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Abstract 

Nordic native microalgal strains were isolated, genetically classified and tested 
for their ability to grow in municipal wastewater. Eight of the isolated strains 
could efficiently remove nitrogen and phosphate in less than two weeks. Two of 
these strains, Coelastrella sp. and Chlorella vulgaris, were found to have high 
biomass concentration and total lipid content; also two Desmodesmus sp. strains 
showed desirable traits for biofuel-feedstock, due to their fast growth rates and 
high oil content. 

The adaptation to subarctic climate was comparatively evaluated in three Nordic 
strains (C. vulgaris, Scenedesmus sp. and Desmodesmus sp.) and a collection 
strain (S. obliquus). Their growth performance, biomass composition and 
nutrients removal was investigated at standard (25°C) or low temperature (5°C), 
under continuous light at short photoperiod (3 h light, 25°C) or moderate winter 
conditions (6 h light, 15°C). Only the Nordic strains could grow and produce 
biomass at low temperature, and efficiently removed nitrogen and phosphate 
during both cold- and dark-stress. Phenotypic plasticity was observed in 
Scenedesmus and Desmodesmus under different growth conditions, adaptation 
to low temperature increased their carbohydrate content. Short photoperiod 
strongly reduced growth rates, biomass and storage compounds in all strains and 
induced flocculation in C. vulgaris, which, however, performed best under 
moderate winter conditions. 

The symbiotic relationships between the Nordic microalga C. vulgaris and the 
naturally co-occurring bacterium Rhizobium sp. were investigated batchwise 
under photoautotrophic, heterotrophic and mixotrophic conditions, comparing 
the co-culture to the axenic cultures. The photoautotrophic algal growth in BG11 
medium mainly supported Rhizobium activity in the co-culture, with no 
significant effects on C. vulgaris. In synthetic wastewater, a synergistic 
interaction only occurred under mixotrophic conditions, supported by CO2/O2 
exchange and a lower pH in the culture, resulting in higher biomass and fatty 
acids content and more efficient wastewater treatment in the co-culture. Under 
heterotrophic conditions, the lower biomass production in the co-culture 
suggested a competition for nutrients, although nutrients removal remained 
efficient. 

A pilot-scale high rate algal pond (HRAP) located in Northern Sweden was 
inoculated with the collection strain Scenedesmus dimorphus UTEX 417 and 
operated from spring to autumn. Using metabarcoding of 18S and 16S rRNA 
genes, the microbial diversity of eukaryotic and prokaryotic communities was 
revealed. S. dimorphus was initially stable in the culture, but other microalgal 
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species later colonized the system, mainly due to parasitic infections and 
predation by zooplankton in summer. The main competitor algal species were 
Desmodesmus, Pseudocharaciopsis, Chlorella, Characium and Oocystis. 
Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria were the most 
abundant bacterial phyla in the HRAP. The structure of the microbial 
communities followed a seasonal variation and partially correlated to 
environmental factors such as light, temperature and nutrients concentrations. 

Overall, these results contribute with new knowledge on the establishment and 
optimization of microalgal-based wastewater treatment systems coupled with 
biomass generation in Nordic areas. The use of native microalgal species is 
proposed as a potential strategy to overcome the limitations posed to algal 
cultivation in subarctic regions. 

Keywords 

Microalgae, Wastewater, Nitrogen, Phosphate, Biomass, Lipids, Subarctic 
Climate, Light, Temperature, Bacteria, Photoautotrophy, Heterotrophy, 
Mixotrophy, HRAP, Metabarcoding, Microbial Communities, Alpha-diversity, 
Environmental Factors. 
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Enkel sammanfattning på svenska 

Lokalt insamlade nordiska mikroalgstammar isolerades, klassificerades genetiskt 
och undersöktes för deras förmåga att växa i kommunalt avloppsvatten. Åtta av 
dessa stammar visade sig effektivt kunna avlägsna kväve och fosfat på mindre än 
två veckor. Två av dessa, Coelastrella sp. och Chlorella vulgaris, producerade 
höga biomasskoncentration och hade hög totalt lipidinnehåll. Dessutom, två 
Desmodesmus sp. stammar visade önskvärda egenskaper för biobränsle-
råmaterial, på grund av deras snabba tillväxthastigheter och höga fettinnehåll. 

Anpassningen till subarktiskt klimat undersöktes i tre nordiska stammar (C. 
vulgaris, Scenedesmus sp. och Desmodesmus sp.) och jämfördes med en 
kultursamling stam (S. obliquus). Deras tillväxt, biomassa och avlägsnande av 
näringsämnen undersöktes vid normal (25°C) och låg temperatur (5°C), under 
kort fotoperiod (3 h ljus, 25°C) eller ”måttliga” vinterförhållanden (6 h ljus, 15°C). 
Endast de nordiska stammarna kunde effektivt växa och producera biomassa vid 
låg temperatur och effektivt metabolisera kväve och fosfat under både kyla- och 
kort dags förhållande Fenotypisk plasticitet observerades i Scenedesmus och 
Desmodesmus under de olika tillväxtförhållanden, och vid låga temperaturer 
ökade deras kolhydratinnehåll. Den kort fotoperioden reducerade kraftigt 
tillväxthastigheter, biomassa, lagringsföreningar i ala stammar och inducerad 
även sammanklumpning (flockning) i C. vulgaris. Denna stam fungerade dock 
bäst under måttliga vinterförhållanden. 

De symbiotiska förhållandena mellan den nordiska mikroalga C. vulgaris och den 
naturligt samverkande bakterien Rhizobium sp. undersöktes satsvis under 
fotoautotrofa, heterotrofa och mixotrofa betingelser, jämförande samkulturen 
med de renodlade kulturerna. Fotoautotrofisk algtillväxt i BG11-medium gynnade 
främst Rhizobium-aktivitet i samkulturen, utan någon signifikanta effekter på C. 
vulgaris. I syntetisk avloppsvatten uppträdde en synergistisk interaktion endast 
under mixotrofa förhållanden, som stöddes av CO2/O2-utbyte och ett lägre pH i 
kulturen, vilket resulterade i högre biomassa, mer fettsyror och effektivare 
avloppsrening i samkulturen. Under heterotrofiska förhållanden är den lägre 
biomassaproduktionen i samkulturen troligen ett utslag av konkurrens om 
näringsämnen, trots att ämnesomsättningen av näringsämnen var fortsatt 
effektiv. 

Metabarkodningen av 18S- och 16S-rRNA-gener användes för att undersöka den 
mikrobiella mångfalden hos eukaryotiska och prokaryota organismer i en 
höghaltiga algdammar (HRAP) i norra Sverige. Dammen inokulerades med 
Scenedesmus dimorphus UTEX 417 och drivs från våren till höst. S. dimorphus 
var initialt stabil kultur i dammen, men andra mikroalgiska arter koloniserade 
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senare systemet, främst beroende på parasitiska infektioner och predation av 
zooplankton under sommaren. Algerna Desmodesmus, Pseudocharaciopsis, 
Chlorella, Characium och Oocystis var huvudkonkurrenterna medan bakterier 
såsom Proteobacteria, Firmicutes, Bacteroidetes och Actinobacteria var de 
vanligaste i HRAP. Strukturen hos de mikrobiella samhällena följde en 
säsongsmässig variation som delvis korrelerade med miljöfaktorer såsom 
koncentrationer av ljus, temperatur och näringsämnen. 

Sammantaget kan dessa resultat bidra till etablering och optimering av 
mikroalggbaserade avloppsreningssystem i kombination med 
biomassproduktion innom nordiska områden. Användningen av lokala 
mikroalger föreslås som en potentiell strategi för att övervinna begränsningarna 
för algodling i subarktiska regioner. 
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Introduction 

1 Microalgae: a source of biomass feedstock for biodiesel and 
other valuable products 

Photosynthetic organisms (i.e. higher plants, algae and cyanobacteria) convert 
sunlight, water and carbon dioxide into organic molecules and ultimately into 
biomass. Globally, more than hundred billion tons of dry biomass per year are 
produced by photosynthesis, with a yield of approximately 100 TW of stored 
energy [1]. The worldwide energy demand is expected to increase by 48% from 
2012 to 2040, especially in the developing countries [2], therefore new energy 
sources, sustainable and environmental friendly, have to be found and exploited. 
Fossil fuels (e.g. oil, natural gas and coal) are finite resources and their extensive 
consumption in the last decades had a severe negative impact on our environment 
and climate, mainly due to massive carbon dioxide emissions into the atmosphere 
[3]. Biofuels derived from sustainable biomass therefore represents an excellent 
alternative to fossil fuels, being clean, renewable and carbon neutral. 

The “first generation” biofuels, bioethanol from corn or sugarcane [4] and 
biodiesel from oil crops [5], still pose economical and ethical concerns with 
regard to food availability and costs. To overcome the competition with food and 
feed, lignocellulosic biomasses, including agricultural and wood residues, 
dedicated energy crops and even municipal and industrial waste, have been 
proposed as alternative feedstock for bioethanol production. However, technical 
issues related to fermentation and conversion of these recalcitrant materials lead 
to very high production costs, challenging the economic feasibility of these 
“second generation” biofuels [6,7]. The use of non-edible oil crops (e.g. Jatropha, 
tobacco seeds, sea mango) has also been proposed as suitable biodiesel feedstock, 
but their sustainable production is still debated due to drawbacks like poor oil 
quality, threats to biodiversity and the requirement of large land areas [8,9]. 

In recent years, biomass originating from microalgae is considered as a potential 
new generation energy resource. Microalgae are ubiquitous eukaryotic 
microorganisms, mainly found in marine and freshwater habitats, but also in soil 
and in symbiosis with plants and animals. They present an impressive 
biodiversity, as thousands to millions different species, belonging to 15 phyla and 
54 classes, are estimated to live on our planet, most of which still unknown or 
uncharacterized [10,11]. Microalgal cultivation offers several advantages over 
higher plants: they produce more biomass, grow faster and continuously around 
the year, have less or no freshwater requirements and do not need arable land to 
grow on. Aside from providing more than half of the total O2 on the planet, they 
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are also responsible for more than 40% of the global CO2 fixation [12–15]. 
Furthermore, microalgae can accumulate very large amounts of lipids mainly in 
form of triacylglycerides (TAGs). In some species lipid production can reach more 
than 30% of their biomass dry weight, when grown under specific conditions. 
This is more than 15-fold higher compared to oil-rich plants, making these 
microorganisms a potential economically competitive source for biofuels. 
Biodiesel can be directly produced from the transesterification of TAGs, which 
are converted into fatty acid methyl esters (FAMEs) and glycerol as byproduct 
[16–18]. Lipids are mainly produced in microalgal cells as energy storage 
molecules or as an alternative electron sink during the stationary phase of growth, 
when nutrient conditions are limited and/or in response to biotic and abiotic 
stresses [19]. 

Microalgae possess a high metabolic flexibility, and their biochemical pathways 
can be redirected towards desirable molecules just by controlling the growth 
conditions during cultivation [20]. Thus, these photosynthetic microorganisms 
can, besides TAGs, also provide other compounds (primary and secondary 
metabolites) of various industrial, commercial and therapeutic interests, 
including proteins, polysaccharides, polyunsaturated fatty acids (PUFAs), sterols, 
pigments, vitamins and polyketides. The extraction and use of these higher value 
compounds provide a positive impact on the economics of biofuels production 
[21–23]. Carbohydrates function in the cell both as structural and energy-storage 
components and are mainly found in form of cellulose in the algal cell wall or as 
starch and starch-derived products in the chloroplast. Extracted from microalgae, 
polysaccharides can easily be converted into fermentable sugars for bioethanol 
production as the content of hemicelluloses and lignin is negligible. However, 
production of biodiesel has higher potential over bioethanol, as the oxidation of 
fatty acids generates much more energy (38 kJ/g) compared to that of 
carbohydrates (17 kJ/g). In algae, the metabolism for carbon fixation and storage 
competes between TAG and starch synthetic pathways (Fig. 1), but the molecular 
mechanism behind this carbon partitioning is not fully understood [19]. 

If lipids accumulation is desired in algal biomass, the metabolism should be 
directed towards TAGs production by using the optimal light intensity, 
temperature and amount of CO2 triggering lipid biosynthesis, by stressing the 
culture via nutrient starvation, high salinity or other physical and/or chemical 
stresses or, alternatively, via molecular engineering of the lipid metabolic 
pathway [19,23]. 
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Fig. 1 Carbon metabolism in microalgae. Calvin cycle takes place in the chloroplasts (green circle); 
tricarboxylic acid cycle (TCA) occurs in the mitochondria (red circle); all the other metabolic pathways 
take place in the cytosol. Adapted from [23] 

The oil content in algae has been evaluated to be the main parameter influencing 
the production costs of algae-based biodiesel [24]. Ideally, a robust microalgal 
strain should produce a high amount of lipids and at the same time display high 
growth rate and maximum growth density for valuable biodiesel production, but 
usually the opposite is observed, lipid accumulation often is inversely correlated 
with algal biomass production [25]. Moreover, good quality biodiesel is produced 
from FAMEs with low number of unsaturated carbon bonds and high length of 
carbon chain. Some microalgal species have been shown to produce fatty acids 
with such characteristics, but further research is still needed to improve both lipid 
productivity and composition for large-scale biofuel production [25,26]. Thus, 
the isolation of new oleaginous strains, their physiological and biochemical 
characterization and the optimization of the culturing conditions resulting in 
simultaneous high growth rate and lipid production are important aspects in 
microalgal research to overcome the limitations for microalgal biofuel 
commercialization [7,14,18,27]. 
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2 Growth regulation in microalgae 

Several parameters influence the efficiency of microalgal growth, with light, 
temperature and nutrients being the most important factors. 

2.1 Light 

Light is used as the main energy source in photochemical reactions, it therefore 
primarily affects algal performances. In higher plants and green algae, 
photosynthetic light harvesting takes place in the thylakoid membranes of the 
chloroplasts, where light is captured by specialized pigment-protein complexes 
known as light-harvesting antennae. Pigments (chlorophylls and carotenoids) 
absorb the light energy and transfer it to the reaction centers of Photosystem I 
(PSI) and II (PSII). These two photosystems are connected by an electron chain 
transport system. Upon illumination, electrons extracted from water (with O2 
production) proceed via redox-reactions over the membrane and produce 
NADPH2. Simultaneously, a proton transfer from the stroma (external space) to 
the lumen (intra-thylakoid space) forms a pH gradient allowing the synthesis of 
ATP, an energy-rich molecule. NADPH2 and ATP formed in the light reaction are 
then used for carbon fixation and the production of carbohydrates in the so-called 
light-independent reaction, which takes place in the chloroplast stroma [28]. In 
summary, the light reaction can be expressed as follows: 

2 NADP+2 H2O+3 ADP+3 Pi → 2 NADPH2+3 ATP+O2 

while the light-independent reaction is expressed as:  

CO2 + 4 H+ + 4 e- + 2 NADPH2 + 3 ATP → CH2O + H2O + 3 ADP + 3 Pi 

A total of 18 ATP and 12 NADPH2 molecules are therefore required to fix 6 CO2 
molecules into one molecule of glucose. 

A light-response curve (P/I) is typically used to describe the photosynthetic rate 
(P) as a function of light irradiance (I) [20,29], and consists of three parts (Fig. 
2): 

1) Light-limitation: at low I, P increases linearly with I. The slope α of the 
curve, given by the ratio P/I, is proportional to the maximum quantum 
yield of PSII (Fv/Fm, the maximal efficiency of light conversion); with 
further increase of I, the linearity is gradually lost and α decreases. 
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2) Photo-saturation: P reaches a plateau (maximal rate of photosynthesis, 
Pmax) despite increasing I, as the rate of light harvesting exceeds the one of 
electron transport from water to CO2 and the dark reaction. 

3) Photo-inhibition: a further increase in I beyond the saturation point causes 
a decline in P, eventually damaging the photosynthetic machinery; excess 
absorbed light energy is lost via heat dissipation (non-photochemical 
quenching, NPQ). 

 

Fig. 2 Photosynthetic light-response curve. α: slope of the curve, i.e. max light conversion efficiency; 

Pmax: maximal rate of photosynthesis; Ic: compensation irradiance, i.e. O2 balance between 

photosynthesis and respiration; Is: saturation irradiance; Ip: photoinhibition irradiance. Adapted 

from [20,29]. 

Thus, despite the enormous energy provided by solar radiation, light saturation 
and photoinhibition make the photosynthetic conversion of light energy into 
biomass rather inefficient. Furthermore, only a small part (43-48%) of the light 
spectrum, defined as Photosynthetically Active Radiation or PAR (400-700nm) 
is used for the light reaction and to fix CO2 [20,30]. The theoretical maximal 
conversion efficiency of light into chemical energy is estimated to be 8-10% in 
microalgae [31], but in reality efficiencies are generally far lower due to additional 
constrains including, among others, environmental conditions, physical and 
biological stresses and nutrients availability [20,32]. 

2.2 Temperature 

Microalgae can grow in a wide range of temperatures, but generally perform best 
between 20°C and 25°C, depending on species and other growth conditions. At 
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lower or higher temperatures, photosynthesis and growth rate are slowed down 
and cellular damage may occur. At low temperature, energy absorption and 
consumption is unbalanced, temperature-independent light harvesting occurs, 
but the enzymatic processes function suboptimal. According to the Arrhenius 
equation, enzyme activity (and therefore growth and cell division) diminishes 
with 50% for each 10°C decrease below the optimal temperature [33]. 
Photosynthetic and other metabolic enzymes are gradually inhibited as they lose 
their native structure and catalytic activity [34]. To protect the photosynthetic 
machinery against excessive light absorption, energy dissipation processes or 
alternative electron pathways have evolved [35]. On the other hand, high 
temperature directly denatures all enzymes in a cell and therefore is regarded to 
be more detrimental for algal survival. A sharp decrease in growth rate is caused 
when the temperature increases beyond the optimal. Heat stress primarily affects 
proteins and membrane structures, and leads to an increased level of reactive 
oxygen species (ROS) in the cells [36]. 

2.3 Nutrients 

Carbon, nitrogen and phosphorous are the main growth limiting nutrients in 
microalgae. 

2.3.1 Carbon 

During photoautotrophic growth (i.e. energy is produced via photosynthesis), 
carbon is mainly provided in the form of CO2 in water due to the bicarbonate-
carbonate buffer system: 

2HCO3- ⇌ CO32- + H2O + CO2 

HCO3- ⇌ CO2 + OH- 
CO32- + H2O ⇌ CO2 + 2OH- 

During uptake of CO2, OH- ions typically accumulate in the medium leading to a 
rise in pH [37]. 

Some microalgae are also able to grow heterotrophically in darkness via 
respiration. In this process, the energy is produced by oxidation of organic carbon 
substrates (glycolysis and Citric Acid cycle) and oxygen is consumed as the final 
electron acceptor. Being a light-independent process, heterotrophic cultivation 
can be performed in cheaper bioreactors requiring less sophisticated design and 
suitable for commercial scale, as higher biomass and lipid productivities can be 
achieved [38–40]. Furthermore, the algal biomass composition can be controlled 
by changing the type of organic substrate in the medium. Different fermentable 
sugars such as glucose, acetate, glycerol, but also other types of organic substrates 
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(e.g. wood hydrolysate) have been successfully used for the cultivation of various 
microalgal species like Chlorella, Chlamydomonas and Scenedesmus [41–47]. 
The presence of organic compounds, however, increases the risk for 
contamination by heterotrophic bacteria, which can interfere with the quality of 
the process [38]. When both inorganic and organic carbon are used in the 
presence of light, mixotrophic growth occurs: CO2 is fixed by photosynthesis and 
organic compounds are oxidized via respiration [48]. Mixotrophic metabolism 
has been observed in some microalgae, able to switch from photoautotrophy to 
heterotrophy [45,49–52]. This type of cultivation offers several advantages 
including higher growth rates and biomass productivities, even compared to 
heterotrophy, as light is additionally used as energy source but does not represent 
a limiting factor. Being less sensitive to light, microalgae grown mixotrophically 
also display reduced photo-inhibition and higher protection from photo-
oxidative damage compared to photoautotrophic cultivation [48,53]. 

2.3.2 Nitrogen 

The nitrogen content in microalgae is estimated to range from 1-10% of dry algal 
biomass. Being a mayor constituent of chlorophyll and amino acids, limited 
concentrations of nitrogen in the cultivation medium typically lead to a change in 
cell pigmentation (e.g. chlorophyll degradation) and inhibited protein synthesis, 
instead storage compounds such as starch and lipids are accumulated in the algal 
cell [54]. Nitrogen is assimilated by converting inorganic nitrogen sources, 
primarily nitrate (NO3-), but also ammonia (NH4+) and urea (CH4N2O), into their 
organic forms [37]. Atmospheric nitrogen (N2) can also be fixed into ammonia by 
nitrogen-fixing bacteria and cyanobacteria, therefore co-cultivation of these 
prokaryotes together with microalgae might provide a cheap source of nitrogen 
[14]. 

2.3.3 Phosphorus 

The phosphorous content in algal biomass accounts for approx. 1% of dry weight. 
This element plays fundamental roles in different biological processes, being a 
constituent of energetic molecules (e.g. ATP) and nucleic acids (e.g. DNA). 
Inorganic phosphorus is assimilated into organic compounds mainly from 
orthophosphate (PO43-) through an energy-dependent process called 
phosphorylation. Microalgae can exhibit a so-called luxurious phosphate uptake 
and store excess phosphate in polyphosphate bodies [37]. 

2.3.4 Other nutrients 

Macro and micro compounds such as sulfur, sodium, potassium, iron, 
magnesium, calcium and trace elements including boron, copper, manganese, 
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zinc, molybdenum, are additionally required in microalgal nutrition, as they serve 
as co-factors in many enzymatic reactions and are important components of 
several biological molecules [37,55]. 

3 Microalgal-based wastewater treatment 

3.1 Removal of pollutants from municipal wastewater and biomass 
generation using microalgae 

More than 300 km3/year of wastewater are produced globally (2008-2015) due 
to household activities, industrial processes, farming and agriculture [56]. The 
composition of wastewater considerably varies depending on its source, but 
generally nitrogen, phosphate and dissolved organic carbon are the main 
elements found in wastewater streams [25,55,57]. Particularly, nitrogen and 
phosphorous are responsible for the eutrophication of aquatic ecosystems, a 
phenomenon caused by overgrowth of algae and cyanobacteria (so-called “algae 
blooms”) with negative ecological consequences such as water toxicity (hypoxia) 
and reduced biodiversity. Eutrophication is a natural process, but human 
activities have increased its occurrence due to excessive nutrient release into 
water streams. Currently eutrophication is considered as one of the major 
environmental problems worldwide [58,59]. Other pollutants often found in 
wastewaters are heavy metals (industrial WW), pharmaceuticals and pathogens 
(municipal WW) and pesticides (agricultural WW) [55,60]. Thus, wastewater 
needs to be treated before its discharge into receiving inland or marine water 
bodies. 

The content of total nitrogen (TN) and total phosphorus (TP) in municipal 
wastewater typically ranges between 15-90 mg/L and 5-20 mg/L, respectively 
[55]. In the European Union, discharge of these compounds into water bodies is 
restricted to 10-15 mg/L TN and 1-2 mg/L TP, depending on the size of the 
treatment plant (directive 2000/60/EC). Municipal wastewater treatment 
generally includes three steps: 

 Primary wastewater treatment: preliminary purification of raw material by 
removal of suspended solids (physical/chemical) 

 Secondary wastewater treatment: removal of soluble/insoluble 
biodegradable organic matter (biological) 

 Tertiary/advanced wastewater treatment: removal of inorganic and toxic 
pollutants (biological/chemical) 
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However, the biological, chemical and physical methods involved in conventional 
wastewater treatment usually have low removal efficiencies, are energy 
demanding and require high operational costs [57,61,62]. 

Microalgal-based municipal wastewater treatment represents a lower cost 
alternative to conventional processes since many microalgae, especially Chlorella 
and Scenedesmus species, have been proven to efficiently remove nitrogen and 
phosphorus [25,55,63–65], even in up-scaled integrated systems [66]. The 
relatively high nitrogen requirements (6-8 t/h/y) compared to field crops [18] is 
highly beneficial for microalgae to recycle nitrogen (and other nutrients) from 
wastewaters. Microalgae also were reported to efficiently remove heavy metals, 
pharmaceuticals and other toxic molecules [67–71]. Microalgal biomass 
production and wastewater remediation can be integrated into the same process, 
minimizing freshwater requirements, chemical usage and operational costs 
[25,55,62,72]. This integrated process is currently viewed as the only sustainable 
option for biofuel generation with microalgae [18,73]. Flue gas from power plants 
can additionally be recycled as auxiliary CO2 source to sustain algal growth [73]. 
The increasing concentration of carbon dioxide in the atmosphere is notably 
contributing to global warming and irreversible climate changes [74,75]; 
microalgal CO2 sequestration and recycling in integrated wastewater treatment 
can thus contribute to air quality mitigation and reduce the greenhouse effect 
[76–78]. 

Different types of algal cultivation systems have been developed in order to 
maximize productivity, removal efficiency and reduce the overall costs of the 
process. Open, closed and hybrid systems mainly differ in the design of the 
bioreactor [79]. Raceway ponds, especially high rate algal ponds (HRAPs), are 
specifically designed for algal growth and typically employed in wastewater 
treatment (Fig. 3). They consist of 10-50 cm deep open bioreactors, in which the 
microalgal culture is gently mixed with a paddlewheel to provide the cells with 
light, CO2 and nutrients, and to avoid sedimentation [64]. HRAPs typically 
operate in semi-continuous regime at relatively low dilution rate, i.e. at hydraulic 
retention times (HRTs) of 3-10 days [80]. After treatment, algal biomass is 
harvested via mechanical or chemical methods, or simply via bioflocculation, and 
clean water is discharged (Fig. 3). 
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Fig. 3 Schematic representation of a high rate algal pond (HRAP) for municipal wastewater 
treatment. Adapted from [81]. 

The low price and easy construction make open ponds the best alternative for 
algal-based municipal wastewater treatment; scaling-up is also easy and HRAPs 
can be placed near wastewater treatment plants. However, several drawbacks 
need to be considered, including poor light/energy conversion efficiency (0.2-
2.0%) and low biomass productivity (< 20 g/m2/day), harvesting costs, unstable 
growth conditions due to daily variation of temperature and light, water losses 
due to evaporation, and high contamination risk from other microorganisms and 
grazers [55,79,80,82]. 

3.2 Interactions with native microorganisms 

Municipal wastewater is an ideal medium for the growth of many other 
microorganisms such as bacteria, cyanobacteria, fungi, protozoa and viruses [57]. 
Their possible interactions with microalgae can either positively or negatively 
affect algal performances, biomass production and composition and nutrient 
removal efficiencies [83–87]. Bacteria can enhance algal growth by mineralizing 
limiting nutrients, releasing CO2 from respiration, or by producing vitamins, 
hormones, and other stimulatory substances [88–94]. On the other hand, 
bacteria can inhibit microalgae by chemical modification of the growth 
environment, secretion of algaecide toxins, induction of algal cell lysis and/or by 
competing for growth-limiting nutrients [95–97]. Microalgae can in turn inhibit 
bacterial growth by increasing the pH of the medium or by producing antibiotic 
compounds [98–100], or stimulate bacterial growth by their O2 production, 
release of organic matter from cell decomposition or production of soluble 
extracellular compounds [101–103]. Thus, the relationship between 
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microorganisms is complex and depends on species, environmental conditions 
and nutrients availability. 

During municipal wastewater treatment, a synergistic interaction between 
microalgae and native bacteria generally occurs because microalgal 
photosynthesis supplies O2 used by heterotrophic bacteria to oxidize organic 
matter, and bacteria in turn release CO2 and mineralized nutrients for microalgal 
assimilation (Fig. 4). In HRAPs, in-situ photosynthetic oxygenation considerably 
reduces cost and energy demand compared to conventional WW treatment 
systems, which are forced to use mechanical aeration. 

 

Fig. 4 Schematic representation of microalgae-bacteria interactions and exchanged molecules during 
wastewater treatment. 

Additionally this oxygenation improves the rate of nutrient uptake, thus 
shortening the HRT required for wastewater cleaning [104,105]; under optimal 
conditions, removal efficiencies of nitrogen and phosphorus higher than 90% can 
be achieved in HRAPs [72]. Furthermore, the presence of bacteria can reduce the 
costs related to harvesting operations as aggregation with microalgae might 
induce bioflocculation. Biomass harvesting still represents one of the major 
challenges in microalgal-based systems contributing to 3–15% to the production 
costs, due to the small cell size of algae, their negative surface charges and poor 
ability to settle. The formation of stable algal-bacterial flocs, which are able to 
settle, can therefore present a low-cost alternative to the current conventional 
chemical or physical harvesting methods [106,107]. 

So far, various studies at laboratory-scale have shown microalgal growth 
promotion, increased microalgal lipid production and enhanced nutrient removal 
in co-cultivation with bacteria native in wastewater or with specific bacterial 
species [108–113]. However, further research is still needed to achieve a better 
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understanding of the composition, population dynamics and specific 
physiological or molecular mechanisms triggering these complex microalgae-
bacteria interactions and improve the efficiency of these microbial consortia in 
wastewater remediation and other biotechnological applications. The 
identification and characterization of highly specialized algae-bacteria consortia 
will help to optimize the design of photobioreactors and culturing conditions for 
an efficient low-cost recovery of nutrients and biomass and for further 
valorization of the produced biomass for downstream applications [86,114–116]. 

4 Growing microalgae in Nordic climates: perspectives and 
challenges 

In Sweden, and generally in regions located at high latitudes (> 50°), light 
availability greatly varies along the year: day-length and light irradiance are 
limited in winter, while more than 20 hours of light per day, with relative high 
intensities, are experienced during the short summer (Fig. 5). 

 

Fig. 5 Average solar radiation (kWh/m2) in Sweden during December (A) and June (B). Source: 
SMHI (www.smhi.se). 

Moreover, due to the rigid and long cold season, lakes, rivers and seas can remain 
frozen for many months, further reducing light irradiance and thus 
photosynthetic efficiency. Table 1.1 and 1.2 show the average temperature and 
solar radiation recorded in summer and winter time, respectively, in Umeå, 
Sweden (63°49′42′′N, 20°15′34′′E), during the period 2005-2015 
(www8.tfe.umu.se/weather-new/). The day-length in this location ranges from a 
minimum of ca. 4 h in December up to ca. 21 h in June. These extreme climatic 
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conditions unavoidably have an impact on photosynthetic microbial 
communities: microalgae have to adapt to drastic changes in light quality and 
quantity throughout the year and tolerate cold temperatures, which can be 
coupled to high light intensities (e.g. at the beginning of spring). 

Table 1.1 Average temperature (°C) and solar radiation (W/m2) recorded in Umeå, Sweden, during 
winter (November to March) in the period 2005-2015. 

Year 
Average 

Temperature (°C) 
Average Solar Radiation 

(W/m2) 
2005 -4.04 25.80 
2006 -2.31 26.13 
2007 -1.44 20.72 
2008 -3.73 22.67 
2009 -5.73 23.22 
2010 -6.94 27.95 
2011 -1.63 23.57 
2012 -4.64 26.67 
2013 -1.28 20.15 
2014 -1.20 19.80 
2015 -3.24 10.84 

2005-2015 -3.29 22.50 

Table 1.2 Average temperature (°C) and solar radiation (W/m2) recorded in Umeå, Sweden, during 
summer (June, July and August) in the period 2005-2015. 

Year 
Average 

Temperature (°C) 
Average Solar Radiation 

(W/m2) 

2005 15.52 193.20 

2006 16.56 230.32 

2007 15.24 203.89 

2008 14.36 196.25 

2009 14.72 190.71 

2010 14.95 195.03 

2011 16.35 199.00 

2012 14.52 186.15 

2013 15.87 191.67 

2014 16.37 207.86 

2015 14.55 188.56 

2005-2015 15.36 198.42 

The establishment of algal bio-based processes in Northern areas appears 
challenging, as short light availability and suboptimal temperatures for long 
periods pose severe constraints on microalgal production. Indeed, the maximal 
algal biomass productivity in these regions has been estimated around 80 
t/ha/year, two to three times below those of sunny areas at southern latitudes 
[20]. However, local photosynthetic microorganisms colonizing northern areas 
are expected to survive and even produce biomass and valuable products during 
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autumn-winter time. In fact, Nordic microorganisms possess different 
physiological and biochemical adaptation strategies, which help them to survive 
under the extreme conditions encountered in their natural habitats. Theses 
adaptation mechanisms are reviewed and discussed in paper V. 

Photoacclimation to low light irradiances involves either a change in size or in the 
number of photosynthetic units (PSU), the photosynthetic reaction centers and 
light-harvesting complexes located within the chloroplast on the thylakoid 
membrane [117]. A larger light harvesting antenna (increase in size) allows the 
higher number of chlorophylls to capture more light energy, while a higher 
number of PSU increases the light usage efficiency (Pmax), as photosaturation is 
reached at higher irradiance. At low light the amount of photoprotective 
pigments, like carotenoids, is generally reduced to avoid energy dissipation 
[118,119]. In cyanobacteria and red algae, alternative accessory pigments like 
phycoerythrin are involved in light harvesting, allowing light absorption at a 
different wavelength. These microorganisms therefore are extremely well 
adapted to low light [120]. Other adaptation mechanisms include metabolic 
changes to heterotrophic growth, the induction of a dormancy state and/or the 
formation of cysts or spores [121,122]. During the summer period at high 
latitudes, microalgae have to cope with high and prolonged irradiance. Excess 
light excitation can promote photoinhibition causing direct damage of the 
photosynthetic machinery or indirect, through the production of reactive oxygen 
species (ROS) [123,124]. Non-photochemical quenching (NPQ) dissipates excess 
light energy as heat and thereby prevents photoinhibition. NPQ involves different 
mechanisms: state transitions, balancing the light energy between PSI and II, 
energy dependent quenching, involving certain pigments (deepoxidation of 
carotenoids in the xantophyll-cycle) and proteins (PsbS and light harvesting 
complex) and photoinhibitory quenching [118,125]. Phototaxis (i.e. movement in 
response to light) is another strategy used by motile photosynthetic 
microorganisms to regulate their exposure to light [126]. Ultraviolet radiation can 
be high in Nordic areas, thus highly specialized mechanism at the molecular level 
have been developed by many microalgae (especially those living under ice and 
snow) to repair DNA, photosynthetic apparatus and other cellular component 
eventually damaged [127–130]. 

Psychrophiles are cold-obligate microorganisms with optimal growth 
temperatures below 15°C and lethal temperatures above 20°C. Far more 
abundant in cold environments, however, are cold-facultative psychrotolerant 
microorganisms, performing optimal growth at mild temperatures (20-30°C), 
but able to acclimate to colder conditions, usually at a reduced growth rate [131]. 
Adaptation to low temperature includes a variety of strategies, which allows these 
photosynthetic microorganisms to successfully colonize cold environments. Cold 
protection is achieved by regulating the membrane fluidity through incorporation 
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of polyunsaturated fatty acids and polar lipids, increasing cis- and decreasing 
trans-fatty acids and reducing the membrane protein content [132,133]. 
Extracellular compounds like polymeric substances or carbohydrates are 
produced to protect cells from cold damage [134,135]. Furthermore, specific cold-
adapted enzymes with improved flexibility and stability are synthesized, able to 
preserve their metabolic function even under freezing conditions [136,137]. 
Photosynthesis is indirectly affected by cold as light harvesting is temperature-
independent, while the enzymatic reactions (photosynthetic CO2 fixation and 
electron transport in the chloroplast) are slowed down at low temperature, 
resulting in energy imbalance. Common mechanisms to adjust this energy 
imbalance include the reduction of the light-harvesting antenna size, NPQ, higher 
carotenoid content or increase of the light-independent reactions through 
overexpression of enzymes involved in the Calvin Benson cycle [35,137,138]. 
Additionally, several microalgal species induce dormancy or form spores at low 
temperatures [122,131,139]. 

Successful microalgal cultivation at higher latitudes, even at large scale, is 
provided by the use of indigenous microalgal strains, which already are adapted 
to the local environmental conditions [18]. Very few works have explored the 
potential of wastewater treatment in cold regions using locally adapted 
microalgae, and these preliminary results seem to be encouraging [140–142]. In 
one of these studies, performed in mid-Sweden, the HRAP technology was 
applied with efficient microbial growth and wastewater treatment from early 
April to late October [140]. Thus, wastewater reclamation and biomass 
generation is feasible in these areas, despite the great challenges. Collection, 
screening and characterization of local Nordic microalgae are crucial preliminary 
steps to overcome climatic limitations and optimize microalgal-based 
biotechnology, including wastewater treatment, in Nordic regions. 
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Aim of the work 

The overall objective of my work was the characterization of locally isolated 
Nordic microalgae for their potential use in municipal wastewater treatment and 
simultaneous generation of valuable biomass. The research conducted at 
laboratory-scale aimed to provide useful data allowing upscaling in local pilot 
ponds in Northern Sweden with the future perspective to prolong the growth 
season in subarctic climate. 

In Paper I, Nordic microalgal strains from Swedish fresh- and wastewater 
samples were isolated, genetically identified and screened for their ability to grow 
in municipal wastewater. Eight strains were characterized in detail concerning 
their growth, lipid production and ability to remove nitrogen and phosphate from 
untreated municipal wastewater. 

In Paper II, three natural Nordic microalgal strains and a culture collection 
strain were compared for their ability to simultaneously generate biomass and 
treat wastewater in the subarctic climate. The microalgae were cultured at low 
temperature and/or short day-length and their long-term physiological response 
was evaluated under these unfavorable conditions. 

In Paper III, the species-specific interactions between the locally isolated 
microalga C. vulgaris and its naturally co-occurring bacterium Rhizobium sp. 
were investigated when cultivated batchwise under photoautotrophic, 
heterotrophic and mixotrophic conditions. Photoautotrophic conditions were 
tested as control in carbon-free medium, whereas experiments under 
heterotrophic and mixotrophic conditions were performed in synthetic sewage 
wastewater to elucidate the influence of Rhizobium on microalgal carbon and 
nutrient removal and its biomass growth and composition. 

Paper IV aimed to reveal the microbial community dynamics in a greenhouse 
photobioreactor located in Northern Sweden, inoculated with the culture 
collection strain Scenedesmus dimorphus UTEX 417 and operated with untreated 
municipal wastewater. A metabarcoding screening was used to elucidate the 
stability of the inoculated strain over time and the influence of other eukaryotic 
and prokaryotic microorganisms appearing in the culture. Favourable or adverse 
microbial interactions, their effect on biomass generation and the efficiency of 
wastewater treatment were evaluated, also considering the variation of 
environmental factors experienced at this latitude. 

Paper V extensively reviews the main physiological and molecular adaptation 
strategies of photosynthetic microorganisms living at high latitudes. Their 
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strategies to successfully colonize Nordic regions at low temperatures and strong 
seasonal variation of light are summarized. The use of locally isolated Nordic 
strains for the recycling of nutrients and CO2 from wastewater and flue gases is 
highlighted as a potential key strategy for the establishment of sustainable 
microalgal-based processes in Nordic countries. 
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Materials and Methods 

This section is divided in two parts: the experimental procedures followed in the 
small-scale experiments presented in Paper I, II and III are given first; the 
methods carried out in the metabarcoding study performed in the large-scale 
photobioreactor in Paper IV are given in the second part. 

Part I (Paper I, II and III) 

1 Collection, isolation and taxonomic classification of 
microbial strains 

1.1 Isolation of Nordic microalgae 

Water samples were collected during the years 2012-2015 from lakes, rivers and 
also sewage treatment plants located in different regions of Sweden. The 
collection was performed by researchers of the Swedish University of Agricultural 
Sciences (SLU, Umeå), SP Technical Research Institute (SP, Borås) and Umeå 
University (UmU) (Fig. 6). 

 

Fig. 6 Map of Sweden showing the sites of sample collection performed by researchers of SLU (red 
cross), SP (blue diamond) or UmU (green triangle). 
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A detailed description of the sampling sites can be found in Table 1 in paper I. 
The samples were incubated in 50 mL culture tubes under continuous low light 
(PAR 10–30 μmol photons m−2 s−1) at 21°C to promote algal proliferation. Several 
microalgal strains were isolated by inoculation of 1 mL from each sample in sterile 
liquid or solid untreated municipal wastewater media and cultivated at 100 μmol 
photons m-2 s-1, 22°C and 18:6 h [L:D]. A preliminary classification of the strains 
growing on wastewater media was performed microscopically, based on 
microalgal cell size and morphology. 

1.2 Isolation of microalgae-associated bacteria 

Bacteria from 6 different microalgal cultures (C. vulgaris 13-1, S. obliquus 13-8; 
Monoraphidium sp. B1-2; Scotiellopsis sp. UFA-2; Ettlia sp. FNY-2; Coelastrum 
astroideum RW10) were isolated on LB agar medium [143]. Approx. 100 µL of 
microalgal cultures were spread on agar media and incubated at 30°C, 37°C, or 
room temperature in darkness for 24-72 hours, to promote bacterial 
proliferation. 

1.3 Colony PCR and sequencing 

The microalgal strains described in paper I were genetically screened using 
polymerase chain reaction (PCR) amplification of two ribosomal (rRNA) 
sequences with conserved flanking regions and a species-specific internal region: 
the Internal Transcribed Spacer (ITS) containing the universal barcode ITS-2 and 
the 23S [144,145]. ITS-2 primers amplified for a ~600 nt region and 23S primers 
amplified for a ~400 nt region. A simple colony PCR method was applied for 
rapid screening of all strains: algal cells were collected from agar plates, dissolved 
in 15-20 µL of sterile dH2O and boiled for 10 minutes; the supernatant was used 
as DNA template in the PCR reactions (modified from [146]). A positive control 
was also included in each run, containing an algal DNA template extracted with a 
rapid crude DNA extraction method [147]. 

The genetic screening of the microalgae-associated bacteria (preliminary study 
for paper III) was performed by colony PCR prepared as follow: bacterial 
colonies were diluted in 50 µL of sterile dH2O; the tubes were incubated in ice for 
3 min followed by incubation in a water bath (95°C) for 3 min; the cold-hot cycle 
was repeated twice and the tubes were centrifuged at 13000 rpm for 1 min; 2 µL 
of the supernatant was used as DNA template in the PCR reactions. Bacterial 
universal primers [148] amplifying for a ~1500 nt in the 16S region were used and 
their sequences are presented in Table A1 (Appendix). 

All PCR mixtures contained the following reagents with the corresponding final 
concentrations: 
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PCR Buffer  1× 
MgCl2  2.5 mM 
dNTPs  250 µM 
Primers (Fw, Rv) 0.5 µM 
DNA  1-10 ng/µL 
Taq polymerase 0.25 U 
dH2O  up to volume 

The parameters used in each PCR program can be found in Table A2 (Appendix). 

A 1-1.6 % agarose gel stained with SYBR Safe (Invitrogen) or Midori Green 
(Nippon genetics) was prepared and used for PCR products separation and 
visualized after UV exposure with a Gel Doc EZ System (Bio-Rad). The amplified 
DNA was quantified using a Nanodrop (Thermo Fisher Scientific) and purified 
using the QIAquick PCR Purification Kit (Quiagen). 

1.4 Sequencing, species assignment and phylogenetic analysis 

The sequencing of the PCR products was performed at Umeå University (Dept. of 
Medical Biosciences) and Eurofins Genomics GmbH (Germany). Chromas Lite 
(Technelysium Pty Ltd), BioEdit (Ibis Biosciences, Hall 1999) and Clustal Omega 
(EMBL-EBI) were used as bioinformatics software to analyze and assemble the 
resulting sequences. The sequences were submitted to the European Nucleotide 
Archive (ENA) under the accession number PRJEB31079. 

A preliminary taxonomic classification of the microalgal and bacterial strains was 
carried out by searching for the highest sequence similarity within the NCBI 
nucleotide sequence database using BLASTn [149]. A more detailed phylogenetic 
analysis was performed using the software Mega7 (www.megasoftware.net). 
Phylogenetic trees were produced using a Neighbor joining method validated at 
1000 bootstrap replications. In paper I, two phylogenetic trees were made from 
the alignment of the ITS-2 and 23S ribosomal regions, respectively. Sequences 
from reference microalgal species (12 for the 23S and 39 for the ITS-2) were also 
included in the trees, chosen based on sequence homology or on high BLAST 
score with our sequences. For the 23S tree, the ~400 nt sequence was manually 
cropped from the partial or complete annotated 23S plastid region of the 
reference sequences; for the ITS-2 tree, only the specific ~250 nt ITS-2 region 
was cropped from each sequence using an online version of the hidden Markov 
model (HMM)-based annotation tool [150]. Similarly, the phylogenetic tree 
presented in paper III was constructed including 16S rRNA sequences of 32 
different Rhizobium reference species, downloaded from the SILVA rRNA 
database (www.arb-silva.de). 
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2 Microbial cultivation 

2.1 Microalgal and bacterial growth media 

All the microalgal strains isolated from fresh- and wastewater samples and able 
to grow on municipal wastewater were sub-cultured and maintained in BG11 [151] 
or BBM [152] liquid media, or solid media supplemented with 1.5% (w/v) agar 
before autoclavation for medium-term storage. The usage of carbon-free media 
aimed to remove or strongly reduce bacterial and fungal contamination from the 
cultures. Few axenic microalgal strains were obtained through repeated serial 
dilutions and sub-culturing in BG11 medium. Axenity was confirmed 
microscopically as well as by incubating the culture in LB medium at 37°C in 
darkness. For long-term storage, 19 selected strains were transferred into storage 
tubes with BG11 agar medium overlaid with liquid medium as described by 
Neofotis et al. (2016). Additionally, these microalgal strains were preserved in 1 
mL sterile 15% glycerol stocks at -80°C. 

For the isolation of the unknown microalgae-associated bacteria, LB medium was 
initially selected as a general bacterial growth medium. After the genetic analysis 
and bacterial identification, M408 medium [154] was used specifically for 
cultivation and maintenance of the selected bacterial strain Rhizobium sp., 
associated with the microalga C. vulgaris 13-1 (paper III). The Rhizobium strain 
was preserved on agar M408 medium at 5°C and in 2 mL sterile 15% glycerol 
stocks at -80°C for medium- and long-term storage, respectively. 

2.2 Wastewater media 

The municipal wastewater used in paper I and II was provided by the local 
municipal wastewater treatment plant (VAKIN AB, Umeå, Sweden). The average 
composition was 61.62 ± 15.02 mg/L of total nitrogen (TN), 2.23 ± 0.45 mg/L of 
total phosphate (TP) and pH 7.61 ± 0.14. In paper I untreated wastewater (after 
particle sedimentation) was used, whereas in paper II the wastewater was 
filtered using a 2.5 μm pore size cellulose filter (qualitative filter paper, grade 5, 
Whatman) and autoclaved at 121°C, 43.5 psi for 15 min to avoid uncontrolled 
bacterial contamination. 

A sterile synthetic wastewater based on BG11 medium was prepared and used in 
paper III, to mimic the typical composition of municipal wastewater for total 
organic carbon (TOC), inorganic carbon (IC), total nitrogen (TN) and total 
phosphate (TP) [155,156]. The Synthetic Sewage Water (SSW) contained (per liter 
of deionized water): 0.04 g K2HPO4, 0.075 g MgSO4∙7H2O, 0.036 g CaCl2∙2H2O, 
0.006 g citric acid, 0.006 g ferric ammonium citrate, 0.001 g EDTANa2, 0.02 g 
Na2CO3, 0.5 g glucose, 0.7 g NaHCO3, 0.16 g peptone, 0.11 g meat extract, 0.03 g 
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urea and 1 mL of a trace metal solution composed of 2.86 g L-1 H3BO3, 1.81 g/L 
MnCl2∙4H2O, 0.22 g/L ZnSO4∙7H2O, 0.39 g/L Na2MoO4∙2H2O, 0.08 g/L 
CuSO4∙5H2O and 0.05 g/L Co(NO3)2∙6H2O. The SSW had an initial pH of 8.18 ± 
0.15 and contained 282 ± 41 mg/L of TOC, 114 ± 8 mg/L of IC, 38 ± 5 mg/L of 
TN, 21 ± 2 mg/L of TP, which corresponded to a C:N:P ratio of ca. 14:2:1. 

2.3 Experimental growth conditions 

In paper I, eight axenic microalgal strains (Chlorella vulgaris 13-1, C. 
sorokiniana B1-1, C. saccharophila RNY, Scenedesmus sp. B2-2, S. obliquus 
RISE, Desmodesmus sp. RUC-2, Desmodesmus sp. 2-6, Coelastrella sp. 3-4) 
were cultivated for two weeks at 25°C and continuous light of 100 μmol photons 
m−2 s−1 PAR. A photobioreactor equipped with eight independent autoclaved glass 
test-tubes bubbled with air (Multi-Cultivator MC 1000-OD, PSI) was used for 
microalgal cultivation. The initial concentration of the cultures was adjusted to 1-
3 × 106 cells/mL in a final working volume of 80 mL. The eight strains were 
chosen based on their complete axenity, different algal species, different origin, 
easy maintenance and reproduction in the lab. 

Three locally isolated microalgal strains (C. vulgaris 13-1, Scenedesmus sp. B2-2, 
Desmodesmus sp. RUC-2) and one strain from a culture collection (S. obliquus 
RISE) were comparatively cultivated in paper II, under four different growth 
conditions: 

 Standard: 25 °C, continuous light 
 Cold-stress: 5 °C, continuous light 
 Dark-stress: 25 °C, 3:21 [L:D] 
 Moderate winter: 15 °C, 6:18 [L:D] 

 
The three strains were chosen based on the results received from a preliminary 
cultivation screening under low light and low temperature conditions. The Multi-
Cultivator MC 1000-OD was used for microalgal cultivation in the standard and 
cold conditions experiments; a floor standing incubated shaker (AlgaeTron AG 
230, PSI) was instead used for the dark-stress and moderate winter conditions 
experiments, where the algae where cultivated in 100 mL autoclaved Erlenmeyer 
flasks and shaken at 150 rpm. An initial cell number of 3 ×∙106/mL was used in a 
final working volume of 80 mL. The light intensity was kept at 100 μmol photons 
m−2 s−1 PAR in all the four experiments. 

Three series of batch experiments (closed systems) were performed in paper III 
to compare the growth performances and nutrient removal efficiency of the 
axenic C. vulgaris (A) culture, the axenic Rhizobium sp. (B) culture and the C. 
vulgaris-Rhizobium sp. co-culture (AB). BG11 medium and CO2 supplementation 
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(gas mixture N2/CO2 70/30 %/%) were used in the photoautotrophic growth (P) 
control experiment, whereas heterotrophic (H) and mixotrophic (M) growth 
experiments were performed in SSW without additional CO2. P and M were 
carried out under a 12:12 [L:D] illumination regime at 400 μmol photons m-2 s-1 
provided by a LED panel placed above the cultures. H was carried out in darkness 
and 100 mL of pure O2 were injected in B and AB cultures after 70 h to prevent 
O2 limitation. The microorganisms were cultivated in autoclaved 1.2 L gas-tight 
glass (Pyrex) bottles closed with rubber septa and plastic caps immersed in a 
thermostatic water bath at 25°C; mixing was provided by magnetic agitation at 
200 rpm. An initial microbial inoculum of 50 mg/L of biomass dry weight (100 
mg/L in AB) was used in a final working volume of 500 mL. 

3 Analytical procedures 

3.1 Light microscopy 

The size and morphology of the microalgal strains isolated in paper I as well as 
the morphological changes occurring under different growth conditions in paper 
II were studied microscopically using an inverted microscope equipped with 
phase contrast (DMi1, Leica). The light microscope was also used for the routinely 
check of bacterial contamination and to assess axenity of the C. vulgaris 13-1 
strain described in paper III. Pictures were taken at 100x, 200x and 400x 
magnification with a microscope camera (MC170 HD, Leica). 

3.2 Cell concentration and growth rate 

Microalgal population density (cell concentration or cell number), described in 
paper I and II, was determined using a cell counter (Multisizer 3 Coulter 
Counter, Beckman) equipped with a 70 μm aperture tube. The corresponding 
growth curves were fitted in R (www.r-project.org) and the growth rates were 
calculated using the logistic growth model equation: 

 

where x(t) is the cell concentration at time t, A is the asymptote of the curve, C is 
the max cell density, k is the growth rate. 

Microalgal and bacterial population densities (paper III) were determined 
based on their size and granularity via volumetric counting using a flow cytometer 
(BD FACSVerse, BD Biosciences). Growth rates were calculated as described 
above. 

𝑥(𝑡) =  
𝐴

1 + 𝐶 ×  𝑒(−𝑘𝑡 )
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3.3 Quantum yield (Fv/Fm) and pigment quantification 

A portable PAM fluorometer (AquaPen-C AP-C 100, PSI) was used to measure 
the maximum quantum yield of Photosystem II (Φ or Fv/Fm) and monitor the 
photosynthetic performance of the microalgal cultures (paper II). 
Measurements were performed after incubating the samples for 10 minutes in 
darkness. Pigments (chlorophyll a and b, carotenoids) were extracted from 1 mL 
of fresh culture at the end of each experiment. The samples were centrifuged, 
resuspended in 100% methanol, ultrasound treated for 10 min and incubated at 
60°C for 30 min. Pigments in the supernatant were determined 
spectrophotometrically (Cary 50 Bio, Varian) according to the equations reported 
by Lichtenthaler and Buschmann (2001): absorbance at 470, 652 and 665 nm was 
recorded for total carotenoids, chlorophyll b and chlorophyll a, respectively, 
using pure methanol as blank control. 

3.4 Gas concentrations 

Gas samples (1 mL) were collected from the headspace of the bottles used for 
microalgal and bacterial cultivations (paper III) using clean glass syringes 
(Hamilton). O2, CO2 and N2 gas concentrations in the samples were analyzed with 
a gas chromatograph (Varian CP-3800) coupled to a thermal conductivity 
detector and equipped with CP-Molsieve 5A (15 m×0.53 mm×15 μm) and CP-
PoraBOND Q (25 m×0.53 mm×15 μm) columns. 

3.5 Biomass concentration (dry weight) 

Biomass dry weight (DW) was determined at the end of the experiments 
described in paper I and II by vacuum filtration of 4-10 mL of cultures onto glass 
microfiber filters (grade GF/A, Whatman), previously washed with dH2O, dried 
and weighted using an analytical balance (XS205, Mettler Toledo). After 
filtration, filters were oven-dried for 24 hours at 70°C, cooled in a desiccator for 
at least 2 hours and weighted again. Algal biomass dry weight (g/L) was 
calculated by differential weight as follow: 

 

where W (g) is the weight of the filter before (W1) and after (W2) biomass filtration 
and x (mL) is the filtrated volume. 

Biomass concentration (paper III) was estimated from three calibration curves 
(OD vs dry weight) empirically conducted for A, B and AB cultures. The biomass 

𝐷𝑊 =
(𝑊2 −  𝑊1)  ×  1000

𝑥
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dry weight was determined gravimetrically [158], and the optical density was 
measured in a UV-2550 spectrophotometer (Shimadzu, Japan) at λ=750 nm. 

3.6 Lipids extraction and quantification 

Total lipids were extracted from the algal biomass at the end of the experiments 
described in paper I and II. A single-step method involving a 2:1:0.8 system of 
chloroform:methanol:water (v/v/v) followed by gravimetric determination was 
used [159]: 10 mL of pelletized fresh culture or 5-10 mg of dry biomass were 
resuspended in 8 mL of a 2:1 chloroform:methanol (v/v) solution in glass tubes 
and shaken vigorously for a few minutes; 2 mL of 0.73% NaCl solution were added 
and the tubes were centrifuged at 350 g for 2 min to allow the phase separation; 
the lower chloroform phase (lipid phase) was collected, transferred in pre-
weighted aluminium cups and evaporated overnight under a fume hood; the cups 
were weighted again, and the percentage of lipids in the biomass was calculated 
as follows: 

 

where w is the weight (g) of the aluminium cup before (W1) or after (W2) 
extraction and x (mg) is the biomass used for the extraction. When needed, a 
microwave-assisted pre-treatment was applied to the algal biomass to improve 
the extraction (600 W, 3 min). 

Triacylglycerides (TAGs) and polar lipids (PL) from the final algal biomass 
obtained under mixotrophic conditions (paper III) were extracted and 
transmethylated as described by Breuer et al. (2013): 10-15 mg of dry biomass 
were dissolved in a 4:5 chloroform:methanol (v/v) solution with glass beats and 
treated in a bead beater; a 50 mM Tris-1 M NaCl solution was added to allow the 
phase separation; the chloroform phase was taken and evaporated under N2 gas 
stream; TAGs and PL were separated through solid-phase extraction using silica 
columns (Sep-pak Vac Silica cartridge 6cc/1000mg) and eluted with 7:1 
hexane:diethylether (v/v) and 2:2:1 methanol:acetone:hexane (v/v/v) solutions, 
respectively; dried samples were resuspended in a 2% H2SO4-MeOH solution 
with pentadecanoic acid (C15:0) as internal standard and transmethylated for 3 
h at 70°C; H2O and hexane were added and the upper phase obtained after 
centrifugation was analysed by a GC-FID gas chromatograph (TRACETM 1310, 
Thermo Fisher Scientific) equipped with a FAMEWAX (30 m×0.32 mm×0.25 
μm) column (Restek Corporation). Integration of the area of the chromatogram-
peaks revealed the amount of the different methylated fatty acids (FAME) in 
relation to the calibration standards (C12:0, C14:0, C16:0, C16:1, C18:0, C18:1, 
C18:2, C18:3, C20:0, C22:0). 

% 𝑙𝑖𝑝𝑖𝑑𝑠 =
(𝑊2 − 𝑊1) × 1000

𝑥
× 100  
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3.7 pH and nutrient analysis 

Physical (pH) and chemical (nitrogen and phosphate) properties of the 
wastewater medium used for microalgal cultivation as described in paper I and 
II were analysed before and after each experiment. The wastewater was separated 
from the biomass by centrifugation; the pH was measured with a pH-meter S20 
SevenEasy (Mettler Toledo); total nitrogen (TN) and total phosphate (TP) were 
determined with a spectrophotometer DR3900 Benchtop VIS (Hach-Lange), 
using dedicated kits with different concentration ranges (LCK 138, 338, 349, 350, 
Hach-Lange). 

The pH and nutrient concentrations of the growth media (BG11 and SSW) used 
for microalgal and bacterial cultivation (paper III) were analysed daily during 
the experiments. The pH was measured with a PH BASIC 20+ (Crison 
Instruments) pH-meter; concentrations of TOC, IC and TN were determined 
using a TOC-VCSH analyzer (Shimadzu) combined with a TNM-1 
chemiluminescence module; TP concentration was measured using a HPLC 
(Waters 515) equipped with an ion conductivity detector (Waters 432), an IC-PAK 
Anion HC column (4.6×150 mm) and an IC-Pak Anion Guard-Pak (Waters). 

3.8 FTIR spectroscopy and PCA 

Microalgal biomass obtained at the end of the experiments described in paper 
II and III were analysed by diffuse reflectance (DR) FTIR spectroscopy using an 
IFS 66 v/S instrument (Bruker) under vacuum (4 mbar) according to the protocol 
by Gorzsás and Sundberg (2014): dried samples (5–10 mg) were mixed with 
potassium bromide (approx. 3 mg) and manually ground in a mortar to obtain 
uniform mixtures; spectra were recorded in the range of 400–4000 cm−1 at 4 cm−1 
spectral resolution, using pure KBr as background; 128 scans were added to 
obtain a high signal to noise ratio. Spectra were exported as MATLAB files and 
processed using the open source MATLAB-based script provided by the 
Vibrational Spectroscopy Core Facility at Umeå University. FTIR spectra were cut 
to 800–1900 cm−1 (fingerprint region), baseline corrected using asymmetric least 
squares (lambda=10,000,000, p=0.001) and smoothed by Savitzky-Golay 
filtering (first order polynomial, frame=5). FTIR spectra from 2 or 3 replicates 
were averaged and normalized to total protein content, using intensity of the 
amide I peak (1655 cm−1). The band assignment proposed by Duygu et al. (2012) 
was used for the interpretation of the FTIR spectra (Table 2). 

Lipid (1745 cm−1) and carbohydrate (1150 cm−1) content (paper II) was semi-
quantitative estimated and expressed either as proportion of the total area or 
relative to protein content (lipid:amide I and carbohydrate:amide I ratios). 
Normalised spectra were imported to SIMCA-P (Umetrics AB), centred and 
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analysed by principal component analysis (PCA) using two principal components. 
The following models were obtained: Chlorella vulgaris: R2X(cum)=0.982, 
Q2(cum)=0.973; Scenedesmus sp.: R2X(cum)=0.962, Q2(cum)=0.956; 
Desmodesmus sp.: R2X(cum)=0.974, Q2(cum)=0.947. Spectra from S. obliquus 
were omitted from PCA comparisons due to its failure to grow during cold-stress. 

Table 2. Tentative band assignment for microalgal FTIR spectra. Adapted from [162]. 

Wavenumber 
(cm-1) Band assignment Type of vibration 

1763-1712 Cellulose and fatty acids stretching (esters) v(C=O) 

1583-1709 Protein amide I stretching v(C=O) 

1481-1585 Protein amide II bending and stretching δ(N-H), v(C-N) 

1425-1477 Protein and lipid methyl bending δas(CH2), δas(CH3) 

1357-1423 
Protein and lipid methyl bending, 
carboxylic acid of COO- groups of 

carboxylates stretching 

δs(CH2), δs(CH3), δs(N(CH3)3), 
vs(C-O) 

1191-1356 
Nucleic acid and other P-containing 

compounds phosphodiesters stretching 
vas(>P=O) 

1072-1099 
Carbohydrate polysaccharides stretching, 

nucleic acid and other P-containing 
compounds phosphodiesters stretching 

v(C-O-C), vs(>P=O) 

980-1072 Carbohydrate polysaccharides stretching v(C-O-C), vs(>P=O) 

3.9 Statistical analysis 

The experiments in paper I and II were performed in biological triplicates, 
whereas the experiments in paper III were performed in biological duplicates 
and batch assays under heterotrophic and mixotrophic conditions were repeated 
in independent experiments in order to support the reproducibility of the data. 

All the data produced in paper II and III were analyzed with the statistical 
software R (www.r-project.org). The Shapiro-Wilk test and the Bartlett's test were 
used to assess the normality and the homogeneity of variances of the investigated 
parameters, respectively. Differences were tested by ANOVA, followed by a 
Tukey's post-hoc test, or by a two-sample t-test (or a Welch's two-sample t-test in 
case of unequal variances). The significance threshold α was set at 0.05. 
Additionally, the linear correlations presented in paper I and II were assessed 
in R using the Pearson's correlation coefficient test. 
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Part II (Paper IV) 

1 Microalgal cultivation 

1.1 Photobioreactor design and environmental parameters 

Microalgal cultivation in paper IV was performed in a transparent 
photobioreactor with a capacity of 880 L and depth of 30 cm [68] filled with local 
untreated municipal wastewater (Vakin AB) (Fig. 7). The photobioreactor was 
placed inside a greenhouse in Dåva, 10 km north-east of Umeå, on top of the local 
combined heat and power plant (Umeå Energi AB). The wastewater was bubbled 
with flue gases (10% CO2) from the power plant to keep the pH of the culture in 
the range 7.5-8. 

During the study period (May-November), the photobioreactor was subjected to 
natural light/dark cycles with daylight ranging from almost 21 h (June) to 7 h 
(November). The light irradiance (PAR) was recorded every five minutes using a 
LiCor 1400 datalogger connected to one spherical (6.1 cm diameter) LI 193 light 
sensors (LiCor). The corresponding energy content of solar radiation per square 
meter of illuminated surface (MJ/m2/d) was calculated using the following 
formula: 

𝑆𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 =  
𝑆𝑢𝑚 𝑡𝑜𝑡 𝑙𝑖𝑔ℎ𝑡 × 0.21

0.43
 

where the sum of total light (mol/m2/d) is the sum of photon flux densities of 
impinging sunlight (PAR) recorded during the day, 0.21 is the average energy 
content of solar PAR (MJ/mol) and 0.43 is the fraction of PAR in solar radiation 
[20]. 

Temperature and dissolved oxygen (DO) were recorded every five minutes using 
a ProODO optical dissolved oxygen sensor (YSI). The pH of the wastewater inside 
the photobioreactor was recorded every four minutes using a Hanna HI504 pH 
controller (Hanna) connected to a combined pH electrode (Hach). 

Concentration of inorganic nutrients in the wastewater, i.e. ammonium (NH4+), 
nitrate (NO3-) and phosphate (PO43-), was measured using a Hach-Lange 
spectrophotometer following manufacturer’s instructions (Hach-Lange), and 
resulted in 36.27 ± 6.60 mg/L, 0.38 ± 0.26 mg/L and 1.42 ± 0.70 mg/L, for 
NH4+,NO3- and PO43-, respectively. 
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Fig. 7 The greenhouse photobioreactor used to cultivate S. dimorphus UTEX 417 (described in paper 
IV). 

1.2 Microalgal inoculum and collection of samples 

On May 8, 2015, the photobioreactor was inoculated with 10 L culture of the 
collection strain Scenedesmus dimorphus UTEX 417 (or Scenedesmus obliquus), 
previously grown in untreated municipal wastewater. Approximately 1/3 or 1/5 
of the algal culture was harvested at specific time points starting from June 29, 
and new wastewater was then added to maintain the culture volume constant. 
From May to early November, culture samples of approximately 50 mL were 
collected daily from the photobioreactor, frozen and stored at -20°C. 59 of these 
samples (2-3 time points per week) were chosen for metabarcoding (Table A3, 
Appendix). Samples collected on consecutive days were pooled, when the culture 
was too diluted. Microbial biomass concentration in the samples was estimated 
by measuring the optical density at 750 nm using a spectrophotometer T90+ 
UV/VIS (PG instruments). 

2 Preparation of the metabarcoding library 

2.1 Genomic DNA extraction 

Biological material was recovered from 59 selected wastewater samples by 
vacuum-filtration using 0.22 μm pore-size autoclaved polycarbonate filters 
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(Merck Millipore). The filters were cut aseptically under a sterile hood and total 
genomic DNA was extracted directly from the filters using the NucleoSpin Soil 
DNA extraction kit (MACHEREY-NAGEL), following manufacturer’s 
instructions. The DNA was visualized on agarose gels and quantified by a 
Nanodrop 2000 UV-Vis (Thermo Fisher Scientific) or a Qubit 2.0 Fluorometer 
(Thermo Fisher Scientific) using the dsDNA HS Assay Kit (Thermo Fisher 
Scientific). Sample n. 32 was excluded because of poor DNA recovery and quality. 

2.2 Inner and Outer PCR 

The quality of the extracted genomic material was tested by PCR on randomly 
chosen samples, using 16S bacterial universal primers [148]. To prepare the 
metabarcoding library, a two-step PCR amplification (inner and outer PCR) was 
used, aiming to amplify specific regions of eukaryotic 18S and prokaryotic 16S 
rRNA genes. 

2.2.1 Inner PCR 

The pair of primers 341F-805R was used to amplify the V3-V4 regions of the 
bacterial 16S rRNA gene (~460 nt) [163]. Primers 574*F-1132R were used for the 
amplification of the V4–V5 regions of the eukaryotic 18S rRNA gene (~550 nt) 
[164]. Primers 515’F-805R were also used to amplify the V4 region of bacterial 
and archaeal 16S rRNA genes (~300 nt) [165] from only five selected samples (n. 
6, 15, 28, 45, 58), covering different months of cultivation, to detect the presence 
of archaea in the photobioreactor. All primers also contained specific adapters for 
the Illumina sequencing, and their final nucleotide sequences are reported in 
Table A1 (Appendix). 

Extracted genomic samples were diluted to a final concentration of 1 ng/μL. The 
PCR mixtures (21 μL) contained the following reagents with the corresponding 
volumes: 

KAPA HiFi HotStart ReadyMix (2×) 10 μL 

Primers (Fw, Rv) (10 μM)  1 μL 

BSA (10 mg/mL)  1 μL 

DNA   2 μL 

Milli-Q H2O   6 μL 

The parameters used in each PCR program are found in Table A2 (Appendix). 

A cleaning step was performed to remove unbound primers, primer dimers, or 
low molecular weight unspecific products from the amplicons using spin columns 
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(QIAquick PCR Purification Kit, QIAGEN), followed by quantification using the 
Nanodrop. 

2.2.2 Outer PCR 

In order to barcode the PCR sequences with dual indexes, also containing the 
Illumina sequencing handles, an outer PCR was performed. The indexes, attached 
at both ends of the DNA fragments, allow the later identification of the samples 
in the library, while the handles allow the barcoded DNA fragments to attach to 
the Illumina flow cell surface during the sequencing. Thus, the final structure of 
each outer PCR primer was the following: 

5’ handle1-[index1]-adapter1-primer Fw 

 

primer Rv-adapter2-[index2]-handle2 3’ 

A total of 16 primers obtained from the combination of 6 forward (iF1-iF6) and 
10 reverse (iR1-iR10) Illumina indexes were used in the PCR reactions, to cover 
the 58 samples in the metabarcoding library (Table A4, Appendix). 

The PCR products generated in the inner PCR were diluted to 1 ng/µL and used 
as DNA template in the outer PCR reactions (28 μL), which contained the 
following reagents with the corresponding final volumes: 

KAPA HiFi HotStart ReadyMix (2X) 14 μL 
Primers (Fw, Rv) (10 μM)  1 μL 
DNA   5 μL 
Milli-Q H2O   7 μL 

The parameters used for PCR are attached in Table A2 (Appendix). 

2.3 Sequencing 

Indexed PCR products were purified using the QIAquick PCR Purification Kit 
(QIAGEN). The barcoded samples were pre-pooled with equal masses in 
separated tubes, according to the type of amplicons, and finally pooled in equal 
molar amount into the metabarcoding library before sequencing. The following 
equation was used to calculate molar concentrations: 

Molar conc. (nM) = concentration (ng/μL) ×106/(656.6×length(bp)) 

The size of the library was determined with a 2100 Bioanalyzer using the 
DNA1000LabChip kit (Agilent Technologies), resulting in an average length of 
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658 bp, while its concentration was measured with a Qubit 2.0 Fluorometer, 
resulting in a final concentration of 2.91 ng/μL. The sequencing was performed 
at the NGI/SciLifeLab in Stockholm (Sweden) using an Illumina MiSeq v3 
(Illumina Inc.) during February 2017. 

3 Sequence processing and statistical analysis 

DADA2 pipeline (v.1.4) was used for the construction of the amplicon sequence 
variant (ASV) tables (for both 18S and 16S data) [166]. Sample n. 28 (18S) was 
excluded due to the low number of raw sequence reads. The taxonomic 
classification was based on SILVA rRNA database for both 18S and 16S data. The 
PR2 database [167] was also used to improve the taxonomic resolution of the 18s 
data[168], for which a manual annotation was performed for the most abundant 
sequences. Also, 88 16S ASVs were excluded, being classified as archaea or 
chloroplast sequences. Two final tables of ASV counts per sample, combined with 
their taxonomic information, were generated, and contained 2170 reads for 18S 
and 7755 reads for 16S data, respectively. A third table was made for the five 16S 
sequences amplified with primers 515’F-805R (targeting both archaea and 
bacteria), where only 43 ASVs were classified as archaea, among the total 2340 
reads. The sequences were submitted to the European Nucleotide Archive (ENA) 
under the accession number PRJEB31036. 

The statistical software R was used for subsampling and calculation of alpha-
diversity (package ‘vegan’). Non-metric multidimensional scaling (NMDS) plots 
were constructed using Bray-Curtis distance matrices. The change in composition 
of phytoplankton, zooplankton and bacteria communities along the time of 
cultivation was analysed in three separate NMDS plots. Additionally, 
permutation tests were used to calculate the significance level of the 
environmental variables on the community changes. After Z score transformation 
of the environmental factors, two sets of NMDS plots for the phytoplanktonic, 
zooplanktonic and bacterial communities were created. Subsets of samples were 
selected, for which the environmental factors (dissolved oxygen, light intensity, 
temperature and ammonium, nitrate and orthophosphate concentrations) were 
available. The ‘envfit’ and ‘ordisurf’ functions from the ‘vegan’ package were used. 
The significance of correlation between the environmental factors and the relative 
abundance of certain taxa was calculated by Pearson’s correlation tests and False 
Discovery Rate (FDR) method.  
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Results and Discussion 

1 Identification of Nordic microalgae able to grow on municipal 
wastewater 

 

Fig. 8.0 Schematic overview of Paper I. 

1.1 Isolation of strains, sequencing and species assignment 

The aim of my work was to isolate, genetically identify and characterize 
microalgal strains with optimal potential for industrial use in Northern Sweden. 
In total, 62 unialgal strains were isolated on wastewater media from our collected 
environmental samples: 33 algal cultures originated from freshwater basins and 
the remaining 29 from wastewater treatment plants, 23 of those growing in 
municipal and 6 in industrial wastewaters (Table 1, paper I). 

Colony PCR was performed to genetically identify the different strains through 
the amplification of rRNA regions containing the molecular markers ITS-2 or 
23S. ITS-2 has been successfully used for taxonomic studies of microalgae, 
allowing the discrimination even of closely related species [169,170]; the 23S 
plastid marker has been used to discriminate multiple eukaryotic algal and 
cyanobacterial taxa [145]. PCR amplification resulted in bands of expected sizes 
for both ITS-2 and 23S regions, confirming that colony PCR also in microalgae is 
a valid alternative to the time-consuming traditional DNA extraction followed by 
PCR [171–174]. 
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In general the genetic identification and species assignment was consistent with 
the preliminary microscopic classification; concerning the 23S region, however, 
bacterial contamination in some cultures resulted in misleading bacterial 23S 
rRNA amplification, thus pointing out the major drawback using 23S primers for 
colony PCR on non-axenic cultures. Based on the preliminary BLAST search of 
the resulting sequences, 10 different microalgal genera were identified. Most of 
the Nordic isolated strains belonged to the genera Desmodesmus (22), 
Scenedesmus (18) and Chlorella (13), only few other algal species were able to 
grow in wastewater, including the genera Chlorococcum (1), Coelastrella (1), 
Coelastrum (2), Ettlia (1), Micractinium (2), Monoraphidium (1) and 
Scotiellopsis (1). Our data confirmed the high occurrence of Chlorella, 
Scenedesmus and Desmodesmus species in Swedish aquatic systems and their 
superior adaptability for growth in wastewater (paper I). Furthermore, we were 
the first to document a Coelastrella strain in Sweden. 

1.2 Phylogenetic diversity of the Nordic microalgal strains 

The preliminary classification of microalgal strains based on BLAST was 
confirmed by a phylogenetic analysis of the sequences, which also revealed 
evolutionary distances between strains belonging to the same genus (Fig. 1 in 
paper I). In general, sequencing of the ITS-2 region led to a more accurate 
phylogenetic tree, while usage of the 23S sequences often led to limited or 
incorrect annotations (e.g. the 23S sequence of any Desmodesmus species was 
missing in the NCBI database). The genus of Scenedesmus was clearly separated 
from the one of Desmodesmus in the ITS-2 tree, although the bootstrap values in 
the upstream branches were low and the resolution within these clades varied 
depending on the strain. In fact, due to intrinsic limitations of this molecular 
marker [175–177], some Scenedesmus strains (e.g. B2-2, RISE, 13-8), showing 
different morphology and biological properties, had to be assigned to the same 
species. A good separation, however, was achieved for the two Desmodesmus 
strains 2-6 and RUC-2. The taxa Coelastrella and Coelastrum were found to be 
related to the Scenedesmaceae lineage, but were separated in distinct clusters 
grouping with the local strains 3–4, RW10 and FNY, respectively. On the other 
hand, the genus Scotiellopsis could not be separated from the clade Scenedesmus, 
and grouped together with the Nordic strain UFA-2. Despite the constraints 
related to the 23S molecular marker, also the 23S phylogenetic tree could 
successfully separate the sequenced strains based on their evolutionary distance 
with high statistical confidence (high bootstrap values in most of the branches), 
and showed results consistent to those of the ITS-2 tree. The phylogenetic 
separation of the genera Chlorella and Micractinium was robust in both ITS-2 
and 23S trees, displaying high resolution within the same clades and even within 
internal branches, which allowed a good classification of the locally isolated 
strains (e.g. 13-1, B1-1, RUC-1, P9-1) within the paraphyletic Chlorella-clade 
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[170]. The species Chlorella saccharophila (or Chloroidium saccharophilum) 
formed a separated lineage and grouped together with the local strain RNY [178]. 
Finally, MC1, the only motile algal strain in our collection, was coherently 
classified within the Chlorococcum genus. 

1.3 Growth, lipid production and nutrients removal efficiency of eight 
selected microalgal strains 

Eight candidate strains were chosen for a more detailed characterization (paper 
I): Chlorella sorokiniana (B1-1), Chlorella saccharophila (RNY), Chlorella 
vulgaris (13-1), Scenedesmus sp. (B2-2), Scenedesmus obliquus (RISE), 
Desmodesmus sp. (RUC-2), Desmodesmus sp. (2-6) and Coelastrella sp. (3-4). 
These strains i) could be isolated as axenic cultures, ii) showed good performance 
and maintenance when grown in the lab, iii) covered a wide range of different 
species with evolutionary separation and distinct morphology and iv) were 
collected at different sites. The strain S. obliquus (RISE) was re-isolated from a 
pond, which 3 years earlier had been inoculated with the culture collection strain 
S. obliquus (dimorphus) UTEX 417; it was therefore used as control strain. Shape 
and morphology of the eight strains are shown in Fig. 2 in paper I. The three 
Chlorella strains (B1-1, RNY, 13-1) consisted of small (⌀ 3-7 µm) spherical single 
cells, rarely found in aggregates. The Scenedesmus strains were ellipsoidal cells 
(⌀ 4-7×10-12 µm), with B2-2 containing visible spines. The Desmodesmus strains 
displayed both an ovoidal shape with spines, but differed in cell size, with strain 
2-6 being larger (⌀ 4.5×8 µm) compared to RUC-2 (⌀ 3×6 µm). Both Scenedesmus 
and Desmodesmus species were able to form colonies (coenobia) of 2 to 4 cells, 
depending on the stage of cultivation (see also [179]). Coelastrella 3-4 was a large 
(⌀ 5-15 µm) spherical microalga reproducing by autosporulation, i.e. 2 to 8 
daughter cells were released from the mother cell wall [180]. Release of vegetative 
cells from the so-called autosporangia was observed during the exponential phase 
of cultivation in this strain. 

Fig. 8.1 (also Fig. 3 in paper I) shows the growth curve of the strains during the 
13 days of cultivation in municipal wastewater, and Fig. 8.2 (also Fig. 4 in paper 
I) their biomass production and lipid content at the end of the experiment. The 
highest cell densities were reached by the three Chlorella strains, followed by the 
control strain S. obliquus and the two Desmodesmus strains. Chlorella and 
Desmodesmus strains also showed the highest growth rates (µ > 1 d-1), despite the 
prolonged lag phase (up to 3 days) observed for C. vulgaris. The low cell density 
achieved by Scenedesmus sp. and Coelastrella sp. is explained by the large size of 
these microalgae; in microalgae cell size is inverse proportional to population 
density [181]. This also reflects the difference in maximum cell number observed 
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in the two Desmodesmus strains. The reproduction of Coelastrella via 
autosporulation further contributed to the reduced population size. 

 

Fig. 8.1 Growth curves of the eight microalgal strains (described in paper I) during municipal 
wastewater cultivation. Mean ± standard deviation. 

Despite its low population density and slow growth rate, Coelastrella was the 
highest biomass producer among the Nordic strains in wastewater, in agreement 
with previous studies [180,182]. Furthermore, its total lipid content represented 
30.80% of the biomass DW, making this strain very promising for biodiesel 
production. Also the two Scenedesmus strains and C. vulgaris produced high 
biomass (> 1 g/L). Particularly, the oleaginous microalga C. vulgaris was highly 
efficient in producing lipids (34.18% of total DW). The strains Desmodesmus sp. 
RUC-2 and 2-6 produced less biomass, but could accumulate total lipids up to 
29.80% and 34.18% of DW, respectively, desirable traits for biofuel-feedstock 
thanks to their fast growth rates. Overall, the Nordic strains Coelastrella 3-4, C. 
vulgaris 13-1 and Desmodesmus sp. 2-6 had comparable or even better 
performances than the control strain S. obliquus (RISE) in terms of doubling 
time, biomass and lipid production. Wastewater treatment was a crucial aspect 
for the evaluation of the performance of our Nordic microalgal strains. As shown 
in Fig. 5 in paper I, all the investigated microalgae could take up 92-97% of TN 
and almost 100% of TP in less than 2 weeks, species naturally occurring in the 
harsh Nordic climate therefore perform optimal when grown in municipal 
wastewater and can efficiently remove nutrients like nitrogen and phosphorous. 
Despite the relatively low content of phosphate in the local municipal wastewater 
(2-4 mg/L), efficient microalgal growth was obtained; this element seems not to 
be a limiting factor, whereas nitrogen depletion influenced both cell division and 
lipid biosynthesis as also observed in [183,184]. 
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Fig. 8.2 Biomass concentration (A) and total lipids (B) produced by the eight algal strains 
investigated in paper I at the end of cultivation (day 13) in municipal wastewater. Mean ± standard 
deviation. 

The reader should note that the eight investigated strains were cultivated in 
untreated municipal WW to mimic industrial conditions. Importantly, all of them 
could successfully outcompete other microorganisms (e.g. native microalgae, 
cyanobacteria) possibly present in wastewater (and verified during the regular 
microscopic inspections). The presence of photosynthetic microorganisms in the 
wastewater was also confirmed by incubating wastewater (without inoculum) in 
light: the medium became green after a few days. This further demonstrated the 
robustness of our Nordic strains and their potential for scaling-up in wastewater 
treatment processes. 
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2 Adaptation to Nordic climate: performances of microalgae 
grown at short photoperiod and/or low temperature 

 

Fig. 9.0 Schematic overview of Paper II. 

2.1 Growth, biomass production and nutrient removal under low 
temperature and/or limiting light conditions 

The performances of three investigated natural strains (C. vulgaris 13-1, 
Scenedesmus sp. B2-2, Desmodesmus sp. RUC-2) and the collection strain S. 
obliquus (RISE) were tested in municipal wastewater at four different cultivation 
conditions summarized in Fig. 9.1 (also Fig. 1 in paper II). 

The high biomass production under cold-stress (5°C) by our three natural strains 
is one of the most important results described in paper II, being comparable to 
that achieved under standard growth conditions. Contrarily, the growth of the 
collection strain S. obliquus was strongly inhibited at 5°C, accompanied by a lack 
of biomass accumulation and impaired photosynthesis (Fv/Fm < 0.5, Fig. S2B in 
paper II). Only when transferred to 25°C again, this stressed culture recovered 
and turned green. In this work we therefore demonstrated the superior 
adaptability of local Nordic strains to unfavourable temperature conditions, 
indicating unique traits for survival and reproduction in cold environments (as 
proposed in paper V). 
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Fig. 9.1 Growth (A, B) and nutrients removal (C, D) performances of C. vulgaris (black), 
Scenedesmus sp. (dark grey), Desmodesmus sp. (light grey) and S. obliquus (white) at different 
growth conditions in municipal wastewater (paper II). Mean ± standard deviation. Letters or 
symbols above bars: significant difference compared to standard conditions for C. vulgaris (a), 
Scenedesmus sp. (b), Desmodesmus sp. (d), S. obliquus (d) (two sample t-test or Welch's two sample 
t-test, α=0.05); *significant difference between two algae strains grown at the same condition, 
**significant difference between one algal strain and all the others grown at the same condition 
(ANOVA followed by Tukey's post-hoc test, α=0.05). 

Cold-stress, however, significantly reduced the growth rates, in agreement with 
the Arrhenius model, resulting in longer cultivation times (Fig. S1B in paper II). 
In addition to biomass accumulation, the three natural strains were able to 
efficiently remove nitrogen and phosphate from wastewater at low temperature, 
with abatements higher than 90%, whereas the control strain showed poor 
removal (< 30%). To the best of our knowledge, this is the first report of 
microalgal strains able to completely remove nitrogen and phosphate from 
municipal wastewater at very low temperature, making our local strains unique 
and suitable for cultivation in cold regions. 

The second important observation from this work was the strong effect of reduced 
light on microalgal performances; a short photoperiod inhibits algal growth far 
more than low temperature. Both algal growth rates and biomass concentration 
were strongly inhibited when our microalgae were cultivated under a photoperiod 
of only 3 h light/day. The adaptation to dark-stress, however, was species specific: 
both Scenedesmus strains and Desmodesmus progressively started to grow after 
approx. 20 days of growth in short photoperiod (Fig. S1C in paper II), coherently 
with the recovery of the photosynthetic activity (Fig. S2C in paper II). Growth 
and photosynthesis of C. vulgaris, however, was completely suppressed, very low 
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Fv/Fm values were recorded and, interestingly, flocculation of the culture 
occurred. As reviewed in paper V, limited irradiance can induce a dormancy 
state in microalgae, in which both cell division and metabolic rate are slowed 
down. This state allows cells to survive with minimal requirements and preserve 
energy for a fast recovery, when light conditions improve. Such a behaviour was 
observed in our natural C. vulgaris strain, flocculation progressively reverted and 
cells started to actively divide after transferring the flocculated culture to 
continuous light (Fig. S4B-C in paper II). Overall, Desmodesmus showed the 
best tolerance to the prolonged dark period, producing only 55% less biomass 
compared to standard conditions, whereas biomass concentration of the other 
strains was reduced by more than 70%. Despite the slow growth, the short 
photoperiod appeared not to limit nutrient assimilation of the acclimated strains: 
the efficiency of wastewater treatment was high (> 80% TN, > 70% TP), with 
Scenedesmus sp. performing best. Its removal rates were comparable to those 
obtained under standard and cold-stress conditions, in agreement with a recent 
study [185]. Oppositely, high nutrient levels were still detected in wastewater 
medium used to grow C. vulgaris, confirming the inability of this strain to cope 
with short light. 

Surprisingly, C. vulgaris performed best of all four strains in moderate winter 
conditions, when the temperature was raised to 15°C and the photoperiod 
extended to 6 h light/day. These conditions aimed to mimic wastewater 
temperature and natural photoperiod during autumn/winter in Nordic countries. 
A biomass production of 0.5 g/L was reached in C. vulgaris and removal of 
nitrogen and phosphate was almost complete, further suggesting the photoperiod 
to be the limiting factor in this local strain. Growth rates remained rather low in 
all the microalgal strains, but the initial lag phase was shorter than during short 
light conditions (Fig. S1D in paper II). Good nutrients assimilation was also 
observed for Scenedesmus sp. B2-2 and Desmodesmus RUC-2 (> 80%), but not 
for S. obliquus, further confirming the sensitiveness of this strain to low 
temperature. Overall, our results pointed to a species-specific synergistic effect of 
temperature and day-length on algal physiology, in accordance with previous 
investigations [186,187]. 

2.2 Changes in biomass composition induced by low temperature and 
short photoperiod 

The phenotypic plasticity of our Nordic Scenedesmus sp. and Desmodesmus sp. 
strains under different culturing conditions was another important observation 
described in paper II, while no visible morphological changes were detected in 
C. vulgaris. In response to cold-stress, these microalgae showed increased cell 
volume (Atkinson’s temperature size rule [188]), changes in shape from ovoidal 
to nearly round, reduced colony formation and appearance of granules or vesicles 
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within a disorganized cytoplasm (Fig. 9.2, also Fig. 2 in paper II). These features 
have also been observed in the model green alga Chlamydomonas reinhardtii 
grown at 5°C, accompanied by remodelled membranes and increased expression 
of genes encoding enzymes involved in carbohydrate biosynthesis [189]. FTIR 
analysis confirmed an accumulation of carbohydrates in our strains (Fig. 3 in 
paper II), the characteristic granules observed in their cytosol therefore most 
likely represent accumulations of starch as storage product. As discussed in 
paper V, increased expression of Calvin cycle enzymes, leading ultimately to 
accumulation of sugars, is an adaptation strategy: a higher photosynthetic sink 
capacity helps to cope with the energy imbalance at low temperature. 

 

Fig. 9.2 Morphological changes observed by light microscopy in Scenedesmus sp. (A–C) and 
Desmodesmus sp. (D–F) grown at standard (A, D), cold-stress (B, E) or dark-stress (C, F) conditions 
(paper II). Magnification 400×. 

Notably, continuous cold-stress did not induce lipid production in our algae; the 
amount of total lipids measured both by lipid extraction and gravimetric 
determination and by FTIR spectroscopy (Fig. 3 in paper II) was significantly 
lower than in standard conditions. Only a prolonged cultivation time resulted in 
higher lipid content in Scenedesmus sp. compared to standard conditions, 
induced by nutrient starvation rather than by low temperature. Still, the FTIR 
spectra measured on cold-stressed microalgae differed in the lipid-associated 
region compared to those received from algae grown at standard conditions, the 
lipids therefore might differ in chain length and/or saturation levels of their fatty 
acids (Fig. S5 in paper II). Accumulation and incorporation of unsaturated fatty 
acids and polar lipids into cell membranes is a common cold-stress adaptation 
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strategy to regulate the membrane fluidity (reported in paper V). The FTIR 
spectra of biomass from Scenedesmus grown at low temperature also displayed 
significant changes in the spectral area related to proteins. Modifications of the 
proteome imply metabolic changes in this microalgal strain. 

 

Fig. 9.3 Colour of the microalgal cultures after growth at 5°C (paper II). A) C. vulgaris; B) 

Scenedesmus sp.; C) Desmodesmus sp.; D) S. obliquus. 

Species specific changes of pigmentation (Fig. 9.3) compared to standard 
conditions were found to include reduced amounts of chlorophyll and increased 
carotenoid/chlorophyll (Car/Chl) ratios. The Nordic Scenedesmus and 
Desmodesmus strains turned olive green and yellow, respectively, already after 
very short exposure to cold-stress (Table 1 in paper II). As documented in paper 
V, the concomitant decrease of chlorophyll and increase of carotenoid content are 
caused by a diminished light-harvesting antenna, leading to better energy-
balance under low temperature and increased photoprotection against reactive 
oxygen species (ROS). However, C. vulgaris displayed an even higher chlorophyll 
content and lower Car/Chl ratio during cold-stress compared to standard 
conditions, the culture stayed green up to the stationary phase. This microalga 
therefore seems able to quench excess light energy in an alternative way. 

Cultivated under short photoperiod, the morphology of Scenedesmus and 
Desmodesmus completely differed to cold-stress: the microalgal cells had a 
significantly reduced volume, presented organized cytosols with visible pyrenoid 
and did not contain starch granules (Fig. 9.3, also Fig. 2 in paper II). At these 
growth conditions the biosynthesis of both carbohydrates and lipids was reduced, 
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pointing out the fundamental role of light in the accumulation of these storage 
products. FTIR analysis of the biomass revealed the algal biosynthetic pathway to 
be directed towards protein production (Fig. 3 in paper II). Very likely the 
expression of photosynthetic proteins was induced to optimise the efficiency of 
light harvesting under limited light conditions (paper V). Indeed, increased 
pigmentation, i.e. a very high chlorophyll content, was observed especially in the 
two Scenedesmus strains (Table 1 in paper II). In C. vulgaris the pigment 
content was higher during growth in moderate winter conditions compared to the 
3 h-photoperiod, further confirming the light dependence of this strain. 

3 Microbial interactions: co-cultivation of Chlorella vulgaris 
and Rhizobium sp. for improved municipal wastewater 
treatment 

 

Fig. 10.0 Schematic overview of Paper III. 

3.1 Identification of bacterial strains associated with six Nordic 
microalgae 

Several of our Nordic microalgae were naturally associated with bacteria. These 
microorganisms were originally co-isolated from the same sampling site and 
resulted in difficulties of culturing axenic (i.e. bacteria-free) microalgae. A 
possible interaction between algae and bacteria was therefore hypothesized. A 
genetic screening was performed to identify the bacteria contaminating six of our 
Nordic microalgal cultures (C. vulgaris 13-1, S. obliquus 13-8, Monoraphidium 
sp. B1-2, Scotiellopsis sp. UFA-2, Ettlia sp. FNY-2 and Coelastrum astroideum 
RW10). The 16S rRNA region of the isolated bacteria was successfully amplified 
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through PCR and sequenced. The resulting identified bacterial species, based on 
BLAST search, are reported in Table 3. 

Table 3. Species assignment (BLAST) and the corresponding identity percentage for bacterial strains 
associated with six Nordic microalgae. 

Associated 
microalga 

Algal strain ID BLAST result Identity 

C. vulgaris 13-1 Rhizobium sp. 1392/1395 (99%) 

S. obliquus 13-8 
Stenotrophomonas 
malthophilia 

1439/1452 (99%) 

Monoraphidium sp. B1-2 
Pseudomonas 
mendocina 1451/1466 (99%) 

Scotiellopsis sp. UFA-2 
Uncultured 
bacterium 

1445/1464 (99%) 

Ettlia sp. FNY-2 
Rhodococcus 
erythropolis 1443/1452 (99%) 

Coelastrum 
astroideum 

RW10 
Uncultured 
bacterium 

1378/1406 (98%) 

Three of the identified bacteria belonged to the Proteobacteria phylum: while 
Rhizobium sp. (associated with C. vulgaris) belongs to the Alphaproteobacteria 
class, Stenotrophomonas malthophilia and Pseudomonas mendocina 
(associated to S. obliquus and Monoraphidium sp., respectively) are 
Gammaproteobacteria. The gram-positive bacterium Rhodococcus erythropolis, 
belonging to the Actinobacteria phylum, was found to associate with Ettlia sp. 
We were not able to classify the bacterial species associated with Scotiellopsis sp. 
and Coelastrum astroideum, their highest score in the BLAST alignment was to 
“uncultured bacteria”. Their highest sequence similarity to an identified species 
was received for Aquimonas sp. (98%) (Scotiellopsis sp.) and Rhizobium sp. 
(97%) or Agrobacterium (98%) (Coelastrum astroideum). 

A co-culture of C. vulgaris-Rhizobium sp. (Fig. 10.1a and 10.1c) was chosen for 
further analysis (described in paper III), because this microalgal strain was 
identified as one of the best candidates for municipal wastewater treatment based 
on the results described in paper I and II. Rhizobium is known to promote the 
growth of various microalgae, including C. vulgaris, in carbon-free mineral 
media [112]. We aimed to elucidate the optimal growth conditions maximizing 
this species-specific interaction in synthetic wastewater medium. Further we 
wanted to study the effect of the co-cultivation on microbial growth and biomass 
production and on wastewater treatment efficiency (paper III). Axenic cultures 
of C. vulgaris and Rhizobium sp. were obtained from the co-culture (Figs. 10.1b 
and d) and used as controls. 



 

45 

 

Fig. 10.1 a) C. vulgaris-Rhizobium sp. co-culture in liquid medium (magnification 400×); b) Isolated 
Rhizobium colonies on agar medium; c) Colony of C. vulgaris culture in association with Rhizobium 
and d) colony of axenic C. vulgaris culture on agar medium. Magnification 100×. 

3.2 Effect of Rhizobium sp. on C. vulgaris under photoautotrophic, 
heterotrophic and mixotrophic conditions 

Growth as well as CO2 and nutrient assimilation of the microalga in carbon-free 
medium (BG11) in presence or absence of the bacterium was tested under 
photoautotrophic (P) conditions as control. Metabolic activity of Rhizobium (B) 
was negligible under these autotrophic conditions, but was supported by the 
photosynthetic oxygenation of Chlorella in the co-culture (AB) (Fig. 10.2 and also 
Fig. 1 in paper III). Significantly lower CO2/higher O2 concentrations were 
measured in the co-culture compared to the axenic algal culture (A) up to 48 h, 
while no changes in gas concentration were detected in the axenic bacterial 
culture (B). 
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Fig. 10.2 CO2 (a-c) and O2 (d-f) concentrations in axenic cultures of C. vulgaris, Rhizobium sp., and 

in the co-culture during photoautotrophic (a, d), heterotrophic (b, e) and mixotrophic (c, f) 

cultivation (paper III). Mean ± standard deviation. Letters close to data points: significant difference 

between the co-culture and algal (a) or bacterial (b) axenic cultures (ANOVA followed by Tukey's post-

hoc test, α=0.05). 

The respiratory activity of Rhizobium in AB was further confirmed by lower pH 
values measured in the medium compared to A (Fig. 2 in paper III), and by the 
increased number of bacterial cells: at day 2, when the algal cell number had 
increased, the bacterial cell number doubled concomitantly (Fig. 10.3, also Fig. 3 
in paper III). On the other hand, the microalgal cell concentration was 
comparable in both A and AB, the growth of C. vulgaris therefore did not 
significantly improve in the co-culture at photoautotrophic conditions. Also the 
biomass production was similar in A and AB at the end of the experiment, 
indicating commensalism of Rhizobium. 

Growth in synthetic wastewater (SSW) was evaluated in absence (heterotrophic, 
H) or presence (mixotrophic, M) of light. All three cultures could grow 
heterotrophically in darkness (Fig. 10.3), however, axenic Chlorella, exhibited the 
lowest respiration activity (Fig. 10.2). The reader should be reminded that the 
same strain was flocculating under a 3h light/day photoperiod in real wastewater 
(paper II). O2/CO2 evolution in AB and B was similar. Because number of 
microalgal cells, growth rate and biomass concentration were higher in A than AB 
(Table 1 in paper III), Rhizobium seemed to outcompete Chlorella at 
heterotrophic conditions. Comparing the carbohydrate region (900-1200 cm-1) of 
the FTIR spectra obtained from A and AB, this competition regards the available 
carbon sources (Fig. 4 in paper III). 
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Fig. 10.3 Cells number (a-c) and biomass concentration (d-f) of axenic cultures of C. vulgaris, 
Rhizobium sp. and the co-culture during photoautotrophic (a, d), heterotrophic (b, e) and 
mixotrophic (c, f) cultivation (paper III). Mean ± standard deviation. Letters or symbols close to 
data points: significant difference in n. of cells between algal (a) or bacterial (b) axenic cultures and 
the co-culture under the same growth condition; *significant difference in biomass concentration 
between axenic cultures and the co-culture grown under heterotrophic and mixotrophic conditions 
(two sample t-test, or Welch's two sample t-test, α=0.05); significant difference in biomass 
concentration between algal (a) or bacterial (b) axenic cultures and the co-culture under the same 
growth condition (ANOVA followed by Tukey's post-hoc test, α=0.05). 

Very interesting results were achieved under mixotrophic growth. As shown in 
Fig. 10.2, the axenic Chlorella culture performed only photosynthesis, no CO2 
evolution was observed. Our Nordic microalga therefore seems not to be able to 
switch to heterotrophy in the presence of light. Carbon partitioning is known to 
be strain-specific and dependent on culturing conditions, a conclusion which is 
supported by our findings described in paper II and is in agreement with 
observations by Rosenberg and co-workers investigating different Chlorella 
species [190]. The photosynthetic rate of our Nordic Chlorella culture, however, 
was much lower under mixotrophic growth than in the photoautotrophic 
experiment. The limiting CO2 concentration in the headspace of the bottle 
(composed of atmospheric air) supported inorganic carbon (IC) uptake from the 
SSW medium (Fig. 2 in paper III). During the first 24 h, CO2 production/O2 
consumption were observed in AB, probably the result of a high respiratory 
activity of Rhizobium compensating the photosynthetic activity of Chlorella in 
the co-culture. In the following hours, a gradual increase in O2 and consumption 
of IC in the medium pointed to a decreased bacterial activity, while the 
photosynthetic metabolism took over in the system. All these observations were 
in agreement with the pH values measured in the medium (Fig. 2 in paper III). 
The higher number of microalgal cells in AB compared to A confirmed the growth 
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promoting effect of Rhizobium on Chlorella under mixotrophic conditions. The 
higher number of bacteria found in the co-culture within the first 24 h further 
suggested an initial beneficial effect of the microalgae on the bacterial activity 
(Fig. 10.3c). This growth promotion resulted in a 3-fold higher biomass 
production of the co-culture compared to the axenic cultures. Based on our 
results, we propose this mutualistic relationship to be mediated by CO2/O2 
exchanges between the microorganisms. The respiration performed by 
Rhizobium maintains the pH of the medium at lower values and therefore 
indirectly promotes mutualistic growth. Additionally the transfer of metabolites, 
such as hormones, vitamins and even volatiles compounds, could have 
contributed to this species-specific synergistic interaction; these compounds are 
generally produced by bacteria and have been shown to act as stimulatory 
substances in microalgae [91,191–193]. Not only growth, but also lipid 
accumulation in C. vulgaris was stimulated by Rhizobium in mixotrophic 
conditions, based on the FTIR analysis on AB biomass (a sharp peak at 1745 cm-

1). GC analysis of the extracted lipids revealed a 5.2% DW TAGs content in the co-
culture after only 4 days of cultivation (a 13-fold higher productivity compared to 
the axenic microalgal culture) with oleic (C18:1), linoleic (C18:2) and palmitic 
(C16:0) as most abundant fatty acids (Fig. 4 in paper III). 

3.3 Nutrient removal from synthetic wastewater 

Sterile synthetic wastewater was used in the experiments described in paper III 
to minimize uncontrolled factors (e.g. variable chemical composition, toxic 
compounds or microorganisms likely present in real wastewater) and to avoid 
biased results in our batch experiments. Still synthetic wastewater mimics the 
nutrient concentrations as well as the C:N:P ratio typically found in municipal 
wastewaters [155,156]. 

Under photoautotrophic growth C. vulgaris released organic carbon into the 
medium, most likely due to cell decay and possibly also via extracellular secretion 
(Fig. 10.4a, also Fig. 5 in paper III). Similarly, in naturally aquatic systems, the 
dissolved organic carbon is produced by phytoplankton and then metabolized by 
bacteria in the microbial food chain [194]. Thus, the production of organic carbon 
explained the bacterial activity retained in the co-culture, as it represents the only 
energy source for Rhizobium in BG11 medium. Lower TOC values measured in 
AB compared to A confirm that its consumption further support the bacterial 
commensalism. Chlorella was able to remove up to 50 mg/L of nitrogen (TN) in 
both A and AB, and performed luxury uptake of phosphate (TP), which allows the 
cells to store this essential nutrient until the external supply of phosphorus 
becomes limiting [37]. 
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Fig. 10.4 Concentrations of total organic carbon (TOC, a-c), total nitrogen (TN, d-f) and total 

phosphate (TP, g-i) in axenic cultures of C. vulgaris, Rhizobium sp. and in the co-culture during 

photoautotrophic (a, d, g), heterotrophic (b, e, h) and mixotrophic (c, f, i) cultivation (paper III). 

Mean ± standard deviation. Letters or symbols close to data points: significant difference between 

algal (a) or bacterial (b) axenic cultures and the co-culture under the same growing condition (ANOVA 

followed by Tukey's post-hoc test, α=0.05); *significant difference between axenic cultures and the 

co-culture grown under heterotrophic and mixotrophic conditions (two sample t-test, or Welch's two 

sample t-test, α=0.05). 

TOC was rapidly removed (within 48 h) from the synthetic wastewater in all the 
three systems during heterotrophic growth, and only in B and AB during 
mixotrophic cultivation. In the presence of light, the axenic Chlorella culture did 
not take up glucose or the biodegradable organic matter present in peptone and 
meat extract (Fig. 10.4c), further confirming the non-mixotrophic nature of this 
strain. Maximal TOC removal was observed under heterotrophic conditions in all 
systems (83% A, 84% B, 79% AB), but significantly differed between the systems 
under mixotrophic conditions (7% A, 81% B, 65% AB) (Fig. 10.5, also Table 1 in 
paper III). TOC removal in the co-culture was faster compared to the axenic 
bacterial culture under mixotrophic conditions (Fig. 10.4); TOC concentrations, 
however, reached a steady level after 24 h, probably due to microalgal organic 
matter production. 
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Fig. 10.5 Maximum removal (%) of total organic carbon (TOC), total nitrogen (TN) and total 

phosphate (TP) in axenic cultures of C. vulgaris, Rhizobium sp. and in the co-culture during 

heterotrophic and mixotrophic cultivation in synthetic wastewater (paper III). Mean ± standard 

deviation. 

TN was efficiently removed from synthetic wastewater under heterotrophic 
conditions (65% A, 50% B, 59% AB), with concentrations generally below 20 
mg/L. Interestingly the removal rate was faster in B and AB compared to A, 
suggesting nitrogen assimilation to be connected to the efficiency of the 
respiratory activity [195]. Phosphate removal was, however, mainly driven by 
Chlorella, but at lower rate: complete P removal was achieved in A and AB, but 
only after 70 h (Fig. 10.4 and 10.5). 

During mixotrophic cultivation, TN removal was comparable in B and AB (57% 
B, 56% AB), but poor consumption was observed in the axenic microalgal culture 
(15% A). Similarly, TP was only completely removed in the co-culture within 24 
h, whereas limited removal was obtained in the axenic cultures (56% A, 47% B) 
(Fig. 10.4 and 10.5). These results confirmed the stimulatory effect of Rhizobium 
on microalgal metabolism under mixotrophic conditions. 
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4 Microbial population dynamics during microalgal-based 
municipal wastewater treatment in Northern Sweden: a 
metabarcoding study  

 

Fig. 11.0 Schematic overview of Paper IV. 

The collection strain Scenedesmus obliquus/dimorphus UTEX 417 (also used as 
control strain in the experiments described in paper I and II) had been chosen 
for microalgal cultivation and wastewater treatment in our small (880 L) pilot-
scale high-rate algal pond (HRAP), which is placed in a greenhouse on top of the 
Dåva cogeneration heat and power plant, Umeå, Sweden, in 2015 (Fig. 7). The 
aim of this research was to understand the stability of the inoculated strain during 
wastewater reclamation over the whole growth season. During the cultivation 
period in municipal wastewater, other microorganisms were expected to colonize 
the system and co-grow with the inoculated microalga, or, in the worst case, take 
over and replace it. The high-throughput metabarcoding of 18S and 16S rRNA 
genes in 58 samples collected from May to November revealed the taxonomic 
composition of these microbial communities and their variation along the season. 

4.1 Taxonomic composition of eukaryotic and prokaryotic 
communities in the photobioreactor 

Fig. 11.1A (also Fig. 1A in paper IV) shows the relative abundance (RA) of the 
different phytoplankton orders and genera identified in the photobioreactor in 
the selected 58 samples. As expected, most abundant was the microalgal order of 
Sphaeropleales (up to 99% RA), containing S. dimorphus, but also the genera 
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Desmodesmus and Characium. It was followed by the order of Chlorellales (up 
to 58% RA) with the genera Chlorella and Oocystis, and the order of 
Eustigmatophyceae (up to 34% RA), in which Pseudocharaciopsis is a prevalent 
genus. The golden-brown algae Spumella and Pharaphysomonas, belonging to 
the order of Chrysophyceae (up to 5% RA), were identified in few samples. 

 

Fig. 11.1 Community of eukaryotes present in the HRAP along the cultivation period (paper IV). A) 
Orders and genera of phytoplankton; B) Phyla of zooplankton and fungi. 

Desmodesmus and Chlorella, together with Scenedesmus, are the most recurrent 
microalgal genera in municipal wastewater in Sweden, with good adaptability to 
the harsh Nordic climate conditions (Fig. 11.1, paper I and II). Interestingly, the 
microalgae Pseudocharaciopsis and Characium, which we had not identified 
previously (paper I), seems to have acted as competitor to S. dimorphus during 
different cultivation periods. To the best of our knowledge, these genera have not 
been identified and characterized earlier in municipal wastewater. 

The appearance of zooplankton in the photobioreactor changed the dynamics of 
the eukaryotic community structure (Fig. 11.1B, also Fig. 1B in paper IV). These 
organisms, mainly acting as grazers or parasites of phytoplankton (especially of 
S. dimorphus), strongly colonized the HRAP during the summer months with 
relative abundance of up to 50%. Members of the groups Opisthokonta, Alveolata 
and Rhizaria, ciliates (Oligohymenophorea, Spirotrichea, Litostomatea classes), 
amoeboids (Cercozoa phylum), but also multicellular organisms (Rotifera, 
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Annelida, Nematoda phyla) were highly abundant zooplanktonic species in the 
HRAP, accompanied by fungi (phyla of Cryptomycota, Chytridiomycota, 
Ascomycota). 

As shown in Fig. 11.2 (also Fig. 3 in paper IV), the phylum Proteobacteria (up 
to 87% RA) dominated the bacterial community in all samples during the whole 
growing season. Several members within the classes Alpha-, Gamma-, Beta- and 
Deltaproteobacteria, in order of abundance, were detected. Other major phyla 
were Firmicutes (up to 57% RA), Bacteroidetes (up to 41% RA) and 
Actinobacteria (up to 22% RA), which, together with Preoteobacteria, have been 
frequently observed in wastewater treatment systems, where they are actively 
involved in the degradation of organic matter and removal of nutrients [196–
199]. Minor bacterial phyla found in few samples were Parcubacteria (up to 33% 
RA), Saccharibacteria (up to 14% RA), Chloroflexi and Planctomycetes (both up 
to 11% RA). Interestingly, Cyanobacteria (up to 8% RA) only appeared in the 
second half of the cultivation period (end of July), thus representing a small 
fraction of the bacterial community. 

 

Fig. 11.2 Community of bacterioplankton in the HRAP along the cultivation period (paper IV). 
Detected phyla are shown in the upper panel; classes within the most abundant phylum 
Proteobacteria are presented in the lower panel. 

Archaea were identified in the selected samples amplified with the 515’F-805R 
primers pair (see Material and Methods 2.2) and the major orders included all 
methanogens: Methanosarcinales, Methanomicrobiales, Methanobacteriales 
and Thermoplasmatales. Archaea are known to interact with bacteria in 
wastewater treatment systems and contribute to processes of 
nitrification/denitrification and mineralization of organic matter [197]. As only 5 
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samples were investigated for the presence of archaea, these microorganisms 
were not included in the downstream analyses. 

4.2 Seasonal variation of microbial communities in the 
photobioreactor 

The variation of microbial populations in a sample is defined by the “alpha-
diversity”, which takes into account both species richness (number of different 
species) and evenness (similarity in their abundances). In this work, the alpha-
diversity for eukaryotic and prokaryotic communities growing in the 
photobioreactor (Fig. 2 and 4 in paper IV, respectively) was calculated and 
expressed by the Shannon Index (SI) [200]. 

For eukaryotes, the initial low alpha-diversity (SI < 1) confirmed the robustness 
of S. dimorphus during the batch-mode cultivation period, though Desmodesmus 
was already present in the system. An increase in diversity was observed first in 
June, when species belonging to the class Eustigmatophyceae appeared, and 
later, from the end of July, when a high abundance of zooplankton and 
subsequent colonization of other microalgal species (especially Chlorella and 
Characium) occurred. The highest alpha-diversity (SI > 2) was reached in August, 
when abundance and biomass concentration of phytoplankton in the HRAP were 
lowest due to uncontrolled contamination by grazers. S. dimorphus reacted 
highly sensitive to grazers (first fungi and later ciliates and rotifers) and almost 
disappeared from the photobioreactor. Parasitic infections by members of the 
fungal groups Cryptomicota and Chytridiomycota, and especially by the fungal 
species Amoeboaphelidium protococcarum, has earlier been shown to be 
deleterious particularly for the genus Scenedesmus, causing high losses in open 
pond systems [201,202]. These fungi were very abundant in our HRAP from July 
to September, together with the rotifer species Brachionus calyciflorus, another 
important microalgal predator [203]. Abundance of the original microalga 
increased again from late September, but the alpha-diversity remained relatively 
high (1 < SI < 2) for the remaining season; other competing microalgal species, 
especially Desmodesmus, Characium, Chlorella and Oocystis, were abundant in 
the system during autumn. 

The alpha-diversity of prokaryotes progressively decreased during the first part 
of the season (SI < 3); specific communities established during the batch-mode 
cultivation and thus reduced microbial diversity. Starting from July, the switch to 
a semi-continuous system (i.e. culture harvesting) completely disrupted the 
bacterial equilibrium provoking a strong increase in alpha-diversity (SI up to 6). 
However, high prokaryotic diversity has been shown to be beneficial for the 
overall treatment performance of HRAPs [204]. 
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NMDS plots were used to identify seasonal trends in the microbial communities 
based on their taxonomic composition (Fig. 11.3). Within the eukaryotes, 
phytoplankton and zooplankton were considered separately. Microalgal 
composition only partially correlated with time of cultivation, no distinct clusters 
were detected. Samples collected in the first (May, June, July) and second half of 
the season (from August) were separated, but many samples from these two 
cultivation periods still clustered together (Fig. 11.3a, also Fig. 2B in paper IV). 
This non-linear pattern was expected in a system inoculated with a monoalgal 
culture of S. dimorphus, its massive introduction into the system (i.e. initial 
inoculum) clearly biased the seasonal distribution of the phytoplankton. The 
seasonal succession of zooplankton and bacteria was, conversely, much more 
defined as most of the samples clustered according to the season (Figs. 11.3B and 
11.3C, also Figs. 2C and 4B in paper IV), suggesting the composition of these 
communities to be driven by specific environmental or nutritional factors. 

 

Fig. 11.3 Seasonal changes of (A) phytoplanktonic, (B) zooplanktonic (including fungi) and (C) 
bacterial communities in the HRAP based on their taxonomic composition (paper IV). Red triangles: 
May; Orange triangles: June; Green triangles: July-August-September; Blue triangles: October-
November. 

4.3 Influence of the environmental factors on the microbial 
composition in the photobioreactor 

Physical, chemical and biological parameters in the HRAP were analysed during 
the cultivation period to monitor its performance (Fig. S2 in paper IV). Since 
changes of the environmental factors influence the microbial population in the 
photobioreactor, these data were related to the alpha-diversity in the samples 
(Fig. 11.4, also Fig. 5 in paper IV) and to specific taxonomic groups (Table S6 in 
paper IV). 

The average daily temperature inside the pond was above 15°C for most of the 
season; below 9°C it did not drop even during the coldest days, when outdoor 
temperatures went below zero. In summer, between July and September, the 
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recorded temperatures were higher (> 20°C), but heat was efficiently dissipated 
by opening the roof windows of the greenhouse, thus maintaining the 
temperature of the culture close to optimum for algal growth [36]. The 
(controlled) temperature did not significantly correlate to the appearance or 
disappearance of any taxonomic group (Table S6 in paper IV), even though the 
outdoor temperature could have influenced the appearance of specific 
microorganisms in the photobioreactor. Indeed, zooplankton and bacterial 
populations displayed a strong seasonal variation, as previously discussed. 
Besides the seasonal changes of the light intensity, many cloudy days in June, 
July and September resulted in reduced light irradiances, pointing out the fact 
that the available solar energy to support photosynthetic algal growth can 
profoundly change in different years. Low irradiance in the last part of the season 
seemed to promote higher microbial diversity in our system, in agreement with 
data from other researchers [205,206]. The solar energy content was found to be 
negatively correlated to the appearance of members of Actinobacteria and 
Deltaproteobacteria and positively correlated to that of some 
Alphaproteobacteria (Table S6 in paper IV). The class of Alphaproteobacteria 
includes many phototrophic microorganisms equipped with photosynthetic 
pigments, which utilize light as energy source in anoxygenic photosynthetic 
reactions [207,208]; in agreement, these bacteria were particularly abundant 
during spring and summer in our photobioreactor. Light and temperature 
significantly (p > 0.5) positively correlated with the microbial diversity of 
zooplankton and bacteria in samples collected in spring and summer and 
negatively correlated with that of samples collected in autumn (Fig. 11.4B and 
11.4C); these two variables positively correlated to each other, indicating a 
synergetic effect on these microbial communities. Conversely, no significant 
correlation between light or temperature and the phytoplanktonic community 
composition was observed (Fig. 11.4a), thus changes in the microalgal population 
were mainly driven by other factors, e.g. the appearance of predators and 
parasites in the system. 

The pH of the wastewater was efficiently controlled by CO2 addition (i.e. flue gas) 
and generally ranged between 7 and 9, optimal values for microalgal growth. 
Higher or lower pH values were recorded only on few days due to limited or 
excessive flue gas addition, with the aim to reduce the amount of grazers in 
September or at the end of the growth season. The concentration of dissolved 
oxygen (DO) varied along the cultivation time: high values (DO > 10 mg/L) were 
recorded especially at the beginning of the season, in May and June, indicating 
high photosynthetic activity, and later, between September and October. The 
oxygen concentration dropped in July and mid-September. Similarly, DO 
concentrations positively contributed to the second component of the NMDS plot 
for the bacterial population, where correlated mostly to the microbial diversity of 
samples collected in June, October and November (Fig. 11.4C).  
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Fig. 11.4 Correlation between microbial alpha-diversity and environmental factors for a subset of 

samples collected from spring to autumn. (A-C) NMDS plots for (A) phytoplankton, (B) zooplankton 

and (C) bacteria fitted with light intensity, temperature, dissolved oxygen; (D-F) NMDS plots for (D) 

phytoplankton, (E) zooplankton and (F) bacteria fitted with ammonium, nitrate, orthophosphate. 

Red triangles: May-June-July; Yellow triangles: August-September; Green triangles: October-

November. Red and blue arrows indicate significant and not significant correlations, respectively, at 

α = 0.05. Significances (Pr>r) are based on random permutation tests of the data. 

The appearance of many Alpha-, Beta- and Gammaproteobacteria was positively 
correlated to DO concentrations and negatively to the pH (Table S6 in paper IV). 
Possibly, these bacteria associated with or benefited from the presence of 
microalgae producing photosynthetic oxygen; high pH values, however, were 
detrimental for these microbial species, thus an efficient buffering system (e.g. 
flue gas addition) is important not only to sustain the microalgae, but also their 
co-growing bacteria. 

To evaluate the removal of nutrients by microalgae, the cultivation mode of the 
HRAP needs to be considered. Initially, the microalgae were cultivated in batch 
mode, lasting until the end of June. Thus, no wastewater was added or removed 
from the photobioreactor during the first two months of the season. This allowed 
the original inoculated microalga to reproduce and dominate the system, since 
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external contamination was limited, and high biomass accumulation was 
achieved (OD750 > 1) due to the lack of dilution (Fig. S2 in paper IV). Indeed, 
correlating the appearance of eukaryotes to the concentration of biomass, a 
positive correlation only was observed for S. dimorphus, displaying the important 
contribution of this strain for the biomass productivity of the HRAP (Table S6 in 
paper IV). A positive correlation was also found for various members of 
Alphaproteobacteria and Actinobacteria, further confirming their importance 
for microalgal-growth promotion. During this initial phase, ammonium, nitrate 
and orthophosphate were efficiently removed from the wastewater, as a result of 
the efficient algal growth. A semi-continuous cultivation was later applied in the 
HRAP: one third (or one fifth) of the culture was harvested and the remaining 
biomass was diluted with new wastewater. The biomass concentration, which had 
been initially stabilized around OD750 values of 0.5, declined consistently in 
summer due to harvest, but also as a consequence of contamination by parasites 
and grazers. In the very last part of the growth season it declined probably due to 
the limited availability of light (Fig. S2 in paper IV). The reduction of biomass 
was accompanied by a progressive change in the colour of the algal culture and 
additionally by algal flocculation. The degradation of ammonium remained 
rather efficient (NH4+ < 15 mg/L), even during autumn. Only during few days in 
July and September, the concentration of ammonium was found relatively high, 
caused probably by reduced bacterial oxidation activity under lower oxygen 
concentrations. Cell decay, due to algal biomass losses, and subsequent bacterial 
mineralization of organic nitrogen, could also have contributed to the increased 
levels of NH4+, which in turn, can have a toxic effect on microalgal photosynthesis 
[209]. The ammonium concentration did not significantly correlate to changes in 
composition of the microbial communities (Figs. 11.4D-F), but low ammonium 
concentrations correlated with an increase of members of Cyanobacteria, 
Alphaproteobacteria (e.g. Rhodospirillales) and Betaproteobacteria (e.g. 
Nitrosomonadales) taxa (Table S6 in paper IV), indicating a specific role of 
these microorganisms in ammonium oxidation or assimilation. The 
accumulation of nitrate and phosphate in the medium at the end of the cultivation 
period, when relatively low algal biomass was measured, clearly indicates the 
primary role of microalgae for the removal of nitrogen and phosphorus from the 
wastewater. The concentrations of nitrate and orthophosphate were positively 
correlated to each other independent of the microbial community studied (Figs. 
11.4D-F), and both negatively correlated with the microbial composition of 
samples collected in spring, when nutrient consumption was higher. Significant 
positive correlations were also found between concentration of nitrate and the 
appearance of bacteria of the family Methylococcales (Gammaproteobacteria) 
(Table S6 in paper IV), which are nitrate-dependent methane oxidizers [210]. 
Finally, the phosphate concentration positively correlated to an increase of the 
relative abundance of members of Actinobacteria, Proteobacteria and 
Cyanobacteria (Table S6 in paper IV), possibly indicating a role of these 
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microorganisms in mineralizing organic phosphorus into inorganic and soluble 
forms, suitable for algal nutrition. 

  



 

60 

Conclusions and future directions 

The main purpose of this thesis was to investigate the potential of Nordic 
microalgae for biomass generation and municipal wastewater treatment in the 
subarctic climate. 

More than sixty local microalgal strains were isolated from fresh and wastewater 
streams and genetically classified (paper I): Desmodesmus, Scenedesmus and 
Chlorella were the most frequent algal genera. The eight strains characterized in 
the lab-scale experiments under standard conditions of light and temperature 
could efficiently remove nitrogen and phosphate in less than two weeks, 
demonstrating a high potential for wastewater reclamation. Among these, the 
most interesting strains were Coelastrella sp. 3-4 and Chlorella vulgaris 13-1, 
which showed high biomass and lipid production, and the two Desmodesmus 
RUC-2 and 2-6 strains, which combined fast growth rates to high lipid content. 

The efficiency of the three Nordic algal strains C. vulgaris 13-1, Scenedesmus sp. 
B2-2 and Desmodesmus sp. RUC-2 in producing biomass and treating 
wastewater under low temperatures, was superior to the culture collection strain 
Scenedesmus obliquus/dimorphus UTEX 417 (paper II). Adaptation to short 
light period was highly species-specific. As the physiological response to cold- and 
dark-stress differed among these strains, investigations at the molecular level 
would be useful to elucidate the specific genetic traits and metabolic pathways 
involved in these adaptation mechanisms. Especially Scenedesmus and 
Desmodesmus displayed visible morphological rearrangements (phenotypic 
plasticity). Exposed to cold-stress these algae showed higher carbohydrate and 
carotenoid content and different lipid composition; a more detailed 
characterization of the biomass would provide additional qualitative information 
for downstream applications. 

Overall, several Nordic microalgae characterized in my work showed good 
performances in terms of both biomass production (suitable as feedstock for 
biofuels) and nutrients removal, even under suboptimal growth conditions. They 
are therefore promising candidate strains for upscaling in local pilot 
photobioreactors. Additionally, some of these microalgae showed the ability to 
remove active pharmaceutical ingredients typically present in municipal 
wastewater [67], further contributing to water remediation. Still, many other 
microalgal strains from our collection need to be explored and characterized in 
detail at lab-scale, especially those “unique” species, for which little information 
is available in literature. In this way, the use of our Nordic strains could be further 
extended to the production of other high-valuable compounds. 
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The positive contribution of specific bacteria on algal growth and their beneficial 
effect on wastewater treatment efficiency were elucidated in paper III. 
Particularly, we investigated the influence of the culturing conditions on the type 
of microbial interactions establishing between the local Nordic microalga C. 
vulgaris 13-1 and its co-occurring bacterium Rhizobium sp.. Based on the results 
from the batch-scale experiments in synthetic wastewater, this highly specialized 
consortium has simultaneously superior biomass production and nutrient 
removal efficiency under mixotrophic conditions, primarily due to O2/CO2 
exchange between the microorganisms. For its application in wastewater 
treatment, however, the robustness of the system needs to be evaluated in larger 
scale, in continuous cultivation under different dilution rates. Preliminary results 
in synthetic wastewater using 10 L photobioreactors showed encouraging results 
even at relatively low HRT. Furthermore, in pilot-scale experiments, untreated 
“real” municipal wastewater must be used to test the stability of the Chlorella-
Rhizobium consortium in a more complex chemical environment and its 
dominance over native wastewater microorganisms. Algal-bacterial interactions 
can be complex and species-specific. As described in this thesis, other co-
occurring bacterial species have been isolated from different algal cultures, but 
were not yet characterized. Thus, their role in algal growth promotion could be 
further investigated following a similar experimental design. 

The metabarcoding study described in paper IV successfully revealed changes 
in the composition of both eukaryotic and prokaryotic communities in our pilot-
scale photobioreactor. While the inoculated microalga S. dimorphus was stable 
in the initial phase of the process, producing high biomass and efficiently 
removing nutrients, the switch to semi-continuous cultivation clearly increased 
the microbial diversity in the system: new wastewater batches allowed new 
species to access the culture, and their taxonomic dynamics generally followed a 
seasonal variation. Environmental factors influenced the shift of bacterial and 
zooplanktonic populations, inducing their strong seasonality. Grazers and 
parasites were particularly abundant in summer, higher temperatures therefore 
raise the risk of contamination, and precautions should be taken into account 
during the warmest months. S. dimorphus resulted particularly sensitive to 
grazers’ predation and fungal infections, which favoured the appearance of other 
microalgal taxa in the culture, thus more robust strains should be considered for 
maintaining the process at an efficient level. Starting the algal cultivation already 
in February in the greenhouse would allow to use the increased day length in 
spring. The Nordic microalgal strains (paper I) showing good performances in 
wastewater treatment in lab-scale, especially the cold-adapted ones (paper II), 
should be investigated in the HRAP to further extend the growth season to 
autumn and winter. Mixotrophic/heterotrophic growth (paper III) will further 
prolong the season. The quality of the produced biomass also has to be 
considered, as it influences the economic feasibility of the process (e.g. lipid 



 

62 

content and fatty acids profile can change drastically in relation to the microbial 
composition in the culture). In this regard, useful information could be acquired 
by comparing biomass composition and microbial populations of different 
cultivation seasons using the same metabarcoding approach. 

In conclusion, this work contributed to the identification of microalgal species 
suitable for municipal wastewater treatment in the subarctic region (paper I). It 
clearly demonstrated the competitive advantage of indigenous Nordic strains 
over collection strains due to their adaptation to adverse climatic conditions 
(paper II and V). Furthermore, it emphasized the beneficial role of natural co-
growing bacteria in algal growth promotion, so that specialized algae-bacteria 
consortia should be preferred to axenic algal cultures (paper III). The 
information acquired from the metabarcoding study allowed a better 
understanding of the microbial populations colonizing our pilot-scale HRAP 
located in Northern Sweden, their seasonal variation and correlation with the 
environmental factors, and their positive or detrimental effect on the original 
microalgal culture (paper IV). Overall, the present work represents a first step 
towards the optimization of microalgal-based wastewater treatment and biomass 
generation in Nordic areas. 
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Appendix 

Table A1. Primers used in the PCR reactions and their corresponding sequence. 

Primer 

name 
Sequence (5' → 3') Paper 

ITS-2 (Fw) AGGAGAAGTCGTAACAAGGT I 

ITS-2 (Rv) TCCTCCGCTTATTGATATGC I 

23S (Fw) GGACAGAAAGACCCTATGAA I 

23S (Rv) TCAGCCTGTTATCCCTAGAG I 

8F (Fw) AGAGTTTGATCCTGGCTCA III 

1541R (Rv) AAGGAGGTGATCCAGCCGCA III 

341 F (Fw) ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTACGGGNGGCWGCAG IV 

574*F (Fw) ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTAAYTCCAGCTCYV IV 

515’F (Fw) ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGBCAGCMGCCGCGGTAA IV 

805R (Rv) AGACGTGTGCTCTTCCGATCTGACTACHVGGGTATCTAATCC IV 

1132R (Rv) AGACGTGTGCTCTTCCGATCTCCGTCAATTHCTTYAAR IV 

Table A2. PCR parameters used for each pair of primers. 

Primers pair Step 1 Step 2 Step 3 
N. cycles 

step 2 
Paper  

ITS-2 Fw - ITS-2 Rv 
94°C 

1 min 

94°C 30 sec 

64°C 30 sec 

72°C 90 sec 

72°C 

10 min 
28-32 I 

23S Fw - 23S Rv 
94°C 

2 min 

94°C 20 sec 

58°C 30 sec 

72°C 30 sec 

72°C 

10 min 
28-32 I 

16S Fw - 16S Rv 
94°C 

3 min 

94°C 45 sec 

55°C 30 sec 

72°C 90 sec 

72°C 

10 min 
30 III 

341F-805R (16S) 
98°C 

2 min 

98°C 20 sec 

54°C 30 sec 

72°C 90 sec 

72°C 

10 min 
28 IV 

515’F-805R (16S 

archaea) 

98°C 

2 min 

98°C 20 sec 

56°C 30 sec 

72°C 90 sec 

72°C 

10 min 
28 IV 
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574*F-1132R (18S) 
98°C 

2 min 

98°C 20 sec 

50.4°C 30 sec 

72°C 90 sec 

72°C 

10 min 
28 IV 

iF(n) Fw – iR(n) Rv 
98°C 

2 min 

98°C 20 sec 

62°C 30 sec 

72°C 90 sec 

72°C 

10 min 
10 IV 

Table A3. List of samples used for the metabarcoding analysis described in paper IV. Sample 

number, date of collection and volume (mL) used for DNA extraction are reported. 

Sample Date Volume  Sample Date Volume   Sample 
n. 

Date Volume  

1 11/05 30  21 29+ 
30/06 

75  41 10/09 35 

2 13/05 30  22 03/07 20  42 
14+ 

15/09 65 

3 18/05 30  23 06/07 25  43 17/09 35 

4 19/05 30  24 09/07 20  44 21/09 40 

5 21/05 25  25 13/07 25  45 24/09 30 

6 25/05 25  26 16/07 20  46 28/09 30 

7 26/05 20  27 20/07 25  47 01/10 25 

8 28/05 20  28 23/07 30  48 05/10 30 

9 01/06 20  29 28/07 25  49 08/10 18 

10 03/06 20  30 31/07 25  50 12/10 18 

11 04/06 20  31 07/08 20  51 15/10 30 

12 08/06 20  32a 11/08 35  52 19/10 25 

13 11/06 25  33 14/08 25  53 22/10 25 

14 12/06 20  34 19/08 50  54 26/10 25 

15 15/06 25  35 20/08 35  55 29/10 25 

16 17/06 30  36 24/08 30  56 02+03 
+04/11 

120 

17 18/06 30  37 
25+ 

26/07 70  57 05/11 30 

18 22/06 30  38 
28+ 

31/08 
+01/09 

116  58 09/11 35 

19 25/06 30  39 03/09 20  59 12/11 25 

20 26/06 25  40 
07+ 
08+ 

09/09 
110     

aSample omitted due to low quality of DNA recovery 
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Table A4. Primer pairs and corresponding index sequences used for the outer PCR and preparation 

of the metabarcoding library for the Illumina sequencing (paper IV). 

Sample 
n. 

Primer
1 

Index 1 Primer
2 

Index 2  Sample 
n. 

Primer 
1 

Index 1 Primer
2 

Index 2 

1 iF1 
GGAGTGG

G iR1 
TGGTGGT

G 
 30 iF3 

TCTACTA
A iR10 

TGGACCT
T 

2 iF1 GGAGTGG
G iR2 CCTAAGT

A 
 31 iF4 TAGTCAG

C iR1 TGGTGGT
G 

3 iF1 GGAGTGG
G 

iR3 AATAATG
A 

 33 iF4 TAGTCAG
C 

iR2 CCTAAGT
A 

4 iF1 GGAGTGG
G 

iR4 TCGTTTA
T 

 34 iF4 TAGTCAG
C 

iR3 AATAATG
A 

5 iF1 
GGAGTGG

G iR5 TTCCTGTT  35 iF4 
TAGTCAG

C iR4 
TCGTTTA

T 

6 iF1 GGAGTGG
G iR6 TAATTTA

C 
 36 iF4 TAGTCAG

C iR5 TTCCTGTT 

7 iF1 GGAGTGG
G 

iR7 CATGAGA
T 

 37 iF4 TAGTCAG
C 

iR6 TAATTTA
C 

8 iF1 GGAGTGG
G 

iR8 AAATCTT
C 

 38 iF4 TAGTCAG
C 

iR7 CATGAGA
T 

9 iF1 
GGAGTGG

G iR9 
GACTACA

T 
 39 iF4 

TAGTCAG
C iR8 

AAATCTT
C 

10 iF1 GGAGTGG
G iR10 TGGACCT

T 
 40 iF4 TAGTCAG

C iR9 GACTACA
T 

11 iF2 AGCGTTT
A 

iR1 TGGTGGT
G 

 41 iF4 TAGTCAG
C 

iR10 TGGACCT
T 

12 iF2 AGCGTTT
A 

iR2 CCTAAGT
A 

 42 iF5 CAATTAA
A 

iR1 TGGTGGT
G 

13 iF2 
AGCGTTT

A iR3 
AATAATG

A 
 43 iF5 

CAATTAA
A iR2 

CCTAAGT
A 

14 iF2 AGCGTTT
A iR4 TCGTTTA

T 
 44 iF5 CAATTAA

A iR3 AATAATG
A 

15 iF2 AGCGTTT
A 

iR5 TTCCTGTT  45 iF5 CAATTAA
A 

iR4 TCGTTTA
T 

16 iF2 AGCGTTT
A 

iR6 TAATTTA
C 

 46 iF5 CAATTAA
A 

iR5 TTCCTGTT 

17 iF2 
AGCGTTT

A iR7 
CATGAGA

T 
 47 iF5 

CAATTAA
A iR6 

TAATTTA
C 

18 iF2 AGCGTTT
A iR8 AAATCTT

C 
 48 iF5 CAATTAA

A iR7 CATGAGA
T 

19 iF2 AGCGTTT
A 

iR9 GACTACA
T 

 49 iF5 CAATTAA
A 

iR8 AAATCTT
C 

20 iF2 AGCGTTT
A 

iR10 TGGACCT
T 

 50 iF5 CAATTAA
A 

iR9 GACTACA
T 

21 iF3 TCTACTAA iR1 
TGGTGGT

G 
 51 iF5 

CAATTAA
A iR10 

TGGACCT
T 

22 iF3 TCTACTAA iR2 CCTAAGT
A 

 52 iF6 TATATCA
A iR1 TGGTGGT

G 

23 iF3 TCTACTAA iR3 AATAATG
A 

 53 iF6 TATATCA
A 

iR2 CCTAAGT
A 

24 iF3 TCTACTAA iR4 TCGTTTA
T 

 54 iF6 TATATCA
A 

iR3 AATAATG
A 

25 iF3 TCTACTAA iR5 TTCCTGTT  55 iF6 
TATATCA

A iR4 
TCGTTTA

T 

26 iF3 TCTACTAA iR6 TAATTTA
C 

 56 iF6 TATATCA
A iR5 TTCCTGTT 

27 iF3 TCTACTAA iR7 CATGAGA
T 

 57 iF6 TATATCA
A 

iR6 TAATTTA
C 

28 iF3 TCTACTAA iR8 AAATCTT
C 

 58 iF6 TATATCA
A 

iR7 CATGAGA
T 

29 iF3 TCTACTAA iR9 
GACTACA

T 
 59 iF6 

TATATCA
A iR8 

AAATCTT
C 
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