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A B S T R A C T   

Microalgal bioremediation of recirculating aquaculture system (RAS) wastewater represents an alternative for 
wastewater treatment with the potential to generate valuable biomass. This study evaluated the effects of 
removing biological contamination and suspended solids from Nordic area RAS wastewater through filtration 
with 0.45 μm filters on the performance and nutritional value of microalgae. All three tested green microalgae 
(Haematococcus pluvialis, Monoraphidium griffithii, and Selenastrum sp.) were able to grow in raw (unfiltered) and 
filtered RAS wastewater. Cultivation in raw RAS wastewater decreased the ω-3 and ω-6 fatty acid content of 
H. pluvialis as compared to filtered wastewater, while no differences in cell density, nutrient removal, or fatty 
acid and amino acid contribution were seen for any microalgae between the treatments. Filtration of wastewater 
significantly reduced the content of actinobacterial fatty acid biomarkers in microalgal cultures compared to raw 
wastewater. The difference in actinobacterial fatty acid content between raw and filtered wastewater was 
species-specific. Our results suggest that with careful selection of microalgal species, RAS wastewater can be used 
for the production of high-quality microalgal biomass for further applications, such as aquaculture feeds, with no 
need to remove indigenous biological contaminants and suspended solids.   

1. Introduction 

Aquaculture is one of the world's fastest-growing food industries and 
its further development and intensification are expected in almost all 
regions of the world. Eutrophication of aquatic ecosystems caused by 
exposure to nutrient-rich (particulate and dissolved) aquaculture 
wastewater (WW) represents one of the main risks to the environmental 
sustainability of aquaculture [1,2]. Recirculating aquaculture system 
(RAS) represents an environmentally superior option to traditional open 
systems (flow-through and net-pen) as it facilitates the on-site treatment 
of water. Low water renewal rates required by modern RAS (<10% of 
total volume per day) result in smaller volumes of WW, while the waste 
output depends on production of biomass and is not reduced compared 
to open systems. This concentration of waste into reduced volumes of 
WW provides an opportunity to improve waste management and 
nutrient recycling [2,3]. Despite technological improvements in physi
cochemical water purification processes, aquaculture WW treatment 
remains expensive while valuable nutrients present in WW are not 
recovered [4]. That is why economically feasible sustainable solutions 
are required for RAS WW treatment. 

Bioremediation of WWs represents a sustainable alternative to 
traditional physicochemical treatments, where living organisms are 
employed for the removal of contaminants. Although bioremediation of 
WW holds promising opportunities as a sustainable solution for nutrient 
recycling in RAS, to date, most research effort has been allocated to 
study aquaponics (aquaculture coupled with hydroponics) [5]. Among 
alternative organisms for bioremediation of RAS WW, microalgae 
represent a powerful biotechnological platform for the production of 
high value products and quality biomass [6]. Most importantly, their use 
for bioremediation of different industrial and municipal WWs has been 
proven effective [6,7,8,9]. Given that microalgae are a natural food 
source for organisms commonly produced in aquaculture (e.g. fish 
larvae, crustacean, and mollusks) [10], for RAS enterprises, microalgae 
cultivation could not only support WW treatment but the generated 
microalgal biomass could serve as feedstock to complement or replace 
aquaculture feeds [11,12]. In addition, biological harvest of microalgae 
(e.g. by zooplankton or fish larvae) could eliminate the operational costs 
associated with chemical or mechanical harvesting of microalgal cells 
(up to 90% of the total cost of microalgae production) [6,13,14]. 

Depending on the species and cultivation conditions, microalgae can 
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have high nutritional value for aquaculture since they are rich sources of 
carbohydrates, proteins, lipids, and other essential biomolecules such as 
vitamins and pigments [12,15,16]. In particular, fatty acids (FAs) and 
amino acids (AAs) are among the most important microalgal biochem
ical components as highly unsaturated FAs, such as eicosapentaenoic 
acid (EPA, 20:5ω-3) and docosahexaenoic acid (DHA, 20:6ω-3), are 
essential for the growth and reproduction of zooplankton, bivalves and 
fish [17,18,19]. AA composition, in particular essential AAs (EAAs), has 
been shown as an important component of food for aquaculture or
ganisms [18,20]. In addition, dietary non-essential AAs (NEAAs) have 
been reported as necessary to achieve maximal growth in zooplankton 
and fish [19,21]. 

To date, most studies on microalgal bioremediation of RAS WW were 
conducted in warm geographical locations [22], hence, the applicability 
of this bioremediation system at relatively low temperatures (below 
20 ◦C) common to Nordic areas has received little attention. In our 
previous study [23], three freshwater green microalgae (Haematococcus 
pluvialis, Monoraphidium griffithii, and Selenastrum sp.) showed adequate 
growth rates in RAS WW when grown at low temperatures (17 ◦C), 
making them feasible candidates for WW bioremediation. Nevertheless, 
despite the satisfactory growth rates obtained, the implementation of 
microalgal bioremediation systems requires a better understanding of all 
possible attributes of WW that may affect microalgal performance such 
as biological contamination and suspended solids. Native biological 
contamination of RAS WW represents a challenge for microalgae culti
vation since non-target microalgae and bacteria may compete for nu
trients and light or may be toxic for the cultured microalgae [24]. In 
addition, even small numbers of herbivorous protozoa can rapidly 
multiply and destroy a microalgal culture [25]. Although recent findings 
highlight the potential benefits of symbiotic relationships between 
microalgae and bacteria for WW bioremediation [5], most of these 
studies overlook microalgal biomass in favor of nutrient removal, which 
does not align with the objective of optimized microalgal production. 
Moreover, studies on non-axenic microalgal cultures have shown that 
bacteria can trigger adaptations in the starch and lipid metabolism of 
microalgae leading to changes in the nutritional value of microalgae 
[26,27,28]. These results are especially significant when microalgal 
biomass is intended to be re-introduced into RAS as a complement or 
replacement of aquaculture feeds. Nevertheless, since maintenance of 
axenic cultures in RAS facilities is not feasible, the effect of WW's bio
logical contamination on microalgal growth or its nutritional value 
should be considered. Suspended solids in RAS WW may also limit 
microalgal performance since, when present at high concentrations, 
they can reduce light penetration causing self-shading and reducing in- 
situ photosynthetic activity and biomass production [29]. To this end, 
evaluation of the effects of the reduction of the native biological 
contamination and suspended solids in RAS WW before microalgal 
inoculation can help avoid biomass losses or decreases in the overall 
nutritional quality of microalgae. 

In this study, we investigated the use of filtration as a one-step RAS 
WW pre-treatment to significantly reduce biological contamination and 
suspended solids. The objective of the present study was to evaluate the 
growth, bioremediation capacity and nutritional quality of three 
microalgae species (H. pluvialis, M. griffithii, and Selenastrum sp.) 
cultured in either raw (unfiltered) or filtered Nordic RAS WW. We 
estimated the nutritional quality as the composition of microalgal FAs 
and AAs, based on their essential role in aquaculture [17,19]. We tested 
the hypothesis “filtration of Nordic RAS WW will improve growth, 
biomass, nutrient removal or nutritional quality of microalgae 
compared to unfiltered RAS WW”. 

2. Materials and methods 

2.1. Recirculating aquaculture system wastewater 

RAS WW samples were obtained from the Natural Resources Institute 

Finland (LUKE) Laukaa fish farm [30]. WW samples were collected from 
the water outlet of two individual RAS, after drum filtration and fixed 
bed bioreactor treatment. Farming conditions prior to sample collection 
in tanks 1 and 2 were 44 and 52 whitefish (Coregonus lavaretus) with a 
mean weight of 453 and 437 g, respectively, fed with Raisio Circuit 
Silver 3.5 mm at 0.7% body weight per day. Water circulation was set at 
0.2 L s− 1 and replacement water adjusted at 250 L kg− 1 of feed [30]. 
Samples from both tanks were mixed and stored at 6 ◦C until used. Half 
of the RAS WW was filtered through 0.45 μm syringe filters (Corning, 
Sigma-Aldrich, USA). Filtration was not expected to produce an axenic 
WW [31], but rather decrease the total organic and biological load 
before the inoculation of microalgae. Dissolved organic carbon (DOC) of 
unfiltered and filtered RAS WW was measured from HCl-acidified 
samples (final pH = 2) with a high temperature catalytic oxidation 
method using a carbon and nitrogen analyzer (TOC-L, Shimadzu, 
Japan). Turbidity measures were done in triplicates with a Turb 430 IR 
(Xylem Analytics LLC, USA). 

2.2. Microalgae strains and cultivation conditions 

The three temperate zone freshwater green microalgal strains used 
(H. pluvialis, M. griffithii, and Selenastrum sp.) were obtained from the 
Norwegian Culture Collection of Algae (NORCCA). Each microalga was 
maintained as a stock monoculture in algae medium MWC (Modified 
Wright's Cryptophyte) based on Guillard and Lorenzen [32] as described 
previously [23]. A light microscope (Leica DM 500) equipped with a 
camera (Leica ICC50 W) was used to obtain images of microalgae grown 
in MWC media. The experimental cultivation of microalgae was divided 
into two experimental series, each series containing two replicates of 
each microalga cultivated in each culture media: unfiltered RAS WW 
and filtered RAS WW (Table 1). Microalgae were grown in 650 mL 
plastic culture flasks containing 400 mL of the culture as described in 
[23]. At the start of each series of experiments (day 0), microalgal stock 
monocultures were centrifuged at 2500g for 5 min at 17 ◦C (Megafuge 
1.0 R, Heraeus, Germany) to obtain high-density inoculums. Each 
experimental culture flask was then inoculated with 1–10% of the 
microalgal saturating concentration determined in the previous exper
iments in MWC media. Illumination was provided on one side of the 
flasks by two LED grow lights (AP67 spectrum, see [23]) with 24:00 
photoperiod and light intensity of 60–90 μmol photon m− 2 s− 1 measured 
at the surface of the flask by a high-resolution spectrometer (HP-350 
HiPoint Inc., Taiwan). Room temperature was maintained at 17 ±
0.3 ◦C. Throughout the experiment, the flasks were manually mixed 
twice a day with aquarium magnets to keep cells in suspension. Culti
vation was terminated 6 days after microalgal inoculation, before the 
cultures reached stationary phase. 

2.3. Determination of microalgal growth 

Throughout the cultivation period, cell density was estimated daily 
by cell count from two replicate samples of each replicate flask in a 

Table 1 
Characteristics of unfiltered RAS wastewater (WW) and filtered RAS wastewater 
(FWW) prior to microalgal inoculation. Dissolved organic carbon is denoted as 
DOC. Values are shown as mean ± SD of both experimental series.  

Composition WW FWW 

NH4-N (mg L− 1) 0.03 ± 0.01 0.05 ± 0.01 
NO2-N (mg L− 1) 0.03 ± 0.00 0.05 ± 0.00 
NO3-N (mg L− 1) 96.87 ± 0.73 97.03 ± 0.17 
PO4-P (mg L− 1) 3.83 ± 0.07 3.76 ± 0.04 
N:P molar ratioa 55.90 ± 0.62 57.05 ± 0.51 
pH 7.49 ± 0.28 7.39 ± 0.04 
Turbidity (NTU) 5.27 ± 0.68 1.33 ± 0.06 
DOC (mg L− 1) 12.99 ± 0.79 12.13 ± 0.59  

a N:P molar ratio was calculated from NO3-N:PO4-P. 
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haemocytometer chamber (Bürker) with 100× magnification (Leitz 184 
Laborlux D, Germany). The specific growth rate (d− 1) was calculated 
from the change in cell density during the exponential growth phase 
according to [33]. To determine the total dry weight (biomass), two 
aliquots of culture were taken at the end of the cultivation period (day 6) 
as described previously [23]. Chlorophyll-a concentration was assessed 
spectrophotometrically with Shimadzu Spectrophotometer (UV-1800, 
Japan) from samples filtered on a fiber filter (GF/A, Whatman, GE 
Healthcare, USA) at the end of the cultivation period (day 6) according 
to [34]. 

2.4. Determination of nutrient removal 

Nitrate‑nitrogen (NO3-N) and phosphate‑phosphorus (PO4-P) con
centrations were assessed from samples of culture media at the begin
ning and the end of the cultivation period with testing kits LC399 and 
LCK349 (Hach, USA) according to manufacturer's instructions. Quanti
fication was carried out in a mobile laboratory spectrometer (LASA 100, 
Dr. Lange, Germany). Before being analyzed, every sample was filtered 
through a 0.22 μm syringe filter. Percentage of nutrient uptake and 
nutrient removal rate (Ri) were calculated as described previously [23]. 

2.5. Fatty acid analysis 

Once microalgal cultivation ended (day 6), between 20 and 35 mL of 
each culture was filtered through 3.0 μm cellulose nitrate membranes 
(Whatman, GE Healthcare, USA). Filters containing the microalgal 
sample were then freeze-dried, weighed (Sartorius CP2P, Germany), and 
stored at − 80 ◦C until the analysis (no longer than a month). Filters 
containing 2–5 mg of green microalgae were placed into test tubes (10 
mL). Total lipid extraction was carried out with chloroform:methanol: 
water (4:2:1) mixture and methanolic H2SO4 (1% v/v) at 50 ◦C was used 
for transesterification of FA to form fatty acid methyl esters (FAME). 
FAMEs were analyzed with a gas chromatograph equipped with mass 
detector (GC–MS) (Shimadzu Ultra, Japan) using helium as a carrier gas 
and an Agilent (California, USA) ZB-FAME column (30 m × 0.25 mm ×
0.20 μm) (Phenomenex, USA) for separation. The temperature program: 
50 ◦C was maintained for 1 min, and then the temperature was increased 
at 10 ◦C min− 1 to 130 ◦C, then by 7 ◦C min− 1 to 180 ◦C, and 2 ◦C min− 1 

to 200 ◦C held for 3 min and finally heated at 10 ◦C min− 1 to 260 ◦C. The 
column flow was set at 1.10 mL min− 1. Quantification calibration curves 
for individual FAs were prepared with fatty acid standard GLC reference 
standard 556 C (Nu-Chek Prep, Elysian, USA). Additionally, we used 
phospholipid FA C19:0 (PLFA 19:0) and free FA C23:0 (Larodan, Swe
den) as internal standards for the calculation of the recovery percent
ages. Recovery percentages were >71% for all samples. FAs in sample 
spectrums were identified using retention times together with specific 
ions. Quantification was based on detector responses, the peak areas 
were integrated using GCsolution software (version 2.41.00, Shimadzu, 
Japan), and samples FAs areas values were interpolated in the calibra
tion curve to determine their concentration. 

FA content (μg g− 1 DW) was calculated using the following equation: 

FAic =
QFA × VVial

DW1 × R%
(1)  

where FAic is the content of an individual fatty acid (μg mg− 1 DW) in the 
sample, QFA is the concentration of the fatty acid (μg μL− 1) based on 
calibration curves of GLC-566C, VVial denotes the running volume of the 
samples (μL), DW1 is the dry weight of the sample, and R% denotes the 
recovery percentage based on internal standards. FA percent values (%) 
were calculated following the formula: 

FAi% =
FAic

Tot − FAic
× 100 (2)  

where FAi% is the percentage of contribution of FAi, FAic is the 

determined concentration of FAi and Tot-FAic is the sum concentration of 
all identified FAs. As described in [35], FAs were then sorted by their 
mean % contribution, and only FAs contributing >0.5% (mean across all 
replicates) to the total were used for later statistical analysis (without 
normalizing the data to 100%). In this work, we focused on the content 
and contribution of five ω-3 poly-unsaturated FAs (16:3ω-3, 16:4ω-3, 
18:3ω-3, 18:4ω-3 and 20:5ω-3) and four ω-6 FAs (16:2ω-6, 18:2ω-6, 
18:3ω-6, and 20:4ω-6). In addition to microalgal FAs, we quantified 
actinobacterial FA biomarkers (i-14:0, i-15:0, a-15:0, i-16:0, i-17:0, and 
a-17:0) of each sample as an approximation of the bacterial biomass in 
the culture media. Actinobacterial FA contents (ng mL− 1) represent the 
sum of all quantified FAs per mL of media and are expressed as bacterial 
FA contents in the Results section. 

2.6. Amino acid analysis 

At the end of the microalgal cultivation period (day 6), between 7 
and 10 mL of culture were filtered through 3.0 μm nucleopore poly
carbonate filters (Whatman, GE Healthcare, USA). Filters containing the 
sample were then freeze-dried, weighed (Sartorius CP2P, Germany), and 
stored at − 80 ◦C until analysis (no longer than a month). Microalgae 
samples were placed into test tubes (10 mL) and HCl 6 N was added in 
sufficient amounts to ensure that the filters containing the sample were 
completely covered in acid. Samples were then heated at 110 ◦C for 24 h. 
After AA hydrolyzation, HCl was evaporated at 110 ◦C for 20 h. We used 
L-norvaline (Sigma-Aldrich, USA) as an internal standard. Free AAs were 
then derivatized utilizing the commercial kit EZ:faast for Free Physio
logical Amino Acid Analysis by GC–MS (Phenomenex, USA) with the 
exception that no purification column was used during the process. AA 
chromatographic separation and their posterior identification and 
quantification were done following the protocol described in [36]. 
Samples were analyzed with GC–MS (Shimadzu, Japan) and a fused 
silica capillary column (10 m × 0.25 mm), coated with 0.2 μm of an 
unknown stationary phase (ZB-AA, Phenomenex, USA). The identifica
tion of AAs was based on retention times and specific ions. Individual AA 
calibration curves were generated with the AA standard AAS-18 (Sigma- 
Aldrich, USA). Quantification and correction of AA content (μg mg− 1 

DW), together with the determination of AA (%), were done as described 
with FAs (Eqs. (1) and (2)). In Eq. (1), norvaline recovery percentage 
was used as R%. Only the AAs present in the standard (AAS-180) were 
identified and quantified in the samples: eight essential AA (EAAs: 
valine, leucine, isoleucine, threonine, methionine, phenylalanine, 
lysine, and histidine), and seven non-essential AA (NEAAs: alanine, 
glycine, serine, proline, asparagine, glutamic acid, and tyrosine). The 
sum of all AAs was calculated as the sum of EAA and NEAA. In the case of 
methionine, only very low concentrations of the amino acid were 
detected, this agrees with previous literature since methionine can be 
degraded to varying degrees during acid hydrolysis [37]. 

2.7. Statistical analysis 

Two-way mixed effects analysis of variance (ANOVA) was used to 
test the effects of microalgae species (three microalgae species) or 
growth media (filtered or unfiltered RAS WW) on growth, nutrient up
take, and FA and AA categories. The significance of fixed effects was 
evaluated using Satterthwaite's method to approximate the degrees of 
freedom. The non-independence of observations within each run was 
accounted for by including run as a random factor. The significance of 
the effect of the run was evaluated with the Likelihood Ratio Test. 
Estimated Marginal Means pairwise comparison with Tukey adjust
ments was used for post hoc analysis of the mixed effects models. Ho
mogeneity of variances was tested with Levene's test and normality of 
the collected data was tested with Shapiro–Wilk's test. Permutational 
multivariate analysis of variance (PERMANOVA) based on the Bray- 
Curtis distance matrix was performed on FA and AA percentage (%) 
data to test if species or media (treatment) differed statistically from 
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each other. PERMANOVA analysis for ω-3, ω-6, EAA, and NEAA were 
carried out on normalized percentage data of each category. Multivar
iate homogeneity of group dispersion (variances) was tested using Marti 
Anderson's procedure for the analysis of multivariate homogeneity 
(PERMDISP) [38]. The limit of statistical significance in all tests was set 
to α ≤ 0.05. All statistical analyses were conducted using R (RStudio 
version 3.6.3), mixed effects models were conducted with lme4 package 
(v1.1-21), the rest of the analysis was carried out with either R base or 
vegan packages [39]. 

3. Results and discussion 

3.1. Effect of RAS wastewater filtration on cell density, biomass, and 
chlorophyll-a 

Filtration of Nordic RAS WW through 0.45 μm filter decreased the 
turbidity of the media but did not affect the concentration of dissolved 
nutrients (Table 1). In contrast with our hypothesis, no differences in cell 
density, specific growth rate, or dry weight were observed between 
microalgae cultivated in unfiltered and filtered WW after 6 days of 
cultivation (p > 0.05; Fig. 1; Table S.1). Chlorophyll-a concentration was 
almost ~50% lower in H. pluvialis cultivated in unfiltered compared to 
filtered WW (p < 0.05; Fig. 1d; Table S.4), while M. griffithii and Sele
nastrum sp. did not present differences in chlorophyll-a between treat
ments (p > 0.05; Table S.3). Altogether, our results suggest that filtration 

of RAS WW does not promote (nor suppress) microalgal growth during 
short-term cultivation, showing that neither biological contamination 
nor the concentration of suspended solids present in RAS WW signifi
cantly affect microalgal growth. In previous studies, differences in cell 
density and dry weight between microalgae cultivated in unfiltered and 
filtered (0.20–0.22 μm) WW were observed after microalgae entered 
stationary phase [40,41]. Therefore, it is possible that with short-term 
cultivations, when nutrients are not limiting, biological contamination 
of RAS WW does not limit microalgal growth. Since microalgal har
vesting should correspond with the highest production of the desired 
end-product, cultivation times should be optimized based on the tar
geted use of microalgal biomass. For RAS WW, optimization of culti
vation times should prioritize maximal microalgal biomass, nutrient 
removal, and nutritional quality of the generated biomass, hence, long 
cultivation times where microalgae reach stationary phase might not be 
required. 

Despite large differences in cell densities (Fig. 1a), the three tested 
microalgae reached very similar dry weights by day 6 (Fig. 1c; 
Table S.5), possibly due to differences in cell size between microalgae 
species and particularly the larger size of H. pluvialis (Fig. S.1). It is 
important to point out that the influence of particulate matter and 
biological contamination present in WW to the final dry weight cannot 
be discounted, particularly for unfiltered WW. Therefore, despite not 
observing differences in cell number between treatments, it is possible 
that the recorded dry weights were slightly overestimated. 

Independent of the media, M. griffithii had a higher specific growth 
rate than the other microalgae (0.61 ± 0.03 d− 1) (p < 0.05; Fig. 1b; 
Table S.5), while no difference was observed between H. pluvialis and 
Selenastrum sp. (0.47 ± 0.04 and 0.49 ± 0.03 d− 1, respectively) (Fig. 1b; 
Table S.5). Specific growth rate and cell density values observed in this 
study agree with those of literature on the same microalgae species 
cultivated in reference algae media [23,42,43]. In addition, other 
studies looking at the same microalgae genera/species cultured in 
different types of WW at temperatures of 20 ◦C or higher reported 
similar or lower specific growth rates than in this work (Haematococcus 
[8]; Monoraphidium [9]; Selenastrum [44]). This highlights the resilience 
of the three tested microalgae species used in this study and presents 
them as good candidates for the bioremediation of other industrial WWs 
with similar properties to Nordic RAS WW. Overall, the similar growth 
rates obtained in this and our previous study with the same microalgal 
strains and culture conditions [23], support the use of RAS WW for 
efficient microalgal cultivation. 

3.2. Nutrient removal 

Nutrient removal efficiency (removal percentage and removal rate) 
was not affected by WW filtration (p > 0.05; Fig. 2; Table S.4). This 
result suggests that microalgal removal of nitrate‑nitrogen (NO3-N) or 
phosphate‑phosphorus (PO4-P) during short-term cultivation periods is 
not affected by WW's biological contamination nor suspended solids. 
These findings are in line with previous studies on microalgal biore
mediation of aquaculture WW, where complete sterilization of WW did 
not significantly affect the nutrient removal efficiency of green micro
algae during exponential growth [27,41]. However, as with cell density, 
species-specific effects of biological contamination on nutrient removal 
have been observed when microalgae were grown until late stationary 
phase [40]. 

Regardless of the cultivation media, Selenastrum sp. and M. griffithii 
were able to remove almost all PO4-P in WW (~99% on average) 
(Fig. 2a,c), while H. pluvialis had a lower (~75%) removal efficiency 
than the other microalgae (Fig. 2a,c; Table S.5). NO3-N removal was less 
than ~40% for all microalgal species and cultivation media (Fig. 2b,d). 
Comparison between species showed that H. pluvialis had a higher NO3- 
N removal rate than M. griffithii in filtered WW (p < 0.05; Table S.5) 
while no other differences in nutrient removal were observed 
(Table S.5). Compared to previous studies looking at the WW 

Fig. 1. Density (Den) (a), specific growth rate (SGR) (b), dry weight (DW) (c), 
and chlorophyll-a content (Chl a) (d) of three green microalgae (Haematococcus 
pluvialis, Monoraphidium griffithii, and Selenastrum sp.) grown in either unfil
tered (WW) or filtered RAS wastewater (FWW) for 6 days. Values are presented 
as mean ± SD of four replicates. Statistically significant differences between 
treatments are shown with *. Comparison of treatments between microalgae is 
not presented in this figure. 
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bioremediation capacities of the tested microalgae, the observed NO3-N 
and PO4-P removal rates were consistent with those described at culti
vation temperatures of 20 ◦C or above (H. pluvialis [8]; Monoraphidium 
[9]; Selenastrum [44]). In addition, in our previous study we observed 
similar PO4-P and higher NO3-N removal rates compared to this study 
[23], confirming that microalgae bioremediation of Nordic RAS WW at 
ca. 17 ◦C is a viable option for WW treatment. Nevertheless, given the 
NO3-N removal percentage observed (less than 40% for all species), and 
considering that microalgae nutrient removal rates are affected by the N: 
P ratio of the culture media, balancing WW's N:P ratio near optimal 
required by microalgae could increase nutrient uptake [7]. In this study 
the N:P ratio observed in WW was >55 (Table 1), indicating phosphorus 
limitation for microalgal growth and suggesting that the addition of 
phosphorus to WW, prior to microalgal inoculation, could represent an 
opportunity to improve NO3-N removal. 

3.3. RAS wastewater filtration and microalgal fatty acid profiles 

All microalgae contained alfa-linolenic acid (ALA, 18:3ω-3) stear
idonic acid (SDA, 18:4ω-3), linolenic acid (LIN, 18:2ω-6), and gamma- 
linolenic acid (GLA, 18:3ω-6) (Fig. 3). None of the studied species pre
sented detectable amounts of DHA, and only H. pluvialis contained 
arachidonic acid (ARA, 20:4ω-6) and low contents of EPA (0.56 ± 0.17 
and 0.76 ± 0.14 μg mg− 1 DW in unfiltered and filtered WW, respec
tively) (Fig. 3). PERMANOVA analysis showed no effect of WW filtration 
on the contribution of the studied ω-3 or ω-6 FAs (Table 2). Nevertheless, 

PERMANOVA test loses power and is more prone to type II errors in the 
presence of heteroscedasticity. Given the observed differences in 
dispersion of ω-6 FA contribution data (p < 0.05; Fig. S.2a; Table 3), it is 
possible that differences in the ω-6 FAs contribution between treatments 
did exist. The effect of microalgae species was significant in the PER
MANOVA analysis and explained >85% of the observed differences in 
ω-3 or ω-6 FAs (Table 2). This result is in line with previous work 
describing phytoplankton taxa as the most explanatory variable for 
differences in FA profiles [45,46]. Although all microalgae displayed 
similar total ω-3 FAs contributions (~45%), SDA contributions varied 
from ~2.5% to ~7.5% in H. pluvialis and Selenastrum sp., respectively 
(Fig. 3a). H. pluvialis presented a ω-6 FA contribution of ~17%, with LIN 
making up to ~76% of the total ω-6 FA composition (Fig. 3c). Compared 
to previous studies where H. pluvialis and M. griffithii were cultivated in a 
reference algae medium, we observed similar ω-3 and ω-6 FA profiles 
[42,47], suggesting that the use of Nordic RAS WW as a growth media, 
do not significantly affect the microalgal composition of nutritionally 
important FAs. 

In terms of FA content, H. pluvialis had a lower ω-3 and ω-6 content 
when cultured in unfiltered compared to filtered WW (p < 0.05; 
Table S.6), while no differences were seen for M. griffithii or Selenastrum 
sp. between treatments (Fig. 3b,d; Table S.6). Interestingly, since no 
difference in FA composition was observed, H. pluvialis proportionally 
decreased the content of ω-3 and ω-6 FAs, suggesting that the conditions 
present in unfiltered RAS WW affected the total production of FAs 
compared to filtered WW. Since we did not quantify total lipids, dif
ferences in total lipid content between treatments might exist. There
fore, the effect of biological contamination and suspended solids on lipid 
production might be underestimated in this study. Overall, our FA re
sults suggest that microalgal FA metabolism responds in a species- 
specific manner to the native conditions of Nordic RAS WW. 

The ω-3 and ω-6 ratio, which is a useful indicator of FA nutritional 
value for zooplankton [48], was ~4.5 in Selenastrum sp. and M. griffithii 
and ~2.5 in H. pluvialis. This result indicates that Selenastrum sp. and 
M. griffithii have a higher FA nutritional value than H. pluvialis. Due to 
the similar ω-3 and ω-6 FA contents seen in M. griffithii and Selenastrum 
sp., we have no reason to believe that one of these microalgae has su
perior nutritional FA value than the other. 

Studies on bioconversion of FAs have shown that planktonic organ
isms such as Daphnia can elongate and desaturate ALA and SDA to EPA 
and LIN to ARA [49,50], both of which are essential FAs for fish growth 
and development [17]. Therefore, given that ALA and LIN are major 
contributors to the ω-3 and ω-6 FA content of the tested microalgae, 
filter-feeding Daphnia could be used to upgrade the FA nutritional value 
of the generated algal biomass for later use in RAS, as well as to decrease 
the costs associated with the mechanical harvest of microalgae. 

3.4. RAS wastewater filtration and microalgal amino acid profiles 

All 15 studied AAs were identified in each microalgae species 
regardless of the cultivation media (Fig. 4; Table S.1). Contributions of 
total EAAs and NEAAs were very similar between species and treatments 
(~50% for both EAAs and NEAAs). According to PERMANOVA, 
microalgae species showed a statistically significant effect on both EAA 
and NEAA contribution (p < 0.05; Table 2), explaining 27.8% and 21.5% 
of the variation seen in EAA and NEAA, respectively. These results are in 
agreement with previous literature, where the total contribution of EAA 
and NEAA remained relatively constant between microalgae species/ 
taxa but significant variations were seen at the individual AA level [51]. 

No effect of filtration was seen on the contribution of EAAs or NEAAs 
(Table 2) and compositional data showed to have a homogeneous 
dispersion for both EAA and NEAA (Figs. S.2b, S.3; Table 3). Filtration of 
WW affected negatively the AA content of Selenastrum sp. for both EAAs 
and NEAAs (p < 0.05; Fig. 4b; Table S.6), while M. griffithii showed a 
lower EAA content in filtered compared to unfiltered WW (p < 0.05; 
Fig. 4b; Table S.6). However, since biological contaminants in RAS WW 

Fig. 2. Percentage of PO4-P removal (a), percentage of NO3-N removal (b), 
PO4-P removal rates (RP) (c), and NO3-N removal rates (RN) (d) of three green 
microalgae (Haematococcus pluvialis, Monoraphidium griffithii, and Selenastrum 
sp.) grown in either unfiltered (WW) or filtered wastewater (FWW) for 6 days. 
Values are presented as mean ± SD of four replicates. 
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such as bacteria can synthesize all tested AAs [52], it is possible that the 
higher observed EAA and NEAA contents in unfiltered WW could be 
attributed to the presence of bacteria in the culture media. Conse
quently, it is possible that the AA content observed in H. pluvialis 
cultivated in unfiltered WW was also increased by the presence of 

bacteria in the culture medium. As a limitation of our study, we did not 
quantify total protein content, which could have shown if differences 
between treatments in protein contribution to dry biomass exist. 

Overall, H. pluvialis had the highest EAA and NEAA contents of the 
studied species in both unfiltered and filtered WW (EAA: 139 ± 6 and 
139 ± 4, NEAA: 148 ± 5 and 145 ± 4 μg mg− 1 DW, respectively) (p <
0.05; Fig. 4b; Table S.6). Compared to previous studies, we observed 
similar total AA contents to those described for freshwater green 
microalgae in non-axenic cultures of reference algae media [53], indi
cating that the use of Nordic RAS WW as a growth medium does not 
affect the production of AA by microalgae. Because EAAs are considered 

Fig. 3. Proportion of all fatty acids (FA) and per biomass content of ω-3 (a, b) and ω-6 (c, d) FA of three green microalgae (Haematococcus pluvialis, Monoraphidium 
griffithii, and Selenastrum sp.) grown in either unfiltered (WW) or filtered (FWW) RAS wastewater for 6 days. Statistically significant differences in FA content between 
treatments are shown with *. Comparisons of treatments between microalgae are not presented in this figure. 

Table 2 
PERMANOVA results of microalgae ω-3 and ω-6 fatty acids together with 
essential and non-essential amino acid (EAA and NEAA, respectively) contri
bution profiles. Dissimilarities in amino acid profiles were compared between 
species (Haematococcus pluvialis, Monoraphidium griffithii, and Selenastrum sp.), 
treatments (unfiltered and filtered wastewater) and their interaction (species * 
treatment). Remarked in bold, statistically significant values (p < 0.05).  

Variable Source df Pseudo-F exp% p 

ω-3 Species  2  62.51  85.3  <0.01 
Treatment  1  2.02  1.4  0.16 
Species * treatment  2  0.80  8.0  0.47 

ω-6 Species  2  103.60  90.5  <0.01 
Treatment  1  3.15  1.4  0.08 
Species * treatment  2  0.26  0.2  0.79 

EAA Species  2  3.98  27.8  <0.01 
Treatment  1  0.57  2.0  0.66 
Species * treatment  2  1.07  7.5  0.40 

NEAA Species  2  2.98  21.5  0.02 
Treatment  1  1.05  3.8  0.34 
Species * treatment  2  1.36  9.8  0.24  

Table 3 
Permutational Analysis of Multivariate dispersion (PERMDISP) of the contri
bution of essential and non-essential amino acids (EAA and NEAA, respectively) 
and ω-3 and ω-6 fatty acids across three green microalgae (Haematococcus plu
vialis, Monoraphidium griffithii, and Selenastrum sp.) grown in either unfiltered or 
filtered wastewater for 6 days. Remarked in bold, statistically significant values 
(p < 0.05).  

Unit Source df F p 

ω-3 Species  2  1.43  0.26 
ω-6 Species  2  5.27  0.01 
EAA Species  2  1.31  0.29 
NEAA Species  2  1.88  0.18  
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the same for zooplankton and fish as for insects and humans [54] and 
NEAA are described to be a key component explaining zooplankton 
growth [19], our results suggest that all tested microalgae species could 
serve as a nutritious food source for zooplankton and fish. Altogether, 
given that the FA and AA contents of M. griffithii and Selenastrum sp. 
were not altered by filtration, they appear as good candidates for the 
bioremediation of unfiltered WW when biomass is intended for further 
use in aquaculture. Nevertheless, if filtration of RAS WW is possible, 
H. pluvialis could have an advantage over the other tested species due to 
its EPA, ARA, and overall higher AA content. 

It is important to point out that microalgal biochemical profiles, as 
well as growth dynamics, are susceptible to changes in growth media 
composition, type of photobioreactor used, and other factors [55]. Thus, 
it is possible that different growth rates and variations in the FA and AA 
contents could be observed when scaling up the studied production 
system. In addition, in this study we did not analyze the carotenoid 
content of the tested microalgae, and cannot therefore evaluate the ef
fect of biological contamination and suspended solids in RAS on this 
nutritionally important group of biomolecules for aquaculture [56]. 
Among other difficulties of the use of RAS WW for microalgal cultivation 
is that its composition is not homogenous among facilities, which adds 
to the problem of replicability of results. That is why more and larger- 
scale studies are needed to further confirm the feasibility of the use of 
microalgae for bioremediation of RAS WW and the production of 
nutritionally valuable biomass. 

3.5. Bacterial biomass in microalgae cultures of unfiltered and filtered 
wastewater 

Unfiltered WW showed an overall higher bacterial biomass based on 
actinobacterial FAs than its filtered counterpart after six days of 
microalgae cultivation (Fig. 5; Table S.3). Excluding Selenastrum sp., 
both H. pluvialis and M. griffithii cultures had higher bacterial biomasses 
when grown in unfiltered compared to filtered WW (p < 0.05; Fig. 5; 
Table S.3). The highest bacterial biomass was observed in H. pluvialis 
culture, where almost 3-fold higher biomass was observed in unfiltered 
compared to filtered WW (p < 0.05; Fig. 5; Table S.4). Overall, 
approximated bacterial biomasses in filtered WW were similar in all 
microalgal cultures (Fig. 5. Table S.4). Since H. pluvialis exhibited high 
bacterial biomass in unfiltered WW, it is possible that competition for 
nutrients or other effects of the presence of bacteria induced a stress 
response in this microalgae. Commonly, H. pluvialis responds to stress by 

accumulating astaxanthin at the expense of chlorophyll degradation 
[57]. Therefore, the lower chlorophyll-a content observed for this 
microalgae in unfiltered WW (Fig. 1d) could be explained by the tran
sition from green cells to astaxanthin rich cysts. Nevertheless, we did not 
see differences in cell density by day 6 (Fig. 1a) and no differences were 
seen in the number of cysts between filtered and unfiltered treatment, 
suggesting that astaxanthin accumulation had only started by the end of 
the cultivation period. 

Compared to H. pluvialis, Selenastrum sp. and M. griffithii presented 
lower bacterial biomasses than in unfiltered WW, suggesting that these 
two species are better able to control bacterial growth. Nonetheless, as 
all species showed similar bacterial biomasses in filtered WW cultures, it 

Fig. 4. Proportion of all amino acids (AA) (a) and per biomass content (b) of essential and non-essential amino acids (EAA and NEAA, respectively) of three green 
microalgae (Haematococcus pluvialis, Monoraphidium griffithii, and Selenastrum sp.) grown in either unfiltered (WW) or filtered (FWW) RAS wastewater for 6 days. 
Statistically significant differences in AA content between treatments are shown with *. Bold letters E and N are used to denote if statistical difference in EAA and/or 
NEAA (respectively) was observed. Comparisons of treatments between microalgae are not presented in this figure. 

Fig. 5. Bacterial fatty acids (FAs) content in microalgae culture media of three 
green microalgae (Haematococcus pluvialis, Monoraphidium griffithii, and Sele
nastrum sp.) grown in either unfiltered (WW) or filtered WW (FWW) for 6 days. 
Values are given as the sum of all identified bacterial FAs. Statistically signif
icant differences between treatments are shown with *. Comparisons of treat
ments between microalgae are not presented in this figure. 
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is possible that when lower bacterial loads are initially present in the 
culture medium, bacterial growth dynamics are equally affected by the 
different microalgae species. 

Since we only quantified actinobacterial FAs from microalgae fil
trates (3.0 μm filter pore size), our results most likely underestimate the 
total bacterial loads of the cultures due to bacteria passing through the 
filters. In addition, we did not follow bacterial growth during microalgal 
cultivation, which could have exposed valuable information for the 
understanding of microalgae-bacteria growth dynamics in WWs. Even 
though we did not see differences in microalgal cell numbers between 
treatments by the end of the cultivation period (Fig. 1a), studies by 
Bolch et al. [58] and Rhee [59] showed that a rapid onset of bacterial 
growth on the culture media can shorten the exponential growth phase 
of microalgae, leading to lower cell densities. This is an important aspect 
to consider if the objective of microalgal production is the accumulation 
of an end-product that requires longer cultivation times than the one 
used in this study. 

Since biological contamination encompasses more than just bacteria, 
there are likely to be other significant differences in the biological 
composition of unfiltered and filtered RAS WW cultures. Daily micro
scope examination of microalgal cultures showed negligible amounts of 
non-targeted organisms and suspended solids in filtered WW while small 
numbers of protozoa were observed in unfiltered RAS WW. Although we 
did not quantify any observed microorganisms present in the cultures 
besides the targeted microalgae, we did not observe considerable in
creases in biological contamination throughout the cultivation period. 
This suggests that the native biological contamination of the RAS WW 
used for our experiment did not present a threat to microalgal 
production. 

In summary, our results show that microalgal bioremediation of 
Nordic RAS WW at low temperatures (17 ◦C) represents a feasible and 
sustainable alternative to conventional physicochemical water treat
ments with the advantage of nutrient recycling and valuable biomass 
generation. In addition, besides changes in the FA content of H. pluvialis, 
we did not observe significant decreases in microalgal performance due 
to the presence of biological contamination and suspended solids, sug
gesting that filtration of RAS WW prior to microalgal inoculation might 
be unnecessary when short-term cultivations are used. 

4. Conclusions 

In this study, we showed that microalgal bioremediation of Nordic 
RAS WW is a feasible alternative to conventional WW treatments. Bio
logical contamination did not affect microalgal growth, biomass pro
duction, nutrient removal, or AA and FA composition of microalgae, but 
had a negative effect on the ω-3 and ω-6 FA content of one of the studied 
species, H. pluvialis. Overall, our results suggest that for the generation of 
valuable biomass, the removal of indigenous biological contamination 
and suspended solids of RAS WW does not produce major changes in the 
bioremediation capacity or the nutritional quality of microalgae. 

E-supplementary data of this word can be found in the online version 
of the paper. 
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