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A B S T R A C T   

Based on the ability of microalgae to purify industrial processing waters, the overall aim of this study was to 
evaluate whether currently wasted shrimp processing waters could be used as microalgal growth media to 
produce new protein-enriched food and feed ingredients. Low molecular weight (LMW) fractions of shrimp 
boiling water (SBW) which had been pre-flocculated using alginate (AL), carrageenan (CA), chitosan (CH) or 
Superfloc C-592 to recover shrimp protein via flotation, were used for cultivation of Chlorella sorokiniana and 
Auxenochlorella protothecoides to produce a protein-enriched microalgal biomass. CH-derived media induced the 
highest growth rates for both species with A. protothecoides out-performing C. sorokiniana. A. protothecoides best 
assimilated phosphate-phoshorous (P-PO4) and total phosphorous (TP) in all media; ≤63 mg/L and ≤ 45 mg/L 
after 4 days, respectively. In upscaled aerated cultures of A. protothecoides in CH- and AL-derived media, P and TP 
uptake increased up to 85 and 127 mg/L, respectively. Further, 63% of the free amino acids (AA) were assim
ilated in both waters. Biomasses derived from SBW contained 37–43% protein and 15.0–17.4% fatty acids (FA) 
per DW; with 38–40% essential AA (EAA) and 21.3–22.5% polyunsaturated FA (PUFA), respectively Corre
sponding numbers for biomass cultivated in control media were 11 and 53%, protein and FA, respectively, and 
with 38% and 15.6% EAA and PUFA, respectively. Ability of A. protothecoides to assimilate TP and AA, and to 
generate a protein-rich biomass from LMW-fractions derived from SBW was thus revealed for the first time, and 
paves the way for a SBW-based biorefinery comprising chemical, physical and microbial processes to produce 
multiple products.   

1. Introduction 

Microalgae are known as important production organisms for macro- 
and micronutrients with wide applications in feed, food, pharmaceuti
cals and biofuel [1]. Microalgae typically grow on inorganic nitrogen 
and phosphorous and can potentially produce more biomass per acre 
than terrestrial plants. It has been reported that the biomass produced by 
a number of microalgae species range from 6.6 to 43 g dry weight (DW)/ 
m2/d while soy bean yield 135 g/m2/season [2,3]. However, microalgae 
cultivation is an highly costly and resource-intensive process partly due 
to the fertilizer use, resulting in a significant carbon footprint when 
inputs are not carefully sourced [2]. Two inputs that can significantly 
influence the cost and environmental impact of cultivations are the 
nutrient demand and the demand for fresh water resources [4]. 

Effluents emerging from food processing, livestock, and slaughter
houses, contain various forms of nitrogen, carbon and phosphorous, 

which can potentially be utilized as valuable nitrogen and phosphorous 
sources, thereby reducing the cost of cultivation media and environ
mental impacts associated with use of chemical fertilizers. Additionally, 
by assimilation of phosphorous which is anticipated to be a limiting 
resource by the end of the century [5], this element will be biologically 
mediated or recycled. Furthermore, the use of effluents as cultivation 
media reduces the water footprint which is significant if a cultivation 
requires freshwater and if it is located in low latitudes [6]. Thus, alto
gether, integrating effluents in cultivations can contribute to more sus
tainable production of microalgal biomass. 

Effluents or wastewaters from various food industry sectors have, in 
a limited number of studies, been evaluated as cultivation media of 
different microalgae species such as Chlorella sp., Scenedesmus sp. and 
Spirulina sp. [7–13], and similarly, effluents connected to livestock and 
fish handling have been used [14]. To completely replace nutrients for 
microalgal cultivation, the effluent needs to have balanced 
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concentrations of phosphorous and nitrogen and in an appropriate ratio 
[15]. There is also a requirement for micronutrients such as minerals, 
trace metals and vitamins that may not be provided in adequate con
centrations. Thus to provide more balanced nutrient levels, different 
side streams generated in the same plant can be mixed [7,16]. In addi
tion to inorganic nutrients, industrial effluents can also contain organic 
carbon and nitrogen sources that can support microalgal growth if 
appropriate mixotrophic strains are selected. This could result in high 
growth rates compared to solely autotrophic metabolism even when 
irradiances are low [17]. Depending on the intended use of the micro
algal biomass, the type of effluent used for cultivation must be selected 
with great care. Utilizing nutrients from manure or municipal waste for 
instance could make biomass unsuitable for human or animal con
sumption due to the risk of pathogens or harmful compounds present in 
these streams. Effluents derived from the food industry, if maintained in 
a food grade state, represent safer sources of nutrients for producing 
high-value microalgal biomass suitable as food ingredients. There is 
however a limited number of reports available in this area [9,18]. 

Shrimp boiling water (SBW) is generated during industrial steaming 
of shrimps intended for subsequent peeling; roughly in a volume of 1 m3 

per 1 tonnet of fresh shrimp. Due to its abundance in protein, we suc
cessfully recovered a protein-rich biomass using a flocculation-based 
technique followed by dissolved-air-flotation, DAF [19,20]. A residual 
fraction, referred to as low-molecular-weight (LMW) fraction, remained 
from this protein recovery, was less abundant in protein but high in 
inorganic nitrogen and phosphorous. We here hypothesized that the 
obtained shrimp-derived LWM fraction could be a suitable media for 
microalgae growth. Given the flocculant-dependent nature of the shrimp 
protein recovery process, it was however anticipated that the precise 
nutrient profile of the LMW-fraction would differ based on flocculant 
used, thereby affecting the microalgae growth profile and final biomass 
composition. 

In the first part of the present study, LMW-fractions generated during 
pilot scale flocculations and DAF of industrial SBW using several 
different flocculants were screened for their ability to support growth 
and nutrient uptake of Chlorella sorokiniana SAG 211-8k and Auxeno
chlorella protothecoides SAG 211-7a at small scale. Both these species 
have earlier been shown to successfully utilize organic carbon and ni
trogen in wastewaters during their growth while accumulating high 
protein levels (>40%, DW) or carotenoid pigments under certain culti
vation conditions [21–23]. The best performing strain and LMW- 
fraction were then evaluated in greater detail in upscaled batch cul
tures in terms of nutrient uptake and biomass composition. To the best of 
our knowledge, the present study is the first to report that chemical and 
physical methods for protein recovery can been combined with micro
algal production to maximize resource recovery from shrimp processing 
water. 

2. Material and methods 

2.1. Material 

SBW was provided by Räkor & Laxgrossisten AB, Gothenburg, Swe
den. The flocculants tested for protein recovery were chitosan (CH), 
alginate (AL), λ carrageenan (CA), and Superfloc C-592 (C-952) [19,20]. 
CH (86% deacethylated) was purchased from GTC BIO Corporation 
(Qingdao, China). AL (Manucol® DM) and CA (Viscarine® GP-109NF) 
were purchased from FMC Food and Nutrition (PA, USA). C-592 was 
provided by Kemira (Helsingborg, Sweden). 

Liquid residual LMW-fractions were generated during the protein 
recovery from SBW using different flocculants, i.e. CH, AL, CA and C-592 
combined with DAF. The pre-flocculation of SBW (500–600 L scale) with 
AL and CA (0.5 and 0.45 g/L, respectively) was carried out at pH 4 using 
a method first established on lab scale [19]. CH flocculation of SBW was 
performed at pH 6 using 0.5 g CH/L. The reason for using different pH 
adjustments for the flocculation treatments was connected to the 

characteristics of their functional groups; for CH the functional group is 
positively charged whereas those of AL and CA are negatively charged. 
Thus, in order to have proteins with opposite charges interacting with 
the flocculants, pH of SBW was adjusted to 6 and 4, respectively. Floc
culation with C-592 was performed at the native pH of the SBW 
(8.6–8.9) at a final concentration of 5 g/L. Flotation was performed 
immediately after flocculation using a 376 L flotation unit in stainless 
steel (Bio-Aqua A/S, Denmark) equipped with a pneumatic scraper with 
a rubber blade as recently described [20]. A shrimp protein-enriched 
foam was collected with the scraper, while the LMW-fraction was tap
ped off and stored at − 80 ◦C until further use in microalgal cultivations. 

2.2. Microalgae cultivation 

The growth of two freshwater microalgae species, Chlorella sor
okiniana SAG 211-8 k (referred to as C. sorokiniana) and Auxenochlorella 
protothecoides SAG 211-7a (referred to as A. protothecoides) from SAG 
Culture Collection of Algae (Göttingen, Germany) were assessed in 
LMW-fractions, here after referred to as LMW-media. The axenic strains 
were received as slants on solid Polytoma medium with glucose. Stock 
cultures of microalgae strains were maintained in Bold's Basal Media +3 
N + V (BBM) and sub-cultured every 2 weeks at room temperature [24]. 
The mineral content in this BBM medium per liter were: 0.75 g NaNO3, 
0.057 g K2HPO4, 0.175 g KH2PO4, 12.5 mg CaCl2⋅2H2O, 37.5 mg 
MgSO4⋅7H2O, 12.5 mg NaCl, 4.98 mg Na2EDTA⋅2H2O, 0.582 mg 
FeCl3⋅6H2O, 0.246 mg MnCl2⋅4H2O, 0.017 mg ZnCl2, 0.012 mg 
CoCl2⋅6H2O, and 0.024 mg Na2MoO4⋅2H2O. Additionally, the vitamin 
content per 1 L was as follows: 1.2 mg thiamine HCl, 0.01 mg biotin, and 
0.01 mg cyanocobalamin. The BBM medium was generally used in 
control cultivations throughout the entire study to allow comparison of 
microalgae performance with that obtained in the SBW-derived me
dium. Upon upscaling, cultures were transferred to 25 mL after which, to 
75 mL tissue culture flasks with hydrophobic coating and a sterile 0.2 
um air filter vented cap (Sarstedt Hamburg, Germany). At the 75 mL 
scale, culture media was amended with addition of organic additive 
medium (NPM) [25,26], which included the following per L: 1 g sodium 
acetate, 6 g glucose, 3 g sodium succinate hexahydrate, 4 g neopeptone, 
1 g bacto-tryptone and 0.1 g yeast extract. This was done at 10 mL/L of 
media. The purpose of supplementation was to allow cultures to accli
mate their metabolism for the assimilation of organic compounds. 

Prior to inoculation into test media, the pH of LMW-media was 
adjusted to 7 and, to avoid any limitation of vitamins and trace minerals, 
it was fortified with vitamin solution (1 L of medium contained 1.2 mg 
thiamine HCl, 0.01 mg biotin, and 0.01 mg cyanocobalamin) and trace 
metal l solution (1 L of medium contained 4.98 mg Na2EDTA⋅2H2O, 
0.582 mg FeCl3⋅6H2O, 0.246 mg MnCl2⋅4H2O, 0.017 mg ZnCl2, 0.012 
mg CoCl2⋅6H2O, and 0.024 mg Na2MoO4⋅2H2O) to yield similar levels as 
in the BBM medium. The media were subsequently sterilized using a 0.2 
μm polyethersulfone (PES) membrane filter (Thermo Scientific, Wal
tham, MA, USA) mounted on a sterile filtration glassware. Cultivation 
experiments were conducted in two stages as follows: 

2.2.1. Primary batch cultivation in flask 
A 25 mL portion of each LMW-media was transferred into a 75 mL 

tissue culture flask (Sarstedt, Hamburg, Germany). Each LMW-media 
was inoculated to a starting OD750 of 0.1 with each strain separately, 
in duplicate. One flask from each LMW-media was kept as blank during 
cultivation. The flasks were placed on a modified shaker (160 rpm) 
equipped with an up-ward facing light array providing light from un
derneath the flasks. The light array consisted of cold white LEDs strips 
with an output at 5600 K and the LED strips were organized in a 1 × 2 cm 
grid. The light output was approximately 100 μM photons m− 2 s− 1. The 
light:dark cycle was set to 18:6 h. The cultivation was performed 
without aeration such that the limited availability in carbon dioxide and 
slightly less intense illumination would promote mixotrophic growth on 
organic carbon in the LMW-media. Cultivation was monitored for 8 
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days, optical density at 750 nm (OD750) was read on days 0, 2, 4, 6 and 8. 
Filtered and uninoculated LMW-media was used as the blank for OD 
measurements. Growth rates were determined as the slope of the Ln 
(OD750) data versus time. For the maximal specific growth rate, the time 
points of the initial maximal linear phase in the Ln (OD750) data were 
identified and the slope was calculated by linear regression. Samples 
were taken at days 0, 4 and 8 for nutrient analyses. 

2.2.2. Upscaled batch cultivation in 1 L bottles under aeration 
Based on the results from growth and nutrient removal, A. protocoides 

was chosen for upscaled cultivation with improved conditions for 
growth (higher light intensity and improved air transfer). 800 mL of 
LMW-media was transferred into a 1-L universal bottle and inoculated 
with seed culture of A. protocoides to yield a starting OD750 of 0.1. A 
control media of BBM supplemented with 100 mL/L NPM was also 
tested. The cultivation continued until the growth was leveled off, i.e., 
for 8 days, with constant stirring (150 rpm) and aeration of waters. The 
system consisted of three parallel magnetic stirrers set between 
perpendicular light racks so that all bottles were illuminated evenly 
from two sides. Each light rack consisted of 2 (4 in total) 8 W T8 cool 
white LED tubes (OSRAM) and cultures were grown under a 18:6 h light: 
dark cycle at 150 μM photons s− 1 m− 2. Each bottle was equipped with a 
gas inlet supplying filtered (0.2 μm) and ambient air to be bubbled 
through the cultures at a rate of 0.1 L/L culture/min. Cultivation was 
performed in duplicate for alginate-derived LMW-media and triplicate 
for chitosan-derived LMW-media. Samples of media were taken at days 
0, 2, 4, 6 and 8 for nutrients analyses. Microalgae biomass samples were 
harvested at days 4 and 8 by centrifugation at 4000 ×g for 5 min. The 
biomass pellet was washed with MilliQ water twice prior to freezing and 
subsequent freeze-drying. 

2.3. LMW -media characterization 

2.3.1. Protein and total nitrogen (TN) measurements 
The protein content of LMW-media from flocculation were measured 

following the method of Lowry, Rosebrough, Farr and Randall [27] 
modified by Markwell, Haas, Bieber and Tolbert [28] using serum 
bovine albumin as standard in the concentration range of 10–100 mg/L. 
Absorbance was read at 660 nm using a Cary60 BIO UV–vis spectro
photometer (Varian Australia Pty Ltd., Victoria, Australia). For waters 
used in the upscaled trial, total nitrogen (TN) measurement was per
formed using a nitrogen analyzer (LECO TruMac N, MI, USA). All ana
lyses were performed in duplicate 

2.3.2. Phosphate-phosphorous and total phosphorous content 
Phosphate-phosphorous (P-PO4) was measured of LMW-media as 

previously described by Qvirist, Carlsson and Andlid [29]. A 500 μL 
aliquot of the sample was mixed with 0.9 mL of 5% sodium dodecyl 
sulphate, after which 1 mL of 1.25% of ammonium molybdate solution 
in 2 M HCl was mixed in, followed by adding 0.1 mL of 1 g/L of ascorbic 
acid. After a 30 min incubation at room temperature, absorbance at 700 
nm was read. 

Total phosphorous (TP) was measured after acidic digestion using 
acidic persulfate as previously described [30] with minor modifications. 
In brief, to 0.5 mL sample in a 11 mL glass tube with a Teflon lined cap, a 
4 mL persulfate digestion reagent (0.015 M potassium persulfate 
(K2S2O8) in 0.018 M sulfuric acid (H2SO4)) was added, after which the 
tubes were autoclaved at 121 ◦C for 75 min. Prior to phosphate- 
phosphorous determination as described above, samples were neutral
ized. Acidic digestion was performed in duplicates whereas phosphate- 
phosphorous determination was carried out in triplicates. 

2.3.3. Ammonia content 
The ammonia content of LMW-media was measured using an 

ammonia assay kit (AA0100, Sigma, USA) in a 96-well microplate. 
Briefly, 20 μL of sample and 200 μL of ammonia assay reagent were 

mixed, after which 2 μL L-glutamate dehydrogenase solution was added 
and incubated for 5 min. The absorbance at 340 nm was recorded before 
and after the 5 min incubation. All analyses were performed in 
duplicate. 

2.3.4. Free amino acid (AA) content 
A 500 μL filtered (syringe filter, PES, 0.2 μm) sample of the LMW- 

media was mixed with an equal volume of trichloroacetic acid (TCA) 
solution (7.5% w/v) and maintained on ice. The mixture was vortexed 
and centrifuged at 12,000×g for 10 min. Free AA were measured as 
previously described by Özcan and Şenyuva [31] using LC/APCI-MS. A 
2 μL sample was injected to an LC-MS system (Agilent 1100 HPLC, 
Waldbron, Germany) using a C18 Phenomenex column (250 μm × 4.6 
μm × 3 μm), coupled to an Agilent 6120 quadrupole in the SIM positive 
mode (Agilent Technologies, Germany). The peak area was compared 
against an AA standard mix (Ref# NCI0180. 20,088, Thermo Scientific- 
Pierce, Rockford, IL, USA)). The analyses were done in duplicate. 

2.3.5. Content of organic compounds - glucose, lactate, acetate and glycerol 
To measure the presence of organic compounds in the media during 

cultivation, high-performance liquid chromatography (HPLC) was per
formed to separate compound of interest and quantified by refractive 
index. An Ultimate 3000 (Dionex) HPLC system was utilized, with an 
Aminex-87H column (300 mm × 7.8 mm, 9 um) and a guard column (50 
mm × 7.8 mm, 9 um). Eluent was 5 mM H2SO4 at a flow rate of 0.8 mL 
min− 1 with the columns maintained at 80 ◦C. Twenty μL of each sample 
was injected. Samples were filtered to 0.22 um and diluted in MilliQ 
prior to analysis. Five-point standard curves of analytical grade glucose, 
sodium lactate, sodium acetate and glycerol were used for quantifica
tion. All analyses were performed in duplicate. 

2.4. Microalgal biomass biochemical profile 

2.4.1. Fatty acid (FA) content 
FA were extracted and methylated as previously described by Lau

rens, Quinn, Van Wychen, Templeton and Wolfrum [32]. A known 
amount of freeze-dried and powdered biomass was weighed into a fur
naced glass tube and suspended in 400 μL of chloroform, after which 
200 μL internal standard (heptadecanoic acid 100 μL/mL) was added to 
the tube. Sample was sonicated on ice for 1 h and transesterification was 
performed by 0.75 mL of HCl/MeOH (5% v/v) at 90 ◦C for 90 min. After 
cooling, FA methyl esters (FAMEs) were extracted by addition of 2 mL 
hexane and vigorous mixing for 30 s followed by shaking at 300 rpm for 
20 min. After centrifugation at 2000×g for 5 min, the upper phase was 
transferred into a clean tube and the extraction was repeated one more 
time. After evaporation of hexane, measurement of FAs were carried out 
by GC-–MS using an Agilent Technologies 7890 A GC system connected 
to Agilent Technologies 5975 inert MSD (Kista, Sweden) as previously 
described [33]. Quantification was performed using a 37 component 
FAME standard mix (Supelco, Bellefonte, USA). Masshunter Quantita
tive Analysis software (version B.09.00, Agilent Technologies) was used 
for acquisition and quantification of FAME peaks against those of the 
standard. FA analyses were done in triplicate. 

2.4.2. Total protein and AA contents 
The total protein content of microalgal biomass was determined 

colorimetrically (750 nm) using the DC protein kit (Bio-Rad) following a 
sequential hot trichloroacetic acid and alkaline extraction of the biomass 
[34]. The only modification was that samples were bead-beaten for 2 
min at 30 Hz (QIAGEN Tissuelyser II) prior to TCA extraction. A stan
dard curve of bovine serum albumin in the range of 0.225–1.35 mg/L 
was used for calibration. To measure the AA content of microalgal 
biomass, a known amount of freeze-dried and powdered biomass was 
mixed with 4 mL of 6 N HCl followed by flushing with nitrogen gas for 
30 s; hydrolysis was performed by maintaining tubes at 110 ◦C for 24 h, 
after which hydrolysed samples were filtered (syringe filter, PES, 0.2 
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μm) and diluted prior to AA determination using LC/APCI-MS as 
described previously (Section 2.3.4). All analyses were performed in 
duplicate. 

2.5. Statistical analysis 

Statistical differences among sample means were determined by 
Analysis of Variance (ANOVA) at p ≤ 0.05 using the statistical package 
of MINITAB Ver. 18. The values used in these calculations, and the 
values reported in Figures and Tables are mean values from the two or 
three replicate cultivations. The standard deviation from the cultivation 
replicates is also depicted in Figures and Tables. The number of 
analytical replicates was two or three as stated in each analytical sec
tion, and mean values from these replicate analyses were used to 
calculate the variations between different cultivations. 

3. Results and discussions 

3.1. Characteristics of LMW-fractions used for microalgae cultivations 

Protein, P-PO4, TP, and ammonia contents were evaluated in the 
LMW-fractions generated after flocculation with CH, AL, CA and C-592 
(Table 1). The native pH of the fractions varied from 4 to 8.7 as floc
culation was performed at pH ranges compatible to the optimum pH of 
the flocculants in the respective flocculation process [19,20]. The pro
tein content was 3.3, 2.7, 1.9 and 5.8 g/L for CH, AL, CA and C-592- 
derived fractions, respectively, with the protein content of CA- and C- 
592-derived fractions being significantly lower and higher (P ≤ 0.05), 
respectively, compared to the other two. TN were 0.7 and 1.3 for CA- 
and AL-derived fractions, respectively, compared to 0.9 and 2.1 g/L in 
CH- and C-592-derived fractions, respectively; nitrogen originated from 
CH- and C-592-derived fractions contribute partly to the TN. The P-PO4 
content ranged 101–147 mg/L, whereas the TP concentration ranged 
between 126 and 251 mg/L with the AL-derived fraction containing the 
highest amount (251 mg/L) (P ≤ 0.05). TP in AL-, CA- and CH-derived 
fractions was 1.8-, 1.6- and 1.2-fold higher compared to the respective 
P-PO4 content. The ammonia content in all waters was in the range of 
17–68 mg/L. In comparison, TP, TN and ammonia content measured in 
various dairy liquid side streams which were used for cultivation of 
C. Vulgaris were found to be in the range of 22–1012, 935–3570, and 

24–429 mg/L, respectively [35]. For different effluents from meat pro
cessing industries which were used for similar purposes, the ranges for 
TP, TN and ammonia contents varied greatly; between 5 and 46, 64–327 
and 2–193 mg/L, respectively [7]. Evidently, each type of side stream 
possesses specific characteristics that results from the type of raw ma
terial and the nature of pre-processes. However, none of the effluents 
mentioned here was subjected to pre-removal of proteins. 

3.2. Screening of LMW-media during cultivation of C. sorokiniana and 
A. protothecoides 

Four LMW-media were screened as cultivation media of two strains, 
C. sorokiniana and A. protothecoides, grown with ambient air for 8 days 
(Fig. 1). Of the four LMW-media, both species grew on LMW-media 
derived from AL, CA and CH flocculations but not on the fraction from 
C-592 flocculation. This could be due to the adverse effect from residual 
C-592 in the cultivation media [36]. The highest growth rates and final 
OD of both microalgae species were found in CH- and AL– media 
(Fig. 1A-B). The exponential growth curves of both species are presented 
in supplementary Fig. S1. The A. protothecoides strain out-performed 
C. sorokiniana in terms of final OD. Both strains showed comparable 
growth rates which averaged 0.7 d− 1 and 1.0 d− 1 in the AL– and CH- 
media, respectively (Table 2). The maximum growth rate of 
A. protothecoides when cultivated in the CH-media, 2.4 d− 1, was higher 
in comparison to earlier reported growth rates for this species, 0.49 d− 1, 
when cultivated in municipal wastewater (containing TP: 211 mg/L and 
NH3-N: 91 mg/L) [37]. Cultivation of Chlorella sp. in the effluent 
collected from a sewage pool of a seafood company (containing 121 TN 
and 57 mg/L TP) for 19 days also resulted in maximum growth of 0.04 
d− 1 [10]. These media contained high levels of N and P; thus, the 
reduced growth could be due to the presence of contaminants/inhibitors 
carried over e.g., from cleaning processes in these complex waste 
streams as opposed to the studied LMW-media which originated solely 
from processing of shrimp. 

Removal of P-PO4, TP, protein, and ammonia were measured to 
investigate the capacity of the microalgae species in bioremediating 
those nutrients. Reduction of P-PO4 by both strains was significant (p <
0.05) until day 4 for all media except for the C-592-derived one; the P- 
PO4 reduction ranged from 16 to 47%, in which A. protothecoides showed 
the best results (Fig. 1E-F). Only the P-PO4 uptake from the CA-media 
was significantly (p < 0.05) higher at day 8 than at day 4, reaching 
56% with A. protothecoides. The P-PO4 content was reduced by 30–62 
mg/L in the three media at day 8 as compared to the initial content at 
day 0. Largest P-PO4 removal was achieved by the A. protothecoides 
strain in the CH media, with a reduction of up to 62 mg/L at day 8. 

With regards to TP, the highest removal (86 mg/L in 8 days) was 
observed by A. protothecoides cultivated in the AL-media. Removal of TP 
in AL- and CA-media was significant both at day 4 and day 8 (p < 0.05); 
however, for the CH-media, uptake of TP was only significant at day 8. 
Reduction of TP in the AL-media was 1.8- and 1.5-fold higher as 
compared to that of P-PO4 for A. protothecoides and C. sorokiniana 
strains, respectively. For the CA-media, TP reduction was 1.2-fold for 
both strains assuming that organic P was more accessible to the strains in 
the AL-media as compared to in CA and CH-media. The TP removal in 
the present study over an 8-day cultivation was more efficient compared 
to earlier reported removal of 18 and 33 mg TP/L achieved during 
growth of Chlorella sp. for 19 days in seafood wastewater collected from 
a sewage pool under diluted or aerated conditions, respectively [10]. 

The protein content of the final media made up from AL, CA- and CH- 
fractions ranged between 1.4 and 2.3 g/L, and no significant change was 
observed during growth of A. protothecoides in these media. However, 
the protein content of the CA-media at day 8 showed a significant in
crease (p < 0.05), which could be related to protein release caused by 
cell death [38]. 

Ammonia was not assimilated by any of the strains, instead, the 
content increased 3.5–17-fold up to day 4 for AL-, CA- and CH-media; 

Table 1 
Composition of LMW-fractions resulting from flocculation and flotation treat
ment of SBW using flocculants as indicated from naming of the waters.  

LMW- 
fraction 

pH* Protein 
content (g/ 
L) 

TN (g/ 
L) 

P-PO4 

(mg/L) 
TP 
(mg/L) 

Ammonia 
(mg/L) 

CH 6.0 3.3 ± 0.2b 0.9 ±
0.0bc 

106.0 
± 1.6b 

126.4 
± 1.6d 

33.0 ± 4.5bc 

AL 4.0 2.7 ± 0.0b 1.3 ±
0.2b 

139.2 
± 2.1a 

251.9 
± 3.0a 

40.8 ± 2.5b 

CA 4.0 1.9 ± 0.1c 0.7 ±
0.0c 

101.2 
± 1.4b 

162.4 
± 1.5c 

17.1 ± 0.9c 

C-592 8.7 5.8 ± 0.2a 2.1 ±
0.2a 

147.7 
± 3.2a 

207.1 
± 5.7b 

68.0 ± 5.2a 

Data shown are mean from three replicate analyses ± standard deviation. Prior 
to cultivations, the LMW-fractions were fortified with vitamins ** and trace 
metals **to the same levels as the control media. AL (alginate); CA (carra
geenan); CH (chitosan); C-592 (Superfloc C-592). 
Means with different superscript letters within the same column indicate sig
nificant differences among media (P ≤ 0.05). 

* This was the native pH of the SBW. 
** The content of vitamins per liter of medium were: 1.2 mg thiamine HCl, 

0.01 mg biotin, and 0.01 mg cyanocobalamin; and the content of trace metals 
per liter of medium were as follows: 4.98 mg Na2EDTA⋅2H2O, 0.582 mg 
FeCl3⋅6H2O, 0.246 mg MnCl2⋅4H2O, 0.017 mg ZnCl2, 0.012 mg CoCl2⋅6H2O, and 
0.024 mg Na2MoO4⋅2H2O. 
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largest changes were found for both strains in AL-media. The increase 
was probably due to ammonia generation during AA metabolism, e.g., 
deamination. It is also possible that some AAs are not transported into 
the cells but extracellularly deaminated releasing ammonia as previ
ously reported for Dunaliella spp. [39]. However, the ammonia content 
stabilized after day 4 without further significant changes (p < 0.05) in 
both species except for the CH-media, in which, the ammonia content 
declined in the presence of A. protothecoides, reaching 158 mg/L. The 
obtained results could be due to the inherent characteristics of these 

cultivated media brought about by the initial protein recovery process. 

3.3. Upscaled batch cultivation of A. protothecoides in CH– and AL- 
media 

Based on the combined results on growth and removal of P-PO4, TP 
as well as TN in the screening, A. protothecoides was cultivated in 1 L of 
AL- and CH-media as well as control BBM media under aeration and 
agitation while studying protein, P-PO4, TP, TN and ammonia changes 

Fig. 1. Growth curves (A and B), P-PO4 (C and D), TP (E and F), protein (G and H) and NH3 (I and J) of A. protothecoides (solid line) and C. sorokiniana (dash line) 
grown in AL-, CA-, CH- and C-592-derived LMW media during primary batch cultivation. Data points represent the means of duplicate cultivations with error bars 
showing the standard deviation. AL (alginate); CA (carrageenan); CH (chitosan); C-592 (Superfloc C-592). 
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in the media over time (Fig. 2A-F). The strain went immediately into 
exponential growth in all three media until day 2 (Table 3). The growth 
in the control BBM medium, was almost ceased after 2 days while 

Table 2 
Growth rates of C. sorokiniana and A. protothecoides during primary batch 
cultivation in CH-,AL-, CA- and C-592-derived LMW media. pH measured on day 
8 of cultivation is also presented.  

Strain Type of 
LMW media 

Max. growth 
rate (d− 1) 

Average growth 
rate (d− 1) 

Final 
pH 

A. protothecoides CH 2.38 ± 0.05a 1.05 ± 0.00a 9.0 
C. sorokiniana CH 1.91 ± 0.08ab 0.93 ± 0.03ab 8.5 
A. protothecoides AL 1.31 ± 0.03c 0.72 ± 0.00c 9.0 
C. sorokiniana AL 1.67 ± 0.06bc 0.72 ± 0.03c 8.4 
A. protothecoides CA 1.48 ± 0.11bc 0.66 ± 0.04c 9.2 
C. sorokiniana CA 1.63 ± 0.18bc 0.66 ± 0.04bc 8.6 
A. protothecoides C-592 0.49 ± 0.10d 0.10 ± 0.02d 7.6 
C. sorokiniana C-592 0.33 ± 0.07d 0.19 ± 0.05d 7.6 

Values are means of duplicate cultivations ± standard deviation. 
Means with different superscript letters within the same column indicate sig
nificant differences among samples (p ≤ 0.05). AL (alginate); CA (carrageenan); 
CH (chitosan); C-592 (Superfloc C-592). 

Fig. 2. Growth curves (A) and nutrient assimilation; P-PO4 (B), total P (C), total nitrogen (D), protein (E) and NH3 (F) of A. protothecoides during 8 days of upscaled 
(800 mL) batch cultivation in control and in CH- and AL-media. Growth experiments were performed in triplicate (except for AL-media which was done in duplicate) 
and samples were analyzed in triplicate. Bars represent mean values for each treatment with error bars showing standard deviation. CH (chitosan); AL (alginate). 

Table 3 
Growth dynamics of A. protothecoides in control BBM medium and in AL- and 
CH-media during upscaled batch cultivation.  

Medium Maximal specific growth ratea 

(d− 1) 
Average growth rateb 

(d− 1) 
Final 
pH 

Control 
BBM 

1.541 ± 0.018 (2) 0.482 ± 0.004 7.7 

CH-media 1.459 ± 0.067 (2) 0.654 ± 0.016 8.5 
AL-media 1.444 ± 0.150 (2) 0.595 ± 0.026 8.6 

Growth experiments were performed in triplicate for CH- (chitosan) media and 
duplicate for AL- (alginate) media. Initial pH for all media was pH 7. Values 
shown are means ± standard deviation. For maximal specific growth, the 
number in brackets is the duration (in days) exponential growth was sustained. 

a Exponential growth rate is determined over the period where the r2 of the 
slope of logarithmically treated data is greater than 0.99. 

b The average growth rate is calculated over 8 days. 
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slightly slower growth continued up to day 4 in both AL- and CH- media. 
In both LMW-based media higher final pH as compared to the BBM 
medium was as a result of better growth in these cultures. In the 
CH–media, growth ceased after day 4 and OD750 values fluctuated until 
day 8. In contrast, in the AL-media, a trend of growth was visible until 
day 6, after which OD750 values fluctuated until day 8 (Fig. 2A) (expo
nential growth curve is presented in supplementary Fig. S2). Stirring and 
aeration of cultures in the upscaled batch cultivations improved growth 
of A. protothecoides compared to the initial screening experiments which 
subsequently resulted in the formation of more biomass in the CH- 
media, at upscaled conditions (OD 2.2, day 4) compared to in the 
screening cultivation (OD 1.5, day 6) (Fig. 2A vs Fig. 1A). In the AL- 
media, the A. protothecoides strain showed similar final biomass levels 
in both experiments, yet with higher rate in the upscaled cultivation 
compared to the initial cultivation. 

The P-PO4 content was reduced gradually in the CH- and AL-media 
until day 4 and 6, respectively, followed by slightly increased 

concentrations until day 8. The P-PO4 removal was greater during 
cultivation in the CH-media compared to the AL-media from day 0 to 
day 4. The P-PO4 removal in the CH-media did not change significantly 
(p < 0.05) from day 4 to 6 but there was a slight increase until day 8, in 
agreement with larger biomass formation in this fraction. In total, the 
reduction of P-PO4 in CH- and AL- media was 43 and 56%, respectively. 
The cultivation in both AL- and CH– media showed 55 and 48% removal 
of TP, respectively, up to day 6 (Fig. 2C). TN content decreased by 37 
and 36% in both media with the main decrease occurring until day 4, 
which was in agreement with microalgal growth. Protein content 
decreased by 27 and 32% in the AL- and CH-media, respectively, until 
day 6 of cultivation. 

The ammonia content increased 9- and 16-fold in CH- and AL-media, 
respectively, over the entire cultivation period, with a 5- and 9-fold 
increment between days 2 and 4. The latter could indicate major cell 
activities pertaining to generation of ammonia during assimilation of 
organic nitrogen [40]. Ammonium ions (NH4

+) and unionized ammonia 

Fig. 3. Profile of media components; glucose (A), lactate (B), glycerol (C) and acetate (D) during upscaled batch cultivation of A. protothecoides in control-, CH- and 
AL-media. Data points represent mean values for the replicate cultivations (n = 3 for control- and CH-media, n = 2 for AL-media) with error bars showing standard 
deviation. Control BBM cultures contained no lactate or glycerol. CH (chitosan); AL (alginate). 
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(NH3) are in equilibrium in an aqueous solution, therefore, at any given 
time both NH4

+ and NH3 are basically present in the process- or waste
waters. The NH3 amount is substantially pH-dependent which is calcu
lated as a function of TN, pH and temperature [40]. The dissociation 
constant (pKa) of the ammonia/ammonium reaction is about 9.3 
depending on e.g., salinity and temperature, whereas at pH >9, the 
ammonia toxicity is mostly attributed to NH3 On the other hand, at pHs 
<8, any toxicity effects are more likely related to ammonium ions 
whereas in the pH-range 8–9 the toxicity is due to an accumulative effect 
of both ammonia and ammonium [41]. In general, the ratio of unionized 
ammonia to ammonium ion increases by 10-fold per each unit increase 
in pH [41]. Earlier studies on ammonia toxicity indicated that unionized 
ammonia (NH3) is the predominant form of nitrogen which is toxic to 
microalgae [42]. The EC50 of ammonium for growth can be as low as 0.5 
g/L (30 μM) for some classes of microalgae [41]. Ammonia, in our study, 
was observed to reach such concentrations, thereby, may have retarded 
growth of A. protothecoides. Further investigations into the relation be
tween ammonia concentration and A. protothecoides growth can help 
indicate if ammonia limits biomass production. 

Findings on the assimilation of organic carbon sources (glucose, 
lactate, glycerol and acetate) indicated that all glucose was consumed 
very quickly during the first two days (Fig. 3). Interestingly, in the CH- 
media, acetate, which was relatively abundant, was also fully assimi
lated to below detection limits (<10 mg/L) by A. protothecoides. Glycerol 
and lactate in both the CH- and AL-media were maintained at constant 
levels and thus were not assimilated by A. protothecoides. It was earlier 
reported that glycerol can increase the growth and biomass production 
of 12 microalgal strains, and such effect was microalgal strain dependent 
[43]. Glycerol, in another study, increased in biomass productivity for 
Chlamydomonas debaryana, C. sorokiniana and Micractinium sp. [44]. It 
has been found that Auxenochlorella and other closely related strains can 
utilize glycerol, however, there is not any report on lactate as a suitable 
substrate for microalgae [45]. It is possible that the concentration of 
glycerol in these media was below the detectable threshold for this 
microalga and its assimilatory metabolism has therefore not been 
upregulated. A potential strategy for further improvements of biomass 
productivities would be to supplement the tested media with additional 
organic carbon; in this case, glucose or acetate appear favorable as 
demonstrated in several studies [45–47]. Such carbon sources could 
potentially be derived from other process water side streams. 

Quantification of free AA in CH- and AL-media at day 0 and day 8 of 
cultivation showed that all AA were significantly (p < 0.05) assimilated 
by A. protothecoides, except for aspartic acid + asparagine (ASX) in both 
fractions and lysine in the alginate-derived fraction (Table 4). Proline 
was the dominant AA with concentrations of 847 and 421 mg/L in CH- 
and AL-media, respectively, followed by glycine, alanine, glutamic acid 
and leucine. Total free AA in the CH-media was 1.6-fold higher than that 
in the AL-media. In both cases, 37% of the initial free AA content was 
taken up by A. protothecoides, equal to 970 and 603 mg/L in the CH- and 
AL-media, respectively, which could be related to the larger biomass 
generation in the former. Uptake of essential AA (EAA) was superior to 
the uptake of non-essential AA (NEAA), 86 and 80% of EAA in com
parison to 53 and 56% of NEAA, in the CH- and AL-media, respectively. 
The greatest reduction occurred for valine and leucine. It is possible that 
uptake of AA was induced by the other compounds present in the two 
media. Cho et al. [48] reported on up to 150-fold induction of alanine 
uptake by Chlorella in the presence of glucose, whereas aromatic and 
acidic AAs were not affected by preincubation of the cells with glucose. 
Microalgal cells under ammonia-induced stress alleviate it by converting 
ammonia to AAs, e.g., to glutamine/glutamate but there is not much 
evidence showing it is necessarily exported [41,49]. In the present 
study, GLX content increased in the media during cultivation. If cells are 
unhealthy due to high ammonia, this could also induce cell leakage 
explaining why some AA were at higher levels at day 8. Also, the high 
ammonia could cause cell lysis that in turn could result in an increase in 
some AAs [41]. It is generally assumed that microalgae will 

preferentially take up N sources in the following order: ammonium >
nitrate > urea > organic-N. It is likely that the microalgae, in our study 
are inhibited by the high ammonium levels or have yet to change their 
metabolism to start assimilating it effectively. The efficient uptake of AA 
and increase in ammonia content could be due to various pathways 
resulting from specific nature/characteristics of the evaluated fractions, 
which would need in depth studies beyond this work. 

3.4. Biochemical composition of A. protothecoides biomass 

The biochemical composition of A. protothecoides biomass harvested 
at days 4 and 8 of cultivation is summarized in Fig. 4. The protein 
content of A. protothecoides biomass harvested from CH- and AL-media 
and both days varied from 35 to 43% per DW whereas total FA was in 
the range of 15–17%. In biomass from the control BBM medium, total FA 
and protein levels were 35% and 53%, as well as 19 and 11%, at day 4 
and 8, respectively. The high protein content of microalgae species from 
the Chlorellaceae family is well recorded, and up to 55% protein per DW 
has been reported [21]. For all media, the protein content decreased by 
day 8 whereas the total FA content increased, and this effect was 
particularly y pronounced for biomass harvested from the control BBM 
cultures (Fig. 4). The increase in FA content and decrease in protein 
content are characteristic of cells that were exposed to nitrogen star
vation. Nitrogen in the control BBM medium was provided as nitrate at 
62 mg/L. The nitrogen in the two used process water fractions were 
mainly in the form of AA which were not fully consumed during the 
cultivation (Table 4). Furthermore, there was an increase in extracel
lular ammonium (Fig. 2), thus, cells were exposed to no or very mild 
starvation conditions. The slight increase in FAs from day 4 to 8 in both 
biomasses is possibly related to oxidative stress rather than nitrogen 
limitation, which can also influence lipid metabolism. Increased oxida
tive stress results in the diversion of excess reductant to FA metabolism 
as a means of dissipating excess energy [50,51]. High extracellular 
ammonia concentrations is one such cause of increased oxidative stress, 
brought about by several complex changes in cellular metabolism [52], 

Table 4 
AA concentration (mg/L) in AL- and CH-media measured at day 0 and 8 of 
cultivation using A. protothecoides.   

AA (mg/L)  

CH-media AL-media  

Day 0 Day 8 Day 0 Day 8 

LYS 103.0 ± 4.3 59.5 ± 16.9 62.0 ± 25.7* 58.1 ± 5.9* 
ARG 49.8 ± 5.3 7.3 ± 1.1 26.7 ± 4.2 8.7 ± 0.5 
HIS 16.0 ± 6.7 3.9 ± 0.1 19.1 ± 2.2 3.9 ± 0.3 
GLY 358.3 ± 8.4 76.7 ± 8.6 360.1 ± 10.0 213.3 ± 9.8 
SER 39.4 ± 3.5 4.4 ± 0.4 37.8 ± 3.6 3.5 ± 0.5 
ALA 279.1 ± 28.5 102.7 ± 11.2 159.4 ± 21.1 44.7 ± 6.8 
THR 57.7 ± 4.2 11.8 ± 2.4 31.3 ± 3.0 3.6 ± 0.8 
GLX 189.8 ± 18.6 240.2 ± 27.2 116.9 ± 13.9 173.2 ± 17.2 
ASX 46.4 ± 3.8* 52.3 ± 8.5* 29.3 ± 3.4* 32.7 ± 2.3* 
PRO 847.3 ± 39.6 381.4 ± 76.1 421.4 ± 55.9 37.5 ± 14.5 
VAL 129.1 ± 17.2 6.2 ± 1.8 68.2 ± 11.4 3.0 ± 0.1 
MET 62.1 ± 7.0 2.0 ± 0.2 34.5 ± 6.0 2.8 ± 0.3 
TYR 60.9 ± 9.2 4.9 ± 0.2 52.9 ± 10.7 4.6 ± 0.2 
ILE 95.4 ± 12.3 3.6 ± 0.5 49.7 ± 8.7 2.5 ± 0.6 
LEU 155.5 ± 35.6 3.5 ± 0.3 86.6 ± 14.4 2.8 ± 0.5 
PHE 86.9 ± 10.9 2.2 ± 0.2 53.1 ± 7.9 1.7 ± 0.2 
TEAA 705.9 92.8 404.7 78.3 
TNEAA 1874.7 877.4 1207.9 525.3 
TAA 2580.6 970.3 1612.5 603.6 

Data are means ± standard deviation of 3 replicate cultivations in CH media and 
2 replicate cultivations in AL media. 
Means within the same row for each media were significantly different between 
day 0 and 8 (P ≤ 0.05) except for those labeled with *. GLX, glutamic acid and 
glutamine; ASX, aspartic acid and asparagine; TAA, total amino acid; TEAA, 
total essential amino acid; TNEAA, total non-essential amino acid, CH (chitosan) 
and AL (alginate). 
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however there are no studies, so far, demonstrating a clear link between 
ammonia induced-stress and lipid accumulation in microalgae. 

The total amino acid (TAA) content of the biomass at day 8 mirrored 
the protein data in that biomasses from control media, CH- and AL- 
media contained 10.2, 36.2 and 36.7% TAA per DW, respectively 
(Table 5). GLX was the predominant AA (42.4 and 43.7 mg/g) in 
biomass harvested from CH- and AL-media followed by proline, alanine, 
leucine, aspartic acid, arginine and lysine. Among EAA, leucine was 
found to be the predominant, followed by valine and lysine after culti
vation in CH- and AL-media. The proportion of EAA to TAA in all bio
masses was in the same range, 0.38–0.40. This EAA proportion is higher 
compared to that reported for Nannochloropsis (0.3) [53] as well as 
Chlorella vulgaris KAV 1000 (0.28) and C. sorokiniana UTEX 1230 (0.29) 
[54]. It was also slightly lower than that reported for the macroalgae 
Saccharina latissima (0.40–0.47O [55] and C. vulgaris 87/1 (0.47) [56] as 
well as beef and fish (0.47–0.48) [57]. Content of individual EAAs, 
except for methionine, which is susceptible to acid hydrolysis during the 
sample preparation, were well above the requirement for human 
nutrition [58]. Thus, the A. protothecoides strain could be of relevance as 
a food protein source, given the protein bioavailability is satisfactory, 
which needs to be evaluated. We recently showed that without cell 
disintegration, protein accessibility of Nannochloropsis oculata in an in 
vitro digestion model was very low [59]. A. protothecoides biomass could 
also be relevant from a feed perspective due to the good balance of EAA. 
Fish meal has always been an essential part of aquaculture feed 
formulation due to a well-balanced EAA content, which is lacking in 
plant protein counterpart, i.e., soya protein. Provided cultivation as well 
as harvest conditions with low CO2 and water footprints are used, 
A. protothecoides could thus be a more sustainable, yet EAA-dense, 
replacement of fish meal in aquaculture feed formulation. Toxicolog
ical analysis is however required to confirm the suitability of the 
microalgal biomass as a feed ingredient. 

The FA profile of harvested biomasses from day 4 and 8 is presented 
in Table 6 (supplementary). Monounsaturated FAs (MUFA) were the 
major portion, of which C18:1 n-9 (oleic acid) was the most abundant 
followed by C18:1 trans Δ9 (n-9) (elaidic acid) and, C16:1. After 4 and 8 
days, polyunsaturated FA (PUFA) contributed to up to 20.6% and 22.5% 
of total FA, respectively, with almost all PUFA being from the n-6 family. 
Biomasses harvested from AL- and CH-media contained significantly 
higher n-6 PUFA compared to the control. Both MUFA and n-6 PUFA 
increased from day 4 to day 8; with the changes for the n-6 PUFA being 
highest. The n-3 PUFAs, e.g., α-linolenic acid, EPA and DHA, made up 
0.3% of total FA in the control, and 0.6–0.8% of total FA in biomasses 
harvested from AL- and CH-media. The control biomass had less n-3 
PUFA than the other two biomasses which is possibly due to lower 

Fig. 4. Total FA (A) and protein content (B) of dry A. protothecoides biomass. Data shown are mean values from triplicate (CH (chitosan)) and duplicate (AL 
(alginate)) cultivations and error bars show standard deviation among these. 

Table 5 
AA content (mg/g DW) in A. protothecoides biomass harvested at day 8.   

AA (mg/g) FAO/WHO adult (mg/g 
protein)  

Control CH-media AL-media 

LYS 5.08 ±
1.10C 

20.64 ±
0.54B 

22.32 ±
0.16A 

45 

ARG 8.78 ±
1.39B 

20.80 ±
0.73A 

21.76 ±
0.31A  

HIS 4.53 ± .67B 8.19 ±
0.26A 

8.59 ±
0.15A 

15 

GLY 5.60 ±
1.16C 

19.90 ±
0.69B 

21.60 ±
0.78A  

SER 6.83 ±
1.51B 

18.25 ±
0.08A 

19.30 ±
0.25A  

ALA 11.70 ±
2.80B 

35.13 ±
0.47A 

37.59 ±
0.68A  

THR 5.29 ±
1.23B 

18.62 ±
0.86A 

19.34 ±
0.56A 

23 

GLX 10.01 ±
2.21B 

42.39 ±
0.60A 

43.71 ±
0.66A  

ASX 9.33 ±
1.71B 

34.25 ±
1.28A 

35.41 ±
0.44A  

PRO 4.99 ±
1.13C 

39.35 ±
1.15A 

29.03 ±
2.17B  

VAL 5.74 ±
1.46B 

21.71 ±
2.49A 

23.07 ±
0.43A 

39 

MET 0.00 ±
0.00B 

0.37 ±
0.61AB 

1.01 ±
0.60A 

17 

TYR 3.37 ±
0.57B 

9.89 ±
0.68A 

10.01 ±
0.41A  

ILE 4.22 ±
1.13B 

14.63 ±
0.26A 

15.03 ±
0.56A 

30 

LEU 8.88 ±
2.25B 

34.52 ±
0.31A 

35.96 ±
0.62A 

59 

PHE 4.74 ±
1.21B 

19.45 ±
0.63A 

20.30 ±
0.53A 

19 

TAA 102.53 361.63 367.48  
TEAA 38.48 138.11 145.63  
TEAA/ 

TAA 
0.38 0.38 0.40  

Data are means ± standard deviation for biomass from 3 replicate cultivations in 
control media and the chitosan-derived LMW fraction (CH-media) and from 2 
replicate cultivations in the alginate-derived LMW fraction (AL-media). Means 
with different superscript letters within the same row indicate significant dif
ferences among media (P ≤ 0.05). TAA, total amino acid; TEAA, total essential 
amino acid; CH (chitosan); AL (alginate). 
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nitrogen and phosphorous content in the control media. The large 
increment in C18:0, C18:1 and C18:2 in control biomass at day 8 could 
be a result of nutrient starvation, and likely the FAs were in the form of 
triglycerides as previously reported in other oleaginous microalgae 
[60,61]. 

4. Concluding remarks 

A. protothecoides was successfully cultivated in LMW fractions 
generated during AL- and CH-induced protein flocculation and flotation 
of SBW, illustrating a promising use for this currently wasted process 
water side stream. During growth, A. protothecoides significantly 
reduced available P-PO4, TP, TN and free AAs, except glutamate, in both 
CH- and AL-media; however, the amount of ammonia increased during 
cultivation. The produced microalgae biomass contained up to 43% 
protein and 17.4% total FA per DW, and the EAA was well above human 
requirements. FA were dominated by MUFAs and revealed a high n-6/n- 
3-ratio. The produced biomasses may be of use in both for food and feed; 
although for the microalgae biomass, nutrient bioavailability should 
first be documented. 

Compared to a typical microalgae cultivation system based on tap 
water, the superiority of using process water residues, as studied in this 
paper, lies in two aspects; firstly, the consumption of fresh water is 
reduced by up to 0.11 m3 per 1 kg of dry biomass, secondly, remediation 
of the process water as a source of N and P replaces the need to add 
fertilizers, which enhances the sustainability and energy balance of the 
biomass production [2]. It is estimated [2] that in a case where 88 g N 
and 12 g P are required to produce 1 kg of microalgal biomass, the global 
warming potential associated with the production of the required N/P- 
fertilizers amount to 0.82 and 0.04 kg CO2- equivalents [2]. Also, 
Canter et al. calculated that to meet 23% of the total US advanced fuel 
production (79 billion L/year) using microalga, the cultivation of this 
biomass would require up to 22% and 18% of the total N and the total P, 
respectively, available in the US [62]. The increased fertilizer prices 
resulting from a raised demand will also significantly impact other 
sectors such as agriculture. It is therefore imperative to maximize the 
recycling of residual nutrients lost from food processing operations in 
microalgae cultivations. Overall, our findings reveal that such a strategy 
can be integrated in a 2-step protein production platform combining 
chemical, physical and microbial principles to render values from side 
streams which currently incurs a cost to shrimp processors to discharge. 
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