where the reactors were kept at
constant room temperature, ensuring optimal temperature conditions. Therefore, we
can speculate that the mean reason for ammonium fluctuation in DER was that the
organic loading rates varied between batches.

KA2 is generated from an anaerobic landfill. Newly loaded landfills produce
leachate that has high BOD values and low concentrations of inorganic pollutants.
In our case the leachate has been obtained from an old landfill where complete
mineralization of the organic matter has occurred, hence the low BOD values
measured from the wastewater (Renou et al. 2008). As mentioned previously,
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anaerobic processes are more likely influenced by the seasonal changes due to
temperature fluctuations. Environmental factors impact the metabolic performance
of the anaerobic bacteria. Furthermore, drought or heavy rain can increase pollutants
concentrations or dilute the leachate, respectively.

Another factor influencing the variation in the ammonium concentration of the
wastewaters used in this study is the fact that they were collected and shipped to us.
In some cases, wastewaters had to be stored for weeks. Although we stored them at
4 °C, there still could be bacterial metabolic activity. In such case, in a tightly closed
storage vessel, the anaerobic bacteria, naturally present in the wastewater, would
continue degrading the organic pollutants present in the water.

However, our experience has shown, that the major factor involved in variation
of the wastewater ammonium content was the naturally alkaline pH of the
wastewaters. In alkaline conditions, part of the soluble ammonium converts to its
gaseous ammonia (NH;3) that escapes. After one year of storage at 4 °C, all
ammonium was lost from DER. These experiences suggest that wastewater research
projects should be performed at the wastewater generation site, avoiding
transportation and storage.

Fluctuations of the nutrient content require strict monitoring of the wastewater
composition. Adjustment can then correct for absence or shortage of an inorganic
nutrient. This is how we solved the low P and S content of KA2 in Paper II. Adjusting
the levels of those two nutrients led to optimal nutrient concentrations for 0.5 mg L™
of biomass and resulted in fast growth and a low hydraulic retention time of the
process.

5.3.2 Ammonium toxicity

Fluctuation of pollutant composition can inhibit the growth of microalgae if a
concentration exceeds specific tolerance threshold. A high ammonium concentration
could be toxic for microalgae (Figs. 14 and 15). Ammonium (NH4") in aqueous
solution, exists in a pH dependent equilibrium with ammonia (NH3). Kéllqvist and
Svenson (2003) showed that ammonia is 100 times more toxic than ammonium for
the marine green microalga Nephroselmis pyriformis. However, inside an algal cell,
all inorganic nitrogen is reduced to ammonium. The higher toxicity of ammonia can
be explained by the fact that ammonium is transported through the cell membrane
via specific channels (Rees et al. 1980; Flynn and Syrett 1986) whereas ammonia
(NH3) can also diffuse through the membrane and cells have no mechanism to
control it. High intracellular concentration of ammonium leads to a high
glutamine/2-oxoglutarate ratio, which can inactivate the ammonium transporter
(Flynn 1991).
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In suspensions with high ammonium concentrations (such as the wastewaters in
Paper I), photosynthetic activity leads to a pH increase which favours conversion of
ammonium to ammonia. Ammonia would diffuse freely through the cell membrane
and cause build-up of a high intracellular ammonium content, which can cause cell
damaging events. The pH dependent conversion between ammonium and ammonia
on acidic and basic sides of biological membranes and the diffusion of ammonia
through the membrane are routine laboratory practices for discharging pH gradients.
Ammonium toxicity inhibits both mitochondrial respiration (Vines and Wedding
1960) and photophosphorylation (Flynn 1991). An elevated level of intracellular
ammonium can also cause oxidative stress, inactivating enzymes and promoting
lipid peroxidation (Nimptsch and Pflugmacher 2007). Therefore, wastewaters with
high ammonium content must be treated with microalgae in a pH-controlled process,
as otherwise the ammonium toxicity effect will be enhanced. Another way to cope
with high ammonium wastewater concentration might be to increase the amount of
inorganic carbon. Since 2-oxoglutarate, as described in the introduction, is an
essential molecule in ammonium incorporation via the glutamate synthase-
glutamine-oxoglutarate aminotransferase (GS-GOGAT) pathway, CO: fixation
plays an important role in algal nitrogen metabolism. It has been shown that by
adjusting the carbon to nitrogen ratio (C/N), ammonium assimilation by microalgae
can be enhanced (Perez-Garcia et al. 2011a). Microalgae can tolerate a higher
ammonium concentration and show faster ammonium absorption when grown in
high CO; conditions (Collos 1989; Lynch et al. 2015).

Due to the above considerations, pH control via on demand sparging with CO,
as shown in Paper 11, Figure 1, is beneficial for alga based wastewater treatment.

5.3.3 Importance of continuous growth experiments for
determining nutrient deprivation

Success of batch growth may not be a trustable indication about of the ability of
microalgae to be used for wastewater treatment. The results of Paper II show that if
an optimal growth medium, such as BG-11, is used for the preparation of the
inoculum, only the continuous phase of the experiment will reliably reveal nutrient
limitations. Therefore, in order to investigate properly the growth of microalgae in a
wastewater, one should either prepare the inoculum in the same wastewater or use
continuous growth. In addition to potentially revealing nutrient limitations of the
wastewater already during the batch phase, the use of wastewater as growth medium
for the inoculum would give the additional advantage of acclimating the algal culture
to the wastewater. Figure 4 of Paper Il shows an example of this procedure, as the
inoculum of FE. oleoabundans was prepared in KA2. In contrast to earlier
experiments, the microalgae did not show prolonged lag (Paper 11, Fig.3).
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Experiments with KA2 shown in Figures 3 and 4 of Paper II clearly show that
wastewaters can be low on essential micronutrients. It remains to be found out
whether these wastewaters naturally lacked heavy metal ions, or whether our choice
of pre-treatment resulted in heavy metal deficiency.

The slow growth and slow increase in chlorophyll content, indicated by ODgsg
and ODsgo in Paper 11, Fig. 3, suggest that iron might be present in the wastewater or
came with the inoculum. However, its final concentration in the PBR was low.
However, full negative effect upon the growth of the microalgae was observed only
when the experiment was set to turbidostat mode. The continuous additions of
wastewater did not introduce additional iron to the PBR to support the turbidostat
growth phase. During the second up-scale experiment (Paper II, Fig. 4), limitation
by another heavy metal component was revealed. The Fv/Fu value of the algal
suspension was very low and recovered after addition of the BG-11 trace metal mix,
indicating that photosynthesis was among the cellular processes that were inhibited
by the nutrient deficiency. This, however, does not allow specifying which one of
the trace elements limited E. oleoabundans growth. Deficiency of metals needed in
photosynthesis might cause lowering of Fy/Fu. In addition, the continuous repair of
the photoinhibitory damage of Photosystem II is known to be inhibited by nutrient
deficiency (Melis et al. 2000; Volgusheva et al. 2015).

54 Cultivation of Nannochloropsis oculata in
wastewater for EPA production

In Paper I, the marine microalgae N. oculata was successfully grown in a mixture of
25 % digest effluent and 75 % wastewater treatment plant effluent (Paper II, Fig. 1).
The results also show that the DE medium can be used when we want to achieve an
N. oculata culture with high EPA content and a high oil content (Fig. 17).

The wastewater-based growth medium (DE medium) proved to be not limiting
for the growth of N. oculata. Furthermore, microalgae grown in the DE medium
showed similar maximum specific growth rates when compared with ASW growth
(Paper I, Fig.2). It has been previously shown Nannochloropsis sp. can grow in
wastewaters mixed with seawater and tolerate low salt content (Jiang et al. 2011;
Biondi et al. 2013). N. oculata has been isolated from supralittoral rock ponds, and
it has been shown to naturally exist in habitats with water salinity as low as 0.4 %o
(Droop 1955, Table 1). This could explain N. oculata’s ability for sustained growth
in the freshwater based DE medium with no additional salt (Paper I, Fig. 2B).

In the ASW medium, the major form of inorganic nitrogen is nitrate, whereas in
DE it is ammonium. It has been shown that Nannochloropsis salina can utilize both
NO; and NH4" but strongly prefers NOs™ (Campos et al. 2014). However, an
unnamed strain of Nannochloropsis sp. prefers ammonium over nitrate (Hii et al.
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2011), indicating that the preference varies within the genus. We show that, once
ammonium has been adjusted, via dilution, below a toxic concentration, N. oculata
can utilize it for biomass synthesis (Paper I, Table 1).

The phosphorus content of the DE medium was approximately one fourth of that
of the ASW medium. In Paper I we speculated, based on data shown by Mayers et
al. (2014) for Nannochloropsis sp., that in our experiments the high N:P ratio would
not cause serious effect on growth in batch mode. However, the results of Paper II
show that batch growth can hide nutrient limitation.

Sulphur in the ASW medium is present as sulphate. The water analysis of the
digest effluent did not show any sulphate present in the wastewater. However, the
analysis revealed the presence of elemental sulphur (Paper I, Table 1). Due to the
batch operation of the experiments, it is hard to predict whether the form of sulphur
present in the DE medium was bioavailable.

A stationary state was reached faster in the DE medium than in the ASW medium
(Paper I, Fig. 2), strengthening the idea that the DE medium might be nutrient-
limited. In order to examine this further, a turbidostat-type production system should
be used.

Aluminium and manganese concentrations of undiluted DE exceeded the toxicity
threshold for Nannochloropsis sp. (Paper I, Fig. 2). Aluminium in alkaline
conditions, like in the DE medium, has reduced toxicity because it is mainly present
as insoluble oxides (Rwehumbiza et al. 2012). Manganese, as discussed previously,
can be efficiently removed via activated charcoal which was used as the pre-
treatment strategy for DER. However high removal efficiency for Mn up to 79 % via
activated charcoal can be achieved only in well optimized conditions (Goher et al.
2015). Therefore, it is unlikely that our pre-treatment step by itself was enough to
lower the Mn content of DER below the toxicity level. Nevertheless, in our growth
experiments we have used four times diluted DE (25 %), which brings the final Mn
concentration in DE medium below toxicity level (Paper I, Table 2).

The similarity in biomass productivity in both the DE and ASW media was
reflected by the photosynthesis parameters. Chlorophyll a fluorescence did not show
any significant differences between N. oculata cultures grown in the ASW or the DE
medium (Paper I, Table 2). These results show that, even if cell division slowed
down toward the end of the batch growth experiment (Paper I, Fig. 2), photosynthesis
continued at high rate in cells grown in the DE medium.

Even though the freshwater nature of the DE medium or the nutrient
concentrations and bioavailability did not have an impact over the growth rate and
overall biomass productivity of batch grown N. oculata, those factors might have
played roles in the difference observed in the lipid contents between the cultures
grown in the DE and ASW media. Our results show 6.5 times higher neutral lipid
content in the culture grown in the DE medium than in that cultivated in the ASW
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medium. Furthermore, the TAG fraction was almost 3 times as large in cells grown
in the DE medium, compared to those grown in the ASW medium (Fig. 18), although
biomass productivity did not differ substantially between the media. This resulted in
a slightly higher EPA content per litre of culture for the cultures grown in the DE
medium (Paper I, Table 2). Usually accumulation of neutral lipids is associated with
nitrogen-depleted conditions, high light and or variation during diurnal light phases
(Roessler 1990; Sukenik and Carmeli 1990; Lukes et al. 2017). Furthermore, the
total amounts of fatty acids belonging to different lipid classes and the fatty acid
compositions of the lipid classes in Nannochloropsis species are controlled by stress
factors and other environmental conditions (Sukenik et al. 1989; Sukenik 1991; Hu
et al. 2008).

In our experiments with N. oculata in the DE medium, the algal culture reached
steady state earlier than the culture grown in the ASW medium (Paper I, Fig. 2); the
growth arrest was probably caused by lack of nutrients. The biomass collected for
lipid analysis from the DE medium after a 40 h retention time (Paper I, Fig. 2)
consisted of less cells and had a higher oil content than the biomass cultured in the
ASW medium (Paper I, Table 2). Furthermore, low chlorophyll a content and low
chlorophyll to carotenoid ratio were observed for N. oculata grown in the DE
medium (Paper I, Fig. 3). A similar observation has been earlier reported for M.
salina grown in nitrogen depleted conditions (Adams and Bugbee 2014). The fact
that the DE medium is essentially fresh water (Paper I, Table 1) may also contribute
to the stress caused by the nutrient depletion.

55 Wastewater treatment with Ettlia oleoabundans
in a pilot scale tubular PBR

Paper II shows the steps necessary for establishing a reliable and stable wastewater
treatment process with the green microalgae E. oleoabundans and KA2. After
addressing all growth limitations caused by the wastewater, such as turbidity,
biological contamination and nutrient deficiencies, a successful process was
established (Paper II, Fig. 5). We have managed to achieve 75 % and 99.6 % removal
efficiency for NH4" and PO.* respectively (Paper I, Fig. 7) with the average biomass
concentration of 0.47 g L'! and average growth rate of 0.73 day'. This experiment
showed that macronutrients, especially N, P and S must be in optimal concentrations
in order to achieve well balanced and fast process. The results show that even though
N:P ratios close to the Redfield N:P molar ratio of 16 (Redfield 1934) are optimal
for establishing optimal E. oleoabundans growth, the lower N:P ratio of 11.5 can
promote higher inorganic nitrogen uptake by E. oleoabundans. The same
dependency has been previously shown for Tetraselmis suecica by Michels et al.
(2014).
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The batch phase of the experiment was proven useful in realizing possible
nutrient limitations. Even though we have adjusted PO4s* and SO4> prior to the
experiment, during the batch phase it was noted that E. oleoabundans used more
phosphate than we predicted (Paper II, Fig. 6). This led to a need to increase the
phosphate concentration during the experiment in order to optimize the turbidostat
phase. The batch phase of the experiment revealed another interesting observation.
Even though it is considered that E. oleoabundans grows better in nitrate containing
medium than in an ammonium containing medium (Li et al. 2008), the observation
that the nitrate, introduced by the inoculum, was absorbed only after the ammonium
was depleted, confirms that ammonium is involved in inactivation of nitrate
transporters (Paper 11, Fig. 6) (Morris and Syrett 1963; Losada et al. 1970; Cresswell
and Syrett 1979). This experiment also shows that chlorophyll a fluorescence
measurements are fast methods for investigating stress that limits algal growth and
process performance.

5.6 Synechocystis sp. 6803 mutants grown in
wastewater

Paper III confirms previous observations from other researchers that Synechocystis
sp. PCC 6803 and other cyanobacterial species offer a potential solution for nitrogen
and phosphorus removal from wastewaters (Rojsitthisak et al. 2017; Campos-Rudin
M and Silva-Benavides AM 2018; Jayesh H. Kabariya and Vimal M. Ramani 2018).
The results show that even though KA2 wastewater does not cause any immediate
oxidative stress, as the stress sensitive mutant strain AsigBCDE grew for few days
in KA2 (Paper IlI, Fig. 3), adjusting the pH of ammonium containing wastewater is
important in order to minimize the stress effects. Moreover, in unbuffered
wastewater in which photosynthetic growth causes increase in pH, ammonium is
likely to become rapidly depleted because it is lost as gaseous NH3 (Paper III, Fig.
2). When we used buffered KA2 wastewater (pH 7.5), Synechocystis sp. PCC 6803
showed a longer retention time for ammonium and phosphate, indicating better
nutrient utilization (Paper 111, Fig. 5c¢).

Even though the CS strain grown in KA2 remained healthy green, showing none
of the well-known symptoms of stress induced by nitrogen depletion (Antal et al.
2016; Ruan et al. 2018), it reaches stationary phase in KA2 earlier than in BG-11
medium (Paper III, Fig. 3). Therefore, we investigated if phosphate was a growth
limiting factor for Symechocystis cells in the KA2 wastewater, by growing
Synechocystis in low phosphate BG-11 (BG-11-5%P). Synechocystis sp. PCC 6803
strains grew well for four days, indicating that phosphate is unlikely to be a limiting
factor for the CS in KA2 (Paper III, Fig. 4). On the other hand, AsigBCD showed
early growth arrest in BG-11-5%P. Furthermore, this strain absorbed phosphate
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more slowly than the other strains (Paper III, Fig. 5¢). We speculate that this is due
to defects in phosphate absorption, as suggested by the finding that genes encoding
phosphate transporters are highly expressed in this even under standard growth
conditions (Paper III, Supplemental Table S1). However, increasing the phosphate
concentration in the wastewater did not improve growth of AsigBCD in KA2 (Paper
III, Fig. 5a). Nevertheless, our finding that the long lag phase disappeared, when
AsigBCD was grown in buffered KA2 instead of an unbuffered wastewater (Paper
II1, Figs. 5a and 5c). This finding suggests that ammonia formed in the unbuffered
KA2 has a toxic effect on the strains. Since AsigBCD lacks the two main stress
responsive ¢ factors SigB and SigD (Hakkila et al. 2019), it is possible that this
causes the strain to be more sensitive to ammonia.

The other mutant strain AsigBCE, missing one of the two main oxidative stress
responsive ¢ factors (SigB), showed improved growth in KA2 wastewater adjusted
to pH 7.5. Furthermore, AsigBCE cells showed higher nutrient removal efficiency
and cell density than the control strain (Paper 111, Fig. 5c). The AsigBCE strain also
grows better than the control strain in high light (Paper 111, Fig. 6), singlet oxygen or
H,0; stresses (Hakkila et al. 2019). In this strain, SigD is the only group 2 sigma
factor, and the data may therefore suggest that overexpression of SigD factor in
cyanobacteria might be potentially interesting for wastewater treatment where
tolerance of high light and reactive oxygen species is beneficial.
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6 CONCLUSION AND FUTURE
PERSPECTIVES

In my PhD studies I investigated the potential of using microalgae and cyanobacteria
as a biological method in wastewater treatment.

The results of Paper I show that it is possible to produce high value compounds
from algal biomass grown in wastewater. However, continuous production of EPA
containing N. oculata biomass grown in DE medium should be investigated. In that
way nutrient limitation and their impact over the growth of N. oculata and its EPA
content could be examined. Furthermore, it is hard to say how economically feasible
the downstream processing will be in order to purify the EPA produced from
wastewaters as well as the impact over the marketing potential of an edible product
produced from biomass grown in wastewater. This should be investigated in
additional studies.

In Paper II, a stable wastewater treatment process in a tubular PBR was
established. This work has also revealed that implementing wastewater pre-treatment
and determining possible limiting factors such as metal concentrations and the N:P
ratio is crucial for an efficient and stable process. Nevertheless, an optimized process
could reach close to 100 % of recovery of macronutrients. This study stresses the
importance of continuous growth of the algal/cyanobacterial culture in the
wastewater. If this is not an option, at least the inoculum used in the final experiment
should be prepared in the wastewater. Logical continuation of this work is further
in-depth investigation of the importance of micronutrients in algal-based processes.
This would enable better estimation of the potential of microalgae for heavy metal
removal from polluted waters. This work also shows the importance of pre-treatment
in wastewater treatment with algae. However, it hard to say what impact this will
have over the investment and operational costs. This presents an excellent
opportunity for a review paper, looking into different pre-treatment methods and
their financial feasibility.

Paper III revealed the potential of sigma factor D in creating a more robust strain
for future outdoor wastewater treatment applications. However, further investigation
of how exactly the sigD gene can be applied is needed. Furthermore, since all the
experiments were done on a batch scale, a continuous experiment would give more
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information regarding the possible application of Synechocystis’s group 2 sigma
factor mutants in wastewater treatment.
Ideally. all these 3 separate works should be united in the future under one

experimental project — Wastewater treatment with genetically enhanced
algal/cyanobacterial strain for the production of high value compounds in an outdoor
photobioreactor.

At this point, eventhough promising, microalgae and cyanobacteria can not yet
be included among the conventinal biological methods of wastewater treatment.
However, further research exploring co-cultivation of several agal species and co-
cultivation of algae and nitrifying bacteria could potentially enable microalgae
applications in wastewater treatment.
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