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A B S T R A C T   

Agricultural wastewaters are a major source of pollution in nature. Here, agricultural wastewaters from a 
commercial hydroponic greenhouse were used to cultivate the microalga Tetradesmus obliquus sp. NIVA-CHL107 
in order to assess its bioremediation ability and evaluate the potential held in biomass derived from wastewater. 
The batch cultivation trials were performed using a pilot scale indoor photobioreactor equipped with LEDs. The 
culture achieved 100 % removal efficiency of N and P and a maximum dry weight (DW) of 6.2 g L− 1. At the 
exponential phase of growth, the biomass had a protein content of 45–50 % of DW and a carbohydrate fraction 
representing 20 % of DW. At the stationary phase, the carbohydrates increased to 60 % of DW. The PUFA content 
was higher during the exponential phase, representing >65 % of total fatty acids. Throughout the cultivation, the 
predominant carotenoids were lutein and β-carotene. The Tetradesmus obliquus sp. NIVA-CHL107 was demon
strated to be a suitable candidate for an algal biorefinery designed for hydroponic wastewater treatment and a 
multi-product pipeline.   

1. Introduction 

The transition towards a circular economy requires the use of waste 
streams as raw materials for a new generation of sustainable industries. 
One of the most promising sectors to develop this concept is the 
wastewater industry, as it holds significant potential for nutrient re
covery and freshwater recycling. Worldwide, annual wastewater pro
duction is estimated to contain 16.6 Tg of N and 3.0 Tg of P [1]. On a 
smaller scale, at the European level, the wastewater network is esti
mated to hold an annual chemical recovery potential of 75 ktonnes of N 
and 67 ktonnes of P [2]. Each year, a significant portion of these waste 
streams is discharged directly to nature, resulting in severe impacts on 
the quality of habitats and ecosystems [3]. The most significant 
anthropogenic activity contributing to this unsustainable use of natural 
resources is agriculture, which currently represents 60 % of the total 
water use in the EU [4]. 

Agriculture is problematic in that mineral fertilizers and pesticides 
are used excessively and are thus unable to be efficiently taken up by 
crops. An increasingly significant portion of modern agriculture relies on 
indoor soilless cultivation strategies such as hydroponic systems to 

improve water management and maximize crop yields in order to 
effectively manage potential challenges posed by climate change [5,6]. 
In Europe and Canada, the greenhouse surface occupied by soilless 
cultivation systems is currently responsible for up to 95 % of the tomato 
production and in USA represents >90 % of cucumber production [7–9]. 
The European Hydroponics Market is predicted to grow rapidly with a 
revenue CAGR of 18.8 % during 2021–2027 [10]. Despite the progress in 
novel cultivation systems and plant nutrition, nutrient dosing in soilless 
farms is still far from optimal. Conventional hydroponic greenhouses are 
generally designed to operate in open or semi-closed systems and 
farmers avoid recirculating nutrient solutions to prevent salinity stress 
to the plants and to reduce the risk of contamination, which would 
compromise crop yield. This results in millions of liters of effluent being 
overloaded with nitrate and phosphate at the point of discharge 
[5,6,11]. Therefore, a transition towards a more sustainable agriculture 
sector represents a challenge that will require a continuous optimization 
of novel techniques, aiming for a reduction in the environmental foot
print of the farms without compromising the yields and revenues of the 
farmers. 

In the scope of a circular economy, a promising approach to deal 
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with hydroponic wastewaters lies in the recirculation of these waste 
streams for the cultivation of photosynthetic microorganisms [12,13]. 
Despite the higher concentrations of N and P in comparison with other 
types of wastewaters, several laboratory and pilot-scale experiments 
have already demonstrated the potential of microalgae and cyanobac
teria in removing nutrients directly from hydroponic greenhouse efflu
ents [14,15]. However, this approach is still at a conceptual stage due to 
several bottlenecks regarding: (i) the seasonal composition of the hy
droponic wastewater which requires the need to constantly monitor and 
adjust the bioremediation process in order to efficiently purify these 
streams; (ii) the need to identify the most suitable strains and cultivation 
strategy to achieve maximum nutrient uptake and biomass production; 
(iii) the need to develop a valorization strategy for biomass derived from 
wastewaters. 

In the present study, this bioremediation approach is evaluated as a 
strategy to purify hydroponic wastewater in Nordic countries. This study 
explores the concept of integrating microalgae production platforms 
into already existing greenhouse infrastructures. The indoor bioreme
diation proposed exploits the artificial light and temperature systems 
that are already deployed in Nordic agriculture to face geographic 
constraints and subarctic climates. This integrated strategy represents an 
opportunity to simultaneously purify the greenhouse wastewater and 
generate revenue through the produced algal biomass and its valoriza
tion. In our previous study, the identification of promising microalgae 
strain was achieved, however, the tubular photobioreactor (PBR) culti
vation did not reach a satisfactory removal of nitrogen and failed to 
comply with the European directive for discharge of wastewater [15]. 

To this end, in the present study the microalga Tetradesmus obliquus 
sp. NIVA-CHL107 which was shown to outcompete several other genera 
of microalgae when cultivated in hydroponic wastewater at laboratory 
scale, was selected for a pilot scale cultivation in an indoor PBR using 
wastewater from a commercial hydroponic greenhouse [15]. Moreover, 
the PBR system was illuminated by a combination of natural sunlight 
and artificial light using red and blue LEDs in order to investigate if the 
addition of extra light would improve the removal efficiency of nitrogen. 
The experiments were performed in batch mode to evaluate the dy
namics of nitrogen consumption, the most abundant nutrient in hydro
ponic wastewater, across the different stages of cell growth. 
Additionally, the biomass was biochemically characterized at expo
nential and stationary phases of the growth to determine the most 
suitable industrial applications. 

2. Materials and methods 

2.1. Experimental design 

The microalga Tetradesmus obliquus sp. NIVA-CHL107 was cultivated 
in wastewater from a commercial hydroponic greenhouse. The two trials 
were performed in a tubular PBR equipped with red and blue LED lights 
commonly used in vegetable production greenhouses. The productivity 
and nutrient consumption of the culture were measured daily. Biomass 
was collected at exponential and stationary phases of growth to deter
mine the biochemical composition regarding protein and carbohydrates 
as well as pigments and fatty acids (Fig. 1). The PBR was operated in 
batch mode and the trials were carried out in late October–November 
2020 and March 2021 to evaluate repeatability of efficient removal of 
nitrogen and phosphorus considering the seasonal variation in natural 
sunlight and in the greenhouse wastewater. 

2.2. Hydroponic greenhouse wastewater 

For both trials the wastewater was obtained from a commercial hy
droponic greenhouse (Puutarha Timo Juntti Oy) located in Kaarina, 
Finland and specialized in the production of cucumbers. The wastewater 
was collected prior to each trial and pretreated with a two-step filtration 
to remove solids and contaminants: (i) a coarse filtration (5 μm) and (ii) 
a membrane filtration using a 0.1 μm polyvinylidene fluoride (PVDF) 
membrane filter (Polymem, Waterpia GOLD, South Korea). After 
loading the PBR with the pretreated wastewater and inoculating the 
algae, a sample was collected to quantify the initial [N-NO3

− ], [P-PO4
3− ] 

and pH (Table 1). The wastewater from the hydroponic greenhouse had 
a nitrogen composition dominated by nitrate, with both N-NH4

+ and N- 
NO2

− concentrations being negligible. A detailed chemical composition 
of the wastewater can be found elsewhere [15]. 

Fig. 1. The experimental design applied in the present manuscript. The biomass was freeze-dried and stored at − 20 ◦C before the analytical characterization.  

Table 1 
The macronutrient composition of hydroponic wastewater used in the present 
study.   

N-NO3
− (mg L− 1) P-PO4

3− (mg L− 1) N:P (molar ratio) pH 

Trial 1 284.8 ± 0.18 15.3 ± 0.01  41  6.9 
Trial 2 235.0 ± 0.29 8.8 ± 0.04  59  7.7  
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2.3. Microalga strain and inoculum 

The Tetradesmus obliquus sp. NIVA-CHL107 (hereafter Tetradesmus 
obliquus) was obtained from the Norwegian Culture Collection of Algae 
(NORCCA). The strain was maintained in Z8 medium [16] under 
continuous low-intensity light (10 μmol m− 2 s− 1 photosynthetic photon 
flux density, PPFD) at room temperature (22 ◦C). For the PBR experi
ments, a 4 L inoculum was grown in BG11 medium (pH 7.5) in a glass 
bottle placed inside a growth chamber (Sanyo, Japan), providing a 
continuous light of 50 μmol m− 2 s− 1 PPFD at a constant temperature of 
25 ◦C. The inoculum growth was undertaken in BG11 due to its similar 
[N-NO3

− ] composition with the hydroponic wastewater. The inoculum 
was mixed with a magnetic stirrer and sparged with filtered air +3 % 
CO2. The culture growth was monitored until the late exponential phase 
by measuring OD750 (Genesys 10S UV–VIS, Thermo Fisher, USA). 

2.4. PBR setup inside a greenhouse 

A 65 L tubular PBR made of PLEXIGLAS-XT acrylic was assembled 
inside a glass greenhouse belonging to the Natural Resources Institute 
Finland (LUKE) and located in the Southwest-Finland region. The 
greenhouse is equipped with sustainable temperature control systems 
that rely on a biomass combustion furnace to produce energy and 
recirculate hot water. A detailed description of the tubular PBR system 
and greenhouse infrastructure can be found elsewhere [15,17]. Artificial 
light was provided throughout the algae cultivation period by five red 
and blue LED lights (200 W Overhead High Output, Netled Oy, Finland). 
The LED lights were evenly distributed on a wood frame and placed 1.3 
m apart from one side of the PBR, in order to provide a homogeneous 
light distribution. The average intensity was approximately 320 μmol 
m− 2 s− 1 PPFD and a photoperiod of 17:7 h (light:dark) was applied 
following the conditions of cucumber cultivation. The glass greenhouse 
was equipped with a meteorological station which allowed real time 
monitoring of abiotic conditions such as temperature inside and outside, 
as well as solar radiation. 

2.5. PBR operation and sample collection 

Each trial was inoculated with a 4 L culture of Tetradesmus obliquus 
corresponding to an initial dry weight (DW) of approximately 0.2 g L− 1. 
A constant pH of 7.5 was set during cultivation which was controlled by 
automatic CO2 injection. Samples were collected daily to assess the 
growth of the culture and the removal efficiency of nitrogen and phos
phorus. A 1 L sample was collected in the beginning of the exponential 
phase (day 3) and all biomass was harvested at the end of the trial when 
the culture reached the stationary phase (day 20). The samples were 
centrifuged (Avanti J-20XP, Beckam Coulter, USA) and the pellets were 
quickly frozen in liquid nitrogen before freeze-drying (VirTis SP Scien
tific, USA). 

2.6. Growth assessment 

The culture growth was determined by means of DW (g L− 1). Samples 
were collected every day and 3 technical replicates were performed. The 
specific growth rate (d− 1), volumetric productivity (g L− 1 d− 1) and areal 
productivity (g m− 2 d− 1) were calculated as described in Salazar et al. 
[15] for batch mode PBR operation. 

2.7. Nutrient consumption 

Spectrophotometric methods were applied to determine the nutrient 
consumption and removal efficiencies of N-NO3

− and P-PO4
3− . Calibration 

curves were prepared with NaNO3 (>99 %, Merck) and K2HPO4 (99 %, 
VWR) using a spectrophotometer (Genesys 10S UV–VIS, Thermo Fisher, 
USA). Nitrate was quantified using the method 4500-NO3-B [18] and 
phosphate was determined using a test kit (Merck Spectroquant 

1.14543). The daily samples were filtered through 0.45 μm Whatman 
syringe filters and diluted accordingly prior to analysis. Removal effi
ciencies (RE in %) for [N-NO3

− ] and [P-PO4
3− ] were calculated using 3 

technical replicate measures according to Salazar et al. [15]. The ni
trogen uptake (mg g− 1 biomass d− 1) was calculated by dividing the daily 
[N-NO3

− ] consumption (mg N-NO3 L− 1) by the daily biomass accumu
lation (g L− 1) for each corresponding day. 

2.8. Biomass characterization 

2.8.1. Determination of protein 
Protein content was determined according to the Lowry method 

[19]. A sample of 10 mg of freeze-dried biomass was suspended in a 
resuspension buffer as described in Zhang et al. [20]. Cell extraction was 
performed at 4 ◦C using a bead beater with 0.5 mm Zirconium Oxide 
beads for 5 min at maximum speed (Bullet Blender Storm 24, Next 
Advance, USA). The disrupted cell suspension was centrifuged at 15000 
xg for a minute at 4 ◦C (Eppendorf, Germany) and the supernatant was 
collected for the protein assay. The extraction protocol was repeated 3 
times for maximum recovery. The protein content in the supernatant 
was quantified using a kit (Bio-Rad DC Protein assay kit) and absorbance 
was measured at OD750. Protein concentration was calculated from a 
bovine serum albumin (BSA) calibration curve (R2 = 0.998). Sample 
extraction and analysis were performed in triplicate (n = 3). 

2.8.2. Determination of carbohydrates 
The content of carbohydrates was determined according to Dubois 

et al. [21]. Extraction was performed according to Alavijeh et al. [22] 
with minor modifications. A sample of 1 mg of freeze-dried biomass was 
resuspended in 0.5 mL of 2.5 M HCl and incubated in a dry heating block 
at 120 ◦C for 1 h (Grant Instruments, USA). Afterwards, samples were 
cooled down to room temperature and neutralized with 0.5 mL of 2.5 M 
NaOH. The mixture was centrifuged at 20000 ×g for 5 min and the su
pernatant was collected. In test tubes with screw caps, an aliquot of the 
supernatant was mixed with 5 % Phenol:H2O (v/v) and 5 mL of H2SO4. 
The tubes were mixed by inversion and allowed to stand for 10 min 
before being transferred to a water bath where they were held at 30 ◦C 
for 15 min. A standard curve was prepared using glucose (R2 = 0.997) 
and absorbance was measured at OD488. Sample extraction and analyses 
were performed in triplicate (n = 3). 

2.8.3. Determination of pigments 
The cell extraction of pigments was performed by resuspending 5 mg 

of freeze-dried biomass in cold acetone. Samples were extracted using a 
bead beater as described earlier. Afterwards, the samples were centri
fuged at 16000 ×g for 5 min and the supernatant was collected. The 
protocol was repeated 3 times for each sample to ensure maximum re
covery. The supernatants were dried under a gentle stream of N2, 
resuspended in methanol, and filtered into vials, using PTFE 0.2 μm pore 
size syringe filters. All steps were performed in a cold room under low 
light conditions. 

The separation of pigments was performed following the protocol 
described in Kosourov et al. [23] using a HPLC equipped with a C18 
Reverse Phase column (LiChrospher 100, 5 μm, Merck KGaA) and a 
diode array detector (Agilent 1100 series, Agilent technologies). A sol
vent gradient was used at a constant flow of 0.5 mL min− 1. Solvent A 
consisted of a mixture of acetonitrile/methanol/0.1 M Tris–HCl buffer 
adjusted to pH 8.0 (72:8:3) and solvent B consisted of methanol/hexane 
(4:1). Chromatographic peaks were identified by comparing retention 
times and spectra at OD440 against known standards (DHI, Denmark). 
Pigments were quantified using standard calibration curves. Sample 
extraction and analysis were performed in triplicate (n = 3). 

2.8.4. Determination of fatty acid methyl ester 
The fatty acid methyl ester (FAME) composition was determined 

according to Santana-Sánchez et al. [24] using a single-step extraction 
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and in situ transesterification as described in Wychen et al. [25]. Sam
ples of 20 mg of freeze-dried biomass were resuspended using 200 μL of 
Chloroform: Methanol (2:1) and 300 μL of 0.6 M HCl:Methanol in 1.5 mL 
amber glass vials. The vials were gas-tight sealed and placed in a sand 
bath at 85 ◦C for an hour. After cooling down to room temperature, 1 mL 
of Hexane was added to separate the non-polar fraction. FAMEs were 
analyzed by GC–MS using an Agilent Innowax column (30 m × 0.32 mm, 
19, 091 N-213, Agilent) with a film thickness of 0.5 μm and using He
lium as the carrier gas. The column was programmed to maintain an 
initial temperature of 50 ◦C for 3 min and gradually increased at a rate of 
15 ◦C per minute to a maximum of 250 ◦C, where it was held for 10 min. 
A standard FAME mix (C4:0-C24:0, Sigma Aldrich #18919-1AMP) was 
used to accurately identify individual FAMEs in the samples. The fatty 
acid methyl nonadecanoate (C19:0) was used as an internal standard. 
Sample peaks were identified based on retention times and validation 
was performed using software to compare the mass spectra (NIST MS 
Search 2.0). Sample extraction and analysis were performed in triplicate 

(n = 3). 

2.9. Statistical analysis 

The normality of the data was evaluated using the Shapiro-Wilk's 
test. The differences between the abiotic conditions (e.g. temperature, 
solar radiation) recorded during the PBR cultivation, as well as, the 
growth parameters in both trials were evaluated using a student's t-test. 
The homogeneity of variances of the data from the biochemical 
composition of the biomass was assessed using Levene's test. The sig
nificant differences in the biomass composition between different stages 
of the growth curve were investigated with a One-way ANOVA and 
confirmed using the Tukey HSD post-hoc test. All tests were performed 
with a significance level of p = 0.05 using the software IBM SPSS Sta
tistics Version 27. 

Fig. 2. Performance of the microalga Tetradesmus obliquus during the cultivation with hydroponic wastewater and respective abiotic conditions. Each data point for 
temperature and light corresponds to a 12-h period. The removal efficiency and dry weight data points are presented as mean ± standard deviation of technical 
replicates (n = 3). The maximum standard deviation for the removal efficiency was 0.8 % and for the dry weight was 0.15 g L− 1. 
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3. Results and discussion 

3.1. Full removal of N and P in a PBR operating in batch mode in a 
greenhouse compartment 

The microalga Tetradesmus obliquus was cultivated for 20 days in a 
greenhouse in a pilot scale PBR operated in batch mode under natural 
light and supplemental red and blue LED lights. In our previous lab-scale 
experiments we demonstrated that the Tetradesmus strain successfully 
proliferated in unadjusted hydroponic wastewater [15], therefore it was 
selected for pilot scale cultivation in an indoor PBR. Several other 
studies have shown that the genus Tetradesmus holds a potential to be an 
effective microbial bioremediation agent with the ability to adapt to 
different wastewaters [26–29]. In the current work, the bioremediation 
potential of this strain was assessed by using unadjusted hydroponic 
wastewater as growth media and monitoring the dynamics of nitrogen 
removal during different phases of cell growth. Two trials were per
formed at the beginning and end of the cold season in Finland 
(November and March) to evaluate the feasibility of combining a 
greenhouse infrastructure and artificial light with an algal cultivation 
system for pilot-scale bioremediation purposes. During November the 
daily photoperiod of natural sunlight is reduced to <8 h, while in March 
it reaches almost 12 h. The abiotic conditions, growth performance and 
nutrient removal efficiency achieved during the cultivation of the 
microalga Tetradesmus obliquus are shown in Fig. 2. The trials demon
strated the suitability of the unadjusted hydroponic wastewater as a 
productive growth media for Tetradesmus obliquus despite the high N:P 
ratios (Table 1). 

Trial 1 was performed during late October and throughout 
November 2020 (Fig. 2). During this period, the temperatures outside 
the greenhouse oscillated between − 1.6 ◦C and 12.2 ◦C with an average 
temperature of 6.7 ± 2.9 ◦C. The greenhouse infrastructure kept the 
temperature inside the PBR constant at 22.0 ± 1.1 ◦C. The maximum 
temperature during Trial 1 was 25.2 ◦C with the highest solar radiation 
recorded for this period. In Finland, solar radiation drastically decreases 
during the winter season not only in regards to intensity, but also to the 
total daily hours of sunlight. During Trial 1, the maximum solar radia
tion was 187 W m− 2 and the average photoperiod for natural sunlight 
was 7.7 ± 0.5 h day− 1. The greenhouse wastewater had an initial [N- 
NO3

− ] of 284.84 ± 0.18 mg L− 1 and [P-PO4
3− ] of 15.33 ± 0.01 g L− 1. 

Under this set of conditions, no lag phase was observed after inoculation. 
At day 3 of cultivation, the culture had accumulated a DW of 1.12 ±
0.04 g L− 1 and achieved 100 % removal efficiency for P-PO4

3− . From this 
point on, the culture continued to grow without any additional P-PO4

3− , 
which indicates a cellular strategy of luxury uptake and storage [29]. 

On day 13, the culture was able to remove 97.5 % of N-NO3
− which 

met the total N discharge criteria of the EU directive concerning urban 
wastewater treatment (91/271/EEC). The culture achieved 100 % 
removal efficiency of N-NO3

− at day 15 and continued to grow until the 
end of the trial (day 20) accumulating a maximum DW of 4.8 ± 0.02 g 
L− 1. 

Trial 2 was conducted during March 2021 (Fig. 2). During this 
cultivation period, the minimum temperature recorded outside the 
greenhouse was − 10.3 ◦C and the average temperature inside the PBR 
was 24.0 ± 4.1 ◦C. The highest recorded solar radiation was 457 W m− 2 

and the average photoperiod for natural sunlight was 11.9 ± 0.55 h 
day− 1. There was a significant difference in the average temperatures 
inside the PBR between Trials 1 and 2, which was likely a direct 
consequence of the increase in the total amount of solar radiation and 
photoperiod. During Trial 2, the culture received approximately 4 more 
hours of natural sunlight each day in comparison to Trial 1. 

The greenhouse wastewater had an initial [N-NO3
− ] of 235.02 ± 0.29 

mg L− 1 and [P-PO4
3− ] of 8.79 ± 0.04 mg L− 1 and after inoculation of the 

culture in the PBR, similarly to Trial 1, no lag phase was recorded. At day 
3 of cultivation, the culture had accumulated a DW of 1.25 ± 0.02 g L− 1 

and achieved 100 % removal efficiency of P-PO4
3− . During the following 

days the culture continued to grow, achieving 100 % removal efficiency 
of N-NO3

− at day 8 of cultivation and meeting the criteria of the EU 
directive (91/271/EEC) seven days earlier than in Trial 1. From this 
point onwards, the culture continued to grow until the stationary phase 
(day 20) and accumulated a maximum DW of 6.2 ± 0.03 g L− 1. 

At the end of Trial 2, the biomass accumulation was higher than in 
Trial 1 even though the initial concentrations of nitrogen and phos
phorus in the wastewater were lower (Table 1). This outcome can be 
explained by a more favorable setup of abiotic conditions, which 
allowed the culture in Trial 2 to increase its nitrogen removal by almost 
2-fold in comparison to Trial 1, particularly during the early stages of 
exponential growth (Figs. 2, 3). For both trials, biomass accumulation 
was similar until day 8, however in Trial 1 the culture achieved a 
maximum nitrogen uptake of 97.84 ± 4.76 mg g− 1 d− 1 which is 
significantly lower in comparison with the maximum nitrogen uptake of 
Trial 2 (132.54 ± 14.02 mg g− 1 d− 1, Fig. 3). The maximum nitrogen 
uptake corresponded to a cell DW of ~1.5 g L− 1 for both trials. The 
results in Trial 2 also surpassed our previous experiments regarding 
nitrogen uptake; however, it is important to mention that in the present 
manuscript a different species and light system were tested [15]. For 
Trial 2, it is also worth mentioning that despite the constant tempera
tures inside the PBR at the early stages of cultivation (until day 8 when 
100 % removal efficiency of N-NO3

− was achieved), there was a sub
stantial increase in the total amount of sunlight (Fig. 2). This outcome 
suggests that light, not temperature, is most likely the main factor 
affecting nitrogen uptake. At the early stages of exponential growth, the 
low biomass concentrations inside the PBR allowed for a higher light 
penetration of solar radiation and LEDs, which combined with a scenario 
of nutrient replete conditions resulted in a maximum nitrogen uptake 
(Fig. 3) [30]. 

The specific growth rates and productivities of Tetradesmus obliquus 
for both trials are shown in Table 2. The results demonstrate a better 
performance of the culture during Trial 2 when the overall solar radia
tion was significantly higher. The specific growth rates of Tetradesmus 
obliquus were 0.13 ± 0.002 d− 1 and 0.15 ± 0.002 d− 1 in Trial 1 and Trial 
2 respectively. Similar growth rates have been described for other 
strains of Tetradesmus sp. cultivated in wastewater streams [31]. How
ever, the biomass concentration in the present study substantially 
exceeded previously reported numbers for closed batch PBR cultivation 
[32–34]. This result might be a consequence of the interaction between 
different factors: (i) nutrient composition of the wastewater; (ii) the 
greenhouse environment; (iii) the supplementary red and blue LED 
illumination and its light path length. In fact, the use of LED lights with 
single or multiple wavelengths for the cultivation of Tetradesmus species 
in tubular PBR has been previously reported, suggesting benefits 
regarding biomass productivity when the cultures are exposed to white: 
green, single blue or red:blue wavelengths [35]. The same trend has also 
been observed for lab scale cultivation of Tetradesmus species [36]. 
Nonetheless, the distance between the light source and the PBR has also 
been described to contribute greatly to the maximum cell density inside 
any given cultivation system [37]. Therefore, this outcome results from 
a complex matrix of factors that deserves further study. 

In the present study, the use of artificial light ensured a steady supply 
of photons for both trials and lessened to some extent the effects of 
fluctuating natural photoperiod. However, it is worth mentioning that 
the high concentration of cells inside the PBR is known to significantly 
affect the penetration of certain wavelengths, therefore the individual 
contribution of natural light, red and blue photons to the nitrogen up
take rate and conversion into biomass accumulation deserves to be 
further explored [38]. This aspect is particularly relevant for Nordic 
countries which rely on artificial light to produce algal biomass. Overall, 
the benefits and limitations of using artificial light in microalgae culti
vation systems have been widely discussed, with several pilot-scale 
studies suggesting the feasibility of applying LEDs when algal biomass 
is targeted for high-value products [39]. The use of LED illumination 
with single or multiple wavelengths has been linked to metabolic 
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changes in several genera of microalgae which resulted in improved 
nutrient uptake rates as well as different biochemical composition of the 
biomass [40]. 

3.2. Composition of the biomass produced in hydroponic wastewater 

The biochemical characterization of biomass was performed for 
samples collected at the exponential and stationary phases of growth. 
The biomass composition was determined regarding protein and car
bohydrate content, as well as fatty acids and pigments. These molecular 
groups were qualitative and quantitatively analyzed to evaluate the 
potential value of the biomass for possible industrial applications. 

3.2.1. Protein and carbohydrates 
The biomass from the exponential phase of Trial 1 had a protein 

content of 44.6 ± 1.8 % of DW and a carbohydrate content of 20.5 ± 0.8 
% of DW (Fig. 4). In Trial 2, the biomass of the exponential phase had a 
similar carbohydrate content (21.4 ± 0.6 % of DW), however the protein 
content was significantly higher (52.8 ± 1.9 % of DW). This outcome 
can be a direct consequence of the higher N uptake observed in the early 
stages of the cultivation which combined with a better set of abiotic 
conditions led to an increase in protein synthesis (Figs. 2 and 3). At the 
stationary phase of growth, the biomass from both trials presented a 

Fig. 3. The daily dynamics of nitrogen uptake for the microalgae Tetradesmus obliquus cultivated in an indoor PBR illuminated by natural sunlight and red and blue 
LEDs. Data is presented as mean ± standard deviation of technical replicates (n = 3). The maximum standard deviation of the dry weight is 0.05 g L − 1. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
The specific growth rate and biomass productivities of Tetradesmus obliquus. 
Data is presented as mean ± standard deviation (n = 3) considering the time 
interval of the exponential phase of growth (days 1 to 19). Different upper letters 
in the same column represent statistically significant differences between each 
sample group.   

Specific growth 
rate (d− 1) 

Volumetric Productivity 
(g L− 1 d− 1) 

Areal Productivity (g 
m− 2d− 1) 

Trial 
1 

0.13 ± 0.002a 0.24 ± 0.002a 15.15 ± 0.129a 

Trial 
2 

0.15 ± 0.002b 0.32 ± 0.002b 20.19 ± 0.139b  

Fig. 4. The content of protein and carbohydrates in Tetradesmus obliquus biomass harvested at different stages of growth. Data is presented as the mean ± standard 
deviation of technical replicates (n = 3). Different letters represent statistically significant differences at different stages of growth. 

J. Salazar et al.                                                                                                                                                                                                                                 



Algal Research 70 (2023) 102988

7

substantial lower content of protein and a significantly higher concen
tration of carbohydrates (Fig. 4). 

During Trial 1, the biomass from the stationary phase had a protein 
content of 28.1 ± 0.8 % of DW and the carbohydrate fraction repre
sented 41.7 ± 3.3 % of DW. Likewise, at the end of the Trial 2, the 
biomass presented a protein content of 17.0 ± 1.5 % of DW while the 
carbohydrate fraction achieved its maximum value of 63.9 ± 5.4 % of 
DW. 

The results confirm that protein concentration at different stages of 
growth is strongly affected by nitrogen availability. Nitrogen replete 
conditions during the early stages of growth promoted an allocation of C 
and N towards protein synthesis, whereas, at later stages of cultivation, 
the metabolism of the N depleted cells shifted towards carbohydrate 
accumulation. In the exponential phase of growth, the culture had a 
protein:carbohydrate molecular ratio of 2.17 and 2.47 for Trial 1 and 
Trial 2, respectively. At the stationary phase of growth, the molecular 
ratios decreased significantly to 0.68 and 0.27 for Trial 1 and Trial 2, 
which was a direct consequence of the nutrient depletion. A similar 
metabolic behavior has also been reported for other species of the Tet
radesmus genus [38]. Nonetheless, in the presence of N and P in the 
growth medium, it is also possible for Tetradesmus obliquus to accumu
late higher amounts of protein in comparison with carbohydrates during 
the stationary phase of growth [26,41]. 

3.2.2. Pigment composition 
The pigment composition of the biomass at the exponential and 

stationary phases of growth is presented in Table 3. The total amount of 
chlorophyll was significantly higher at the exponential phase of growth 
in comparison with the stationary phase. During the exponential phase 
of growth there were no statistically significant differences in the 
amount of the primary pigments, chlorophyll a and b, between both 
trials (Table 3). 

This suggests a relationship between high cell division and the need 
for efficient photosynthesis as a direct supply of energy. However, a 
different trend was observed at the stationary phase, where the amounts 
of chlorophyll a and b were significantly different between both trials 
(Table 3). In the stationary phase of Trial 2, the low content of primary 
pigments may have resulted from the combined effect of the increased 
solar radiation and the prolonged nutrient deprivation leading to pho
toinhibition [42]. 

For both trials, the highest amounts of carotenoids were observed at 
the exponential phase of growth (Table 3). During this stage, light 
penetration inside the PBR was higher due to a lower cell concentration, 
which might have induced photodamage and upregulated carotenoid 
production as a photoprotection mechanism. Across all growth phases, 
the most abundant carotenoid in the biomass was lutein, followed by 
β-carotene. A similar trend was observed at laboratory scale using Sce
nedesmus obliquus [43]. In the course of Trial 1, there were no significant 
differences in the concentrations of lutein (Table 3). In Trial 2, the 

maximum amount of lutein was recorded during the exponential phase 
of growth, at 3.03 ± 0.11 mg g− 1 of DW biomass. This maximum value is 
slightly higher than that reported in Tetradesmus obliquus [44] however 
it is approximately 10-fold lower than the one reported in Scenedesmus 
obliquus [43]. The same result was observed for violaxanthin with the 
present study registering the lowest value of 0.34 ± 0.05 mg g− 1 during 
the stationary phase and the highest amount of 1.02 ± 0.05 mg g− 1 at 
the exponential phase of Trial 2. 

In both trials, the concentrations of the carotenoid β-carotene were 
higher during the exponential phase of growth (Table 3). In Trial 1, the 
maximum value was 0.90 ± 0.10 mg g− 1 which is not significantly 
different from the 1.29 ± 0.32 mg g− 1 achieved in Trial 2. These values 
are in agreement with literature [45]. 

3.2.3. FAME composition 
The fatty acid composition of the biomass at exponential and sta

tionary phases of growth is presented in Table 4. For both trials and 
across all stages of the growth, the results demonstrate that the FAME 
composition of Tetradesmus obliquus contained high levels of poly
unsaturated fatty acids (PUFAs), a moderate amount of saturated fatty 
acids (SFAs) and a low content of monounsaturated fatty acids (MUFAs). 
In the course of Trial 1, there was no significant difference in the relative 
abundance of SFAs between exponential and stationary phases. In the 
exponential phase of Trial 2, the presence of SFA represented 19.80 ±
0.30 % of the total fatty acid (TFA) content which was significantly 
lower than the stationary phase (26.70 ± 0.25 % of TFA). 

In both trials, the most abundant SFA was the palmitic acid (C16:0) 
ranging from 18 to 24 % of TFA, while myristic (C14:0), stearic (C18:0) 
and behenic (C22:0) acids were only present in residual amounts. 

The MUFA fraction in both trials was mainly represented by palmi
toleic (C16:1, ω-7) and oleic (C18:1, ω-9) acids while the 11-eicosenoic 
acid also known as gondoic acid (C20:1, ω-9) was only detected in re
sidual amounts at the stationary phase of growth. In both trials the 
MUFA fraction was significantly higher at the stationary phase of 
growth. Although the percentages of each fatty acid can vary greatly 

Table 3 
Pigment composition of Tetradesmus obliquus at exponential and stationary 
phases of growth. Data represents the mean ± standard deviation of technical 
replicates (n = 3). Different upper letters in the same row represent statistically 
significant differences between each sample group.  

Pigments 
(mg g− 1 DW) 

T1 
Exponential 

T1 
Stationary 

T2 
Exponential 

T2 
Stationary 

Chlorophyll a 47.25 ± 7.18a 30.67 ±
3.23b 

50.71 ± 1.44a 14.74 ±
1.09c 

Chlorophyll b 6.76 ± 1.72a 3.65 ± 0.67b 6.51 ± 0.26a, 

b 
0.51 ± 0.19c 

Violaxanthin 0.74 ± 0.03a 0.53 ± 0.08b 1.02 ± 0.05c 0.34 ± 0.05d 

Lutein 2.47 ± 0.13a, 

b 
2.49 ± 0.40a, 

b 
3.03 ± 0.11a 1.93 ± 0.24b 

α-Carotene 0.47 ± 0.06a 0.24 ± 0.03b 0.67 ± 0.06c n.d. 
β-Carotene 0.90 ± 0.10a, 

b 
0.78 ± 0.07a, 

b 
1.29 ± 0.32a 0.47 ± 0.04b  

Table 4 
The FAME composition of the biomass (% of total fatty acids) for Tetradesmus 
obliquus at different stages of growth. Data represents the mean ± standard 
deviation of technical replicates (n = 3). Different upper letters in the same row 
represent statistically significant differences between each sample group.  

FAME 
(% of total 
FA) 

T1 
Exponential 

T1 Stationary T2 
Exponential 

T2 
Stationary 

C 14:0 0.53 ± 0.04a 0.61 ± 0.04a 0.51 ± 0.03a 0.57 ± 0.01a 

C 16:0 21.28 ± 3.64a, 

b 
19.90 ±
1.64a,b 

17.66 ± 0.24a 24.17 ±
0.11b 

C 18:0 0.73 ± 0.02a 0.71 ± 0.06a 0.71 ± 0.01a 1.14 ± 0.02b 

C 22:0 0.90 ± 0.03a 0.96 ± 0.19a 0.92 ± 0.01a 0.82 ± 0.11a 

Σ SFA 23.44 ± 3.73a, 

b 
22.18 ±
1.94a,b 

19.80 ± 0.30a 26.70 ±
0.25b 

C 16:1 (ω-7) 4.03 ± 0.12a 4.14 ± 0.29a 4.41 ± 0.1a 3.51 ± 0.13b 

C 18:1 (ω-9) 4.11 ± 0.23a 6.17 ± 0.38b 2.60 ± 0.05c 12.52 ±
0.87d 

C 20:1 n.d. 0.82 ± 0.12a n.d. 0.90 ± 0.07a 

Σ MUFA 8.14 ± 0.35a 11.12 ± 0.79b 7.02 ± 0.15a 16.93 ±
1.06c 

C 16:2 0.71 ± 0.03a 0.82 ± 0.06b 0.64 ± 0.01a 1.12 ± 0.02c 

C 16:3 (ω-3) 3.22 ± 0.20a,b 2.59 ± 0.08b 2.95 ± 0.18a,b 3.64 ± 0.02a 

C 16:3 (ω-6) 1.09 ± 0.03a 1.12 ± 0.12a 1.00 ± 0.02a,b 0.86 ± 0.05b 

C 16:4 (ω-3) 19.41 ± 0.95a 16.33 ± 0.13b 20.03 ± 0.4a 11.31 ±
0.01c 

C 18:2 (ω-6) 4.90 ± 0.22a 7.81 ± 0.06b 3.97 ± 0.08c 7.60 ± 0.06b 

C 18:3 (ω-3) 36.67 ± 1.80a 30.68 ± 0.71b 41.67 ± 0.78c 25.85 ±
0.32d 

C 18:3 (ω-6) n.d. 1.50 ± 0.05a n.d. 0.98 ± 0.02b 

C 18:4 (ω-3) 2.43 ± 0.05a 5.85 ± 0.27b 2.92 ± 0.1c 5.01 ± 0.06d 

Σ PUFA 68.42 ± 3.29a, 

b 
66.70 ± 1.50a 73.18 ± 1.58b 56.37 ±

05.7c  
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with the experimental design, the composition of SFAs and MUFAs re
ported in the present study are similar to literature [46,47]. Across all 
stages of the cultivation, the PUFAs were the most abundant fatty acids 
in the biomass ranging from 56 to 73 % TFA. In both trials, the main 
PUFAs were the α-linolenic acid (C18:3, ω-3) and the 4,7,10,13 hex
adecatetraenoic acid (C16:4, ω-3). The linoleic (C 18:2, ω-6) and stear
idonic (C 18:4, ω-3) acids were detected in moderate amounts varying 
from 2 to 8 % of TFA. A similar PUFA content has been reported for a 
Tetradesmus wisconsinensis cultivation illuminated with white LEDs [47]. 

In the present study, the residual amounts of C18:0 across all stages 
of the cultivation suggest that this fatty acid can be the main precursor of 
the PUFA synthesis in this strain [48]. Although it has been proposed 
that microalgae tend to accumulate more PUFAs in low temperature 
conditions, our results show that PUFAs were the main fraction of the 
FAMEs even when temperatures inside the PBR were between 22 and 
24 ◦C [49]. This outcome might be explained by the depletion of P-PO4

3−

registered from day 3 onwards which has been observed to be a factor 
significantly contributing for the synthesis of PUFAs in Tetradesmus 
obliquus cultures [50]. 

These metabolic responses to nutrient availability can be controlled 
if nutrient consumption is monitored regularly to prevent depletion. The 
addition of nutrients during cultivation to prevent cellular stress has 
been studied at industrial scale as a method to produce biomass with a 
balanced chemical composition throughout all stages of growth [51]. 
Taken together, these results suggest that the feasibility of scaling-up 
bioremediation projects using microalgae is strongly linked to the N 
and P composition of the waste streams as well as the cultivation setup, 
as it will drastically affect the composition and the applications of the 
resulting biomass. 

3.2.4. Future perspectives on microalgae bioremediation of hydroponic 
wastewaters 

In both trials, the batch cultivation of Tetradesmus obliquus resulted 
in 100 % removal efficiency of N and P from hydroponic wastewaters. 
The maximum N uptake of the cultures occurred at the early exponential 
phase of growth which is characterized for being a period of high cell 
division, biomass growth and volumetric productivity. This outcome 
supports the idea that Tetradesmus obliquus is a promising strain for 
bioremediation of hydroponic wastewaters, due to the possibility of 
operating a continuous cultivation system with a short hydraulic 
retention time that would allow to purify a significant portion of 
nutrient rich wastewaters in a short period of time. 

As the PBR used in the present study can also be operated in 
continuous mode, it is worth mentioning that in the future it is possible 
to establish a DW threshold corresponding to the cellular stage of 
maximum nutrient uptake rate. In this case, the biomass of Tetradesmus 
obliquus is expected to contain high amounts of protein, pigments and 
PUFAs, which will be of great interest for the formulation of aquacul
ture, cattle and poultry feeds, or the agriculture sector in the form of 
plant biostimulants and biopesticides for crops [52,53]. 

The microalgae biomass produced from wastewaters is often 
excluded from animal feed applications because of the hazardous sub
stances present in the streams during cultivation. Despite the constant 
need to monitor the presence of compounds such as pesticides, hydro
ponic wastewater solutions are already regulated under the EU - 
Fertilizing Products Regulation, ensuring safety of use for vegetable 
production and human consumption [54]. Therefore, the use of hydro
ponic wastewaters can represent an opportunity to use microalgae 
biomass in these markets and accelerate circular economy business 
models. In the scope of this concept, a downstream pipeline should be 
developed to separate all relevant fractions and increase the profitability 
of the biomass. In that case, the use of non-toxic waste streams, such as 
hydroponic effluents as growth media for photosynthetic microorgan
isms can promote the deployment of a new generation of sustainable 
industries. 

4. Conclusion 

The cultivation of Tetradesmus obliquus in a photobioreactor equip
ped with LEDs and assembled inside a greenhouse, proved to be an 
efficient strategy for bioremediation of hydroponic effluent. The 
microalga Tetradesmus obliquus proliferated in unadjusted effluent 
achieving 100 % removal of N and P. The biomass derived from hy
droponic effluent displayed a chemical composition comparable to that 
of traditional growth media and can be used for several industrial ap
plications. The biomass composition is dependent on the growth phase 
which can have a significant impact on its application and allows for a 
tunable product on the basis of market needs. 
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