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Abstract

Microalgae have the ability to utilize nutrients from wastewater and use it for biomass production.
The effluent from a biogas process was tested as a nutrient source for blue-green microalga
Arthrospira platensis cultivation and compared with conventional synthetic medium. Cultivation
was carried out in four different concentrations of industrial process water (25%, 50%, 75% and
100%). The biomass was then harvested by microfiltration and centrifugation followed by freeze
drying. Variations in biomass composition were studied, in order to investigate effects of industrial
process water on A. platensis over 30 days of cultivation. Applied harvesting techniques were
evaluated for their effect on physiochemical properties of the biomass. Arthrospira platensis was
able to grow in all tested wastewater concentrations except 100%, however, increase of wastewater
concentration in medium resulted in a decreased growth rate. Partial substitution of synthetic
Zarrouk medium with 25% of wastewater showed no adverse effect on chemical composition of the
biomass including high protein content (45-58% dry weight) and favourable fatty acids composition
(42-45% PUFAs of total fatty acids). Evaluation by optical microscopy showed that microfiltration
caused cell rupture at the moderate level while centrifugation had more severe effect on A.

platensis. Effect of centrifugal forces and shear stress on A. platensis cells was confirmed by
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detecting lower lipid content in samples after applying both microfiltration and centrifugation due
to cell content leakage.

Keywords: Spirulina, wastewater, biomass composition, cross-flow microfiltration, centrifugation,

cell rupture.

1. INTRODUCTION

Microalgae are a group of microscopic organisms with a broad phylogenetic diversity. They are a
potential sustainable source of feedstock that can be harnessed for commercial use, due to their high
photosynthetic activity, short growth cycle and low land area requirements compared to terrestrial
plants (Mata et al. 2010). During the last 30 years, the microalgal industry has grown significantly.
The first large-scale cultivation facilities were established as the potential solution for the food and
feed shortage. Nowadays, different species of microalgae, mainly from the genus Chlorella,
Dunaliella and Arthrospira, are used for mass cultivation with a wide range of applications such as
bioenergy production, food and feed supplements and pharmaceutical products (Priyadarshani and
Rath 2012; Milledge 2011).

Arthrospira platensis, traditionally known as Spirulina, is a photosynthetic, prokaryotic, blue green
microalgae. Characteristic morphological features of A. platensis are the spiral shape of
multicellular cylindrical filaments in an open helix with the length from 0.3-1.0 mm. It is
considered to be sensitive towards external stress, due to the relatively large size and fragile
cellulose-free cell wall, and therefore external stress is found to facilitate extraction of essential
compounds. Typical chemical composition of A. platensis is 55-70% proteins, 15-25%
carbohydrates and 4-7% lipids (Ali and Saleh 2012). It serves as a rich source of essential nutrients
such as vitamins, minerals, proteins including all the essential amino acids, pigments and
polyunsaturated fatty acids (PUFAS). Due to the high content of biological active compounds, it has
found applications in human and animal nutrition, cosmetics, high-value molecules production for
pharmaceuticals etc. (Priyadarshani and Rath 2012).

Despite the large potential and wide range of applications, industrial production of microalgal
biomass often meets economical challenges. However, several approaches have been considered for
production process optimization and thereby a reduction of production costs (EI-Sheekh et al. 2016;

Barros et al. 2015). Using wastewater as complete or partial substitution of synthetic growth
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medium can reduce production costs and fresh water requirement (Abdel-Raouf et al. 2015).
Bioremediation by microalgae is particularly effective due to their ability to assimilate nutrients and
to convert light energy into valuable biomass. Thus, applying wastewater as cultivation medium
presents environmentally beneficial sources of carbon, nitrogen and phosphorous for microalgae
growth (EI-Sheekh et al. 2016). Efficient bioremediation of A. platensis was reported previously in
several studies (Markou et al. 2016; Mezzomo et al. 2010; Phang et al. 2000). In the present study
industrial process water (ICW) was acquired by methanogenic conversion of organic compounds to
methane, carbon dioxide and an effluent with relatively high ammonia content. The anaerobic
digestion process was carried out in an anaerobic sludge tower reactor with internal circulation
(ICT), therefore, the effluent is called IC water (ICW). The growth performance of several
microalgae species was previously tested on ICW where some of the tested species showed ability
to grow even on 100% ICW (Safafar 2017). In general, microalgae use nitrogen in amino acid,
protein and pigment syntheses and it is utilized in the form of nitrate (NO™), nitrite (NO™) or
ammonia (NHs). However, as long as NH3 is available most of the microalgal cells will not utilize
other nitrogen sources because assimilation of any other nitrogen form requires energy consumption
for reduction (Chaiklahan et al. 2010).

Another optimizing approach relates to downstream processes due to their high share of the total
production costs. Harvesting presents a major challenge due to the small size of microalgae cells
and low density of the cultures. An efficient optimized harvesting process should be suitable for a
variety of microalgae strains resulting in high biomass concentrations while requiring low
operational costs for energy and maintenance (Barros et al. 2015). Among many harvesting
techniques, centrifugation is the most energy-intensive harvesting method. Regardless of that, due
to its high separation efficiency and ability to harvest a large majority of microalgae, it is the most
commonly used harvesting method in lab-scale and large-scale microalgal plant systems (Dassey
and Theegala 2013). In order to decrease energy demand, microalgae can be pre-concentrated
before centrifugation. Membrane filtration presents an optimal pre-treatment process, where
biomass can be pre-concentrated 5-10 times (Bilad et al. 2014). It represents closed harvesting
system, which is commonly needed for production of high valued products (e.g. omega-3-fatty
acids, pigments). However, it has previously been reported that exposure of microalgal cells to high
gravitational forces during centrifugation and providing sufficient shear at the membrane surface
during filtration can lead to structural cell damage (Safafar 2017; Xu et al. 2015; Bilad et al. 2014).

Whether this happens will to a large degree depend on the applied force level and the specific
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features of the microalgal strain. Unwanted cell disruption liberates the cell content, which can
greatly reduce the shelf life and nutrition value of the microalgal biomass.

The aim of this study was to investigate the effects of different concentrations of ICW during
cultivation on biomass production and nutritional composition of A. platensis. This study evaluated
the optimal ICW concentration for obtaining maximum biomass production and favourable biomass
composition (proteins, lipids, fatty acids, pigments and amino acids). Furthermore, the applied two-
step harvesting process (cross-flow microfiltration and centrifugation) was tested for its effect on
the changes in the biomass as a result of external stress exposure with an aim of investigating

potential for developing large scale harvest process after cultivation in photo bioreactors.

2. MATERIALS AND METHODS

2.1. Microalgal cultivation and growth measurements

Arthrospira platensis (SAG 85.79) was obtained from SAG (Sammlung von Algenkulturen der
Universitat Gottingen) culture collection of algae in Germany. The inoculum was prepared in
synthetic Zarrouk medium (ZM; Zarrouk 1966) with the following composition: 16.8 g L™
NaHCOs, 2.5 g L NaNO3, 0.5 g L™ KH,PO,, 1.0 g L™ K,SO4, 1.0 g L™ NaCl, 40 mg L™ CaCl,, 80
mg L™ Na,EDTA, 200 mg L™ MgS0,-7H,0, 10 g L™ FeSO4-7H,0 and 1.0 mL of trace elements
stock solutions: 2.86 g L™ H3BOs, 20 mg L™ (NH4)sM070,4, 1.8 g L MnCl,-4H,0, 80 mg L™
CuS0, and 220 mg L™ ZnS0O4-7H,0. Industrial process water (ICW) used for the experiments was
obtained from Novozyme’s plant (Kalundborg, Denmark) and it was filtered by cross-flow
microfiltration (0.2 um pore size) prior use. Chemical composition of ICW is presented in Table 1.
The cultivation experiments were carried out in two sets using 1 and 5 L GS Schott bottles. First set
of experiments (preliminary experiments) included 12 days cultivation of A. platensis in four
different concentrations of ICW (25%, 50%, 75% and 100% (all concentrations were prepared in
ZM)) and 100% Zarrouk medium. Working volume was 1 L including 100 ml of inoculum.

The second set of experiments was designed based on the growth curves acquired from the first set
of experiments. Two best growing cultures were recultivated in 5 L bottles in order to collect
samples during cultivation period. Therefore, the second set of experiments included cultivation in
25% ICW and 100% ZM in duplicates over 31 days with a working volume of 5 L. Both ICW and
ZM were autoclaved before use at 120 °C for 45 min. The cultures were aerated with a mixture of

carbon dioxide (5%) and sterile air. Cultivation temperature range was 25+1 °C and pH range
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9.5+5. pH monitoring was performed by Milwaukee MC-122-pH controller (Milwaukee
Electronics, Szeged, Hungary) equipped with a solenoid valve to control CO, addition. Provided
light intensity was 100 umol photons m? s (measured on the outer side of the bottle) under
fluorescent lamp illumination (Green-line A/S, Maribo, Denmark) during 14/10 hours of light/dark
cycle.

Growth was monitored daily by taking 5 mL culture sample and measuring optical density at 670
nm. Dry matter was determined on a daily basis by taking liquid samples, weighing and drying in
oven at 100 °C until dryness, kept in desiccator, cooled down to room temperature and weighted.

The specific growth rate was calculated using the following formulae (Guillard and Ryther 1962):

p=—= 1)

where x; and xo were biomass concentrations (g L™) at t; and t, cultivation days, respectively.

2.3. Analytical methods

For chemical analysis 0.4 L of culture was sampled. In order to achieve biomass separation,
samples were centrifuged at 11 000 x g and the biomass was washed by deionized water. The
resulting biomass was freeze dried and stored at -20 °C until analysis.

The protein concentration in the microalgal samples (approximately 1g of dried microalgal
biomass) was estimated using the Dumas method for the quantitative determination of nitrogen in
different matrices (Elementar, Mt. Laurel, NJ, USA). The following steps were automated including
sample combustion in a chamber at a high temperature (900 °C) in the presence of oxygen.
Conversion of the estimated total nitrogen content to the crude protein was done using conversion
factor 6.35 for A.platensis reported by Safi et al. (2013). Protein concentration is reported as % of
dry biomass.

The amino acid composition was analyzed using Phenomenex EZ:faast™ amino acid analysis kit
(Phenomenex Inc. CA, USA). Approximately 30 mg of dry microalgal biomass was weighted in
microwave glass vials. Samples were hydrolyzed in 6 M HCI in a microwave oven (Microwave
3000 SOLV, Anton Paar, Ashland, VA, USA) for 60 minutes at 110 °C. Amino acid derivatization
was done by following clean-up steps in order to remove matrix interference. Liquid
chromatography with Agilent 1100 series LC/MSD Trap mass spectrometry (Agilent technologies,
Santa Clara, CA, USA) was used for amino acid composition determination. Applied column was
EZ:fast™ LC-MS column (250 x 3.0 mm, Phenomenex, Torrance, CA, USA). Amino acids are
reported as pg/g of dry biomass.
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Lipids were extracted from approximately 1 g of dried microalgal biomass by subsequent addition
of methanol, chloroform and water while stirring as described by Bligh & Dyer (1959), but with a
reduced amount of solvent. Samples were centrifuged at 1400 x g for 10 min, in order to separate
methanol/water phase from chloroform/oil phase. Bligh & Dyer extracts were used for analyses of
oil content, fatty acids and tocopherols. For determining total lipid content around 15 g of extract
was weighted in beakers and left overnight in a fume hood in order to evaporate chloroform. Lipid

content was calculated using the equation below (2).

g (lipid)*41 g=100

ot
o lipid = e ac—g (ipid) g sample)

()

Fatty acid profile was determined according to a slightly modified FAME method based on the
American Oil Chemist’s Society (AOCS) official method Ce 1i-07 (Firestone 2009).
Approximately 5 g of Bligh & Dyer extract was weighted in methylation glass tube. Extracts were
evaporated under the stream of nitrogen until they were completely dry. A mixture containing
100 pL of internal standard solution, 200 pL of heptane with BHT and 100 pL of toluene was
added. Samples were methylated in a microwave oven (Microwave 3000 SOLV, Anton Paar,
Ashland, VA, USA) for 10 min. at 100 °C at 500 watts. 0.7 mL of heptane with BHT and 1 mL of
saturated salt water (NaCl) were added. The separated upper phase (heptane) was transferred into
vials and analyzed by gas chromatography (HP-5890 A, Agilent Technologies, Santa Clara, CA,
USA). Fatty acid methyl esters were separated by the GC column Agilent DB wax 127-7012 (10
um x 100 um x 0.1 um; Agilent technologies, Santa Clara, CA, USA). Standard mix of fatty acids
methyl esters (Sigma, St. Louis, MO, USA) was used for identification of individual fatty acid.
Fatty acids were quantified as in area % of total fatty acids.

Pigment analysis was done by the method described by Safafar et al. (2015). Extraction was carried
out on approximately 0.05 g of dried algal biomass by methanol containing BHT in a sonication
bath (Branson Ultrsonics, Danbury, CA, USA) for 15 min at 5t2 °C. Pigments analysis was
performed by HPLC using Agilent 1100 Liquid Chromatograph with DAD. Separation was carried
out on a Zorbax Eclipse C8 column 150 mm x 46 mm x 3.5 pm (Phenomenex Inc. CA, USA). The
mobile phase was a mixture of 70% methanol + 30% of 0.028 M tertiary butyl ammonium acetate
in water and methanol at a flow rate of 1.1 mL min™ with total acquisition time of 40 min.
Identification of peaks was performed using DHI pigment standard mix (DHI LAB Products,

Horsholm, Denmark). Detection of chlorophylls and carotenoids was done at 660 nm and 440 nm,
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respectively, and for internal standard (BHT) at 280 nm. Pigments are reported as pg g~ of dry

biomass.

2.4. Harvest - microfiltration and centrifugation

Harvest of microalgal biomass was carried out after 30 days of cultivation (cultivation conditions
described in section 2.1), in a batch mode by tangential flow filtration using a silicon carbide
membrane with pore size 3 um (@ 25 x 305 mm, @ 3 mm channel; Ligtech A/S, Denamrk). The
laboratory scale filtration unit (Ligtech A/S, Denmark) had a capacity of 20-50 L h*, and 5 L of
algal biomass was used during the filtration process at a constant pressure of 1.0 + 0.2 bar and a
temperature of 20 + 3 °C. Harvested microalgal biomass was recycled by the pump (Watson-
Marlow 604 U/R, Falmouth, Cornwall, UK) back to the feed tank, so that the concentration of the
feed increased, with processing time. A schematic drawing of the used batch mode microfiltration
process is shown in Fig. 1. Calculation of flux, filtration rate and concentration ratio was done by
the following formulae (EPA 2005):

J =3t ©

Am
J = flux (L h™'m™); Q, = filtrate flow rate through membrane (L h™); A, = surface area of
membrane (m?)
]avg =Jo—0.33 (]O']f) (4)

Javg = average flux rate; Jo = initial flux; Js = final flux

CF=< (5)

Co
CF = concentration ratio; C = final concentration of a given solute (g L™); Co = initial
concentration of the solute (g L™).

A bench scale centrifuge (refrigerated centrifuge, IEC Centra-GP8R, Buckinghamshire, England)
was used for the biomass up-concentration after applying microfiltration. Complete separation was
accomplished at 11 000 x g for 10 min. The supernatant was discarded and microalgal biomass was
freeze-dried. Protein, lipid and pigment content, as well as the fatty acid composition were
determined in order to evaluate changes in the biomass composition (same procedures as describes

above). In addition, samples were evaluated by optical microscopy.
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2.5. Statistical analysis

Cultivation experiments in 5 L bottles were carried out in 2 biological replicates (second set of
experiments). All compositional analyses were performed on the samples from 5 L and repeated
two times. The results are given as the mean (z standard deviation). Analysis of variance (two-way
ANOVA) was used to evaluate the effect of time and growth media on chemical composition of
biomass. Data have met the assumption of normality and homogeneity of variance. Tukey’s post
hoc test was used to detect significant differences between groups where p values <0.05 were
considered significant. The Statistica v. 13.2 software (Dell Inc.,Tulsa, OK, USA) was used for all

statistical analyses.

3. RESULTS

3.1. Growth characteristics of A. platensis

Arthrospira platensis biomass concentration was continuously increasing in three tested ICW
concentrations (25%, 50%, 75%) over the 12 days of cultivation (Fig. 2). However, it showed no
ability for growing on 100% ICW. Biomass increment curves indicate that the increase in
concentration of ICW resulted in lower biomass accumulation. The highest biomass increment was
detected in 100% ZM. Standard curve of concordance between optical density and dry matter
showed strong correlation (R?=0.99; not shown) of A. platensis cultivated in 25% ICW and 100%
ZM in experiment 2 (Fig. 3). Specific growth rate (u) of A. platensis was 0.098 + 0.002 day™ and
0.089 + 0.005 day™ cultivated in 100% ZM and 25% ICW, respectively. No significant difference
(p > 0.05), in biomass accumulation was observed between the cultures in 100% ZM and 25 % ICW
during first 20 days of cultivation, after which A. platensis cultivated in 100% ZM grew

significantly faster.

3.2. Biomass composition

Total protein and lipid concentration of A. platensis were not significantly affected (p > 0.05) by
growth medium or cultivation time (Fig. 4 and 5). Protein concentration varied from 44-52% and
50-58% of dry biomass for A. platensis cultivated in 100% ZM and 25% ICW, respectively.
Hultberg et al. (2016) tested protein content of A. platensis cultivated in Zarrouk medium (54-66%)
and effluent-based medium (60-66%) where they reported no significant differences between the

cultures grown in different medium, which corresponds to our study. Lipid concentration of A.
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platensis varied from 4-6% of dry biomass for both cultures and similar values were reported in the
few previous studies with A. platensis (Baunillo et al. 2012; Colla et al. 2007). The amino acid
composition of A. platensis grown on different growth media is shown in Fig. 6a,b. Principal amino
acids included leucine, valine, glutamine and alanine, which is in agreement with the study reported
by Hultberg et al. (2016). The amino acid compositions were similar in A. platensis cultivated in
100% ZM and 25% ICW with no significant differences (p > 0.05). Tryptophan was not detected in
any of the cultures and it assumed that it was due to the fact that it is destroyed during the
hydrolysis. The current study confirms the presence of all essential amino acids with particularly
high contents of valine, 13-17%, and leucine, 11-17% of total amino acids. Significantly higher
contents (p < 0.05), of essential amino acids, compared to non-essential amino acids, were present
in algal biomass, however no significant difference between the proportions of essential and non-

essential amino acids, when comparing the two growth media (Table 3).

Arthrospira platensis is rich in a y-linolenic acid (18:3 (n-6)) from omega-6 family. Other major
fatty acids in A. platensis are palmitic acid (16:0) and essential linoleic acid (18:2 (n-6)), and the
latter a precursor for synthesis of other polyunsaturated fatty acids. In the current study, these fatty
acids constitute 78-83% of total fatty acids. There was no significant differences (p > 0.05), in fatty
acid composition between different treatments (Table 4a,b), which agrees with previous findings on

A. platensis cultivated in ZM and anaerobic digestate effluent (Hultberg et al. 2016).

The pigment composition of A. platensis includes phycobiliproteins, chlorophylls and carotenoids.
In this study chlorophylls and carotenoids were analyzed (Fig. 7a,b), which are rarely reported for
Arthrospira sp. in contrast to the most abundant phycobiliproteins. Both treatments were showing
similar pigment composition pattern with no significant differences (p > 0.05). Slightly higher,
although not significantly, concentration of pigments was observed in A. platensis cultivated in
100% ZM. Concentrations of pigments in A. platensis increased over the 30 days of cultivation,
which positively correlate with the biomass production. The highest estimated concentration of
chlorophyll a was 4.099 + 67 pg g, followed by carotenoids: zeaxanthin (1.465 + 531 pg g™), p-
carotene (1.745 + 132 pg g™) and astaxanthin (433 + 59 ug g™).

3.3 Harvest - microfiltration and centrifugation

Microfiltration showed to be an efficient harvesting method with no membrane fouling during the

biomass separation. Arthrospira platensis cell size is relatively big, which favours separation
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efficiency. Average flux (Jayg) was 405.3 L m™h™ with a concentration ratio (CF) of 5.16, which is
above average compared to other microalgal species (Monodopsis subterranea, Nannochloropsis
salina, Chlorella vulgaris) harvested by cross-flow microfiltration under the same conditions
(Safafar 2017).

Exposure of A. platensis to transmembrane pressure during microfiltration, and high gravitational
and shear forces during centrifugation may cause structural cell damage (Xu et al. 2015; Bilad et al.
2014). The fresh culture of A. platensis (Picture 1a) showed no cell damage, while after applying
harvesting processes cell rupture was detected (Picture 1b,c). Biomass, analyzed after
microfiltration step, showed moderate cell damage, while applying microfiltration followed by
centrifugation, resulted in severe cell damage. Microscopy showed (circled points) indicators of
possible cell rupture such as presence of exopolysaccharides (EPS) and cellular fragments. EPS are
polymers composed of sugar residues that are secreted by microalgae into the surrounding
environment under stress conditions such as external pressure during harvest.

Protein, lipid and pigment composition were determined in order to test effects of applied
harvesting techniques on changes in A. platensis biomass. Significantly lower (p < 0.05), protein,
lipid and chlorophyll content were detected in samples experiencing both microfiltration and
centrifugation compared to only microfiltration (Table 5), which indicates more severe cell rupture
and leakage of the cell content.

4. DISCUSSION
4.1. Growth and chemical composition

Arthrospira platensis grows optimally under alkaline conditions, which means it requires use of
inorganic carbon from bicarbonate. Uptake of this inorganic carbon is possible due to the well-
developed carbon concentrating mechanism (CCM) in A. platensis (Klanchui et al., 2017). ZM
contains 16.8 g L™ of sodium bicarbonate whereas ICW has no bicarbonate present. This could be
the reason for no growth detected in 100% ICW (Fig. 2). Furthermore, sodium and chloride ions
affect the osmotic pressure of the solution. Therefore osmolarity factor may contribute significantly
to the growth of A. platensis. Sodium concentration in ICW was significantly lower as compared to
ZM, which indicates that diluting ZM by ICW will result in salinity reduction. Lowering salinity
level may contribute to growth inhibition. In addition, ICW contains cyanide, which has toxic effect

on microalge, which could be another possible reason for growth inhibiton.
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Shorter adaptation period (lag phase) for A. platensis cultivated in lower levels of ICW and in ZM
can be attributed also to a relatively low initial pH 8.1 of ICW compared to 9.3 in ZM (Fig. 2). Kim
et al. (2007) reported the highest biomass accumulation of A. platensis at pH 9.5, which was later
confirmed by Soundarapandian and Vasanthi (2008). The proposed explanation was that optimal
activity of all the enzymes needed for photosynthesis and respiration is lower at below-optimal pH.
Leema et al. (2010) reported 0.23 day™for A. platensis grown under similar conditions as in the
current study. Observed deviations in these values and ones determined in this study are most likely
result of the light limitation during cultivation. Growth rate of A. platensis strongly depends on the
photosynthesis capacity, which depends on the light availability. In addition, high cell densities
cause mutual shading and increase in turbidity of the culture, which will cause lower photosynthetic
activity (Wondraczek et al. 2013). In a study by Leema et al. (2010), cultivation was carried out in
500 mL bottles and higher pu was reported when comparing to 5 L glass bottle used in the current
study. This can be confirmed by comparing biomass increment curves in Fig. 2 and 3, where ODg7o
is higher for A. platensis cultivated in 1 L bottle (Fig. 2) compared to A. platensis cultivated in 5 L
bottle (Fig. 3) for the same time period. Light is a major factor influencing also pigment synthesis in
microalgae. When microalgae are cultivated under a constant light intensity, the light intensity per
cell will decrease due to the increase in cell density. Therefore, mutual shading will lead to the
increase in pigment concentration as a result of competition for light harvesting (Myers and Kratz
1955), which was confirmed by this study. Moreover, the increase of the total chlorophyll content
during cultivation period indicates that the growth medium was nitrogen sufficient, otherwise
chlorophyll content would decrease as a result of nitrogen limitation for the synthesis (Cohen 1997).
In general, the chemical composition of ZM had higher concentration of inorganic carbon
(NaHCO3) available for A. platensis growth, which is most likely the main reason for increased
biomass accumulation after day 20 (Fig. 3). Another important difference between ICW and ZM is
nitrogen source, ammonia (NHs) and nitrate (NO™), respectively. Ammonia concentration is known
to be a critical factor for A. platensis biomass accumulation and even though it presents the most
preferable chemical form of nitrogen available to microalgae, high ammonia concentration has
inhibitory effect on the growth of A. platensis. Ogbonna et al. (2000) reported complete inhibition
of A. platensis by 400 mg L™ of ammonia in the growth medium. Markou et al. (2014) suggested
that low biomass densities are more susceptible to ammonia inhibition compared to high densities.
In contrast, higher biomass densities assimilate ammonia rapidly as a response to inhibition. In our

study concentration of ammonia in 100% ICW was 150 mg L™and initial biomass density was low,
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which resulted in complete growth inhibition. However, A. platensis cultivated in 75% ICW, where
ammonia concentration was 112.5 mg L™ showed biomass increment after 6 days of adaptation. In
contrast, 100% ZM contained nitrate as nitrogen source with no ammonia and gave higher biomass
yields compared to ZM diluted with ICW. Depleted amount of nitrogen present in the growth
medium was estimated (data not shown) based on the chemical composition of A. platensis
biomass. The data suggest that there was no nitrogen starvation in any of the two cultures.

Protein synthesis is greatly affected by nitrogen level in the growth medium, which was confirmed
by Sassano et al. (2010) who reported significant changes in protein content of A. platensis affected
by nitrogen availability in the growth medium. Sufficient levels of nitrogen, means that carbon
provided through the photosynthesis, will be used in protein synthesis (Hu, 2013). During starvation
phase, when nitrogen limitation is present, lipids or carbohydrate will start accumulating. It is
known that microalgae lipid accumulation can be enhanced by nitrogen limitation. However, it was
also suggested that higher cultivation temperature (30-35 °C) may increase lipid accumulation in
A. platensis (Markou et al. 2016; Colla et al. 2007). The fact, that there was no significant decrease
in protein concentration or increase in lipid concentration over time (Fig. 4 and 5), suggest that A.
platensis had sufficient nitrogen level in both experiments, and did not reach the stationary phase
during 31 days of cultivation. Furthermore, it is expected that decrease in protein content would be
observed first in culture grown on medium with 25% ICW, due to the lower nitrogen content
compared to 100% ZM. In addition, sodium nitrate (NaNOs), which is the nitrogen form available
in ZM, was found to be the most preferable nitrogen form for A. platensis utilization (Costa et al.
2001). Arthrospira platensis is a well-known rich source of high quality protein, which refers to the
quantity of essential amino acids and high digestibility for animal and human organisms (Becker,
2007). It can compete, due to its favourable amino acid composition and concentration, with other
plant proteins such as soybean, where the content of essential amino acids is lower per unit of mass
(Becker, 2007).

Arthrospira platensis is a known commercial producer of y-linolenic acid (18:3 (n-6)), which is a
highly valuable fatty acid from the omega-6 family. The content of this fatty acid can reach up to
30% of total fatty acids (Muhling et al. 2005). Saturated fatty acids start to accumulate, when the
nitrogen concentration in the growth medium is limited (Hu et al. 2008). This finding confirms
again that there was no nutrient limitation during the cultivation period for A. platensis in this study.
However, there was a significant increase in the proportion of linoleic acid, and a decrease in y-

linolenic acid during the cultivation period. This trend indicates that there is a correlation between
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the syntheses of these fatty acids. Thus, a possible transformation of tri-unsaturated fatty acid into
di-unsaturated is suggested. Similar transformations have already been proven for some fatty acids
in the process called retro-conversion, such as docosahexaenoic acid (22:6) transformed to
eicosapentaenoic acid (20:5) and docosapentaenoic acid (22:5) transformed to arachidonic acid
(20:4) in mammals. Also, it is suggested that microscopic organisms of phylum Rotifers and
organisms of genus Artemia have the same ability (Barclay and Zeller 1996). This has not
previously been reported in algal organism. However, it cannot be ruled out that retro-conversion is
a process that can occur in fatty acids metabolism of other organisms than suggested by literature.
In general, Artrospira sp. has higher content of y-linolenic acid compared to the content of linoleic
acid (Muhling et al. 2005). However, Muhling et al. (2005) reported the fatty acid composition of
35 Arthrospira strains and observed different proportions of linoleic acid and y-linolenic acid in A.
platensis (strain SAG 85.79) compared to other A. platensis strains, where strain SAG 85.79 had
considerably higher content of linoleic acid. Therefore, fatty acids composition reported in our
study is in agreement with the study by Muhling et al. (2005).

4.2. Harvesting

In general, during harvesting the membrane is gradually being fouled during microfiltration, due to
clogging of pores by small particles. Source of fouling can be the cell content released, due to the
cell wall damage, or extracellular polymeric substances (exopolysaccharides) extracted by the cell
under stress conditions (Rossi et al. 2008). Therefore, flux is being reduced over time as a result of
gradual fouling (Fig. 8). If the cell rupture was severe during microfiltration, complete membrane
fouling would occur fast and separation efficiency (average flux and concentration ratio) would
decrease. According to Xu et al. (2015) high centrifugal forces can cause microalgae cell rupture,
with a loss up to 40% of total lipid content. The level of disruption depends on the toughness and
shape of the microalgae cell, as well as the hydrodynamic forces applied to the microalgae (Xu et
al. 2015). According to Safafar (2017) larger average cell size will result in higher degree of the
leakage, which is in agreement with the results of this study.

Chlorophyll content was higher before centrifugation and decreased after (Table 5). By damaging
cell wall, content of the cell will lack the protection layer, which can result in pigment degradation
(Hosikian et al. 2010). However, the content of [-carotene significantly increased after
centrifugation. Carotenoids accumulate in the chloroplasts and recover in the cell at high

centrifugation forces. Therefore, cell rupture can have both positive and negative consequences,
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depending on the final product. If the aim is to achieve a high extractability of different compounds
from the cell, already broken cell walls will favour the extraction process.

5. CONCLUSION

Arthrospira platensis was able to grow on different dilutions of ICW, which offers potential low-
cost source of nutrients for microalgal growth. Partial substitution of synthetic medium with
wastewater can potentially reduce microalgal production costs and reduce fresh water requirements.
Growth was not detected in 100% ICW due to the non-optimal environment for growth of A.
platensis. Optimal concentration of ICW for obtaining high growth rate with no adverse effect on
the biomass composition was shown to be 25% dilution in synthetic medium. This study suggests A.
platensis as a potential species for wastewater treatment. Further research is needed in order to
investigate the efficiency of the nutrient removal from industrial process water, as well as testing of
possible toxic compound concentrating in the biomass. Furthermore, different environmental stress
factors could be tested in combination with ICW, in order to increase production of valuable

compounds such as protein, PUFAs and carotenoids.

Harvesting methods should be adjusted for specific microalgal species due to their wide diversity. A
suitable process needs to be applied, in order to preserve quality of the end product. Microfiltration
was demonstrated to be an efficient method for biomass separation with moderate cell rupture, as a
result of the filtration shear. However, economically it still cannot compete with standard passive
screen filtration commonly used for filamentous and large cell size specie. Also, microfiltration by
itself may not be sufficient for harvesting, in case it is necessary to further up-concentrate the
microalgal biomass before drying, which then requires additional up-concentrating steps.
Centrifugation was shown not to be a suitable harvesting (or up-concentration) method for
A. platensis due to severe cell damage, followed by cell content leakage. Effects of centrifugal force
on A. platensis were confirmed by changes in biomass composition including lower protein, lipid

and chlorophyll content after centrifugation.
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538 FIGURES AND TABLES:
539

540 Table 1. Chemical composition of industrial process water

Item Unit Amount
pH . 8.1
Alkalinity mmol L™ 62.6
Suspended solids mg L™ 20
Ammonia + ammonium-N mg L™ 150
Nitrite + nitrate mg L™ <0.1
Total nitrogen mg L™ 190
Total phosphorous mg L 11
Sulphate mg L™ 3.6
Total cyanide ug L* 2.5
EDTA mg L™ <0.5
Sodium (Na) mg L™ 1500
Cadmium (Cd) ug L* <0.05
Copper (Cu) ug L* 3.4
Iron (Fe) mg L™ 0.23
Cobalt (Co) ug L™ <0.5

541
542  Table 2. Concentration (mg/L) of nitrogen (N) and phosphorous (P) of growth mediums

Growth media Total N Total P
100% ZM 412 114
75% ZM + 25% ICW 356 91
50% ZM + 50% ICW 301 62
25% ZM + 75% ICW 245 37
100% ICW 190 11
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Fig. 1 Schematic drawing of the microfiltration process. The pump is forcing the microalgal
suspension through the microfiltration unit, where feed is passing across the filter membrane at
positive pressure relative to the permeate side. Material, that is smaller in size than the membrane
pore size, passes through the membrane as permeate, while the rest is retained on the inner side of

the membrane as retentate and subsequently, collected back in the bottle
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Fig. 2 Effect of different concentrations of ICW (25, 50, 75 and 100%) on growth of A. platensis
during 12 days cultivation period (n=1)
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Fig. 3 Effect of 25% ICW on growth of A. platensis during 31 days cultivation period. The results
are presented as the means of n = 4 measurements from two biological replicates; error bars

represent standard deviation
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Fig. 4 Protein concentration of A. platensis cultivated on 100% ZM and 25% ICW over 30 days.
The results are presented as the means of n = 4 measurements from two biological replicates; error

bars represent standard deviation.

Table 3. Concentration of essential and non-essential amino acids in A. platensis cultivated in
100% ZM and 25% ICW. The results are presented as the means + standard deviation of n = 4

measurements from two biological replicates.

Experiment Essential amino acids Non-essential amino acids
100% ZM 56.53 + 2.80% 43.47 + 2.20%
75% ZM + 25% ICW 57.83 £ 0.30% 42.17+ 0.20%
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Fig. 5 Lipid concentration of A. platensis cultivated on 100% ZM and 25% ICW over 30 days. The

results are presented as the means of n = 4 measurements from two biological replicates; error bars
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Table 4. Fatty acid composition of A. platensis at day 1, 10, 20 and 30 of the 30 day cultivation: (a)
in 100% ZM; (b) in 25% ICW. Concentrations are expressed as % of total fatty acid. The results
are presented as the means of n = 4 measurements from two biological replicates. Different letters

in the same row represent significant differences (p < 0.05)

(@)

Fatty acid Day 1 Day 10 Day 20 Day 30

14:0 228 + 0.12 216 + 0.16 217 + 0.10 1.77 + 022
14:1 0.72 + 0.0 1.68 + 0.29 141 + 0.8 1.32 + 087
16:0 3797 + 195 4031 + 1.62° 40.96 + 0.70° 4055 * 1.30°
16:1 (n-7) 543 + 0.86° 343 + 018° 313 + 0.16° 362 + 0.07°
16:2 (n-4) 037 = 0.09 020 + 0.02 022 + 0.03 0.16 * 0.02
16:3 (n-4) 0.18 + 0.5 017 + 0.01 017 = 001 012 + 0.01
17:0 010 * 0.5 022 + 0.01 030 + 0.00 0.33 + 0.02
16:4 (n-1) 0.06 = 0.09 0.16 + 0.02 0.18 + 0.00 0.18 * 0.02
18.0 1.57 + 0.07 1.65 + 0.04 1.37 + 011 1.06 + 0.10
18:1 (n-9) 321 + 035 479 + 0.06 520 + 0.33° 592 + 142°
18:1 (n-7) 247 + 017° 269 % 047° 1.93 + 0.14* 261 % 0.65°
18:2 (n-6) 2094 + 093 2339 + 011° 2719 + 0.86° 2816 * 0.47°
18:3 (n-6) 2150 + 1.65* 17.23 * 0.08" 1403 = 040° 1258 + 0.77°
18:3 (n-3) 0.05 + 0.8 0.04 + 0.06 0.07 = 0.2 0.08 + 0.01
18:4 (n-3) 008 + 0.11 0.03 + 0.05 005 + 001 0.07 + 0.00
20:1 (n-11)+(n-9) 057 + 052 0.08 + 0.12 0.08 = 0.5 0.02 + 0.01
20:2 (n-6) 0.17 + 0.00 031 + 0.01 038 + 0.02 041 + 0.04
20:3 (n-6) 029 + 003 040 + 0.05 053 + 0.04 057 + 0.27
20:5 (n-3) 048 + 0.11 022 + 0.9 013 = 0.12 0.14 % 0.00
22:1 (n-11) 037 = 0.29 021 * 0.14 008 = 0.11 0.00 = 0.00
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577
578

579
580

581

22:5 (n-3) 051 + 0.09 0.36 + 0.03 035 + 0.08 014 * 0.04
22:6 (n-3) 040 + 056 0.09 + 0.06 0.04 + 0.06 0.13 + 0.00
¥ SAFA 41.92 + 229° 4434 + 184° 4479 + 091 4371 + 1.26°
¥ UFA 5797 + 598 5549 + 1.93° 55.16 + 2.73* 56.22 + 3.18°
¥ PUFA 4503 + 3.78° 4261 * 0.67° 4334 + 165 4274 + 1.77°
(b)

Fatty acid Day 1 Day 10 Day 20 Day 30

14:0 1.89 + 0.08 215 + 0.16 1.29 + 0.70 142 + 0.75
14:1 0.44 + 0.02 157 + 0.28 1.95 + 051 272 + 087
16:0 38.02 + 1.49° 3823 + 0.14* 3830 + 1.28 3712 =+ 1.30°
16:1 (n-7) 6.55 + 0.82° 485 + 0.44° 415 + 011° 425 + 0.07°
16:2 (n-4) 031 + 0.03 031 + 0.06 026 + 0.01 024 + 0.02
16:3 (n-4) 0.12 + 0.00 017 + 0.01 0.16 * 0.00 015 + 0.01
17:0 0.00 + 0.00 024 + 0.00 025 + 0.03 028 * 0.02
16:4 (n-1) 022 + 0.3 021 + 0.03 021 + 0.03 022 + 0.02
18.0 1.09 + 0.01 1.38 + 0.02 146 = 0.19 142 + 0.10
18:1 (n-9) 323 + 041° 328 + 047° 444 + 105° 452 + 1.42°
18:1 (n-7) 551 #+ 0.39° 514 + 3.24° 395 + 142° 464 + 0.65°
18:2 (n-6) 2204 + 2.44° 2214 + 013 2538 + 0.04° 2621 + 047
18:3 (n-6) 1898 + 2.28° 1859 + 1.87° 1624 + 022° 1478 + 0.77°
18:3 (n-3) 019 * 0.8 0.02 + 0.03 010 + 003 008 =+ 001
18:4 (n-3) 006 + 0.02 0.02 + 0.03 0.07 + 0.00 0.09 + 0.00
20:1 (n-11)+(n-9) 0.11 + 0.03 022 + 031 0.03 * 0.04 0.05 + 0.01
20:2 (n-6) 0.12 + 0.00 025 + 0.04 039 + 0.07 041 + 0.04
20:3 (n-6) 014 + 0.02 028 + 013 072 + 037 073 + 027
20:5 (n-3) 029 * 0.07 026 + 0.08 025 + 0.02 023 + 0.00
22:1 (n-11) 0.08 + 0.00 0.02 + 0.03 0.00 * 0.00 0.00 + 0.00
22:5 (n-3) 031 + 0.06 023 + 012 034 + 0.01 034 + 0.04
22:6 (n-3) 0.08 + 0.1 0.07 + 0.02 0.00 * 0.00 0.00 + 0.00
¥ SAFA 41.00 + 1.58° 41.99 + 0.34* 4130 + 219° 4024 + 2.16°
¥ UFA 58.80 + 6.79° 5762 + 7.31*° 5864 + 393 5964 + 4.68°
¥ PUFA 4287 + 513° 4255 + 254* 4413 + 0.80° 4347 + 1.66°

SAFA = saturated fatty acids; UFA = unsaturated fatty acids; PUFA = polyunsaturated fatty acids
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586 Fig. 6 Amino acid composition of A. platensis cultivated in medium containing: (a) 100% ZM; (b)
587 25% ICW. The results are presented as the means of n = 4 measurements from two biological
588  replicates; error bars represent standard deviation

589
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Fig. 7 Pigment composition and concentration (ug/g) of A. platensis cultivated in medium
containing: (a) 100% ZM; (b) 25% ICW. The results are presented as the means of n =4

measurements from two biological replicates; error bars represent standard deviation
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Fig. 8 Harvest performance (flux) for A. platensis harvested by SiC membrane with 3 um pore size
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(b)
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Picture 1. Optical microscopy (100x) of A. platensis: (a) Fresh culture with no cell rupture

detectable; (b) Culture after microfiltration with moderate cell rupture detectable; (c) Culture after

microfiltration followed by centrifugation with severe cell rupture detectable. Circles indicating

mixture of material associated with cellular fragments and EPS
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Table 5. Changes in biomass composition of A. platensis after microfiltration (MF) and
centrifugation (CF). Values are expressed as mean + standard deviation of n = 4 measurements from

two replicates

Protein Lipid Chlorophyll Carotenoids
(% of DW) (% of DW) (1g/g DW) (1g/g DW)
MF 56.70 £ 2.97 6.06 £ 0.15 3634.60 + 189. 49 1010.07 + 334.79
MF + CF 43.69 +2.83 4.40+0.73 2405.61 + 823.29 2229.86 + 468.34
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