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Abstract
Microalgal cultivation in aquaculture wastewater (AWW) from recirculating aquaculture systems (RAS) is an approach for
combined production of valuable algal biomass and AWW treatment. The growth, nutrient uptake, fatty acid (FA) profile, and
tocopherol content of mixed algal cultures of Euglena gracilis with Selenastrum grown in AWWs from pikeperch (Sander
lucioperca) and catfish (Clarias anguillaris) RAS were studied. The highest algal biomass (1.5 g L−1), lipid (84.9 mg L−1), and
tocopherol (877.2μg L−1) yields were achieved in sludge-amended pike perch AWW.Nutrient removal rates in experiments were
98.9–99.5 and 98.4–99.8% for NH4-N and PO4-P, and 75.4–89.2% and 84.3–95.7% for TN and TP, respectively, whereas the
COD was reduced by 45.8–67.6%. Biomass EPA and DHA content met, while ARA and tocopherol content exceeded the
requirements for fish feed. Algal cultivation in AWWs is a promising alternative for AWW treatment while providing a replace-
ment for fish oil in feed.
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Introduction

Aquaculture is a fast-growing sector in food production, with
an average annual growth of 3.2% and in 2014 human con-
sumption of farmed fish outweighed consumption of wild-
caught fish for the first time (FAO 2016). Due to the increase
in fish farming, serious concerns have been raised regarding
environmental pollution related to the aquaculture wastewater
(AWW) and over-exploitation of wild fish populations used as

fish-feed ingredients (Ansari et al. 2017). Environmental
friendly practices in fish farming and the use of local and
low trophic level biomass, e.g., microalgae for feed, may de-
crease the environmental impacts of fish farming (Martins
et al. 2010).

Use of recirculating aquaculture systems (RASs) decreases
the pollution effect of fish farming and the need for fresh water
(Martins et al. 2010). Therefore, RAS technology is recog-
nized as a future solution to develop aquaculture practices in
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several European countries (Badiola et al. 2012). In RASs,
AWW is treated, and a portion of the effluent water is re-
circulated through the aquaculture system. In comparison to
flow-through culturing systems, the water exchange rate in
very intensive RASs is reduced from > 50 to < 0.1 m3 kg−1

fish feed (Martins et al. 2010). Additionally, minimizing feed
use (i.e., feed conversion ratio) reduces waste generation in
RAS (Martins et al. 2010). However, in RASs, treatment of
concentrated sludge containing suspended solids and nutri-
ents, especially phosphorus, increase operating costs
(Martins et al. 2010).

Until 1990, feed ingredients, e.g., in Norwegian salmon
industry, were mainly of marine origin, whereas in 2013, the
proportion of plant ingredients had increased to 70%, of which
19% were plant oils (Ytrestøyl et al. 2015). Decreased use of
fish oils in feed diminishes the content of long-chain polyun-
saturated fatty acids (LC-PUFAs) in the feed, especially
omega-3 fatty acids (FAs). Low contents of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) in particular
(Sørensen et al. 2016) reduce the health benefits of farmed
fish (Ytrestøyl et al. 2015). Additionally, less attention has
been paid to the LC-PUFA arachidonic acid (ARA), belong-
ing to omega-6 FAs, even though it can also be critical for fish
growth (Rombenso et al. 2016; Torrecillas et al. 2017).
Microalgae are a natural source of LC-PUFAs in aquatic food
webs (Brett and Müller-Navarra 1997) and therefore, to avoid
deterioration of the nutritional value of farmed fish, interest in
replacing LC-PUFA rich fish oils with microalgae is rising
(Van Hoestenberghe et al. 2016).

Furthermore, the micronutrients with antioxidative proper-
ties, such as tocopherols protecting FAs from oxidation, are
important feed components (Hamre 2011; Hamre et al. 2016;
Shahidi and Costa de Camargo 2016). Biologically, the most
active tocopherol isα-tocopherol (generally known as vitamin
E) (Ortíz et al. 2006), which is often present in high concen-
trations in plant oils (Schwartz et al. 2008; Hamre et al. 2016).
However, it is unstable during feed processing, and storage
and, therefore, supplementation of feeds with higher concen-
trations of α-tocopherol than minimal requirements are rec-
ommended (Hamre et al. 2016).

Among the microalgal genera, euglenoids and green algae
(Chlorophyceae) are common in polluted environments and
efficiently remove nutrients from wastewaters (Mustafa et al.
2012; Mahapatra et al. 2013; Tossavainen et al. 2017, 2018).
The maximum reported growth rate for Euglena sp., grown in
municipal wastewater, is 0.79 day−1 (on dry weight (DW)
basis) (Mahapatra et al. 2013), whereas growth rates of several
green algal strains grown in various synthetic wastewaters
varied between 0.04 and 0.32 day−1 for Selenastrum
capricornutum, 0.07 and 0.38 day−1 for Scenedesmus
obliquus, and 0.04 and 0.52 day−1 for Chlorella vulgaris
(Zhao et al. 2016). In our previous study (Tossavainen et al.
2017), the growth rate of Selenastrum sp., grown in various

composting fluids, was 0.34–0.68 day−1. Furthermore, eugle-
noids are producers of LC-PUFAs (Korn 1964; Schwarzhans
et al. 2015; Tossavainen et al. 2018). The most abundant FAs
in green algae are palmitic acid (C16:0), oleic acid (C18:1),
linoleic acid (C18:2(n-6), LA), and linolenic acid (C18:3(n-3),
ALA), whereas green algae are not able to synthesize LC-
PUFAs (Taipale et al. 2013; Tossavainen et al. 2017). Also,
odd number FAs, not common in biological organisms are
typical of euglenoids (Schwarzhans et al. 2015).
Additionally, very high concentrations of tocopherols (0.3–
5.1 mg g−1 or 2.0–143.6 mg L−1) (Tani and Tsumura 1989)
in comparison to several other algae (158.7–184.7 μg g−1 or
0.3–5.5 mg L−1) (Tani and Tsumura 1989; Vismara et al.
2003) or common plant oils (0.32–257 mg per 100 g of oil)
(Schwartz et al. 2008) are reported in euglenoids, whereas
tocopherols were not found in several strains of molds and
yeasts (Tani and Tsumura 1989).

Instead of algal monocultures, mixed cultures can have
some advantages in wastewater treatment and productivity
since niche differentiation of algal strains, i.e., variation in
growth requirements, can result in more efficient resource
allocation. This means more efficient nutrient utilization
(Stockenreiter et al. 2016; Tossavainen et al. 2018) and better
tolerance against invasive algal species (Godwin et al. 2018)
or bacterial contaminations (Tossavainen et al. 2018).
Transgressive overyielding, i.e., higher lipid productivity in
mixed cultures than in most productive monocultures, has
been reported in communities of at least five algal strains
(Stockenreiter et al. 2016). However, among mono and mixed
green algae cultures, the highest biocrude (raw material for
transportation fuels) yield was found in a monoculture of
Chlorella, although the biocrude yield in two or four strain
mixed cultures exceeded the mean of the mixed cultures com-
ponent species (Godwin et al. 2018). Also under some circum-
stances, biomass production in mixed cultures has been en-
hanced (Liu 2016). In our previous study (Tossavainen et al.
2018), we found no evidence for biomass or lipid overyielding
in small-scale mixed cultures with two or three strain mixture
of Euglena gracilis, Selenastrum, and Chlorella sorokiniana
in comparison to the corresponding monocultures, whereas in
pilot scale, lipid production was enhanced in mixed culture of
E. gracilis with Selenastrum.

High investment and maintenance costs diminish the full
implementation of environmentally friendly RAS technology
(Badiola et al. 2012) and the commercialization of microalgae
as a feed ingredient (Ansari et al. 2017). Converting nutrients
from AWWs to algal biomass could decrease the costs of
biomass production and AWW treatment and simultaneously
simplify the AWW treatment process (Badiola et al. 2012). So
far, few studies have explored the potential of algal culturing
in RASAWW treatment, or biomass and total lipid production
(Halfhide et al. 2014; Ansari et al. 2017). In this study, we
assessed the potential of the non-axenic mixed algal culture of
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Euglena graciliswith Selenastrum sp. to produce biomass and
valuable FAs, particularly EPA, DHA and ARA, and tocoph-
erols, and to simultaneously purify AWW and improve the
economy of RAS. Cultivation experiments were carried out
in AWWs both with and without amendment of sludge from
the solids removal tanks of pike perch or catfish RASs. We
hypothesized that sludge amendment (i) increases nutrient
concentrations in AWWs, thus enhancing algal biomass pro-
duction, (ii) nutrients are removed from AWWs, and sludge
amendment AWWs, and (iii) growth medium composition
affects the FA and tocopherol content in the produced bio-
mass. We also evaluated the biochemical suitability of the
produced algal biomass as a possible ingredient in commercial
fish feeds.

Material and methods

RAS unit and collection of AWWs

AWWs and sludge for cultivation experiments were collected
from a RAS fish pool used for growing pikeperch (Sander
lucioperca) or catfish (Clarias anguillaris), and from a solids
removal tank which is part of the AWW treatment in RAS
(Fig. 1a). The volume of the RAS was 78 m3 (fish pool vol-
ume 65m3), and the flow rate was 35 L s−1. The RAS included
a drum filter and a flotation tank for solid (later called sludge)
removal, aerobic biofilters (Rotating Bed Biofilm Reactor
(RBBR), Clewer R2000, Clewer Technology Oy) for nitrifi-
cation and anaerobic biofilters (RBBR, Clewer R2000,
Clewer Technology Oy) for denitrification. Before

recirculation to the fish tank, the water was CO2 stripped by
introducing O2 produced on-site (Oxymat-O2 generator) and
dissolved into the system via an oxygen tower (Kalavesi
Consultants Ltd.), and then sterilized by O3 (Pacific ozone;
G series, 12 g h−1) and UV (UltraAqua; MonoRay 440 w,
open channel) treatment. Water consumption in fish produc-
tion was very low, only 0.05 m3 kg−1 of fish. Feed load into
the system was max. 75 kg d−1. Both fish species were fed
with Circuit White 5 feed (Raisioagro Ltd) optimized for RAS
farming. Feed conversion ratios were 1.1–1.2 for pike perch
and 0.78 for catfish. Collected sludge enriched by drum filter-
ing and flotation was usually delivered to municipal wastewa-
ter treatment.

Microalgal cultivation

The non-axenic mixed cultures of Euglena gracilis (CCAP
1224/5Z) and Selenastrum (SCCAP K-1877) were cultivated
in AWWs with and without sludge amendment. We selected
the strain combination instead of a monoculture on the basis of
our earlier study (Tossavainen et al. 2018) showing efficient
wastewater treatment capacity (NH4-N uptake), better toler-
ance to bacterial contaminations and more efficient lipid pro-
duction in a pilot scale culture of E. gracilis with the presence
of Selenastrum in early cultivation phase in comparison to
monoculture of E. gracilis. Additionally, E. gracilis was cho-
sen since it is a known producer of LC-PUFAs and has a high
content of tocopherols. Cultivation media were (i) AWW from
pike perch pool, (ii) sludge-amended AWW from pike perch
pool, (iii) AWW from catfish pool, and (iv) sludge-amended
AWW from catfish pool. AWWs without sludge-amendment

Fig. 1 a-b a RAS used for pike
perch and catfish farming in this
study. White arrows represent
water circulation direction in the
RAS. b. Potential algal cultivation
unit connected to the RAS
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were used as controls to study the influence of sludge-
amendment on growth, nutrient removal, and lipid and to-
copherol content.

The experiments were carried out with three replicates in 2-
L borosilicate bottles equipped with aeration, degassing, and
harvesting pipes in a growth chamber (SANYO growth cabi-
net MLR-350 H; 294L). The light/dark cycle used was
16L:8D, the photon flux densi ty was 250 μmol
photons m−2 s−1 (Li-Cor 190R Quantum Sensor and LI-
1400 Light Sensor Logger, Li-Cor, USA), and the temperature
was set to 20 °C. Cultures were fed with 0.5 L min−1 of 2%
CO2 (purity 99.8%) in moist air. For moisturizing and mixing
of supplied gases, compressed air (10 L min−1, Hailea 318 air
compressor) and CO2 (0.2 L min−1) were pumped through the
water phase in a separate flask before injection into the culti-
vation bottles. Filters (PTFE membrane filters, Acro37 TF
Vent) were connected to the gassing tubes to avoid
contamination.

Before starting the experiments, cultivation bottles were
filled with 1.6 L of AWWs with or without sludge. In
sludge-amended cultures, 43 mL of sludge was added.
Before adding to the culturing bottles, the sludge batches were
homogenized by shaking. Equal amounts (0.04 g DW) of
algal pre-cultures grown in EG-medium (http://www.ccap.
ac.uk/media/documents/EG.pdf) were inoculated to the
culturing bottles.

Sampling and harvesting

Algal growth was measured by determination of DW.
Samples for algal DW determination were taken immediately
after inoculation of the algae to the culturing bottles and dur-
ing the early stationary phase (days 1–6 depending on culture)
and after that during the exponential and late stationary phase.
Culture pH was measured on each sampling day. Cultivation
time was 13 days for AWW grown cultures and 14 days for
sludge-amended AWW grown cultures. Survival of strains
was checked from samples taken during the growth.
Samples for nutrient analysis were taken at the beginning of
the experiments, twice during the growth phase, and at the end
of the cultivation period. For FA and tocopherol extraction
and analysis, biomass from the last cultivation day when the
cultures were in late stationary phase was collected by centri-
fugation (4000 rpm, 10 min) (Multifuge 1 S-R, Kendro
Laboratory Products) and the biomass was stored frozen (−
70 °C) and freeze-dried before extraction.

Analytical methods

DW was determined by filtering samples on pre-dried
(120 °C, 4 h) filters (GF/C, Ø 47 mm, Whatman) and
drying the filters (120 °C, overnight) before weighing
(Tredici and Zittelli 1998). The filtrate from DW

determination was collected for nutrient analysis.
Specific growth rates (day−1 base on DW) during the
exponential growth phase were calculated using the
equation μ = Ln (DW1 / DW0) / (t1 − t0), where DW0

and DW1 are the DW biomass at the beginning (t0)
and end (t1) of the exponential growth. Total nitrogen
(TN), ammonium (NH4-N), total phosphorus (TP), phos-
phate (PO4-P), and chemical oxygen demand (COD)
were analyzed using Hach Lange kits (Hach Lange,
Germany), a DR 2800TM spectrophotometer (Hach
Lange) and a HT 200S high temperature thermostat
heating block (Hach Lange). Initial nutrient and COD
concentrations were determined before algal inoculation.
Survival of strains was checked microscopically, and the
cell concentrations were counted from the samples taken
after the inoculation and from the end of the cultivation
using Lund chambers (Lund 1959). Samples taken for
microscopy were stained with acidic Lugol’s solution,
and for reliable cell counts, at least 100 cells were
counted.

Lipids were extracted from 0.1 g homogenized freeze-dried
samples with ethanol using accelerated solvent extraction
(Dionex ASE-200, Dionex Corporation, USA). The samples
were mixed with Ottawa sand (Fisher P/N 23-3) and extracted
in 11-mL extraction cells at 1500 psi and 125 °C with a 5 min
heating time and one 11 min extraction cycle. The extracts
were evaporated into dryness and re-dissolved in 10 mL of a
heptane-isopropanol mixture (3 + 2, v/v). Aliquots were taken
for FA and tocopherol analyses.

FAswere analyzed asmethyl esters by gas chromatography
using an internal standard method (nonadecanoic acid methyl
ester) (Damerau et al. 2014). α-, β-, γ-, and δ-tocopherols
were analyzed by normal phase liquid chromatography with
fluorescence detection using an external standard method
(Schwartz et al. 2008). Total fatty acid (TFA) content was
calculated as the sum of the analyzed FAs as methyl esters,
and the total tocopherol content was calculated as the sum of
analyzed tocopherols.

Statistics

Differences (p < 0.05) in biomass production (DW) and total
lipid, EPA, DHA, ARA, and total tocopherol contents and
yields were statistically tested (SPSS Statistics, version 24,
IBM USA). All the statistics, except testing the yields of
DHA and ARA, were performed with one-way ANOVA and
post hoc Tukey’s HSD test. Because of heterogeneity of var-
iances (Levene statistic, homogeneity of variances test), dif-
ferences in DHA and ARA yields were tested with Kruskal-
Wallis test, andMann-WhitneyU test was used in the pairwise
comparison. The significance level in all tests was p < 0.05.
Results of the non-parametric tests were Bonferroni corrected.
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Results

Algal growth and nutrient removal

Based on the optimal N/P ratio (molar ratio, N16/P1)
(Redfield 1958) in algal biomass, nutrient ratios in both
AWWs without sludge amendment were close to algal re-
quirements (N15/P1), whereas the sludge amendment resulted
in higher relative amount of P (N12/P1 in sludge-amended
pike perch AWW and N11/P1 in sludge-amended catfish
AWW). The higher initial nutrient concentrations in the
sludge-amended AWWs (Table 1) enhanced the algal biomass
growth. The highest biomass content (1.5 g L−1) was reached
in the sludge-amended pike perch AWW (p < 0.05) (Fig. 2)
with the highest TN and TP concentrations (34.4 and
6.1 mg L−1) (Table 1). In the sludge-amended catfish AWW,
the algal biomass was 1.0 g L−1, whereas it was only half of
that (0.47 g L−1) in cultures grown in pikeperch AWW and
lowest (p < 0.05) in catfish AWW grown culture (0.08 g L−1).
The specific growth rates (mean ± SD) during the exponential
growth phase (days 1–7 in pikeperch AWWs and 4–12 in
AWWs with sludge amendment) were 0.27 day−1 ± 0.04 in
pikeperch AWWs, 0.33 day−1 ± 0.07 in sludge-amended pike
perch AWWs, and 0.38 day−1 ± 0.21 in sludge-amended cat-
fish AWWs. In catfish AWWs without sludge-amendment,
the experiment resulted in negative growth rates. In all cul-
tures, pH values were between 7.05 and 7.50 throughout cul-
tivation. At the end of cultivation, only E. graciliswas present
in pikeperch AWW, and it was the strongly dominating strain
also in other cultures, where the cell densities of Selenastrum
at the end of the cultivation were under reliable counting limits
(see BAnalytical Methods^). Cell densities of E. gracilis and
Selenastrum after inoculation and the cell densities of
E. gracilis at the end of the experiments are given in supple-
mentary material (Online Resource 1).

Bioavailable nutrients were consumed from all cultivations
during the early phase of the experiment, and finally, in all
cases, 98.9–99.5% and 98.4–99.8% of NH4-N and PO4-P
were removed, respectively (Table 1). Almost complete re-
moval of NH4-N and PO4-P was reached during the first four
to six (NH4-N) and four (PO4-P) cultivation days (Fig. 3b, d).

TN and TP removal was 75.4–89.2% and 84.3–95.7%, re-
spectively (Table 1, Fig. 3a, c). The COD reduction
(Table 1, Fig. 3e) was higher (67.5%) in cultures grown in
sludge-amended catfish AWW than in other AWWs (43.8–
53.4%).

FA and tocopherol composition in algal biomass

In biomass, total lipid, EPA, and DHA contents (70.3 mg g−1,
7.6 mg g−1, and 4.5 mg g−1) were the highest (p < 0.05) in cul-
tures grown without sludge amendment in pikeperch AWW
(Table 2). In cultures grown in catfish AWW without sludge
amendment and in sludge-amended pike perch AWW, biomass
lipid contents were comparable (56.5 and 55 mg g−1) (p > 0.05),
and higher than in cultures grown in sludge-amended catfish
AWW (43.6 mg g−1) (p < 0.05). In pike perch and catfish
AWW grown cultures, the contents of EPA were comparable
and higher (7.6 and 6.2 mg g−1) (p < 0.05) than in sludge-
amended pike perch and catfish AWW grown cultures (4.7 and
3.7 mg g−1). The DHA content was highest in pikeperch AWW
grown culture (4.5 mg g−1) (p < 0.05), lowest in sludge-amended
catfish AWW (2.3 mg g−1) and comparable in cultures grown in
sludge-amended pike perch AWW and catfish AWW (3.2 and

Table 1 Initial nutrient and COD concentrations (mg L−1) and removal (%) at the end of the algal cultivation experiments in pike perch (PP) and catfish
(CF) aquaculture wastewaters (AWWs) with and without sludge (S) amendment

PPAWW PPAWW PPAWW+S PPAWW+S CFAWW CFAWW CFAWW+S CFAWW+S
Compound mg L−1 % mg L−1 % mg L−1 % mg L−1 %

TN 24.1 75.4 34.1 81.1 23.7 80.7 29.2 89.2

NH4-N 7.4 99.0 9.6 98.9 7.8 99.4 9.7 99.5

TP 3.5 87.5 6.1 84.3 3.6 92.7 5.7 95.7

PO4-P 3.3 98.8 5.0 98.4 2.9 99.8 4.8 99.8

COD 153.0 43.2 273.0 53.4 156.0 48.4 256.0 67.5

0

0.5

1

1.5

2

0 2 4 6 8 10 12 14

DW
g
L-1

Time (d)

PP AWW

PP AWW+S

CF AWW

CF AWW+S

Fig. 2 Growth (DW g L−1) (mean ± SD) of mixed cultures of E. gracilis
with Selenastrum in pikeperch (PP) and catfish (CF) aquaculture waste-
waters (AWWs) with and without sludge (S) (n = 3). PP AWW= (open
square), PP AWW+S (closed square), CF AWW= (open triangle), and
CFAWW+S = (closed triangle)
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3.3 mg g−1). The ARA content was higher in both AWW grown
cultures without sludge amendment (4.3 and 4.0 mg g−1 in pike
perch and catfish AWWs) than in sludge-amended cultures (3.0
and 2.4 mg g−1 in pike perch and catfish AWWs) (p < 0.05).
Almost half of the total lipids in both sludge-amended algae
cultures were PUFAs (48.9% and 49.2% in sludge-amended pike
perch and catfish AWWs, respectively), whereas in AWWswith-
out sludge amendment, PUFA contribution to all FAswas 56.7%
in pike perch and 60.1% in catfish AWW. The proportions of
EPA, DHA, and ARA in TFAs in cultures were 8.2–11.2%, 5.3–
6.4%, and 5.4–7.3%, respectively. Since the E. gracilis was the
dominating strain in all cultures, FA composition reflected the FA
composition of E. gracilis.

However, higher biomass yield (Fig. 2) in sludge-amended
pikeperch AWW resulted in the highest lipid production
(84.9 mg L−1) (p < 0.05) as well as higher yields of ARA,
EPA, and DHA (4.6, 2.3, and 5.0 mg L−1) (Table 2) than in
other cultures, although the difference was statistically signif-
icant only for EPA. Generally, in total lipids, the proportion (%
of TFAs) of all PUFAs as well as ARA, EPA, and DHAwere
higher and the proportion of saturated FAs (SAFAs) lower in
cultures grown in AWWs without sludge amendment than in
sludge-amended cultures (Table 2).

Tocopherols consisted of α- and γ-tocopherol, whereas β-
and δ-tocopherols were not detected. As in the case of FAs, the
total tocopherol content was higher (p < 0.05) in pike perch
and catfish AWWs without sludge amendment (1358 and
1102 μg g−1) (Fig. 4a) than in the corresponding sludge-
amended cultures, where the content of tocopherols was ap-
proximately 50% lower (580 and 545 μg g−1). The tocopherol
yield was highest in the sludge-amended pike perch AWW
grown culture, 877.2 μg L−1, although there was no signifi-
cant difference in comparison to cultures grown in pikeperch
AWW (634.2 μg L−1) or in sludge-amended catfish AWW
(550.3 μg L−1) (Fig. 4b). In sludge-amended cultures in pike
perch and catfish AWWs, α-tocopherol made up 78% and
72% of total tocopherol, while in the cultures without sludge
amendment, the proportions ofα-tocopherol were lower, 66%
and 68%.

Discussion

As hypothesized, higher nutrient concentrations in sludge
amendment AWWs enhanced the algal growth. Generally,
biomass production was weaker in the cultures grown in
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Fig. 3 a–e Nutrient and COD
reduction (mg L−1) (mean ± SD)
in the algal cultivation
experiments in pikeperch (PP)
and catfish (CF) aquaculture
wastewaters (AWWs) with and
without sludge (S) amendment
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1758 J Appl Phycol (2019) 31:1753–1763



catfish versus pikeperch AWWs, but the mean growth rates
were near to similar in both sludge-amended cultures. The
biomass yield in most efficiently grown cultures in sludge-
amended pikeperch AWW was comparable to tilapia AWW
grown cultures of Scenedesmus obliquus or Chlorella
sorokiniana, but lower than in an Ankistrodesmus falcatus
culture (Ansari et al. 2017). Based on our results and the
earlier study in tilapia, AWWs indicate that several types of
AWWs are suitable for algal cultivation.

As presumed, nutrients especially NH4-N and PO4-P were
efficiently removed from cultivation media. Efficient growth in
AWWgrown cultures without sludge-amendment stopped a few
days after the bioavailable nutrients were removed, which indi-
cates nutrient limitation. This was in contrast to the sludge-

amended cultures, inwhich efficient growth continued for almost
1 week after most of the bioavailable NH4-N and PO4-P were
exhausted. This was probably a consequence of the more effi-
cient nutrient uptake at the beginning of the experiments and
further survival with the stored intracellular nutrients. Luxury
uptake of P is a well-known phenomenon among algae (Zhu
et al. 2015), whereas under N deficiency, cellular metabolism is
switched towards the non-N containing compounds such as
lipids and starch (Geider and La Roche 2002). Additionally,
NH4-N concentration in the sludge-amended pikeperch AWWs
increased rapidly during the first four cultivation days.
Transformation of organic or inorganic N to readily bioavailable
NH4-N might explain the most efficient biomass production in
that culture. NH4-N release to cultivation medium was most

Table 2 Concentrations (mg g−1),
percentage of FAs, SAFAs,
MUFAs, and PUFAs (% of TFAs)
and yields (mg L−1) (mean ± SD)
of analyzed fatty acids (FAs) (n =
3) in algal biomass at the end of
the algal cultivation experiments
in pike perch (PP) and catfish
(CF) aquaculture wastewaters
(AWWs) with and without sludge
(S) amendment. TFAs total FAs,
SAFAs saturated FAs, MUFAs
monounsaturated FAs, PUFAs
polyunsaturated FAs, ARA ara-
chidonic acid, EPA
eicosapentaenoic acid, DHA
docosahexaenoic acid

FAs (mg g−1) PPAWW PPAWW+S CFAWW CFAWW+S

C12:0 1.3 ± 0.3 1.6 ± 0.0 0.5 ± 0.4 1.2 ± 0.0

C14:0 8 ± 1.2 9.2 ± 0.2 4.4 ± 0.8 6.8 ± 0.2

C14:1 0.3 ± 0.1 0.4 ± 0.2 0.4 ± 0.1 0.2 ± 0.0

C15:0 1.3 ± 0.5 3.2 ± 0.2 1.5 ± 0.4 2.8 ± 0.1

C16:0 12.7 ± 1.5 8.5 ± 0.4 9.5 ± 0.9 6.3 ± 0.4

C16:1 1.5 ± 0.2 1.0 ± 0.1 1.2 ± 0.0 0.7 ± 0.1

C16:2 1.7 ± 0.3 1.5 ± 0.2 1.6 ± 0.2 1.3 ± 0.0

C16:3 1.2 ± 0.1 1.1 ± 0.0 0.9 ± 0.0 0.7 ± 0.0

C16:4 3.3 ± 0.8 1.8 ± 0.1 2.3 ± 0.1 1.4 ± 0.1

C18:0 0.8 ± 0.1 0.8 ± 0.2 0.7 ± 0.0 0.9 ± 0.1

C18:1(n-9) 3.0 ± 0.5 2.9 ± 0.2 2.1 ± 0.2 2.4 ± 0.1

C18:1(n-7) 1.5 ± 0.2 1.3 ± 0.2 1.6 ± 0.2 0.8 ± 0.0

C18:2(n-6) 2.5 ± 0.2 2.0 ± 0.2 1.9 ± 0.3 1.6 ± 0.0

C18:3(n-3) 6.1 ± 1.3 3.7 ± 0.3 4.3 ± 0.2 2.7 ± 0.2

C20:2(n-6) 3.0 ± 0.4 2.7 ± 0.3 2.6 ± 0.3 2.2 ± 0.0

C20:4(n-6) (ARA) 4.3 ± 0.4 3.0 ± 0.4 4.0 ± 0.3 2.4 ± 0.0

C20:3(n-3) 1.6 ± 0.3 1.2 ± 0.0 1.8 ± 0.2 1.0 ± 0.0

C20:4(n-3) 1.5 ± 0.1 1.0 ± 0.1 1.4 ± 0.1 1.0 ± 0.0

C20:5(n-3) (EPA) 7.6 ± 0.9 4.7 ± 0.3 6.2 ± 0.4 3.7 ± 0.1

C22:5(n-6) 2.7 ± 0.5 1.5 ± 0.1 2.7 ± 0.2 1.2 ± 0.0

C22:6(n-3) (DHA) 4.5 ± 0.4 3.3 ± 0.3 3.2 ± 0.2 2.3 ± 0.0

TFAs 70.3 ± 4.8 56.5 ± 1.5 55.0 ± 3.8 43.6 ± 0.9

% of TFAs

SAFA 34.3 ± 2.3 41.2 ± 1.7 30.1 ± 1.6 41.4 ± 0.6

MUFA 9.0 ± 0.3 9.9 ± 1.2 9.8 ± 0.6 9.3 ± 0.4

PUFA 56.7 ± 2.6 48.9 ± 2.9 60.1 ± 1.0 49.2 ± 0.7

C20:4(n-6) (ARA) 6.1 ± 0.3 5.4 ± 0.6 7.3 ± 0.3 5.6 ± 0.1

C20:5(n-3) (EPA) 10.8 ± 0.7 8.2 ± 0.4 11.2 ± 0.1 8.6 ± 0.2

C22:6(n-3) (DHA) 6.4 ± 0.1 5.9 ± 0.4 5.9 ± 0.2 5.3 ± 0.1

Yield mg L−1

TFAs 33.3 ± 5.5 84.9 ± 17.3 4.5 ± 2.3 44.0 ± 1.7

C20:4(n-6) (ARA) 2.0 ± 0.3 4.6 ± 1.4 0.3 ± 0.2 2.5 ± 0.1

C20:5(n-3) (EPA) 1.3 ± 0.2 2.3 ± 0.6 1.4 ± 1.4 1.3 ± 0.0

C22:6(n-3) (DHA) 2.1 ± 0.4 5.0 ± 1.3 0.6 ± 0.5 2.3 ± 0.1
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probably a consequence of bacterial degradation of organic com-
pounds in sludge, also shown earlier in non-axenic algal cultures
grown in organic N containing medium (Berman and Chava
1999). Earlier studies have demonstrated efficient removal of
nutrients by algal cultivation in tilapia (Ansari et al. 2017), floun-
der (Guo et al. 2013), and catfish (Nasir et al. 2015) AWWs. This
indicates that algae could be used in the treatment of several types
of AWWs. In tilapia AWWs (Ansari et al. 2017), N supplemen-
tation enhanced algal biomass production. Our results showed
that sludge supplementation toAWWs provides a good source of
nutrients for algal growth and additional nutrients are not needed.

More efficient COD reduction in cultures grown in the
sludge-amended medium may have been a consequence of
higher bacterial concentrations originating from the added
non-sterilized sludge. Fast COD removal in algal-bacterial
co-cultures in AWW, as well as other wastewaters, has been
shown earlier (Halfhide et al. 2014; Tossavainen et al. 2017).
However, mixotrophic uptake of organic substrates in
E. gracilis and green algae has also been reported (Yamane
et al. 2001; Kim et al. 2013), which suggests that contingently
E. gracilis and Selenastrum contributed to COD removal.

Nutrient or COD concentrations alone do not explain the
differences in biomass production between the cultures. As a
result of the less efficient feed conversion by pike perch com-
pared to catfish, there were presumably higher amounts of
algal-available micro-nutrients and minerals in AWW and

sludge from pike perch farming. Efficient nutrient and COD
removal from AWWs indicates that the integration of an algal
photobioreactor (PBR) to a RAS could reduce the need for
AWW treatment. Our results in sludge-amended cultures fur-
ther suggest that using algae as a biofilter, the filtration and
flotation stages in the AWW treatment process could be at
least partly bypassed which would improve the economic fea-
sibility of RAS by reducing AWW treatment costs while also
producing valuable algal biomass. However, the volume of
AWW produced in large-scale RAS is quite high, and a more
practical alternative for algal biomass production could be a
separate algal cultivation unit utilizing water, containing
sludge collected by flotation. A RAS equipped with an opti-
mized algal AWW treatment could potentially generate water,
which is clean enough for recirculation or release without
further treatment. A simplified chart for a proposed integrated
PBR-RAS unit is given in Fig. 1a, b.

The biochemical composition of algal biomass varied in
different AWWs. In our study, in cultures without sludge-
amendment, the higher cellular FA and tocopherol content
probably resulted from lower initial nutrient concentrations
in AWWs. Enhanced FA production of algae under nutrient
limitation, especially N limitation, is a general phenomenon
reported in several studies (Schüler et al. 2017) including
E. gracilis (Regnault et al. 1995). Additionally, lowered
NO3-N concentration has been shown to increase the α-
tocopherol content in Nannochloropsis oculata biomass
(Durmaz 2007). Contradictory, only P limitation had a posi-
tive influence on α-tocopherol contents of Chlorella vulgaris,
Phaeodactylum tricornutum, and Tetraselmis suecica (Goiris
et al. 2015), whereas α-tocopherol production of T. suecica
was enhanced in nutrient-replete conditions (Carballo-
Cárdenas et al. 2003). However, we did not analyze the bio-
mass nutrient contents in the end of the cultivation, and thus, it
is unclear, whether the algae were limited by a single nutrient
or by both nutrients. The low N/P ratios and possibility of
luxury uptake of phosphorus (Zhu et al. 2015) indicate N
rather than P limitation in both cultures. Lower N/P ratios in
sludge amended AWWs potentially resulted in more promi-
nent N deprivation. However, differences in nutrient concen-
trations do not explain the differences in algal tocopherol and
FA contents in cultures using AWW from different fish spe-
cies. Unidentified fish species related factors, such as fish
excretion or non-utilized mineral feed residues influenced lip-
id and tocopherol metabolism. Additionally, the higher pro-
portion of α-tocopherol in sludge-amended cultures can be at
least partly directly explained by the composition of aquacul-
ture waste; sludge contains fish excrement and feed residue,
both of which can be assumed to be rich in α-tocopherol.

At the end of the experiments, E. graciliswas the dominat-
ing strain in all cultures. Optimal pH range for E. gracilis is
2.5–7.0 (Olaveson and Nalewajko 2000), whereas for exam-
ple to the green alga Chlorella sorokiniana, optimum is 6 but
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Fig. 4 a-b α- and γ-tocopherol. a Concentrations (μg g−1) and b yields
(μg L−1) (mean ± SD) at the end of the algal cultivation experiments in
pikeperch (PP) and catfish (CF) aquaculture wastewaters (AWWs) with
andwithout sludge (S) amendment (n = 3). Black column =α-tocopherol,
white column = γ-tocopherol
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it can grow also in alkaline conditions (pH 9) (Qiu et al. 2017).
Results here support our earlier assumption that pH values
near to neutral result in the dominance of E. gracilis over
Selenastrum (Tossavainen et al. 2018). Because of the
resulting dominance, the biochemical composition in the pro-
duced biomass reflected the metabolic compounds of
E. gracilis. Biomass for FA analysis was harvested soon after
the efficient growth was ceased. Typically, under optimal
growth conditions and in the exponential growth phase, the
proportion of membrane lipids rich in PUFA and LC-PUFA in
total FAs is high, whereas synthesis of storage lipids contain-
ing SAFAs and monounsaturated fatty acids (MUFAs) is ac-
tivated under nutrient starvation in the stationary growth phase
(Hodgson et al. 1991). A gradual decrease in LC-PUFA con-
tent during the growth has been shown earlier in a monocul-
ture of E. gracilis (Schwarzhans et al. 2015; Tossavainen et al.
2018). However, in our study, the TFA, PUFA, and LC-PUFA
contents were higher in AWWcultures grown without sludge-
amendment which indicates accumulation of storage lipids but
also the higher relative amount of membrane lipids than in
sludge-amended cultures. Thus, higher SAFA and lower
PUFA content in our sludge-amended cultures can be ex-
plained by low N and high organic carbon content in the
growth medium rather than the growth phase. These condi-
tions can induce wax ester synthesis in E. gracilis (Regnault
et al. 1995) resulting in undesirably high SAFA content.
However, as shown here and elsewhere (Tossavainen et al.
2017), the high biomass production results in a higher total
lipid yield and thus, also higher LC-PUFA and tocopherol
yields.

In our algal cultures, EPA and DHA contents were close to
or higher than in general required for fish feeds and exceeded
the required proportions of ARA and α-tocopherol.
Requirements for EPA, DHA, and ARA in feed vary accord-
ing to fish species, life stage, and growth environment
(Rombenso et al. 2016). Sørensen et al. (2016) indicated that
up to 6% of fishmeal in feed for Atlantic salmon (Salmo salar)
could be substituted with the microalga P. tricornutum.
Required proportions of EPA, DHA, and ARA in study of
Sørensen et al. (2016) were 8.0–9.3%, 9.1–10.9%, and 0.3–
0.5%. Feeding experiments with California Yellowtail
(Seriola dorsalis) juveniles indicated that DHA and ARA
are critical LC-PUFAs to maximize growth and that
supplementing a soybean-oil-based diet with 1.2% EPA,
1.2% DHA, and 0.2% ARA is sufficient to meet LC-PUFA
requirements (Rombenso et al. 2016), whereas the corre-
sponding values in our cultures were 8.6–11.2%, 5.3–6.4%,
and 5.4–7.3%. According to feeding experiments of Atlantic
salmon, α-tocopherol supplementation of 150 mg kg−1 in the
feed is recommended (Hamre et al. 2016). Amounts of α-
tocopherol in our cultures were 2.7–6-fold higher than the
recommended dose. Now feed is supplemented with α-
tocopherol in a synthetic form (α-tocopheryl acetate)

(Hamre 2011), but interest in natural vitamin E supplements
is increasing (Afonso et al. 2013).

To our knowledge, this is the first time, when RAS AWWs
from pikeperch and catfish farming were used for algal culti-
vation and our approach to enrich AWWs with solids from
sludge removal tank is unique. The high content of LC-
PUFAs and tocopherols in the algal biomasses produced in
our experiments indicate that AWW-grown mixed cultures
of E. gracilis with Selenastrum are a promising substitute
for at least part of the fish oil used in feed. Additionally, earlier
studies have shown the high protein content of E. gracilis and
green algae (Becker 2007). However, at the end of the exper-
iments, biomass in our cultures consisted mostly of E. gracilis
biomass, and further investigations are needed to clarify the
possible advantages of mixed algal cultivation in AWWs.
Furthermore, characterization of the whole biomass composi-
tion is necessary for the evaluation of biomass suitability and
safety for feed use.

Conclusions

This study showed that AWWs from RAS units used for
growing pikeperch and catfish are suitable for algal biomass
production and that sludge amendment to the AWWs in-
creases algal biomass production. Efficient reduction of nutri-
ents and COD from AWWs in mixed cultures of E. gracilis
and Selenastrum indicates that AWW treatment can be en-
hanced by integrating algal culturing units with RAS units.
EPA and DHA contents in the biomass were comparable to
fish feeds containing fish and plant oils, and the ARA content
exceeded the minimal requirements for feed. Tocopherol con-
tents were superior to common plant oils.
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