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Productivity and nutrient
removal by the microalga
Chlamydopodium fusiforme
grown outdoors in BG-11 and
piggery wastewater
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Ecosistemi Terrestri, Consiglio Nazionale delle Ricerche (CNR), Firenze, Italy

The objective of this work was to test the growth of the freshwater microalga
Chlamydopodium fusiforme MACC-430 in diluted piggery wastewater (PWW)
for biomass production which is a potential producer of biostimulating and
antimicrobial compounds. The productivity and effectiveness in removing
nitrogen and phosphorus by the cultures were tested outdoors in open
ponds by comparing the mineral medium BG-11 medium (control) and
piggery wastewater (PWW). Daily biomass yields were found 14.7 + 4.6g m™
dtin BG-11 and 17.6 + 6.7g m2 d! in 10-fold diluted wastewater (PWW10)
with deionized water. Further increase in the biomass productivity yield (33.1 +
5.6g m=2 d!) was achieved with more concentrated PWW (5-fold dilution —
PWW5). Nitrogen removal rate (N-NH4*) reached 21.4 + 29mg L™ d* in
cultures grown in PWW10 and increased to 38.4+16.3mg L™ d™* using the
PWWS5. The use of undiluted PWW strongly increased the bacterial load, which
caused the loss of the culture. The photosynthetic performance measured as
the maximum fluorescence yield F,/F,, ratio in both the PWW10 and BG-11
cultures showed a cyclic behavior, as it decreased during the day and
recovered at night. However, in the cultures grown in diluted PWW the F,/F,
ratio slightly increased throughout the cultivation. Between PWW10 and BG-11,
no significant differences were observed in photosynthetic oxygen evolution;
on the contrary, PWW5 showed a 30% reduction compared to PWW10 and BG-
11. Significantly lower chlorophyll and carotenoid contents were found in the
cultures grown in PWW compared to BG-11. Biochemical composition showed
a slightly higher protein content in biomass grown in PWW10 (53.4%) compared
to BG-11(52.7%). The protein content further increased (61.3%) when the more
concentrated PWW5 was used. The biomass, particularly that produced on
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PWW, revealed antimicrobial activity against plant pathogens, including fungi,
and oomycete, while rather weak biostimulant activity was determined for the
C. fusiforme biomass independently of the cultivation medium. Results
demonstrated that C. fusiforme is a robust strain suitable to be grown in
diluted PWW outdoors with a high nutrient removal rate.

KEYWORDS

microalgae cultivation, Chlamydopodium fusiforme, photosynthesis, nutrient
removal, productivity, piggery wastewater

1 Introduction

Nowadays, the world is facing several challenges: population
growth, depletion of fossil raw materials, climate change, and
many associated environmental problems, such as drought
affecting large areas of the planet. To this end the concept of
circular economy has been introduced, that is, a production and
consumption model which involves, among others, the recycling
of waste products as thoroughly as possible, allowing an
extension of their life cycle (Barros et al., 2020). One of the
waste nutrient sources is piggery wastewater (PWW) which
production in Europe accounts for hundreds of millions of
cubic meters containing high concentrations of organic matter
and nutrients (de Godos et al., 2009).

Microalgae are being increasingly recognized as a potential
source of food and feed supplements and biomaterials. They
have been considered good candidates for the production of
biofuels, biodiesel, biogas, and biohydrogen (Chew et al., 2017;
Singh and Das, 2018; Siebert and Torzillo, 2018; Touloupakis
et al., 2021). Some microalgae strains can also produce
compounds that can be used as biostimulants such as auxins
and cytokinins, and biopesticides (Stirk et al., 2013; Chojnacka
et al., 2015; Ranglova, 2018; Carneiro et al., 2021; Grivalsky et al.,
2022; Morillas-Espana et al,, 2022). To expand the microalgal
industry, there is a need to test new species suitable for the
production of renewable biological resources and the conversion
of these into high-value products, such as food, feed, bio-based
products, and bioenergy to meet societal needs (Koller et al.,
2014). Recently Chlamydopodium has been tested to produce
proteins (Touloupakis et al., 2020) and for wastewater treatment
to produce phytostimulants (Morillas-Espana et al., 2022).

Microalgal species, particularly Chlamydomonas,
Scenedesmus, and Chlorella, have been investigated for piggery
wastewater treatment (de Godos et al., 2009; Wang et al., 2010;
Min et al., 2011; Kao et al., 2012; Wang et al., 2015; Ayre et al,,
2017; Qi et al,, 2017). Chlorella sp. can remove nitrogen, and
phosphorus and reduce chemical oxygen demand in raw
centrate (Li et al, 2011) while substantial removal of nitrogen,
phosphorus, and inorganic carbon from piggery wastewater has
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been documented in Chlamydomonas mexicana (Abou-Shanab
et al, 2013). The use of wastewater with high contents of
nitrogen and phosphorus to cultivate microalgae can help
reduce production costs, which is a mandatory condition to
scale up the process at an industrial level. It has been calculated
that nutrient supply in large-scale cultivation of microalgae
accounts for 26% of variable costs (Norsker et al., 2011).

Cultivation of microalgae fits well within the circular economy
since one of its possible utilizations is to recover nutrients (carbon,
nitrogen, and phosphorus) from wastewaters to produce biomass,
with lower costs and energy demands than those associated with
conventional treatment processes. The process was proposed many
years ago by Oswald and Golueke (1960). In recent years, many
studies have demonstrated the feasibility of cultivating microalgae
in various types of wastewaters for nutrient removal and biomass
production (Li et al., 2011; Abou-Shanab et al., 2013; Shen, 2014; Ge
and Champagne, 2016; Luo et al., 2016). Digestate from pig farms
contains nutrients such as nitrogen and phosphorus, which can
cause eutrophication in natural water bodies (Cai et al., 2013; Ayre
et al,, 2017) and can be utilized for microalgal cultivation instead
(Wang et al., 2015; Ayre et al., 2017).

In this work, we compared the productivity and nutrient
removal by Chlamydopodium fusiforme cultivated in a synthetic
medium (BG-11) and diluted piggery wastewater (PWW) in
fully controlled mini-ponds outdoors. To gain more insight into
the physiology of the organism outdoors, we coupled
photosynthesis and fluorescence analysis to growth
measurements. Understanding the growth physiology of this
organism is a prerequisite for its scale-up to an industrial level. A
preliminary investigation of the bioactivity of biomass produced
on both synthetic medium and PWW was also performed.

2 Materials and methods
2.1 Organism and culture conditions

The freshwater microalga Chlamydopodium fusiforme
(Chlorophyceae) (hereafter C. fusiforme) was obtained from
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Prof. Vince Ordég, Szechényi Istvan University in
Mosonmagyarovar, Hungary as strain designated MACC-430
(Figure 1). This microalga is fast-growing green strain that was
selected due to its potential biostimulant and antimicrobial
activities (Takacs et al., 2019; Kumar et al., 2021). The
inoculum was prepared in the laboratory using vertical glass
columns (5-cm light path, 400mL working volume) in the
mineral medium BG-11 (Rippka et al., 1979) under a
continuous light intensity of 150umol photons m™ s
(provided by cool white lamps Dulux L, 55W/840, Osram,
Italy), at 28°C and mixed by bubbling a mixture of air/CO,
(98:2v/v).

2.1.1 Outdoor cultivation

The cultures of C. fusiforme that were tested in these trials
using PWW as a source of nutrients, were cultivated outdoors in
cylindrical bioreactors (mini-ponds) 14cm depth, with a 10-L
working volume and an illuminated surface area of 0.07m?. The
mini ponds were placed in a greenhouse to protect the culture
from the rain (Figure 2). Cultures in BG-11 (control) were
compared with cultures grown in 10-fold diluted (hereafter
PWW10), 5-fold diluted PWW (hereafter PWWS5), and
undiluted PWW. Since only two fully controlled mini ponds
were available, each comparison between BG-11 and PWW was
carried out independently. Each experiment lasted for 2 weeks. A
semi-continuous harvesting regimen was adopted, by daily
removing 25% of the culture. In the experiment with
undiluted PWW, the daily dilution rate was reduced to 10% to
reduce the toxic effect of ammonia. A stainless steel coil
connected to a cooling system was placed in the ponds to keep
the maximum culture temperature within 28°C. Culture pH was
maintained at optimal value of 7.5 by the automatic addition of

FIGURE 1

Light microscope photograph of C. fusiforme cells (By dr. Claudio Sili, CNR-IBE). Bar = 5um.

10.3389/fmars.2022.1043123

CO,. Trials were carried out in summer under the climatic
conditions of Sesto Fiorentino (Florence, Italy), latitude 43° 49’
54 N longitude 11° 11’ 57" E.

2.1.2 Piggery wastewater

The PWW used in these trials was taken from a private farm
near Florence (Italy) and was obtained after anaerobic digestion
in a biogas plant (digestate). The original piggery digestate was
first centrifuged (drum speed) using a centrifuge separator (mod.
SE05.1SMX-ALG-QOPO, Seital, Vicenza, Italy) to remove most
of the insoluble/coarse solid particles. The recovered supernatant
was mixed, and then analyzed for major nutrient content and
frozen to preserve its composition and prevent the increase of
the bacterial load (Figure S1). The average composition of the
piggery wastewater used in this study is summarized in Table 1.
The chemical oxygen demand (COD) was 10,160mg L', TN of
about 1000mg L' (mostly N-NH4"), TP of 224mg L', and pH
8.2. Solid particle concentration in the PWW was 226mg L.

2.2 Analytical procedures

The determination of biomass dry weight (DW) was
performed in triplicate. Samples (10mL) were filtered using
pre-weighed glass microfiber filters (Whatman GF/F,
Maidstone, England), washed twice with deionized water,
oven-dried at 105°C for 3h, and weighed after equilibration to
room temperature (10min) in a desiccator. Lyophilized biomass
used for analyses was obtained from frozen samples (-20°C)
using a 5PASCAL LIO10P instrument (24h at 0.1mbar).

Pigments were extracted in 90% acetone in water and
determined spectrophotometrically. Chlorophyll a (Chl a) and
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FIGURE 2

General view of the cultivation set-up used for the experiment with C. fusiforme grown in piggery wastewater and a mineral medium BG-11. In-
situ Chlorophyll fluorescence measurements were recorded in two identical cylindrical bioreactors at 5-min intervals during the day (08:30-
18:00h) using a modulated fluorimeter (Junior-PAM, Walz GmbH, Effeltrich, Germany) controlled by PC via USB interface

b (Chl b) concentrations were calculated according to Jeffrey and
Humphrey (1975), while carotenoids were measured according
to Parsons and Strickland (1963).

The concentration of individual carotenoids was assessed in
90% acetone extracts by Varian Multisolvent pump ProStar 210,
coupled with a photodiode array detector Varian ProStar 335,
using a column Luna, C8 (Phenomenex, USA), according to Van
Heukelem and Thomas (2001). For the analysis, all reagents
were HPLC grade, except the tetra-butyl ammonium acetate salt
solution, pH 6.5, which was prepared with distilled water and
sterilized by filtration. Eluent solutions were: solvent A, 80:20 (v/
v) methanol, 28mM tetra-butyl ammonium acetate; solvent B,
100% methanol. For the elution, with a flow rate of 0.8 mL min™!,
a linear gradient was used as follows: starting with 100% solvent
A, 100% of solvent B was reached in 25 minutes, maintained for
2 minutes, then 100% of solvent A was reached in 3 minutes.

Total biomass carbohydrate content was assessed using the
phenol-sulfuric acid method with D+ glucose as standard
(Dubois et al., 1956). The carbon and nitrogen content of the
biomass was measured using a CHNOS Analyzer (Flash EA,
1112 Series (Thermo Electron Corporation, USA). The
nitrogen content was used to determine the crude protein
content using 6.25 as the nitrogen-to-protein conversion factor
(Benedict, 1987).

Culture samples were withdrawn from the mini ponds daily
in the early morning (before and after dilution) and the evening.
After centrifugation, the supernatant was analyzed for
ammonium, nitrate and phosphate concentrations and COD
using a C99 Multiparameter, Bench Photometer (Hanna
Instruments Inc. RI, USA). All sample analyses were carried
out in triplicate. Briefly, phosphorus was measured with the
ascorbic acid method, ammonium using the Nessler reactive

TABLE 1 Characteristics of original and diluted piggery wastewater (PWW) used in this study.

PWW CcoD N-NH,* N-NO; P-PO,* N/P* Fe Solid residue
(mg LY (mg LY (mg LY (mg LY (mg N/mg P) (mg LY (g DW LY
Original 10,190 +184 920 +4.38 36.0 +2.8 2242 474 43 2.51 £0.13 0.2260
PWW5 2,032 184 72 448 0.86 0.50 0.0452
PWWI10 1,016 92 36 224 043 0.25 0.0226

*both N and P refer to inorganic compounds
The averaged values + SD (n = 3) are shown for the original sample.
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method while the nitrates were quantified with the cadmium
reduction method according to the Standard Methods for the
Examination of Water and Wastewater (1989). All the analytical
reagents were provided by Hanna Instruments Inc. (USA). The
nutrient removal efficiency (RE) was calculated as follows:
herer RE(%) = (NoNoy) X 100/,

N;j, = total nutrient concentration measured in the morning
after diluting the culture with PWW

Noue = total nutrient concentration measured the following
morning before culture dilution with PWW

Microbiological analysis was performed to quantify the
microbial load in the cultures. Anaerobic bacteria were
determined by plate count using Nutritive Agar. The samples
were diluted to the 107 decimal scale and each dilution was
spread in triplicate on sterile and disposable Petri dishes.
Incubation was carried out over 48h at 30°C. Results were
expressed as CFU mL™".

The photon flux density (PFD) at the culture mini-pond
surface was measured by a LI-190SB cosine quantum sensor
connected to a LI-250A quantum radiometer/photometer (Li-
Cor, Inc., Lincoln, USA). The daily global solar radiation values
were obtained from the LaMMA Agrometeorological Station
(http://www.lamma.rete.toscana.it, CNR-IBE, Florence, Italy).

2.3 Measurement of light attenuation
of PWW

For the measurement of light attenuation, different PWW
dilutions were prepared using deionized water. The
measurements were carried out in 5-cm vertical transparent
Pyrex columns exposed to solar light, in the afternoon of a
summer sunny day when the direct solar was perpendicular to
the column surface and using a Li-Cor 250A quantum
radiometer equipped with a LI-193 Spherical Underwater
Quantum Sensor which was positioned in the center of the
column at about half the height of the column (about 20cm from
the horizontal plane).

2.4 Fluorescence measurements

Chlorophyll fluorescence measurements were carried out
with a pulse amplitude-modulation fluorometer (PAM-2100, H.
Walz, Effeltrich, Germany) operated using PamWin software
(version 2.00f). The ratio between variable and maximum
fluorescence, F,/F,,, was used to determine the maximum
photochemical quantum yield of photosystem II (PSII); it
indicates the capacity of the system to absorb light through the
reaction centers and the light-harvesting complex and expresses
the maximum quantum efficiency of primary photochemistry
(Strasser et al., 2004). For this purpose, culture samples were
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incubated in the dark for 15min to relax any energy-dependent
quenching. In addition, just before sending a flash for the F,,
determination, the sample was illuminated with a far-red light
pulse for 10s (above 700nm, 10W m™2) to fully oxidize the
plastoquinone pool (PQ).

Rapid light-response curves (LRCs) of diluted, dark-adapted
(0.2 to 0.3g DW L™ 5-10min) microalgal samples taken from
the cultures were measured off-situ in a light-protected
measuring chamber with mixing (3mL glass cuvette, light path
of 10mm) using a pulse-amplitude-modulation fluorimeter
(PAM-2500, H. Walz, Germany). The minimum and
maximum fluorescence levels (Fy, F,,) were determined using
a weak modulated light (<0.15umol photons m™ s™', frequency
of 0.5-1kHz) in the dark-adapted samples (actinic irradiance =
0; first step of LRC).

In-situ chlorophyll fluorescence measurements were
recorded at 5-min intervals during the day (08:00-18:00h)
using a modulated fluorimeter (Junior-PAM, Walz GmbH,
Effeltrich, Germany) controlled by a PC via USB interface. A
plastic fibreoptics (150cm, 1.5mm diameter) and a spherical
PAR sensor (US-SQS, Walz GmbH, Effeltrich, Germany) were
submerged - side by side - directly into the microalgae culture at
a depth of 10mm to record fluorescence and irradiance
simultaneously. Blue light-emitting diodes (LED, 460nm) were
used to apply the saturating pulses, measuring and actinic lights.
WinControl-3 software was used for data acquisition and
recording. Using the measurement setup detailed above, the
incident photosynthetically active irradiance (Epsr) and the
actual quantum yield in the light, AF/F,," [=(F,,'~F')/Fy’']
where F’ is the steady state fluorescence in the light and F,," is
the maximum fluorescence after the application of the saturation
pulse measured. The relative electron transport rate through
PSII (rETR; r.u.) was calculated as rETR (= AF/F,," X Epag).

In principle, non-photochemical quenching (NPQ) [= (F, -
Fo))/Fn = Y(INPQ)/Y(NO)] is a measure of futile (not used for
photochemistry) energy dissipation as heat. It is inversely related
to photochemistry (AF/F,,") and is considered a safety valve
protecting PSII reaction centers from damage by
excess irradiance.

Fast chlorophyll fluorescence induction kinetics (OJIP
curves) were measured off-situ by a portable fluorimeter
(AquaPen AP-100, P.S.I. Ltd. Brno, Czech Republic). The
chlorophyll fluorescence induction kinetic (OJIP test) was
recorded in diluted (0.2 to 0.3g DW L™') samples, dark-
adapted for 5-10min. Samples were transferred to a 3 mL
measuring cuvette (light path of 10mm) which was placed in a
light-protected holder of the fluorimeter in front of the detector
(adjustable measuring light pulses, ~2.5us) while red LEDs
served as high-intensity actinic light from both sides of the
cuvette (up to 3,000umol photons m™? s™), perpendicular to the
detector. The OJIP curve was measured in the time range
between 50us to ls when the signal rises rapidly from the
origin (O) to the highest peak (P) via two infections - J and I
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(Strasser et al.,, 1995). The O point (50us) of the fluorescence
induction curve represents a minimum value (designated as
constant fluorescence yield Fy) when PQ electron acceptors (Qa
and Qg) of the PSIT complex are oxidized. The inflexion J occurs
after ~2-3ms of illumination and reflects the dynamic
equilibrium (quasi-steady-state) between Q4 and Q,". The J-I
phase (at 30-50ms) is due to the closure of the remaining centers,
and the I-P (ends at about 300-500ms) corresponds to a full
reduction of the plastoquinone pool (equivalent to the
maximum fluorescence level F,,) (Strasser et al., 2004; Goltsev
et al., 2016). From the fluorescence levels at the J and I points,
the variables V; and V; were calculated as follows: V; = (F2,s-Fo)/
(Fm-Fo) and V; = (F3oms-Fo)/(Fin-Fo).

2.5 Oxygen evolution and
respiration rates

Oxygen evolution measurements were carried out in
triplicate on 2mL culture samples (chlorophyll content 4mg L
'), using a Liquid-Phase Oxygen Electrode Chamber (3,
Hansatech Instruments, UK) at 28°C and equipped with an
oxygen control electrode unit (Oxy-lab+, Hansatech
Instruments, UK). The light was supplied via a red LED light
source (LH36/2R, Hansatech Instruments, UK) at 637nm
wavelength providing 600mol photons m™ s™' PED. The
dissolved O, concentration in the sample was continuously
monitored at an acquisition rate of 0.2reads s'. Dark
respiration rates were measured after the photosynthesis rates
had been measured.

2.6 Bioactivity measurements

The bioactivity of freeze-dried C. fusiforme biomass was
determined according to the procedures described previously
(Suarez-Estrella et al., 2014; Carneiro et al., 2021; Ranglova
et al, 2021). The antimicrobial activity of freeze-dried C.
fusiforme biomass was evaluated by antagonism bioassay. The
activity of all extracts was tested against two fungi — Fusarium
oxysporum f.sp. melonis and Rhizoctonia solani (further
abbreviated as F. oxysporum and R. solani), and one
oomycete — Phytophthora capsici (further abbreviated as P.
capsici). All strains were provided by the Spanish Type
Culture Collection (CECT) at the Science Park of the
University of Valencia. The growth inhibition of individual
phytopathogens was calculated. The biostimulant activity was
detected by seed germination bioassay on cress seeds
(Lepidium sativum) using water extracts at two different
concentrations 0.5 and 2.0mg DW mL™", respectively. The
percentage of seed germination was calculated while distilled
water was used as the control.
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2.7 Statistics

Descriptive statistics (means, standard deviation) of
measured parameters were calculated using GraphPad Prism
software (version 5.1 and 9.3 for Windows, GraphPad Software,
La Jolla, California, USA). Three replicates were employed for
every treatment and/or condition. One-way ANOVA was
applied to detect a statistical difference between conditions
(BG-11; PWW10; PWW5). The Tukey HDS (Honestly
Significant Difference) posthoc test was used to compare
means when ANOVA results were statistically significant (P <
0.05). ANOVA analyses were performed using a calculator
prepared by CC 2016 Navendu Vasavada (http://astatsa.com/
OneWay-Anova) with TukeyHSD/).

3 Results

3.1 Productivity of C. fusiforme in BG-11
and PWW

The dark brown color of PWW and its high content of
ammonia (=1,000mg L) hampered its direct usability in
phototrophic cultivation. Therefore, PWW was diluted 5 and
10-folds with deionized water and tested the feasibility of the
growth and photosynthesis performance of C. fusiforme in
comparison with BG-11 medium which was used as a control.
Figure 3 shows the relationship between the PWW dilution
factor and light attenuation. To achieve a light transmission of
50% it was necessary to dilute the PWW almost 10 times
(PWW10). Cultures grown in PWW5 received one-fourth
(400umol photons m™ s') of the incident light intensity at
noon time in summer, resulting in less light available for the
algal cells especially in the morning and in the afternoon hours,
which may have limited the growth (Figure S2). In Figure S3, the
daily changes in biomass concentrations are shown in the C.
fusiforme cultures grown with different dilutions of PWW and
BG-11. As can be seen, a quasi-steady state was reached after
about 5 days in all the cultures.

The mean values of gross and net areal and volumetric
productivity obtained during two weeks in BG-11 medium and
10 and 5-fold diluted PWW are presented in Figure 4. To
facilitate the comparison of the night losses recorded in the
different trials, data are also summarized in Table 2. The culture
grown in PWW10 attained 30% higher gross yields compared to
the control (BG-11), however, when net productivities are
compared, the differences in productivity are not significant.
This is explained by the higher night biomass loss recorded in
the culture grown in PWW10 (Table 2). Compared to both BG-
11 and PWWI10, significantly higher productivities were
obtained using the more concentrated PWWS5. The net daily
biomass yields were 14.7g m> d' in BG11, 17.6g m> d' in
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FIGURE 3
Light attenuation coefficient measured in various PWW dilutions.

PWW10 and 33.1g m™> d in PWWS5 (Table 2). The higher
productivities obtained using PWW5 (5-fold diluted) could be
related to the larger amount of nutrients available to this culture.
The total viable count of associated bacteria (aerobic microbiota)
in the culture grown in PWW was slightly higher compared to
BG-11 culture (on average 650x10° and 4 x10°CFU mL’},
respectively) and not likely to affect the filtration procedure
used to assess growth and productivity.

Experiments were also carried out with undiluted PWW,
which culminated with the loss of the cultures within a few days.
Moreover, bacterial load in undiluted PWW was very high
which hampered the separation of the biomass from the
culture medium. In undiluted PWW, cells of C. fusiforme

formed aggregates with bacteria resulting in the flocculation of
the culture (Figure S4). Compared to the culture grown in
PWWS5, that cultivated in undiluted PWW did not reach
steady state conditions. This culture started with very high
amounts of ammonia, phosphate, and COD and since it was
subjected to a daily dilution rate of 25%, they increased by 230,
56, and 2500mg L™ each day, respectively, which resulted in
toxicity to the cells. To reduce the toxic ammonia effect of the
undiluted PWW addition the daily dilution rate was reduced
from 25% to 10%. However, even in this case, growth evaluation
by DW increase was not feasible, and even though a chlorophyll
productivity of about 3.5 mg L' d” (data not shown) was
attained in both undiluted PWW cultures (25% and 10%
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FIGURE 4

Box-plot and results of the Tukey HDS post-hoc test showing the difference in gross and net areal productivity obtained by C. fusiforme grown
outdoors in BG-11 medium and in differently diluted PWW. The boundaries of the rectangles indicate the 25th and 75th percentiles, the
horizontal bars indicate the median and the x symbol is the mean value. The vertical bars indicate upper and lower distribution limits. Boxplots
sharing common letters (a—c; A—C) are not significantly different (p < 0.05). Solar irradiance measured on the horizontal surface was also

reported for each cultivation period.
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TABLE 2 Gross and net volumetric and areal productivity of C. fusiforme cultivated outdoors in BG-11 and PWW.

Growth  Gross vol. productivity Gross areal groductivity Net vol. productivity Net areal productivity = Night  Days

media (g L'd") (g m dh (g L'd") (g m?2d?) loss (%) (n)
BG-11 0.13 £0.04 * 182 5.1 0.10 £0.03° 14.7 +4.6* 19.2 15
PWW10 0.17 +0.05 ° 236 +6.8 ° 0.12 +0.05* 17.9 +6.74¢ 24.6 15
PWWS5 0.26 +0.04 36.6 £5.4° 0.23 +0.04° 33.1 +5.3% 9.6 12

Values are presented as mean + SD (n=15, n=12). Column designated by the same symbols differ significantly (p < 0.05).

dilution rate), steady state of the cultures was never reached, and capacity of COD was 41% using PWW10 and increased to 73%
over time, contamination (by bacteria, fungi, and protozoa) in PWWS5. Since no growth of C. fusiforme occurred at night, it is
became increasingly higher limiting culture growth, especially reasonable to conclude that the COD decrease was due to
when the dilution rate of 25% was adopted. bacterial growth.

The trend of nitrogen concentration over time in the semi-

continuous cultures of C. fusiforme grown in PWWI0 and

3.2 Nutrient removal of C. fusiforme PWWS5 is shown in Figure S5. In the morning, after the
grown in diluted PWW culture dilution with PWW10, the N-NH," reached its
maximum value of about 40mg L' which dropped to about

Analyses of major nutrients (N-NH,", N-NO5’, P-PO,>” and 20mg L at the end of the day as a result of microalgal growth. In

COD) were performed every day in cultures grown in diluted the culture on PWW5, N-NH," showed a similar trend but with
PWW, in the morning before and after dilution, and at sunset. higher values, between 100 and 70mg L' in the morning and
The N-NH,", P-PO,>” and COD supplied daily through culture evening, respectively (Figure S5). However, in the experiments,
dilution were 23, 5.6, and 254mg L' using PWW10, hence they the trend of the concentration of N-NH,4" both in the morning
were two times greater with PWWS5. Nutrient removal rates and evening was decreasing. In Table 4 the conversion of N-
(RR) in the cultures grown in PWW10 and PWW5 are reported NH," from the mini-pond cultures into biomass is also reported.
in Table 3. N-NH," removal in cultures grown on PWW10 and In general, around 50% of the total N-NH," removed daily was
PWWS5 was on average 93% and 83%, respectively. The removal fixed in the biomass, the remaining being lost by outgassing or

TABLE 3 Nutrient removal rates (RR) of C. fusiforme grown in diluted PWW.

PWW Dilution rate RR (N-NH,") RR (P-PO,*) RR (COD)

@ (mg L' d™") (%) (mgL'd") (%) (mgL*'d") (%)
PWW10 0.25 214 £29 92.8 34+14 60.4 104 +50 40.9
PWW5 0.25 38.4 £16.3 83.5 ND ND 372 +47 73.2

ND, not determined; RR (COD), COD removal rate; RR (N-NH4), ammonia removal rate; RR (P-PO4), phosphate removal rate.
Data are the mean values + SD (n = 10) and are expressed both as mg L' of nutrient removed and as % of total nutrient supplied.

TABLE 4 Conversion of N-NH,* from PWW medium into biomass nitrogen content.

Parameter PWW10 PWW5
Culture dilution rate (d) 0.25 0.25
N-NH,*supplied to cultures daily (mg L™) 23 46
Total N-NH,* removed daily (mg L™) 21.4 +2.19° 38.4 +8.17°
N content of biomass (% DW) 8.6 9.8
N-NH," uptake to biomass (mg L™ d) 10.3* 22.5*
Total N-NH," removed by uptake to biomass (% of total removed) 48 58.7
Total lost (e.g. outgassing, NO3/N, conversion) (% of total removed) 52 41.3

*Calculated considering net volumetric productivity reported in Table 2.
§corresponding to 3.06 and 5.5 g m™> d”', respectively.
Data are the mean values + SD (n = 10).
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by bacterial uptake. Nitrogen starvation can be excluded in the
cultures on PWW as ammoniacal N was always present at the
end of the light period and also at the end of the dark period,
although in a lower concentration (Figure S5). P-PO,> was in
excess and could sustain even higher growth than that achieved.
The amount of iron supplied with PWW was indeed
significantly lower compared with the BG-11 medium, and
this could account for the decrease in pigment content
observed (see below).

3.3 Changes in biochemical composition

The average value of chlorophyll content in C. fusiforme
grown in BG-11 medium was 3.8 + 0.4% of DW and decreased
significantly to 2.3 + 0.4% and 2.8 + 0.2% in the cultures grown
in PWWI10 and PWWS5, respectively. Despite the lower
chlorophyll content, the culture in PWWS5 exhibited the
highest rate of chlorophyll increase (7mg L™ d') because of
the significantly greater biomass yield, while in undiluted PWW
cultures a progressive decline of the chlorophyll content was
observed (Figure 5, insert). A similar trend was observed in total
carotenoid content, with a 36% reduction in the culture both in
PWW10 and PWW5, compared to the BG-11 culture (from 0.87
+0.17% of DW in BG-11 to about 0.56 + 0.17% of DW in PWW)
(Figure 5). However, the ratio between carotenoids and
chlorophyll a was approximately constant in all the cultures
(0.29 in BG-11 and 0.29-0.31 in PWW), despite a slightly, but
significantly higher value observed in the culture on PWW10 as
compared to the BG-11 culture.

10.3389/fmars.2022.1043123

A comparison of carotenoid composition between cultures
grown in PWW10 and BG-11 is reported in Table S1. In all
cultures, a low induction of the xanthophyll cycle pigments was
observed. Zeaxanthin could not be detected either in BG-11 or in
PWW10. However, some differences were found in the
antheraxanthin content. Overall, during the daylight period,
the cultures in BG-11 exhibited a more consistent increase of
antheraxanthin, compared to those grown in PWW10 (81% and
24%, respectively) and this trend was confirmed at the end of the
experiment, when in BG-11 this carotenoid was more than
doubled, while in PWW10 the cultures saw an increase by
23%. The violaxanthin content did not show strong changes
during the experiment period, except for a decrease of 12%
recorded in cultures grown in PWW10 at the end of the trial.
These changes were reflected in the xanthophyll pool content
with the highest increase of 20% and the values of the de-
epoxidation state (DES), with a maximum increase of 50%, both
of which were observed in the cultures grown on BG-11 (Table
S1). Concerning the other carotenoids, B-carotene content
followed the same trend in all cultures, lutein decreased in all
cultures, and the highest decline of 17% was found in cultures
grown on PWW 10, at the start (Table S1). For neoxanthin and
loraxanthin, the most evident differences were detected on
August 1™ in the culture grown in PWW10, with a 28% and
11% increase respectively, and in the culture on BG-11 that saw a
decline of 33% of loraxanthin.

Biochemical composition showed a higher protein content
in the biomass grown in PWW compared to BG-11 (53%). N
content and protein content further increased (up to 61.2%)
when the more concentrated PWW5 was used (Table 5).
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FIGURE 5

Pigment content (total Chl and total Carotenoids) of C. fusiforme grown outdoors in BG-11, 10-fold diluted PWW (PWW?10), 5-fold diluted PWW
(PWWS5) and undiluted PWW. The ratio between total carotenoid and Chla is also reported. Data are means + SD (n =10) except for undiluted
PWW. Bars designated by the same letter are not significantly different (p < 0.05). Insert graph shows the progressive decline of total Chlorophyll

content in culture cultivated on undiluted PWW.
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TABLE 5 Elemental composition, total protein, and carbohydrate contents of C. fusiforme biomass produced outdoors in BG-11 and PWW.

Culture medium N (%) C (%) Crude protein (%) (Nx 6.25) Total Carbohydrate (%) Chla (%) Chlb (%) Chla/b
BG-11 843 + 001 47.67 + 043 52.68 + 0.28 13.22 + 1.70 298+048 0.78+0.15 3.87 +0.21
PWWI10 8.55 +0.02 45.82 + 0.30 53.43 + 0.19 15.55 + 2.10 178 £023  045+0.10 4.03 + 039
PWW5 9.8 +0.01 4842 +0.35 61.25 + 032 12.82 + 1.90 223+024 053+007 423031

Values refer to the end of the trial and are presented as % of DW (mean + SD; n=3) except the Chl a/b ratio.

3.4 Changes in photosynthetic activity

Changes in relative electron transport rate (rETR) were
recorded in-situ/online in the cultures during the day using a
portable fluorimeter (Figure 6). The results showed that the
8.9) in the
cultures grown in PWW10 as compared to the BG-11-grown

+

values of rETR were generally higher (42

cultures (28 + 4.4). These data suggest a better photosynthetic
ability to use absorbed light energy, correlated with biomass
productivity (Table 2).

Measurements of maximum quantum yield of PSII
photochemistry (F,/F,,), photosynthetic oxygen evolution, and
respiration rate were performed on culture samples taken at
certain time intervals during the day (8:00 and 18:00). In
Figure 7A, the effect of daylight on the F,/F,, ratio of the
different cultures is shown. In all cultures, the maximum
quantum yield of PSII photochemistry (F,/F,,) decreased
during the daylight hours and was restored during the night.
The F,/F,, ratio of the PWW10 culture was higher than that of
the control culture (BG-11) (Figure 7A). Moreover, in BG-11
cultures both the declines in the F,/F,, ratio recorded during the
day and the following recovery phases at the night, were larger
than that recorded in PWW cultures. However, after 4 days (BG-
11) and 7 days of cultivation in PWW, the F,/F,, stabilized to
about 0.72 and 0.78, respectively. In the culture grown in
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FIGURE 6

PWWS5, F,/F,, remained more constant (average value 0.7)
with lower variations between morning and evening (data
not shown),

Net photosynthetic oxygen evolution measurements
revealed no significant difference between PWW10 and the
control (BG-11) (Figure 7B); on the contrary, PWW5 showed
a 30% lower oxygen evolution than both PWW10 and the
control (data not shown). Respiration rates were up to 3 times
higher in PWW10 compared to BG-11 (Figure 8). However,
when gross photosynthesis was compared, that is, adding
respiration to net photosynthesis rates, then the cultures in
PWWI10 resulted in higher activity than those grown in BG-
11. The contribution of bacteria to respiration rate in PWW still
cannot be ruled out

Rapid light-response curves were measured every day off situ
using samples taken from outdoor reactors at certain day
periods. As an example, LRCs measured at 14:00h (highest
electron transport activity due to the peak irradiance) in the
control and the culture grown in PWW10 were compared
(Figure 9). It is shown that the maximum rETR was higher in
the PWW cultures values as compared to those grown in BG-11.

Fast fluorescence induction kinetics, also called OJIP curves,
indicating electron transport steps through the PSII complex
show the two-inflection points J and I. These are represented by
the V; and V; variables which indicate the redox status of the

¢ Dayl
804 -~ gayz PWW 10
A ay v
= Day7 M v oy
® Day8 n Y v w
—_ 60 - v v
3 . vﬂof Tod, n.cgv}
=3 v o‘.:;: 9 #. ““ fIod
E 09 %, ”ﬁ v #i.z
*
= e PP Any
~ v Ste e
20 o7 M A
PR g
B
0 -
T T T T T T
8 10 12 14 16 18

Daytime [h]

Diurnal changes of relative electron transport rate (rETR) measured in situ in C. fusiforme cultures in outdoor reactors on Days 1, 3, 5, 7, and 8.
(A) Culture grown in BG-11 medium; (B) Culture grown in 10 times diluted pig manure PWW10.
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FIGURE 7

Changes in the maximum quantum yield of PSIl photochemistry (Fv/Fm) (A) and rate of photosynthetic oxygen evolution (B) of C. fusiforme
cultures grown outdoors in BG-11 medium and PWW10 (10-fold dilution), with light (white bars) and dark (grey bars) periods evidenced.

acceptor side of the PSII complex (down-regulation/
overreduction of photosynthetic electron transport). If
increased, V; and V; reflect a slow-down of electron transport
in the PSII complex due to the overreduction of the
plastoquinone pool. The trends of the V;j and V; variables
measured at 14:00h indicated that the electron transport rate
in the BG-11 was slightly lower during the last three days of the
trial as compared to that in the PWW10 culture (Figure 10).
These days the values of V; in BG-11 media were 13% higher
and, in the case of V; variables, almost 18% higher in the control
compared with PWW.

3.5 Changes in bioactivity

Results of the dual culture bioassay are summarized in Table
S2. In general, higher activity against fungi and the oomycete
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P.capsici was determined for the C. fusiforme biomass grown in
PWW compared to the BG-11 medium. The highest antifungal
activity of 42.7% was found when biomass was grown in the ten-
times diluted piggery wastewater (PWW10). The weak
biostimulant activity of 101.0%, determined by seed
germination, was found only in the biomass obtained from the
cultivation in PWW10 (Table S3). Practically, rather weak
biostimulant activity was determined for the C. fusiforme
biomass independently of the cultivation medium.

4 Discussion

The growth of the C. fusiforme cultures outdoors using
diluted PWW as a sole source of nutrients was compared with
the mineral medium BG-11. To prevent excessive rise of pH
resulting in growth reduction and excessive release of ammonia
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Changes in the respiration rate of C. fusiforme cultures grown outdoors in BG-11 medium and PWW10 (10-fold dilution), with light (white bars)

and dark (grey bars) periods evidence.

in the atmosphere, culture pH was controlled by automatic
addition of CO, (Silva-Benavides and Torzillo, 2012;
Sutherland et al.,, 2015). Indeed, the concern with the
increasing amounts of greenhouse gases in the atmosphere
may hamper ammonia stripping achieved mainly by increased
pH to maintain microalgal photosynthesis, as a way of reducing
its content in the residual water. In the environment, ammonia is
converted into N,O, which, over 100 years, has 298 times more
impact per unit weight compared to CO,. For these reasons,
considerable recycling of N in the biomass is desirable (Park
etal., 2010) and the additional cost of supplying CO, needs to be
compensated by a higher biomass yield which could lead to an
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increase of extracted valuable products for agricultural use such
as biofertilisers and biostimulants (Morillas-Espana et al., 2022).

The nitrogen (N-NH,") concentration in the original
digestate (>1,000mg L) exceeded that measured in BG-11
medium (250mg L' in the form of N-NO;.) Regarding
phosphorus (P-PO,*), the BG-11 medium contains 7mg L',
significantly less than the 224mg L™' measured in the PWW
digestate. It also contained organic matter, with a COD of about
10,000mg L~". Important to note that the digestate can contain
lower concentrations of relevant compounds such as sulfate,
potassium, calcium, magnesium, manganese, zinc, and copper,
all of which are necessary for the development of microalgal cells
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Changes in the maximum electron transport rate rETRax (calculated from RLCs) in C. fusiforme were measured on Days 1, 3, 5, 7, and 8 in the
samples taken from outdoor reactors. (A) Cultures grown in BG-11 media and (B) Cultures grown in PWW(10-fold diluted)
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Changes in the (A) Vj and (B) V; variables (calculated from the curves of fast fluorescence induction kinetics) in the samples of C. fusiforme cultures
grown in BG-11 (A) and in 10-fold diluted PWW (PWW10) (B). Measurements were performed at 14:00h during a one-week outdoor trial.

(Morales et al., 2015). Due to the high dilution of the digestate,
the nutrients for microalgal growth decreased significantly, with
N still at values of 100 and 200mg LY ie., close to the values
which have been reported as toxic for microalgae (Collos and
Harrison, 2014) and with some other micro- and trace elements
in limiting amount (Table S4).

The composition of the piggery digestate effluent used in this
study was similar to that reported by Li et al. (2019) and
Sanchez-Zurano et al. (2021). The N/P ratio for the culture
media varied between 3 and 30. Using the BG-11 medium in
these trials, the N/P ratio was around 35, whereas in the digestate
the value was 4.3 (considering N-NH,*/P-PO,>). According to
these data, PWW digestate is rich in phosphorous (concerning
that requested by the nitrogen content). The N/P ratio in
microalgal biomass ranges from 4/1 to nearly 40/1, and a
range of approximately 6.8-10 has been considered an optimal
value for freshwater microalgae growth and high nutrient
removal efficiency (Li et al, 2019). The significantly higher
productivity attained by diluted PWW as compared to BG-11
can be related to the better N/P ratio.

4.1 Chlorophyll fluorescence changes

Changes in the F,/F,, ratio of both the PWW10 and BG-11
cultures showed logical cycling due to irradiance intensity, i.e., it
decreased during the day and recovered at night (Figure 7A).
The amplitude of the night/day oscillations in F,/F,, were higher
in the BG-11 cultures indicating greater light stress compared to
the cultures grown in PWW10. The better performance of the
latter cultures was illustrated by the fluorescence measurement
performed in-situ. These measurements were carried out online
during the daylight period so that they give a clear picture of the
physiological status of the cultures. A similar trend was also
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observed with the daily measurements of the rapid light-
response curves (RLC) using samples taken from the outdoor
ponds at certain day periods. The maximum rETR estimated
from the measurements of RLC confirmed the better
performance of cultures of C. fusiforme grown in PWW10
(Figure 9). A similar behavior was also recorded with cultures
grown with PWW5 (results not shown). Analysis of Vy and Vi
calculated from the OJIP curves also indicated higher constraints
experienced by cultures grown in BG-11. Indeed, the Vi and Vj
variables were lower in the PWW cultures meaning that the PQ
acceptors were less reduced and electrons flow was not slowed
down in the PSIT complex (Figure 10). As expected, the better
performance of the cultures shown by chlorophyll fluorescence
measurements was confirmed by the higher productivity of
the cultures grown in PWW. Most likely, the higher light
availability in the BG-11 grown cells, due to the higher
medium transparency as compared to PWW, may cause
downregulation of photosynthesis due to excess light. Another
positive effect of PWW can be the presence of bacterial
populations which may produce metabolites stimulating the
growth of microalgae (Quijano et al, 2017; Sanchez Zurano
et al., 2020).

4.2 Pigment changes

The chlorophyll content was unexpectedly lower in the
cultures grown in PWW and particularly in those grown with
PWWI10. Indeed, the higher biomass concentration in these
cultures and the lower transparency of the culture medium
should have enhanced the photolimitation and thus promoted
the accumulation of chlorophyll. However, since the availability
of nitrogen was decreasing from BG-11 to PWWI10 it is
conceivable that lower nitrogen content may have affected the
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chlorophyll synthesis by cells (Ferreira et al., 2015). Indeed, the
nitrogen content in chlorophyll is relevant reaching 6.26%. The
chlorophyll a/b ratio which is frequently used as an index of
photoacclimation of cells to the light usually increases with
irradiance (Givinish, 1988). In these trials, it resulted in a
slightly higher value in the PWW cultures, particularly in the
one grown with PWWS5, probably as a result reduction in light-
harvesting complex accessory pigments in wastewater (Chuka-
ogwude et al., 2020).

The results of carotenoid composition indicated that PWW
cultures were less effective in inducing antioxidant carotenoid
synthesis. This is mainly represented by a lower induction of the
xanthophyll cycle in these cultures, compared to the ones grown
on BG-11. In addition to the highest antheraxanthin content,
associated with the highest de-epoxidation state (DES), the
lowest lutein content could indicate that the reductive pressure
on the photosynthetic apparatus, was lower in the PWW
cultures than in the BG-11 ones. These findings are in line
with what was observed in the cultures grown in PWW, which
exhibited values of Vyj lower than the ones found on BG-11, as
already discussed in paragraph 4.1. In particular, the Vj
parameter reflects the level of reduction of the plastoquinone
electron acceptors, and its increase may reveal the occurrence of
oxidative stress activating defensive strategies to counteract the
effect of ROS generation (Carol and Kuntz, 2001; Xi et al., 2021).
In photosynthetic microorganisms, carotenoid synthesis is one
of the main processes involved in these defense mechanisms, and
it may imply the increase of both specific antioxidant
carotenoids and total carotenoids content (Masojidek et al,
1999; Masojidek et al., 2004; Shi et al., 2020). Although
significant photo-oxidative stress could not be detected in the
cultures, these grown in PWW showed a better photosynthetic
performance than the ones grown on BG-11, revealing the
higher rETR. Hence, low reductive pressure on the
photosynthetic apparatus may explain the lowest carotenoid
content in these cultures, both in terms of the total amount
and specific antioxidant carotenoids.

4.3 Culture productivity

The turbid nature of PWW and the high ammonia content
(>1,000mg L) are two limiting factors to its usability, especially
for growing phototrophic organisms (Sanchez-Zurano et al,
2021). In PWWS5 the color strongly reduced (by 75%) the
penetration of light into the cultures. While this strong
reduction in light may result beneficial in the middle of the
day when light intensity may cause photoinhibition, it may be
limiting the growth in the morning and afternoon hours
(Torzillo and Vonshak, 2013). Nevertheless, cultures grown in
PWWS5 were more productive than those grown in PWW10.
Very likely, cultures grown in PWW10 were nutrient-limited,
which prevented full exploitation of light. On the other hand, it
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is conceivable that cultures grown in PWW5 could have further
increased their productivity if the light limitation due to
digestate turbidity was less severe. Therefore, dilution of the
PWW, while improving light penetration, also reduces the
amount of nutrients for growth thus hampering culture
productivity. In microalgae cultivation, one has to be aware of
two important constraints: ammonia toxicity, and dark color.
Surprisingly, the cultures grown in PWW performed much
better than those grown in the synthetic medium, indicating
that PWW successfully meets all the nutrient requirements for
the growth of C. fusiforme. We may speculate that PWW
contains compounds and microorganisms which can stimulate
growth (Kang et al., 2021; Grivalsky et al., 2022).

Using secondary-treated urban wastewater supplemented
with centrate, three strains of Chlorella and one of
Chlamydopodium fusiforme were cultivated at the small-scale
level in a laboratory to evaluate their biostimulant properties.
The highest biomass productivity was found for C. fusiforme,
with a value of 0.38g Ltdt (Morillas-Espaiia et al., 2022). De
Godos and co-workers evaluated the performance of the
indigenous Chlorella vulgaris strain in two 464-L outdoor
raceway ponds (HRAPs) using 20- and 10-fold diluted piggery
manure under Meditteranean climatic conditions in Spain (de
Godos et al., 2009). Both HRAPs showed average COD and TKN
removal efficiency of 76% and 88%, respectively, and biomass
productivity ranging from 21 to 28g m> d .

The use of undiluted digestate would be desirable,
particularly in dry regions due to the scarce availability of
water, a problem which has become dramatic recently as a
result of global warming, with increasing drought periods in
large areas of the Earth. Unfortunately, the culturing of
microalgae in pure digestate is strongly limited by an excess of
ammonia nitrogen, which can be only marginally alleviated by
the pH control (Ayre et al., 2017). At high pH, above 9, ammonia
is the dominant chemical species and toxicity is mainly caused
by its diffusion through the cell membrane resulting in
detrimental ammonia accumulation in the cells (Boussiba and
Gibson, 1991). Ammonia toxicity causes damage to the
manganese (Mn) cluster of the oxygen-evolving complex of
the PSII complex, causing considerable sensitivity of PSII to
photodamage (Drath et al., 2008).

An interesting strategy based on the use of PWW diluted
with seawater allowed the cultivation of the marine N. gaditana
in thin-layer cascade reactors operated in semi-continuous mode
at two dilution rates of 0.30 and 0.40d" (Jiménez Veuthey et al,,
2022). The biomass productivity ranged between 11 and 16g m™
d! in autumn and summer, respectively. Moreover, the use of
seawater to dilute digestate (and save freshwater) can provide
some important micro- and trace elements for growth. However,
this strategy is limited to the growth of marine species, while
freshwater strains may require preliminary bioprospecting and
testing of strains under higher salinity (Chuka-Ogwude
et al., 2020).
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Piggery slurry was also used as the sole nutrient source to
produce biomass of Scenedesmus almeriensis using laboratory-
scale bubble column photobioreactors. The optimal dilution of
the slurry to enable the processing of the largest amount of
piggery slurry per liter was 1:20 which resulted in biomass
productivity of 0.68g L' d”', comparable to the standard
growth medium (Ciardi et al., 2022).

4.4 Removal of nutrients and bioactivity

The nutrient removal rates of C. fusiforme grown outdoors in
the bioreactors were comparable with most of the data reported in
the literature both indoors and outdoors. For example, with N.
gaditana, nitrogen removal from the piggery slurry was total
(Jimenez Veuthey et al, 2022). In contrast, when using
fertilizers as the nutrient source, the nitrogen was in the form of
N-NOj;, and the removal capacity was 63-73%. It is conceivable
that the better removal capacity found in cultures grown with
digestate was increased by ammonia outgassing. A similar trend
for ammonium removal was published by Sanchez-Zurano et al.
(2020). The authors found that using a thin-layer cascade reactor,
Scenedesmus sp. can entirely uptake the N-NH," present in
municipal wastewater. The N-NH," consumption ranged from
0.75 to 1.53g m™ d™') (a depuration efficiency greater than 90%)
whereas the nitrate consumption was lower than the ammonium
consumption, ranging from 0 to 0.11g m™ d'. Phosphorus
removal, on the other hand, showed an opposite pattern to that
observed for nitrogen (Sanchez-Zurano et al., 2020)

Several laboratory studies carried out under artificial light have
focused on the use of microalgae for nitrogen and phosphorus
removal from the food industry and agro-industrial wastewater
(Esteves et al, 2021). In particular, on piggery manure
(anaerobically digested) grown Chlorella vulgaris showed an N-
NH," and phosphorus RE of 84% and 22%, respectively; on piggery
wastewaters (anaerobically digested), Chlorella sorokiniana and
activated sludge native bacteria obtained a nitrogen RE and
phosphorus RE of 94-100% and 70-90%, and Chlamydomonas
mexicana was capable to remove 60-65% of both N and P; on the
agro-industrial mixture (anaerobically digested), Parachlorella
kessleri removed more than 98% of N and 80-90% of P. Finally,
Scenedesmus obliquus (FACHB-31) cultivation in diluted the liquid
anaerobic digestate of piggery slurry was investigated by Xu et al.
(2015). Total nitrogen and total phosphorous were removed in
amounts of 58-75% and 70-89%, respectively. Chlorella zofingiensis
cultivated on piggery manure digestate resulted in total nitrogen
removal efficiency of 69-83% (Zhao et al., 2013).

Concerning evaluation of antimicrobial activity of C. fusiforme
biomass, an antifungal activity was observed mainly when cultures
were grown in diluted piggery wastewater (PWW5 and PWW10),
while no activity against fungi, such as R. solani and F. oxysporum,
was determined when biomass was grown in the BG-11 medium.
This interesting behaviour may be explained by the fact that PWW
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may stimulate synthesis of antimicrobial substances by microalgae
to cope with microbial contaminants usually found in wastewater.
Microalgae, can produce among the others, unsaturated lattones,
glycosides, sulphur containing compouds, phenols ans phenol
glycosides, saponins and phytoalexin, fatty acdis, acrylic acid,
terpenes and phenols showing antibacterial and antifungal activity
(Skulberg, 2007). A similar antifungal activity of C. fusiforme
biomass against the oomycete P. capsici was determined for C.
vulgaris (Ranglova et al,, 2021) and Tetradesmus. acutus biomass
(Grivalsky et al., 2022), respectively, when centrate from municipal
wastewater treatment plant was used for cultivation Finally, a rather
weak biostimulant activity was determined for the C. fusiforme
biomass independently of the cultivation medium.

5 Conclusions

The present study demonstrates that the microalga C. fusiforme
is a robust organims suitable to be cultivated in diluted piggery
manure digestate. Its productivity significantly surpassed that
attainable with synthetic medium BG-11 rich in nutrients,
particularly nitrate, and specifically studied for the optimal
growth of algae. Antifungal activity resulted influenced by the
culture medium used for cultivation of C. fusiforme. Indeed, out
of 3 species utilized for biopesticide tests, two resulted in negatives
for biomass grown in BG-11. This fact together to the better growth
attained in PWW indicate that PWW performs much better than
synthetic medium and thus it is an optimal substrate to be used in
microalgal biotechnology. The comparison made in fully controlled
mini-ponds, outdoors, allowed us to get more accurate information
on the performance of C. fusiforme grown on piggery digestate.
Biomass from these experiments was found to be richer in proteins.
These results are relevant for the scale-up of this species at an
industrial level utilizing wastewater, thus widening the spectrum of
microalgae potentially suitable to be used for both nutrient recycling
and the production of bioactive substances.
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