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Abstract

Nutrient and micropollutant removal, and bioactivity were studied in cultures of the green microalga Tetradesmus obliquus
MACC-677 grown in centrate from municipal wastewater (WW). Two outdoor units, a thin-layer cascade (TLC) and a
thin-layer raceway pond (TL-RWP), were tested for microalgal culturing in batch and semi-continuous regimes where their
photosynthetic performance was monitored. The results revealed that the T. obliquus cultures grew well, showing a high
specific growth rate u of 0.31 day™! and 0.25 day™' when grown in WW in TLC and TL-RWP, respectively. The cultivation
trials showed high nutrient removal efficiency for ammonium nitrogen (98.5%) as well as orthophosphate (89%), the most
abundant forms of N and P occurring in municipal WW. The removal of selected pharmaceuticals and endocrine disruptors
(e.g., ibuprofen, amitriptyline, bisphenol A, etc.) was also assessed. Ibuprofen was the most abundant micropollutant detected
in the centrate, with concentrations up to 5000 ng L~" and fast removal during the cultivation. The biomass produced in the
centrate revealed antimicrobial activity against plant pathogens, including fungi, oomycota, and bacteria. These findings
have shown that the culturing of T. obliquus can be considered a suitable way to contribute to a circular economy, to remove
nutrients and micropollutants from municipal WW from which biomass extracts can be further used for plant protection in
agriculture.
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Introduction

Microalgae have an ever wider range of applications in
various areas such as dietary supplements, biopesticides,
biofertilizers, wastewater (WW) treatment as well as poten-
tial production of cosmetics and biofuels. Many production
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systems have been developed for indoor and outdoor micro-
algal culturing on a scale from a few to millions of liters
(Acién et al. 2017; Pereira et al. 2017). Large-scale cultiva-
tion plants on a hectare scale have been built by commercial
companies (e.g., A4F, Aqualia, Biorizon Biotech, etc.) in
Spain and Portugal recently. The major barrier that must
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be overcome is sustainable production cost which is still
higher compared to agricultural biomasses (Costa and de
Morais 2013; Baldev et al. 2021). To increase the cultiva-
tion sustainability and positive impact on the environment
microalgae are cultured in WW using the necessary nutri-
ents which might also reduce cost (Woertz et al. 2009; Li
et al. 2011; Costa and de Morais 2013; Morillas-Espaiia et al
2021). Cultivation in WW as a cultivation growth medium
is not suitable for all microalgal strains. Therefore, the most
robust, fast-growing strains have been implemented to grow
well under these conditions (Morales-Amaral et al. 2015a;
Morales et al. 2019; Romero-Villegas et al. 2021).

The cultivation systems commonly used are rather simple
as they are outdoors under natural conditions with a low con-
trol of environmental variables such as irradiance, tempera-
ture, rainfall, CO, concentration, and mixing (Molina Grima
et al. 2003) compared to indoor cultivation units (Dos Santos
et al. 2013). The most frequently used cultivation systems
for mass microalgal production are open ponds due to low
construction costs, low power demand, and easy mainte-
nance (Costa and de Morais 2013). A culture layer between
10-30 cm maintains insufficient cell irradiance and slow gas
exchange that results in a low biomass density of about 1 g
L~ of dry weight (DW) in such units (Acién et al. 2017).
Thin-layer (<4 cm) cultivation systems are more efficient
and productive (Masojidek et al. 2015). These outdoor culti-
vation units have been improved (better mixing, temperature
control, and CO, dosage) to achieve higher biomass produc-
tion (Grivalsky et al. 2019).

Biomass productivity and yield of valuable compounds
are mostly affected by strain selection and a suitable type
of photobioreactor (PBR) used for cultivation (Katarzyna
et al. 2015). Due to ambiguous/unstable cultivation condi-
tions, the number of species that have been successfully
cultivated in open systems is relatively limited (Dos Santos
et al. 2013). Microalgal production in open outdoor systems
is considered to be inexpensive but allows for the growth
of only a few selected microalgal strains. Worldwide, the
fast-growing microalgae Arthrospira, Chlorella, Dunaliella,
Scenedesmus, and Nannochloropsis are the most commonly
cultivated strains in open units ( Bishop and Zubeck 2012;
Borowitzka 2013; Costa and de Morais 2013). Selection
and validation of robust microalgal strains for large-scale
cultivation have become one of the key research topics for
biotechnology production. Laboratory screening tests have
relatively limited predictive power for the ability of strains
to grow in outdoor ponds (Wen et al. 2016). Small-scale
outdoor systems can be used as pilot devices to test micro-
algal growth in outdoor mass cultivation (Wen et al. 2016;
Grivalsky et al. 2019).

The quest for remediation, reduction of production costs,
and sustainable growth of microalgae using municipal WW
has been under investigation for more than half a century
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(Jensen 1957; Tam and Wong 1989; Lau et al. 1995; Woertz
et al. 2009). Centrate, the liquid part of the activated sludge
treatment process, is a rich nutrient source of ammonium
and phosphorus, and other macroelements necessary for
microalgal growth. Up to now, few studies have tested the
suitability of microalgal cultivation in undiluted centrate (Li
etal. 2011).

In this study we focused on the cultivation of the green
microalga Tetradesmus obliquus MACC-677 in the undi-
luted centrate of municipal WW using two different open
cultivation units — thin-layer cascade (TLC) and a thin-layer
raceway pond (TL-RWP). Both thin-layer units are charac-
terized by high biomass production, high average cell irradi-
ance, and rapid gas exchange (O, and CO,). For the present
trials, the strain was selected due to its rapid growth (Ordog
et al. 2013) and potential biostimulating and biopesticide
activities (V. Orddg and F. Estrella, unpublished data). The
growth and photosynthetic activity were correlated with the
removal efficiency of nutrients and selected pharmaceuti-
cals and endocrine disruptors as well as the production of
bioactive compounds with biostimulating and antimicrobial
activity.

Materials and methods
Strain and inoculum preparation

The green microalga Tetradesmus obliquus MACC-677 (pre-
viously known as Scenedesmus acutus) obtained from the
Széchenyi Istvan University, Mosonmagyar6vér, Hungary
was used in these trials. In laboratory cultivations, the seed
cultures were grown in BG-11 medium (Allen 1968) in 10-L
Pyrex glass bottles in the laboratory at 28-30 °C, and at a
light intensity of 200 umol photons m~2 s~!. The cultures
were mixed by bubbling with air and 1% CO,.

Laboratory cultivation

For laboratory growth experiments, flat-panel PBRs with
a volume of 3 L and a short light path of 22 mm were
used. The culture was grown at 28-30 °C under continu-
ous illumination of 100 pmol photons m~2 s~! using day-
light fluorescent lamps (55 W, Dulux L, Osram, Germany).
The mixing was provided by bubbling with air and 1% CO,
(v/v). The cultures were grown in two frequently used inor-
ganic media BG-11 (Allen 1968) and BBM (Andersen et al.
2005; Bischoff and Bold 1963). The specific growth rate,
cell numbers, and consumption of nitrate were assessed in a
one-week trial to decide which cultivation media to use for
further study.
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Centrate preparation for outdoor trial

Activated sludge from the municipal wastewater treatment
plant (WWTP) in Tteborii obtained after aerobic digestion, was
collected and centrifuged at 3,000 X g for 5 min. Brownish-
colored supernatant (further abbreviated as WW) was used
as a cultivation medium without any dilution (see the com-
position in Table 1). The initial ratio of total nitrogen (TN) to
total phosphorus (TP) was about 1.5:1. The content of TN in
centrate (230-350 mg L") was similar to that of the BG-11
medium while the TP content (110—170 mg L™!) was more
than 20-times higher, about 35:1.

Cultivation in outdoor units

Two outdoor cultivation units — a thin-layer cascade (TLC)
and a thin-layer raceway pond (TL-RWP) were used in the
trials during summer (August 2019) at the Centre Algatech
Tteboii (N 48°59', E 14°46', Czech Republic — temperate cli-
mate zone). They differ in the method of mixing — a pump
for TLCs and a paddle wheel for TL-RWP — and the thick-
ness of the culture layer (Grivalsky et al. 2019). Circulation
pumps can be selective for some strains of microalgae. Both
cultivation units (each of 5 m?) were placed in separate poly-
carbonate greenhouses to protect the cultures from unfavour-
able environmental conditions and to reduce the risk of cross-
contamination. A detailed description of the cultivation units
has been reported earlier (Grivalsky et al. 2019). The TL-RWP
was operated continuously for 24 h at a working volume of
about 100 L with a culture depth of 15-25 mm; culture flow
velocity was set to 0.2 m s~'. The TLC was operated with a
working volume of 70 L, the culture depth was kept between
8 and 10 mm and the flow speed was about 0.5 m s~'. The
culture was circulated only during the day, while at night, it
was stored in a retention tank and bubbled with air (light/dark
regime about 12/12 h). The initial microalgal biomass density
after inoculation was about 1 g DW L™! in the cultivation in
the BG-11 medium (Trial 1) and about 0.5 g DW L~ in the
cultivation in WW (Trial 2), as the dry matter content in WW
itself was about 0.6 g DW L~!. It means that the density of the
microalgal biomass was set lower compared to the cultivation
in BG-11 in order to compensate for light absorption (optical
density) by colored WW. The culture temperature in the morn-
ing was between 18-22 °C while at midday it ranged between
27 and 37 °C. The midday irradiance maxima in the green-
house was between 100—1500 pmol photons m=2s~!. The pH

value was kept close to pH 8 +0.2 by automatic addition of
pure CO, (pH stat).

The cultures of T. obliquus were firstly grown for 6 days in
a batch regime in inorganic BG-11 medium and then 5 days in
a semi-continuous regime; then, the cultures were maintained
for 5 days in the semi-continuous regime harvesting 20% of the
culture volume daily which was replaced with fresh medium,
i.e. dilution rate was 0.2 day~! (Trial 1). In Trial 2 the cultur-
ing process was the same: the cultures were firstly grown for
6 days in the batch regime but in WW, and then for 5 days
in the semi-continuous regime harvesting 25% of the culture
volume daily which was replaced with WW. When microalgae
were cultured in WW, the number of microorganisms meas-
ured in the culture was about 10° CFU L.

Dry weight and pigment analysis

The total biomass density (DW) was measured by filtering
5 mL of the culture on a pre-weighed glass filter (GC-50),
washed twice with deionized water, dried in an oven at 105 °C
for 8 h, and weighed (precision of +0.01 mg). The growth rate
p=(In X, —In X, )/t, — t, (day™") was calculated for the batch
regime.

The pigment extraction was as follows: A 1 mL of the sam-
ple was centrifuged and the pellet was dissolved in methanol
in a total volume of 2 mL. The cell wall was broken down by
vortexing using a small amount of sand and measured by a
high-resolution spectrophotometer (UV 2600 UV-VIS, Shi-
madzu, Japan) according to Ranglova et al. (2021). Total chlo-
rophyll (Chl) and total carotenoid (Car) content was calculated
(Wellburn 1994). The samples were taken daily at 09:00 h and
analyzed in triplicates.

Chemical analysis of WW

The WW and culture samples were centrifuged (12,000 X g,
5 min) before syringe filtering (pore size of 0.45 pm) and kept
in closed vials in a freezer for further analysis. All samples
were analyzed at once after thawing. The samples for BOD
(Biological Oxygen Demand) assay were transferred fresh to
be analyzed 24 h after preparation. Analyses of BOD, COD
(Chemical Oxygen Demand), TOC (Total Organic Carbon),
ammonium nitrogen (NH,-N), total nitrogen content (TN),
nitrate concentration (NO;-N), nitrite concentration (NO,-N),
orthophosphate-phosphorus (PO,-P) and total phosphorus
(TP) were performed by a commercial company (Povodi

Table 1 Chemical analysis of WW (centrate of municipal WW) used as the cultivation medium in Trial 2

BOD COD TOC Nitrates N-NO;

N-NO, N-NH, P-PO, TN TP

440 2100 880 1.9 0.43

0.018 160 120 290 140

All values are in mg L™!
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Vltavy Ltd., Ceské Bud&jovice) using certified methods for
water management (Table 1).

Photosynthesis measurements

Photosynthetic activity of the cultures was measured ex-sifu
daily at 13:00 h. Before measurements, the culture samples
were diluted to 0.2-0.3 g DW L~! and dark-adapted for
10 min at cultivation temperature. Photosynthetic variables
such as electron transport, photosynthetic efficiency, oxygen
production, and respiration give a complete picture of the 7.
obliquus culture viability.

Rapid light-response curves

Rapid light-response curves (RLCs) of microalgal samples
were measured in a light-protected measuring chamber with
mixing (3 mL glass cuvette, light path of 10 mm) using a
pulse-amplitude-modulation fluorimeter (PAM-2500,
H. Walz, Germany). Analysis of RLCs was used to esti-
mate changes in the relative electron transport rate (tETR)
through photosystem II (PSII), calculated by multiplying
the actual PSII photochemical yield Yy; [=(F,, — F)/F’]
with the respective PAR value (Ep,r) (Hofstraat et al. 1994;
Ralph and Gademann 2005; White et al. 2011). RLCs were
fitted to the non-linear least-squares regression model using
PamWin_3 software to determine the maximum electron
transport rate (rETR,,,) and the saturating irradiance Ey
(Eilers and Peeters 1988). The maximal PSII photochemical
efficiency was calculated as the ratio of variable and maxi-
mal fluorescence, F,/F,, = (F,, — F,)/F,, (Strasser et al. 2004).

Photosynthetic oxygen evolution and respiration

The activity of photosynthetic oxygen evolution (POE)
and respiration (RESP) was measured in an oxygen elec-
trode chamber DW2/2 (Hansatech, UK) connected to a
temperature-controlled water bath. The Oxylab + control
unit (Hansatech, UK) and OxyTrace + Software were used
in measurements as described previously (Ranglova et al.
2019). Light-response curves were recorded using 2-min
light steps with stepwise increasing light intensities of 0,
200, 400, 600, 1200, and 1800 pmol photons m~2s7!. The
first step (no light) provided the information about RESP.
Oxygen evolution was calculated in pmol O, ug~'(Chl) h™.

Bioactivity tests

At the end of the cultivation trials, the T. obliquus bio-
mass was harvested taking 10 L of culture in the morning
(08:00 h) and afternoon (13:00 h); where it was then centri-
fuged, washed, and lyophilized. Biomass samples of 10 mg
DW mL~! were re-suspended in distilled water and sonicated

@ Springer

(Branson sonicator 150, amplitude 40%, 3 min) before car-
rying out assays of antimicrobial and biostimulant activity
(Ranglova et al. 2020). The antimicrobial activities were
evaluated using the antagonism bioassay. Two different tests
were performed to determine the biostimulant activity: cress
seed germination and mung bean rooting. All bioassays were
performed in triplicate.

Antagonism Bioassays by Dual Culture

The antimicrobial activity of biomass samples was tested
for phytopathogenic fungi, bacteria, and oomycetes using
the dual culture bioassay, following the published protocols
(Sanchez et al. 2008; Suarez-Estrella et al. 2014). The activ-
ity of the biomass extracts was tested against two fungi—
Fusarium oxysporum f.sp. melonis CECT 20,474, Rhizocto-
nia solani CECT 2824, two oomycetes—Pythium ultimum
CECT 2365 and Phytophthora capsici CECT 20,433, and
four bacterial strains—Xanthomonas campestris CECT 95,
Pectobacterium carotovorum subsp. carotovorum CECT
225, Pseudomonas syringae pv. tomato CECT 4393 and
Clavibacter michiganensis subsp. michiganensis CECT
790. All strains were provided by the Spanish Bank of Algae
(BEA) located in Gran Canaria (Spain).

Antagonism Bioassays against phytopathogenic fungi
using the Dual Culture

Antagonist effect was demonstrated using modified tech-
niques of Landa et al. (1997). First, 2% water agar (WA)
plates were prepared. Once the agar solidified, four 8 mm-
diameter steel cylinders were placed equidistantly from the
edge. In the case of phytopathogenic fungi, a second layer of
PDA was added to the WA plates. Once the cylinders were
removed, the wells were filled with 80 pL of the cyanobac-
teria extract at a stock concentration of 10 mg mL™". Then,
a plug of 5-day-old phytopathogen agent culture, removed
from a PDA plate, was placed in the center of the assay plate.
Four replicates were prepared for each combination extract-
phytopathogen. In vitro growth inhibition of fungi was
measured at 25+ 1 °C under dark conditions after 5 days.
The inhibition index was calculated according the follow-
ing formula: I=[(C—T)/ C] x 100, where I is the Inhibition
Index in percentage (%), C is the diameter of pathogenic cul-
ture in the absence of microalgal extract (mm) and T is the
diameter of pathogen in the presence of algal extract (mm).
In all cases, distilled water was used as a control.

Antagonism Bioassays against phytopathogenic bacteria
by Dual Culture

In the case of phytopathogenic bacteria, a second layer of
NA was added on the WA plates instead of PDA. A 48 h old
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bacterial culture prepared in 5 mL of Nutrient Broth (NB,
CMO0001 Oxoid Ltd. UK) and incubated at 30+ 1 °C under
dark conditions, was spread over the surface of the dou-
ble layer of culture medium with a sterile swab previously
soaked in the bacterial culture. The wells were filled with
80 pL of the different extracts. Four replicates were done for
each extract-combination. A Petri dish inoculated only with
the phytopathogenic bacteria and with distilled water inside
the wells was considered as a negative control of the assay.
The whole experiment was repeated twice.

Finally, inhibition of in vitro growth of phytopathgoenic
bacteria was measured after incubating at 30 + 1 °C under
dark conditions for 48 h. The inhibition index (I) was
expressed as the percentage of growth inhibition in the
presence of the algal extract using the following formula:
1=100-[G-(D-8) /90] x 100, where [ is the Inhibition Index
(%), G is the growth of the phytopathogenic agent in absence
of the antagonistic extract (in this case it would be 90 mm,
since the bioassays were carried out in 90 mm Petri dishes),
and D is the diameter of growth inhibition around the wells
in presence of antagonistic extracts (mm). Distilled water
was used as a control.

Germination Index Bioassays

The effect of microalgal biomass on the seed growth was
tested on 100 cress seeds (Lepidium sativum) using two
extract concentrations, 0.5 and 2 mg DW mL~!, following
the protocol described previously (Zucconi et al. 1981). The
percentage of seed germination and the radicle elongation
were calculated to assess the germination index (GI), based
on the following formula: GI [%]=(Gg x Lg) / (Gy x Ly),
Gg is the percentage of germinated seeds in the presence of
the sample, Gy, is the percentage of germinated seeds in the
presence of distilled water, Lg is the mean of radicle elonga-
tion [mm)] in the presence of the sample and Ly, is the mean
of radicle elongation [mm] in the presence of distilled water.

Mung bean bioassay

The bioassay was performed according to Hess (1961)
using mung beans (Vigna radiata L. Wilczek). The biomass
extracts of 0.5, 1.0, 2.0, and 3.0 g DW L~ were used to
determine the biostimulant activity via mung bean rooting.
The number of roots longer than 1 mm was counted after
8 days of growth. To assess the auxin-like activity of micro-
algal extracts, a standard curve was prepared using different
concentrations of 0, 0.3, 0.5, 0.7, and 1 mg DW L~! of indol-
3-butyric acid (IBA). The results are given in IBA equivalent
concentrations.

The described design of bioactivity tests was based on the
results of various sets of preliminary experiments that were

carried out with lower and higher IBA concentrations and
lower and higher biomass concentrations.

Analysis of micropollutants

Nine pharmaceuticals and endocrine disruptors (EDs) were
analyzed only during the batch mode cultivation in Trial 2
to study compound removal; in semi-continuous mode, this
assay would be distorted by the addition of fresh media. The
1-L samples taken from both cultivation units were immedi-
ately stabilized by the addition of EDTA (0.5 g L™!) and pH
was adjusted to 2.5 to avoid chelation and/or biodegradation
of the analytes. The samples were centrifuged and filtered
(pores of 5-10 um) to separate the aqueous (supernatant)
and solid (biomass) fractions.

The aqueous samples were processed by solid-phase
extraction using the hydrophilic-lipophilic-balanced (HLB)
sorbent at pH="7.5 (adjusted with NH,OH before extrac-
tion). The sorbent was conditioned with 3 mL of methanol
(MeOH, >99.9%) and 3 mL of milli-Q (MQ) water (purifica-
tion system Barnstead Smart2Pure, Thermo Fisher, USA).
After sample loading (6 mL min~"), sorbent rinsing (4 mL
of MQ water), and a subsequent drying step (15 min), the
analytes were eluted with 6 mL of MeOH. The solid samples
were lyophilized and extracted by MeOH in three cycles at
80 °C and a pressure of 10 MPa using the Accelerated Sol-
vent Extractor 200 (Dionex, USA). Aliquots of both extracts
were taken for analysis by liquid chromatography with tan-
dem mass spectrometry detection (LC-MS/MS).

Two analytical methods were used for the determina-
tion of micropollutants. The mobile phase consisted of (A)
MeOH and (B) 0.5 mM NH,F (Honeywell, Fluka, Germany)
in MQ for endocrine disruptors. For the analysis of pharma-
ceuticals, the water phase further contained 0.01% formic
acid (LC-MS quality, Labicom, Czech Republic). Gradi-
ent separation was achieved using the 1260 Infinity II LC
system (Agilent, USA) coupled to triple quadrupole 6470
(Agilent, USA) and equipped with a security guard and the
Poroshell 120 EC-C18 chromatographic column (2.7 um,
3.0x 100 mm; Agilent, USA). Two multiple reaction moni-
toring (MRM) transitions were recorded for each analyte
(quantifier and qualifier). External calibration in particular
matrix (sample extract) was used for quantification. Mass-
Hunter Quantitative Analysis 10.0 was used for data han-
dling. The concentration in the sample is expressed as the
total analyte mass per liter of suspension.

Statistical analysis
All measurements and tests were carried out in triplicates
unless stated otherwise. Sigma Plot 11.0 was used to deter-

mine significant differences between treatments. One-way
ANOVA, Holm-Sidak test, and Friedman's non-parametric
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test were conducted for every binary combination of data.
P-values lower than 0.05 were considered significantly
different.

Results
Laboratory cultivation

In these trials the growth of T. obliquus was initially com-
pared in two inorganic media, BG-11 and BBM medium
(Andersen et al. 2005) using 3-L flat panel photobioreactors
(PBRs). In a 7-day trial the specific growth rate of the culture
in BG-11 was slightly lower (u=0.28 day~') as compared
to that in BBM medium (u=0.35 day_l). However, the total
number of cells (size in the range of §—12 um) at the end of
the experiment was more than 3 times higher in the BG-11
medium as compared to that found in the BBM medium.
Nevertheless, BG-11 contains a much higher amount of
nitrate (almost 6 times) when compared to BBM; therefore,
the concentration of NO;™ after 7 days of cultivation was
still 8 mM, about half of the initial. This implied the greater
suitability of the BG-11 medium for mass cultivation under
high outdoor irradiance in thin-layer cultivation units. Thus,
BG-11 was used for further outdoor cultivations.

Outdoor trials

The cultures of T. obliquus were grown in two different cul-
tivation units — TLC and TL-RWP in batch mode (1% week)
and subsequently in semi-continuous mode (2™ week) using
the BG-11 medium (Trial 1) and the centrate from municipal
WW (Trial 2) (Fig. 1). In each trial, both units were com-
pared using the same source of nutrients either BG-11 or
WW. Both cultures grew well; the higher biomass density
was achieved in the BG-11 medium in both units (3.5 and
2.7 g L7}, for TLC and TL-RWP, respectively). In WW the
biomass density was higher due to the presence of solid par-
ticles and reached 2.4 and 1.7 g L™! in TLC and TL-RWP,
respectively. Thus, when calculated between days 3 and 6,
the growth rate values were in WW, 0.25 and 0.31 day™!
for TL-RWP and TLC, respectively, and in BG-11 0.21 and
0.25 day™!, respectively. It has to be reminded that the initial
biomass density after inoculation was higher in BG-11 (1 g
DW L) compared to WW (0.5 g DW L™!). The growth
in TLC was faster by about 20-25% than that in TL-RWP.
During the batch mode measurements (days 1-6) of nutri-
ent removal, photosynthesis, bioactivity, and remediation
were analyzed more rigorously, whereas the semi-contin-
uous regime with daily dilutions was primarily intended to
show the cultivation strategy which is considered to be more
advantageous in terms of long-term biomass extraction.
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Fig. 1 Growth measured as the change of biomass density (DW) in T.
obliguus MACC 677 cultured in batch and semi-continuous mode: A
in BG 11 medium using thin-layer cascade (TLC) and thin-layer race-
way pond (TL-RWP) and B in the centrate of municipal WW in TLC
and TL-RWP. Several outdoor trials were carried out; exemplary ones
are shown in the figure. Bars represent standard deviation as DW was
measured in triplicate

Starting from day 6, the batch regime was altered to a
semi-continuous regime, harvesting 25% (dilution rate
DR =0.25 day™!) of the culture volume daily and replaced
by either BG-11 or undiluted WW.

Nutrient removal

Removal efficiency of NH,-N and PO,-P, the most abun-
dant forms of nitrogen and phosphorus in WW, as well
as TN and TP by T. obliquus was evaluated during the
batch regime of Trial 2 (Table 2). The removal efficiency
of NH,-N and PO,-P (calculated in %) was higher in TLC
than that in TL-RWP as almost all N in the form of NH,-N
(98.5%) was utilized in the former (Fig. 2). However, the
removal efficiency of NH,-N, PO,-P, as well as total nitro-
gen (calculated in mg m~2 per day) was higher in TL-RWP
(524; 352; 640 mg m~2 day~!) compared to TLC (441;
300; 549 mg m~2 day™!, respectively) due to the greater
culture depth in TL-RWP. The daily supplementation in a
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Table 2 Nutrient removal efficiency of T. obliguus grown in the thin-
layer cascade (TLC) and thin-layer raceway pond (TL-RWP) during
the 6-day cultivation in batch mode

Removal efficiency in mg m~2 day™! and %

N-NH, P-PO, TN TP
TLC 441 (98.5%) 300 (89%) 549 (68%) 202 (51%)
TL-RWP 524 (82%) 352 (73%) 640 (55%) 120 (21%)

The centrate of municipal WW was used as a nutrient source (n=1).
Results are expressed as the removal efficiency in mg m=2 per day
and the percentage of decrease in the initial nutrient content in WW.
Uncertainity: N-NH,, P-PO,, TP — 10%; TN — 15%
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Fig.2 Nutrient utilization estimated as ammonia (N-NH,) and phos-
phorus (P-PO,) decrease in the centrate from municipal WW during
the cultivation of 7. obliquus: A in (TLC) and B (TL-RWP). Error
bars represent analytical standard deviation as the measurement was
performed in triplicate

semi-continuous regime showed to be efficient to maintain
the growth for regular harvesting of biomass.

The concentrations of TN and TP found in TLC at the
end of the batch regime were 94 mg L' and 68 mg L7},
respectively which was lower compared to TL-RWP where
the concentration for TN and TP was 130 mg L~! and
110 mg L™, respectively. The lower uptake ability of the
TL-RWP was probably caused by lower light availability
(thicker culture layer) and thus a lower growth rate of the
culture in TL-RWP (Fig. 1).

Photosynthetic performance

The changes in photosynthetic activity expressed as the
maximum PSII photochemical yield (F,/F,) were moni-
tored daily at 13:00 h (Fig. 3) An initial one-day lag phase
(photoacclimation) was observed in the cultures grown in
both units during Trial 1 and Trial 2 which corresponded to
the lag phase found in the growth curve (Fig. 1). Compared
to the 1-g cultures grown in BG-11 the initial F,/F, values
were lower (0.55-0.6) in the more diluted cultures (0.5 g
L~!) grown in WW as these were exposed to high outdoor
irradiance. Moreover, the lower values of F /F,, during the
first days can also be attributed to ammonium inhibition (Li
et al. 2019; Wang et al. 2019). After the initial acclimation,
from the second day, both cultures quickly recovered as
F,/F,, ranged between 0.69 and 0.77 showing that the
cultures were in very good physiological condition. Small
changes in the F /F, values could be caused by weather
fluctuation (irradiance, temperature) during the trials

0804 A-BG11 batch semi-continuous

0.754 3 —
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Fig.3 Changes in the maximum quantum yield of PSII (F/F,) in the
culture of T. obliquus cultivated in thin-layer cascade (TLC; black
bars) and thin-layer raceway pond (TL-RWP; grey bars) in batch and
semi-continuous (25% dilution rate; 0.25 day~") regime using two dif-
ferent nutrient sources: A BG-11 medium (Trial 1), B centrate from
municipal WW (Trial 2). Error bars represent analytical standard
deviation as the measurements were performed in triplicate. Values
with the same symbol did not differ significantly from each other
(P> 0.05) when evaluated by one-way ANOVA and Holm-Sidak test
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(Supplementary Figs. S1 and S2). During the first day of
both trials, the POE activity was low (Fig. 4). The maximum
POE on day 1 was about 200 umol O, ug~!(Chl) h™!. This
could be affected by photo-stress due to acclimation of the
laboratory grown culture to outdoor conditions in accord
with the F,/F,, measurements. During the growth in batch
mode, the maxima of POE activity measured in BG-11
medium were higher in TLC reaching almost up to 400 umol
0, ug~'(Chl) h™! as compared to the TL-RWP with the POE
maxima of about 280 umol O, ug~!(Chl) h™'. When grown
in semi-continuous mode, the POE was about 200 umol O,
ug~!(Chl) h™!, almost comparable in both cultures. It means
that POE during the semi-continuous regime decreased as
the denser culture obtained less light. The RESP rate in TL-
RWP was increasing as the cultures were becoming more
dense and low-light adapted due to the thicker culture layer
as compared to the thinner ones in the TLC. When the cul-
tures started to be diluted in semi-continuous mode after
6 days of cultivation, the RESP rate decreased again. Dur-
ing the batch regime of the cultivation performed in WW,
the POE was mostly higher in TLC, keeping the activity
between 360 and 750 umol O, ug~'(Chl) h™! as compared
to the lower activity found in TL-RWP, where the POE was

1000
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Fig.4 Changes in photosynthetic oxygen evolution (POE) and res-
piration (RESP) during the cultivation trials Tetradesmus obliquus
in thin-layer cascade (TLC) and thin-layer raceway pond (TL-RWP)
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between 230 and 670 pumol O, pg~'(Chl) h™!. In general,
higher POE was observed in cultures grown in WW prob-
ably caused by better weather conditions (higher irradiance
and temperature) during the batch mode in WW (as com-
pared to BG-11) while the activity of RESP was variable
(Supplementary Figs. S1 and S2).

Bioactivity determination

In this work the antimicrobial activity of the biomass extracts
sampled at the end of both trials was assessed against 8 plant
pathogens. In all trials the samples for assays were taken on
two times, as the production of different concentrations of
substances responsible for required bioactivity was expected.
This consideration was based on the results published previ-
ously as the biopesticide activity of Chlorella biomass was
usually higher when the biomass was harvested in the after-
noon (Ranglové et al. 2021).

No antimicrobial activity was found in the biomass extract
from Trial 1 (BG-11). On the contrary, the highest antibacte-
rial activity against C. michiganensis was observed in the
biomass extract of the culture grown in WW in the TLC
unit which was harvested in the morning (08:00 h) (Table 3).
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when BG-11 and the centrate from municipal WW were used as cul-
tivation media. The maxima of A POE and B RESP were measured
after 10 min dark adaptation in culture samples taken at 13:00 h
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The same cultivation also revealed high antifungal activity
against F. oxysporum and R. solani, with an inhibition index
ranging from 27 to 35% and from 39 to 45%, respectively.
All biomass extracts from the cultures grown in WW also
showed high antimicrobial activity with inhibition indexes
ranging from 24 to 49% against oomycete P. capsici. No
antibacterial activities against P. ultimum, P. carotovorum,
P syringae, and X. campestris were found.

No biostimulant activity of the biomass harvested at the
end of Trial 1 (BG-11 medium) was observed when assayed
the germination of cress seeds. In the case of Trial 2 (WW),
we can say in general, that, no significant change in biostim-
ulant activity was found in the samples harvested from TLC
(97-101%) and a partial increase of that might be seen in
the samples harvested from TL-RWP (90-100%) (not shown
here).

The mung bean bioassay showed the highest auxin-like
activity, equivalent to 0.7 mg DW L~! of IBA, in the extracts
of 2 and 3 g DW L~! when the samples were harvested from
both units in the morning. When the cultures were harvested
at midday, a similar auxin-like activity was observed only at
the highest biomass concentration (Table 4). No effect was
found on mung bean rooting of the biomass grown in WW.

Remediation of WW

In these experiments, the centrate was taken from the WW
treatment plant after aerobic digestion, the pharmaceuticals
and endocrine disruptors occur in the efflux even after com-
plete processing. Relatively short (4-day) trials were car-
ried out to minimize the overlap of microalgal impact and
spontaneous decay of these xenobiotics. The assessment of
nine compounds — amitriptyline (antidepressant), diclofenac
(nonsteroidal anti-inflammatory drug), carbamazepine

Table 4 Auxin-like activity (equivalent to indol-3-butyric acid IBA)
of biomass extracts of 7. obliquus was detected by mung bean bioas-
say

Sample Time of Auxin-like activity
harvesting estimated as equivalent to IBA
[mgL™']
Biomass concentration [g L7 05 1.0 2.0 3.0
TLC 08:00 h 0 0 0.7 0.7
13:00 h 0 0 0.3 >0.7
TL-RWP 08:00 h 0 0 >0.7 0.7
13:00 h 0 0 0.3 >0.7

The samples were harvested at the end of Trial 1 (BG-11 medium) in
the morning (08:00 h) and in the afternoon (13:00 h) on day 10 of the
cultivation trial

(anticonvulsant), bisphenol A (plastics additive), gabap-
entin (anticonvulsant), cetirizine (antihistamine), hydro-
chlorothiazide (diuretic for high blood pressure treatment),
ibuprofen (nonsteroidal anti-inflammatory drug) and tetra-
cycline (antibiotic) showed that the remediation in the cul-
tures grown in both TLC and TL-RWP units was similar.
Almost all compounds apart from diclofenac and gabapentin
were successfully removed from the supernatant (p <0.05).
However, diclofenac, carbamazepine, gabapentin, cetrizine
and tetracycline remained in the pellet after 4-days of cul-
tivation (Fig. 5). Three effects of xenobiotics occurrence
can be described: (i) First, amitriptyline, bisphenol A, and
hydrochlorothiazide were not accumulated in the biomass
and their content in the medium decreased. Here, we can
speculate about the effect on the environment. (ii) The sec-
ond group of xenobiotics, namely carbamazepine and ceti-
rizine accumulated exclusively in the biomass. (iii) The third
group of analyzed compounds — diclofenac, gabapentin,

Table 3 Antibacterial and
antifungal activity of biomass

Inhibition index [%]

extracts of T. obliquus grown Pathogen TLC TL-RWP Algal Biomass Control
in WW (Trial 2) harvested in (commercial brand)
the morning (08:00 h) and the
afternoon (13:00 h) at the end 08:00 h 13:00 h 08:00 h 13:00 h
of the semi-continuous regime Bacteria
(day 10 of the cultivation trial) ) b ) .
C. michiganensis 33.3+0.6 17.2+0.3 0? 22.8+0.3 15.56
Fungi
R. solani 44.1+£2.1* 41.7+1.8* 39.9+1.8  452+1.6° 2.38
F. oxysporum 313+1.6*  351+1.6° 351+18  27.6+1.3° 0.00
Oomycetes
P. capsici 48.5+3.1° 409+25°  40.2+0.8° 23.7+0.8° 0.00

Results are expressed in a percentage as means + standard deviation (n=3) using distilled water as the con-
trol (0% activity). Comparison with the results derived from the dual culture bioassays using a commer-
cial brand of algal biomass (ARIES UMweltprodukte GmbH & Co.KG) Statistical analysis was performed
between the different daytimes for each pathogen and cultivation unit. Values with the same letter did not
differ significantly from each other (P> 0.05) when evaluated by one-way ANOVA and Holm-Sidak test
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Fig.5 Assessment of micropollutants in biomass (solid phase, open
columns) and supernatant (aqueous phase, dashed columns) in the
samples harvested from the 7. obliquus cultures grown in the centrate
from municipal WW in the 4-day trials (Trial 2) using A thin-layer
cascade (TLC) and B thin-layer raceway pond (TL RWP). Results

tetracycline, and ibuprofen were accumulated in the biomass
but were also partly found in the medium As concerns Bis-
phenol A and ibuprofen, these were present in high initial
concentrations, about 100 and 4000—5000 ng L', respec-
tively, but their removal in the cultivation trial of 7. obliquus
was efficient. Moreover, the complete removal of bisphenol
A and amitriptyline within two days was observed in TLC as
well as in TL-RWP. The concentration of diclofenac slightly
increased during the cultivation in both, supernatant (aque-
ous phase) as well as in biomass (solid phase). Tetracycline
and gabapentin were present in the supernatant as well as in
the biomass and their concentration decreased by 10-30%
at the end of the trials.

Discussion

In this study the fast-growing green microalga Tetrades-
mus obliquus was grown in the centrate collected from a
local wastewater treatment plant in Tfeboil. The aim was to
assess nutrient and micropollutant removal capacity as well
as potential biopesticidal and biostimulating activity of pro-
duced biomass. Instead of traditional deep culture raceway
ponds, the thin-layer cultivation systems are suitable due to
light utilization for microalgal growth in the dark-colored
WW (Acién et al. 2017). Previously, the culturing of Scened-
esmus sp. in undiluted centrate after anaerobic digestion as
a source of nutrients was reported (Morales-Amaral et al.
2015a, b).
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are shown as a mean+standard deviation (n=3). The degradability
of individual pharmaceuticals was accessed by the Friedman's non-
parametric test. Data with P-values lower than 0.05 were considered
significantly different

This study also includes the selection of a suitable inor-
ganic medium which could serve as a control medium
for outdoor cultivation in organic wastewater. Inorganic
BG-11 medium and BBM medium were compared in this
experiment. Significantly lower cell number (after 7 days
of growth) measured in the culture grown in BBM medium
was caused by the consumption of all nitrogen, which is
accompanied by the cessation of cell division and the accu-
mulation of nutrients in the cells (Danesh et al. 2017). The
specific growth rate was not affected which was expressed
as the increase in the dry weight.

During outdoor cultivation both cultures (in TLC and
TL-RWP) grew well in WW except day 1 when a short lag
phase was observed; then the growth accelerated. The higher
biomass density achieved in BG-11 was probably affected by
the slightly higher initial microalgal biomass density when
compared to WW. Both inocula were diluted enough to build
up a typical microbial growth curve.

Some studies have reported that microalgae prefer to uti-
lize NH," if both NH,* and N-NOj are available (Xin et al.
2010; Manser et al. 2016; Schulze et al. 2017). The optimal
inorganic N/P ratio for freshwater microalgal growth was
found in the range of 6.8—10 (Wang et al. 2010). The BG-11
medium used for outdoor cultivation (Trial 1) contains only
N-NO; (250 mg L~!) while in WW (Trial 2) the TN con-
tent was 290 mg L™! and the most abundant nitrogen form
represented NH, ™ (160 mg L™"). The content of phosphate
(PO,*") in the WW was 120 mg L™! (TP 160 mg L") giving
the N:P ratio of about 2:1. The N consumption was similar
as in BG-11 while the P removal was about twice slower
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in batch mode although the P content was 22 times higher
than in BG-11. Utilization of 83% N as NH,* and 90% P as
PO,*>~ was reported by the chlorophyte Chlorella sp. from
municipal WW (Wang et al. 2010) showing that the nutrient
removal rates were independent of the optimal N/P ratio.
This finding corresponds to our results for 7. obliquus as
98.5 and 82% utilization of N as NH,* and 89 and 73%
of P as PO~ were measured after a 6-day batch cultiva-
tion trial in TLC and TL-RWP, respectively. Comparing
both units, the TL-RWP showed to be more effective in
the removal of NH,-N and PO,-P due to the greater depth
and total volume of this unit. Here, it has to be considered
that some ammonia may have been lost due to release in
gaseous form (Alvarez and Otero 2020). This assumption
was observed mainly during the first two days of cultiva-
tion when the ammonium dropped by 76% in TLC and 63%
in TL-RWP respectively, while the dry weight of the cul-
ture remained almost unchanged. The specific phenomenon
referred to as “luxury uptake” was observed at the same time
for P-PO, which also decreased dramatically during the first
two days. According to Solovchenko et al. (2019a, b) and
Brown and Shilton (2014) this could be due to the high con-
tent of phosphorus in wastewater when microalgae uptake
more phosphorus than required for growth. Interesting is
also that the removed PO,-P content, 300 mg m~ day ™! for
TLC and 352 mg m~2 day~! for TL-RWP was higher than
the total removed phosphorus content of 202 mg m~2 day ™",
120 mg m~2 day~!, respectively. This could have been a
result of cell rupture, releasing the intercellular phosphate
content into the medium, a phenomenon that has been
described by Martinez et al. (2000).

Our data suggests that a longer cultivation period in the
batch regime could provide the necessary output to reach the
admissible values for WW discharge to the environment in
the range of 10-15 mg TN L™" and 1-2 mg TP L~! (direc-
tive 91/271/EEC 1991). The settings of the experiment when
the batch mode was selected for only 6 days is based on 2
previous publications (Ranglova et al. 2021, Carneiro et al.
2021) where Chlorella MACC-1 and co-culture of MACC-1
and T. obliquus MACC-677 (used in this work) were culti-
vated in the same cultivation units. During the cultivation
of Chlorella, the content of ammonia was completely con-
sumed after 2 days, the amount of nitrate was consumed
in TLC after 3 days and in TL-RWP after 7 days. During
the co-cultivation when MACC-1 and MACC-677 (used in
this work as a monoculture), the ammonia level was com-
pletely consumed after 3 days from the original 150 mg L™
and the nitrate content was consumed after 7 days. Based
on these findings, when the weekly experiment provided a
sufficient amount of biomass and at the same time almost
absolute exhaustion of nutrients, 6 days of cultivation in the
batch mode were chosen as sufficient for this experiment as
well. The strain would probably be able to remove a higher

amount of nutrients in a longer batch cultivation period but
these trials aimed to study the growth sustainability and
biomass production of 7. obliquus in WW using the semi-
continuous regime to obtain applicable data for cultivation
in large volumes of several hectares (Fig. 2).

The productivity of microalgal culture in any photobiore-
actor predominantly depends on the rate of photosynthesis
where the most crucial substrate, light (Zijffers et al. 2008),
is directed by the ratio of the exposed surface to total volume
(S/V) ratio (Costa and de Morais 2013). In this respect, the
thin-layer culturing systems are most suitable.

Photosynthetic measurements — Chl fluorescence quench-
ing and oxygen production have been used as reliable and
sensitive techniques to monitor the photosynthetic activ-
ity of microalgal cultures as they reflect the performance
of photosynthetic processes, and consequently the physi-
ological status and growth of the culture. These methods
have often been combined to examine the effects of adverse
environmental conditions — high irradiance, temperature
extremes, nutrient deficiency, and their synergism on micro-
algal growth (Torzillo et al. 1998; Masojidek et al. 2011;
Figueroa et al. 2013). Photosynthesis production measure-
ments can cover a wider range of metabolic pathways as
compared to Chl fluorescence data. On the other hand, Chl
fluorescence techniques — compared with measurements of
O, production — can generate analogous, but complementary
information, but these techniques are considerably faster,
more sensitive, and can provide data on energy distribution
between the photochemical and non-photochemical (heat
dissipation) processes (for a review see Baker 2008; Maso-
jidek et al. 2011; Malapascua et al. 2014). Chl fluorescence
measurements record changes in the redox status of the PSII
complex which depends on the rate of photosynthetic elec-
tron transport while oxygen production measurements cover
a wider range of metabolic pathways as compared to Chl
fluorescence. Practically, good photosynthetic performance
(measured as F/F,,) and oxygen evolution resulting in fast
growth and high biomass density was observed in thin-layer
units. Moreover, the T. obliquus culture grew well in WW
(Trial 2). Thus, based on our measurements, the photosyn-
thetic variables and oxygen evolution can be used to monitor
and estimate the growth (and productivity) of the microalgal
cultures. One of the major hydrodynamic and photosynthetic
advantages of both thin-layer systems used in this study, is
efficient mixing inducing fast light—dark cycles (matching
the turnover of the photosynthetic apparatus), due to a cell
to cell shading effect and the efficient gas exchange (Rich-
mond 2003; Masojidek et al. 2011) which results in high
productivity even at high biomass density. Moreover, the
ambient irradiance in shallow cultures positively affected the
growth of T. obliquus in brownish-colored WW compared to
widely used deep culture units (Acién et al. 2017; Carneiro
et al. 2021).
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Concerning the production of biomass and bioactive com-
pounds, microalgae have higher photosynthetic efficiency
(carbon fixation) compared to terrestrial plants due to short
life cycles and lower energy requirements for competitive
metabolic processes, and thus give high biomass yield
(Packer 2009; Lakatos et al. 2021).

The bioactivity of the biomass was not affected by slightly
different initial biomass in BG-11 and WW because samples
for activity determination were taken in the log phase and
the activity was calculated per mg of biomass. The abil-
ity of microalgae to grow in WW predispose them toreuse
of industrial and municipal waste and biofixation of CO,
(Acién et al. 2016). In addition, nutrients fixed in the bio-
mass can be released by bacterial activity when it is applied
to the soil, making them available to plants as biofertilizers
(Mulbry et al. 2005). The potential use of microalgal bio-
mass obtained from the cultivation in WW as a bio-fertilizer
for plants was successfully demonstrated by several studies
(Mulbry et al. 2005, 2007; Bird et al. 2012; Das et al. 2019).

Here, we may speculate that WW contains substances
and microorganisms which can stimulate the production of
bioactive compounds.

Microalgae can synthesize various compounds such as
polyphenols, tocopherols, carbohydrates, proteins, saponins,
or signal molecules with potential biopesticide activities
(Crouch and van Staden 1993; Costa et al. 2019). These
cultures can recycle nutrients and produce some com-
pounds responsible for antimicrobial activity and other
plant growth-promoting substances such as amino acids,
vitamins, various enzymes, and polyamines. In addition,
microbial communities present in WW and cultivation units
contribute to this phenomenon (Tate et al. 2013; Grivalsky
et al. 2016; Mogor et al. 2018; Plaza et al. 2018; Costa et al.
2019). Thus, the important part of our study was to show
that 7. obliquus can grow in the centrate of urban WW as a
low-cost nutrient source and the subsequential biomass use
for agricultural purposes as a biopesticide and biofertilizer.
These trials revealed the possibility to prevent the growth of
plant pathogens. The harvested biomass was active against
selected strains of pathogenic fungi (R. solani, F. oxyspo-
rum), oomycetes (P. ultimum, P. capsici), and bacteria (C.
michiganensis). However, it is difficult to find products simi-
lar to our sonicated algae extracts we have experimented
with other types of products based on algal biomass. The
results derived from the dual culture bioassays using a com-
mercial brand of algal biomass (ARIES UMweltprodukte
GmbH & Co0.KG) was significantly worse in comparison
with those obtained from our sonicated 7. obliquus extracts
(Table 3).

The effect of microalgal biomass on the seed growth
tested at a concentration of 0.5 and 2 mg DW mL~! showed
no phytotoxicity problems. Although there are no significant
differences between both concentrations in relation to the
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germination rate, other similar studies have revealed that
concentrations of 2 mg DW mL ™! are more phytotoxic than
0.5 mg DW mL~! (Toribio et al. 2020, 2021). Therefore,
the results derived from this work were very positive, since
the applied cultivation protocols did not generate phytotoxic
products. Similarly, other commercial brands prepared from
algal biomass (ARIES UMweltprodukte GmbH & Co.KG),
showed a very discrete promotion of root development
(around 100-107% germination rate) after application on
cress seeds (unpublished data).

The lack of biostimulant activity in these bioassays indi-
cated the presence of some inhibitors in the freeze-dried
samples of WW (Garcia et al. 1995) which could also con-
tribute to higher antimicrobial activity.

One of the significant benefits of microalgal cultivation in
WW is the ability to facilitate the removal of contaminants
as many of them are stated as toxic and endocrine disrup-
tors (Kiimmerer 2009). Tetradesmus obliquus can be culti-
vated in different types of WW containing different source of
nutrients and toxic compounds (Oliveira et al. 2021).

Various mechanisms, e.g., biodegradation, photodegrada-
tion, sorption, bioaccumulation are involved in the removal
of compounds during the microalgae cultivation (Hena et al.
2021). Although the aim of the this study was not to iden-
tify the removal mechanisms and spontaneous decay which
can not be distinguished from the microalgal remediation,
at least the contribution of sorption and bioaccumulation
could be partly assessed from the data of concentration in
biomass. Generally, the sorption is probably species-specific
(Hena et al. 2021).

The distribution of chemicals between aqueous (super-
natant) and solid (biomass) phase is described using par-
tition coefficient (K,,,). The correlation of K, and bioac-
cumulation by microalgae (Chlorella fusca) was observed
for 41 organic chemicals in laboratory experiments (Geyer
et al. 1984). However, no relationship was found between
K, and concentration in biomass and supernatant in this
study (for example, compare log K, of bisphenol A=3.32
and log K, of cetirizine=1.7 and their concentration in
biomass and supernatant). It could be due to many factors,
but most likely because of differing initial concentrations
of studied chemicals. In our study, ibuprofen was identified
as the most widespread drug in watercourses in the Czech
Republic, with a maximum concentration of 3210 ng L™!
(Marsik et al. 2017). However, five chemicals accumulated
in the biomass which should be considered before the fur-
ther biomass use as the compounds were not transformed
or inactivated.

Escapa et al. (2016) determined a removal of diclofenac
up to 79% from culture medium by 7. obliquus while two
algal strains performed lower remediation. In our study,
diclofenac was not totally removed from supernatant and
sorption to biomass was observed. Moreover, an increase
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in the supernatant concentration was measured what is in
accordance to study of Zhou et al. (2014). The increase could
be result of transformation of metabolites of diclofenac. On
the other hand, the increase was not observed in this study
for ibuprofen as it was described by Zhou et al. (2014). Bio-
transformation of ibuprofen to hydroxylated products by
algae and bacteria was proved in the study of Larsen et al.
(2019).

Poor removal for carbamazepine was observed in lab scale
cultivation of different algal strains including 7. obliquus
(Tolboom et al. 2019). No transformation was observed in a
bioreactor with Scenedesmus obliquus (Larsen et al. 2019).
In our study, only sorption was recorded for carbamazepine.
Similarly, the sorption to Scenedesmus almeriensis was an
important removal mechanism for antibiotics e.g. tetracy-
cline (Zambrano et al. 2021).

Total removal of bisphenol A after 7 days in a lab scale
experiment when using WW was shown for four algal strains
including T. obliquus (Zhou et al. 2014) and our data sup-
ports the high degradation potential of bisphenol A poten-
tially even on a larger scale. Similarly, amitriptyline was
completly removed in few days by S. obliquus in a lab scale
experiment in growth medium (Gojkovic et al. 2019). It is
in accordance to this study.

Overall, various removal rates (0 — 100%) achieved for
different algal strains were summarized for several contami-
nats such as bisphenol A, diclofenac carbamazepine, and
ibuprofen (Sousa et al. 2022). The removal of other stud-
ied compounds could not be discussed as there is a lack of
literature.

Conclusions

Both batch and semi-continuous cultivation of Tetradesmus
obliquus in outdoor pilot-scale units (up to 200 L) using
WW were feasible with no limitations. The culture perfor-
mance and growth were comparable with that of inorganic
media. Photosynthesis monitoring (POE, F,/F,, ETR, etc.)
proved to be a rapid and reliable indicator of culture viabil-
ity. Nitrogen and phosphorus stripping from WW were effec-
tive. Moreover, the biomass of T. obliquus grown in WW
revealed antimicrobial activity against plant pathogens. The
cultures also showed the ability to decompose or accumu-
late some pharmaceuticals and endocrine disruptors that are
found in communal WW.
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