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ARTICLE INFO ABSTRACT
Keywords: The culture of microalgae and cyanobacteria in open systems has been improved through the novel approach of
Aquaculture thin-layer raceway ponds. The importance of studying mass cultivation of the cyanobacterium Nostoc calcicola

Biochemical composition

In-vivo chlorophyll a fluorescence
Nostoc

Photosynthesis

Thin-layer raceway cultivator

(further as Nostoc) lies in its biotechnological potential as a source of bioactive compounds for food and non-food
applications. These compounds include polysaccharides, mycosporine-like amino acids and phycocyanin. Nostoc
was cultured outdoors in a thin-layer raceway pond where the biomass production, physiological status,
photosynthetic activity, and biochemical composition were monitored through the experimental period of 5
days. The biomass, as did the maximal quantum yield of PSII, maximal electron transport rate (ETRyay) and
photosynthetic efficiency (ogr) increased throughout the experimental period showing the optimal operation of
the thin-layer raceway ponds, due to the light penetrates deeper into the thin culture layer and thus more light is
available to the cells. Oxygen levels in the culture increased over time, but no photoinhibition was evident
indicating optimal action of non-photochemical mechanisms. Nostoc increased the total internal carbon content
over the experimental period. Chlorophyll increased, whereas the N compounds such as the biliprotein phyco-
cyanin decreased. Among the UV-absorbing compounds, polyphenols, mycosporine-like amino acids, such as
shinorine and other unknown UV-A absorbing compounds were detected. There components showed a positive
correlation to antioxidant activity. Thus, the optimal accumulation of biomass and the accumulation of bio-active
compounds having antioxidant capacity show the possible biotechnological applications of Nostoc.
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1. Introduction

The Nostocaceae are cosmopolitan family of Cyanobacteria which
includes 40 species and 10 varieties [1]. These species can fix atmo-
spheric nitrogen in the absence of combined nitrogen [2,3]. The fila-
ments of the Nostoc spp. consist of photosynthetic cells with some Nj-
fixing heterocysts. The filaments are embedded in a protective gelati-
nous matrix made of polysaccharides and other organic substances [4].

Cyanobacteria show a great diversity of metabolic pathways which
have evolved to adapt to varied environmental conditions, such that
they are one of the most prolific microorganisms producing bioactive
compounds [5]. Species from the Nostocaceae are an abundant source of
bioactive compounds, including the polysaccharide k-carrageenan (k-
car) [2], phycocyanin [6], auxins [7], as well as compounds that provide
elevated antibiotic activity [8]. The gelatinous matrix is also effective at
bio-absorbing metals [9].

Most biotechnology applications of cyanobacteria have been in the
pharmacological and nutraceutical field [10]. Recently, there is great
research interest concerning skin protection to substitute organic UV
screening substances by biological UV photoprotectors, due to their
negative effect of UV on human health, such as endocrine disruption
properties [11], skin penetration [12], low photostability, low biode-
gradability and lack of effectiveness in skin protection [13]. In addition,
commercial particulate UV filters (both inorganic and organic) are non-
biodegradable [14]. UV photoprotectors with antioxidant capacity such
as mycosporine-like amino acids and Scytonemin have been reported in
Nostoc [15,16] and exopolysaccharides (EPS) [17].

Due to its use in food, feed and high-value compounds in the
cosmetic industry, there is growing interest in the outdoor mass
culturing of cyanobacteria, including Nostoc strains [18]. Mass cultiva-
tion of these species have a few challenges, for example, filamentous
Nostoc strains are sensitive to friction caused by pumps used for culture
circulation. Therefore, the most suitable outdoor cultivation systems
production of biomass of Nostoc specie is open raceways or airlift
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photobioreactors. However, the biomass volumetric productivity in
open raceways is limited by the light availability inside the culture, due
to the depth of the water column (10-30 cm). Increasing the daily in-
tegrated cell irradiance using thin-layer culture units is a promising
approach [19]. These units provide a high ratio of surface area to total
volume (S/V) and enable — due to suspension turbulence and short light
path — rapid light/dark cell cycling, which improve photosynthetic
performance [20]. Thin-layer cascades (TLCs) have been used success-
fully in the production of some microalgae, such as Chlorella spp. with
extremely high productivity, i.e., 14-52 g DW m 2 d~! [21,22]. Unfor-
tunately, as mentioned above, these systems are not suitable for Nostoc
species due to damage from pump circulation. Therefore, a novel thin-
layer raceway pond (TL-RWP) design was employed here, where
1.5-2.5 cm layer of culture was circulated using a paddle wheel [19].

Varying outdoor growing conditions trigger a diverse range of photo-
acclimation responses such as complex-regulation, high light attenua-
tion in high cell density culture as well as spatial-temporal heterogeneity
within the culture, all of which hamper optical assessment of photo-
synthetic health of the culture [23,24,21,25].

Optical monitoring techniques based on physiological behavior and
photosynthetic activity of the cells are an important tool used to un-
derstand the photo-acclimation processes in outdoor cultures and there
are crucial for their optimization. Pulse amplitude modulated (PAM)
fluorimeters using saturating pulse analysis of quenching can measure
photosystem II (PSII) quantum yield and other important variables
[26,27]. Quantum yields measured in vivo by chlorophyll a fluorescence
is related to quantum yields by Oz evolution and CO fixation [28,29], i.
e., linear relation between gross photosynthesis by O2 evolution and
electron transport rate (ETR) determined by in vivo chlorophyll a (Chla)
fluorescence. The linear relation is not maintained under certain con-
ditions such as elevated irradiance which is result in the consumption of
oxygen by Mehler reaction [28] or nutrient deficiency [30]. ETR has
been also used to estimate algal biomass productivity [22]. The relative
electron transport rate (rETR) is determined by using values of the

Fig. 1. Thin-layer raceway pond after the inoculation on day 1 (panel A) and at the end of cultivation trial on day 5 (panel B) with the detailed microscopic picture

(panel C, magnification 600x).
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effective quantum yield of PSII (Yield II) and simultaneously measuring
the incident irradiance (E) between 400 and 700 nm (photosynthetic
active radiation, PAR) [31]. However, the light absorption, the fraction
of cellular Chla in PSII, its associated light-harvesting complex (LHCII
(FID), and the fraction of absorbed quanta to PSII (fAQpgy), should also
be measured simultaneously to calculate the absolute ETR and conse-
quently their relation to biomass productivity [32, 22]. Cyanobacterial
fluorescence responses when measured by PAM instruments differ from
microalgae due to structural and functional properties of the photo-
synthetic apparatus [33]. Cyanobacteria usually exhibit lower quantum
yield of PSII based on fluorescence measurement, due to interference
caused by fluorescence emitted from the phycobilisomes in the light
harvesting antennae associated with the photosynthetic electron trans-
port chains, as well as differences in state transitions [34].

In this study, the thin-layer raceway pond was used for the cultiva-
tion of cyanobacteria. The biomass production, photosynthetic activity
and biochemical composition of an outdoor culture of N. calcicola
(further abbreviated as Nostoc) were monitored during a 5-day outdoor
trial. The physiological status and photosynthetic activity of the Nostoc
culture were determined by in-situ PSII Chla fluorescence. Various in-situ
and ex-situ Chla fluorescence technique and protocols were performed to
estimate photosynthetic activity and productivity. The evaluation of
methodologies used to determine biomass productivity, determination
of the midday photoinhibition through real time to the maximal quan-
tum yield of PSII (F,/Fp,), optical light absorption and effective quantum
yield of PSII (Yield II) under different diurnal conditions, were the main
objectives of these trials during the GAP10 workshop of Group of
Aquatic Primary Productivity linked to International Limnology Society
(ISL) entitled “Aquatic productivity - in the Omics Era”, which was held
in Trebon (Czech Republic) between 19 and 30 August 2017.

2. Material and methods
2.1. Strain and culture growth conditions

The trials were performed at the Center Algatech in Tfebon, Czech
Republic (48°59'15”N; 14°46'40"E). The cyanobacterium Nostoc calci-
cola strain MACC-612 was obtained from the Culture Collection of
Szechenyi Istvan University in Mosonmagyar6var, Hungary. The seed
culture was grown in an 80-litre laboratory photobioreactor in an
inorganic growth medium using internal white LED illumination [BG-11
medium, [35]] at 30 °C for 10 days. The Nostoc culture was inoculated to
a thin-layer raceway pond (TL-RWP; manufactured by F&M srl., Firenze,
Italy) at an initial biomass concentration of about 0.18 ¢ DW L™! and
was grown for 5 days (22 to 26 August 2017) (Fig. 1A-C). The unit has a
surface area of 5 m?, a culture volume of 120 L and the S/V ratio of 40
m !, The TL-RWP unit was housed in a polycarbonate greenhouse with
ventilation by electrical fans and heaters to maintain cultivation con-
ditions (Fig. 1A day 1-Fig. 1B day 5 of the trial). As the paddlewheel was
placed in a sump, a thin culture layer between 1.5 and 2.5 cm could be
maintained with a flow speed of about 0.2 m st (Fig. 1). Carbon dioxide
was automatically added into the culture, based on pH regulation (8 +
0.2).

2.2. Biomass (dry weight)

The measurement of biomass density was measured in triplicate once
a day in the morning at 08:00 h, after evaporation compensation as
described previously [36]. Dry weight of the biomass was measured by
filtering 5 mL of cyanobacterium culture on pre-weighted microfiber
filters (Whatman GF/F, glass microfiber filter). The filters were dried in
an oven at 105 °C for 8 h, cooled down (10 min) in a desiccator and re-
weighted. The specific growth rate p = (In X — In X;)/At [d~1] was
calculated over the cultivation period.
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2.3. Bio-optic: light absorption measurement

In-vivo spectral absorption of the cyanobacterium cells was measured
and compared by two different techniques, in suspension [37] and on
filter [38,39].

The Suspension Technique (ST) was performed in a double-beam
scanning spectrophotometer (Shimadzu UV3000, Kyoto, Japan) using
1-cm cuvettes filled with culture samples, which were collected at 3
sampling times (08:00, 14:00 and 17:00 h) and diluted with fresh me-
dium to obtain an optical density lower than 0.8. To minimize the effect
of light scattering from the cell surface, the sample cuvette was placed
close to the detector window of the photomultiplier tube and a light
diffusor (printer paper) was placed in between. Specific optical ab-
sorption (or attenuation) cross-sections of the suspension [agys(:), mH]
were calculated from the spectral absorption measurements (400-750
nm):

sy = 2.303%0D () *100 €

where ODgyq(y) is the optical density of the suspension at a determined
wavelength (corrected for absorbance at 750 nm), 2.303 is the conver-
sion factor from logi to In, and 100 is the conversion from cm to m. This
value was divided by the Chla content of the sample, expressed in mg
m~3, to provide the Chla specific absorption cross-sections [ag;s*, (m?
mg*1 Chla)].

The Quantitative Filter Technique (QFT) was performed in an inte-
grating sphere spectrophotometer, where samples were collected at 2
sampling times: at 11:00 and 17:00 h. To measure ODgjier(p) 1-2 mL of
samples (depending on the biomass concentration), was filtered onto
GF/F filters. The same volume of culture medium was filtered and used
as a blank. Specific absorption cross-sections of the filter [as;,), (m Y]
were calculated from the spectral absorption measurements (400-750
nm):

2,303* [aOD#ieer(y + bODsieersy” |
(vV/4)

@

ag, =

where ODfirer(ry is the optical density of the filter at a determined
wavelength (corrected for absorbance at 750 nm), V is the volume
filtered (m®) and A is the area (m?) of filtration; in this way V/A de-
termines the same path length as that of the suspension. The variables a
and b in the equation (Eq. (2)) were estimated from the correlation of the
ODygus(p) VS ODsiter(n), using a second-order polynomial function and
corresponds to the amplification factor () [38]. Chlorophyll specific
absorption cross-section [af)*, (m2 mg’1 Chla)] was calculated by
dividing the specific absorption cross-sections of the filters by the Chla
concentration of the samples, expressed in mg m 2. For the estimations
of absolute ETR, the average value of chlorophyll specific absorption
cross-sections (ag,s*) in the range from 400 to 700 nm were used.

2.4. Irradiance and temperature measurements

Outdoor irradiance (PAR, A = 400-700 nm) and ultraviolet radiation
(UVA, A = 315-400 nm) and temperature (°C) were monitored during
the trial each 15 min by using data logger (Zippo-Hobbo-U12-UV) with
the PAR sensor (SQ-12) and a UVA sensor (LPUVAO1, Apogee In-
struments, USA) [40].

Inside PAR irradiance, in the culture was determined by an immersed
mini-spherical quantum sensor (US-SQS, H. Walz GmbH, Germany)
located at 2 cm depth (Fig. 1B).

2.5. In-vivo chlorophyll a fluorescence method

The in-vivo Chla fluorescence was determined by several pulse
amplitude modulated (PAM) fluorometers.
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1) Junior PAM (Walz GmbH, Germany) was used for in-situ/on-line
measurements in the outdoor raceway. Chl fluorescence data was
recorded each 5-min throughout the day using saturating pulse
analysis of fluorescence quenching. The plastic fiber optics (100 cm,
1.5 mm diameter) was submerged in the first 5 mm of the water
column in the culture surface of the raceway (arrow Fig. 1B),
together with a spherical PAR quantum sensor (US-SQS, Walz GmbH,
Germany). These two sensors provided simultaneously Chl fluores-
cence and PAR irradiance measurements, respectively, as described
previously [41,42]. Blue light-emitting diodes (LED, 460 nm) in the
control box were powered by PC via a USB interface and provided
measuring actinic light and saturating pulses. WinControl-3 software
was used for data acquisition and recording (Fig. 1B - blue arrow).
The in situ relative electron transport rate (rETR) rate through PSII
was determined as follows:

rETR;, sine = AF/Fm/ X Epar 3

where AF/F,, is the effective quantum yield of PSII being AF = F,;/ — F,/
F,, (when F; is the basal fluorescence), Epsr is the incident photo-
synthetically active irradiance [43]. Although rETR is frequently asso-
ciated with biomass productivity, it is a relative value and should be
cautiously considered since photo-biochemical responses depend on the
absorbed light and not on the incident irradiance [44].

2) Water PAM (Walz GmbH, Germany) and PAM 2100 (Walz GmbH,
Germany) were used to measure rapid light response curves (RLCs)
and determine the maximal quantum yield of PSII under laboratory
conditions, ex situ. The Water PAM uses red light (654 nm) for
saturation light pulses and actinic light and FR-LEDs for exciting PSI
(740 nm), whereas PAM 2100 uses red light (654 nm) for saturation
light pulses and actinic light and FR-LEDs for exciting PSI (735 nm).
The measurements were conducted in dark-adapted samples (tripli-
cate), which were collected at four times during the day (08:30,
11:00, 14:00 and 17:00 h).

Maximal quantum Yyield of PSII (F,/Fn) was calculated as the ratio of
variable fluorescence (F, = F,, — F,) to maximal fluorescence (Fp,) in
dark adapter culture samples (fully oxidized reaction centers). F, is the
basal fluorescence of fully oxidized reaction centers (dark — adapted
algae) and F;, is the maximal fluorescence after application of saturating
light pulse of >4000 pmol photons m~2 s~1. A low intensity modulated
measuring light (LEDs of a peak wavelength at 650 nm; <0.3 pmol
photons m~2 s71, frequency of 0.5-1 kHz) which does not induce
photosynthetic activity, was used to measure basal fluorescence (F,). As
in cyanobacteria, the fluorescence was emitted by the phycobilisomes
light harvesting antenna and since photosynthesis and respiration share
the plastoquinone (PQ) pool, it is difficult to measure real minimum
fluorescence F, thus different protocols were used for this purpose:

(1) DCMU Method. The ‘true’ F,, was determined under low actinic
illumination (~150 pmol photons m~2 s71) in the presence of
10> M DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea] which
blocks the electron transport beyond the PSII complex. In the
dark and after addition of the electron transport inhibitor DCMU,
the PQ pool is oxidized and the apparent value in dark-adapted
Nostoc MACC-612 cultures is usually 15%-20% lower than the
‘true’ F,, [45]. When illuminated, the reaction centers are
reduced.

(2

—

FR-Dark-R-FR. According to Hanelt et al. [45], a sequence of far
red light (FR, time = 5 s, and irradiance = 30 pmol photons m 2
s™1), followed by the dark period for 5 min, then red light (R,
time = 5 s, irradiance = 8 pmol photons m 2 s~1), and finally FR
(time = 5 s and irradiance = 30 pmol photons m—2 s 1) was
applied.
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Rapid light curves (RLC) and Electron transport rate (ETR). The abso-
lute electron transport rate (ETR) was determined after a series of eight
20-s light exposure periods using stepwise increasing irradiances of red
light in the Water PAM (E1 = 77, E2 = 115, E3 =166, E4 = 253, E5 =
373, E6 = 570, E7 = 846 and E8 = 1220 pmol photons m~2 s71) to
generate a RLCs. The ETR was calculated according to Jerez et al. [22] as
follows (Eq. (4)) with the addition of the ag,* variable:

ETR = AF/Fy X Epar X ags* X fAQpgy “)

where ag,,* (m? mg~! Chl) is the chlorophyll specific absorption cross-
section determined by the suspension method and fAQpgy is the frac-
tion of absorbed quantum to PSII. The value of fAQpsy was 0.3 for
cyanobacteria according to Johnsen and Sakshaug [43]. The maximal
ETR (ETRpax) as estimator of photosynthetic capacity, the initial slope of
ETR vs irradiance curves (agrr) as an estimator of photosynthetic effi-
ciency, irradiance at saturation (Ekgrr), and irradiance for the initial
photoinhibition (Eopt), was obtained from the tangential function as
reported by Eilers and Peeters [46].

Non-photochemical quenching (NPQ) as an estimate of energy dissi-
pation was calculated according to Bilger et al. [47] and Celis-Pl4 et al.
[48] (Eq. (5)), and the maximal NPQ (NPQp,x) values were obtained
directly from each RLC fitting, according to [46].

NPQ:(meFm’)/Fm/ (5)

The yield of non-photochemical losses, Y(NO) and Y(NPQ) were
determined according to Kramer et al. [49] and Hendrickson et al. [50].
The variable Y(NO) (Eq. (6)) is the fraction energy passively dissipated
as heat and fluorescence, mainly due to closed PSII reaction centers.
High Y(NO) values indicate an inability to protect the cell from photo-
damage by excess radiation [51].

Y(NO):FI/FW (6)

Y(NPQ) (Eq. (7)) is the fraction of energy dissipated as heat via
regulated photo-protective NPQ mechanisms.

Y(NPQ) = (Fz/Fm’) - Y(NO) ()

2.6. In situ dissolved oxygen measurement

The rate of oxygen production (RO) in-situ in the TL-RWP was
calculated according to Doucha and Livansky [52]. The build-up of
dissolved oxygen (DO) was estimated by the relative differences in DO
between two measuring points, one right after the paddlewheel and the
second 9.6 m downstream (before the paddlewheel). The net rate of
oxygen production (RO2) by the culture was calculated from the dif-
ferences in DO concentration between these two points, considering the
mass transfer of oxygen between the suspension and the atmosphere,
given constants such as water temperature and an average estimate of
turbulence, using the following formula:

h
Ro, pomean = (uf) (COZ.L - Coz,o) + Ko, (C()g,m('un —Co, *) ®

where Ro2, pomean is the mean rate of oxygen production by microalgae
per 1 m? of culture area (g O, m~2 h™1); u = velocity of suspension flow
on culture area (720 m h’l); h = thickness of the suspension layer across
culture area (0.0225 m); L = distance between DO concentration mea-
surement points (9.6 m); Cpz1, and Cpz9 = DO concentrations (g O2
m3) at sampling points, respectively; K; o2 = 0.2 (m h represents
mass transfer coefficient for oxygen; Coz mean = average DO concentra-
tion in culture (g O, m’3); Cop2* = DO concentration in equilibrium with
ambient oxygen concentration (g O, m™>). The first part of the equation
represents DO concentration increase along the flow path of the culture,
and the other part of the equation expresses mass transfer of oxygen
between the algal culture and the atmosphere, depending on the DO
concentration gradient and water temperature.
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Fig. 2. Biomass density expressed in g DW L~! during the trial in the culture of Nostoc calcicola grown in a thin-layer raceway pond. Biomass density was determined
twice a day in the morning (08:00 h) and in the afternoon (17:00 h). Results are expressed in a percentage as means =+ standard deviation (n = 3).

In the model proposed by Barcel6-Villalobos et al. [53], the oxygen
production was estimated according to the oxygen accumulation along
the flow path of the culture, the mass transfer along that path and in the
sump of the paddlewheel and finally normalized to the surface area.

01 ([02]urs = [0y ) + Kesetamet (0] s = (03] ) Vetamet + Kisw ([02],0r = (O3] ) Virw

was expressed as equivalent of Starch (% Starch) by multiplying by a
factor of 0.9 according to Kumar and Prabhasankar [56]. Total protein
content was estimated using the N-Protein conversion factor (4.78) for
cyanobacteria and microalgae according to Lourenco et al. [57]. Lipids

RO ean = 1

where the Q is the flow rate (m® h’l), Kiq,channel and Ko pw are the mass
transfer coefficients for the flow path of the culture (0.9 h™1) and pad-
dlewheel (164 h’l), respectively, Vi nannet and Vpy are the volume (m>)
of the channel and paddlewheel respectively, and A is the area (m?)
between the starting and end measuring points.

2.7. Biochemical compounds

2.7.1. Nutritional status, internal carbon (C) and nitrogen (N)
concentration

The total content of internal carbon and nitrogen in microalgae
samples were determined by an elemental analyzer (CNHS 932, Michi-
gan, USA) according to Celis-Pla et al. [42].

2.7.2. Pigment content

For Chl assay, 5 mL of samples were collected in glass tubes and
centrifuged at 2600 x g for 8 min and then the pellets were re-suspended
in 80% acetone. The cells were disrupted using a vortex mixer for 2 min
with glass beads (diam. 1 mm) and centrifuged afterwards. The
extraction step was repeated until the pellet was colorless. The absor-
bance of collected supernatants was measured using a high-resolution
spectrophotometer (UV 2600 UV-VIS, Shimadzu, Japan; slit width of
0.5 nm) and the concentration of Chl (mg mL’l) was calculated ac-
cording to Wellburn [54]. The content of Phycocyanin was determined
according to Kursar et al. [55] and was expressed in mg DW g™,

2.7.3. Carbohydrates, proteins, lipids and fatty acids

Quantification of soluble carbohydrates was spectrophotometrically
determined by the Anthrone method [56]. To obtain a standard curve, p-
Glucose was used at final concentrations of 10-100 mg L™!. The result

)]

were quantified spectrophotometrically using Sulfo-Phospho-Vanillin
(SPV) method [58]. To obtain the standard curve for lipid determina-
tion, triolein was used in concentrations of 0.1-0.6 mg L. To obtain the
fatty acid profile, the lipids were trans-esterified [59]. They were dis-
solved in 1 mL of toluene with butylated hydroxytoluene (BHT) (50 mg
L™1) and 2 mL of 1% of sulfuric acid in methanol. 3.5 mL of ultrapure
water and 4 mL of the mixture of Hexane and Diethyl ether (1:1) with
0.01% of BHT, was vortexed and centrifuged (2000 xg for 5 min), the
liquid part was divided into two phases. The maximum weight of about
80 mg of lipids was used for determination. The tubes were flushed with
No, incubated in a bath at 50 °C and kept in darkness for 16 h. 3.5 mL of
ultrapure water and 4 mL of the mixture of Hexane and Diethyl ether
(1:1) with 0.01% of BHT, was vortexed and centrifuged (2000 xg for 5
min), the liquid part was divided into two phases. The upper part was
transferred to another tube, shaken with 1.5 mL of KHCO3 (2%) and
centrifuged (2000 xg for 5 min), and the liquid part was divided into
two phases again. The upper layer was transferred to another tube and
evaporated with N». The fatty acid methyl esters (FAMEs) present in the
tube were dissolved in 1-2 mL of Hexane and filtered through a Sep-Pak
Aminopropyl (NHy) cartridge in another pre-weighed tube. The Hexane
part, that contained the fatty acids, was evaporated again and the tubes
were weighted and fatty acid mass present in the sample was calculated.
Finally, 40 mg of FAMEs per mL of hexane were analyzed by gas chro-
matography (Focus GC, Thermo Scientifics).—

2.7.4. Mycosporine-like amino acids, phenolic compounds, and antioxidant
activity

The mycosporine-like amino acids (MAAs) were analyzed by HPLC
(Waters 600) as described in [60], and the phenolic compounds were
spectrophotometrically determined following [42,48], where a standard
curve was prepared by using phloroglucinol. Finally, the antioxidant
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activity was evaluated by the ABTS [2,2'-azino-bis (3-ethyl-
benzothiazoline-6-sulfonic acid)] method according to [61]. The reac-
tion was completed after 8 min at laboratory temperature and the
absorbance was measured at 413 nm. A calibration curve was prepared
using a concentration range (0-30 pM) of Trolox.

2.8. Statistical analysis

The data were presented as the average + standard error (n = 3, SE).
The effects of treatments on the different variables were evaluated using
the analysis of variance (ANOVA) [62]. Student-Newman-Keuls (SNK)
post hoc tests were performed for significant ANOVA interactions and are
shown in the figures as lower-case letters when applicable. Homogeneity
of variance was tested using Cochran tests and by visual inspection of the
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residuals [62]. Analyses were performed by using SPSS v.21, (IBM,
Endicott, New York, USA). The general variation patterns between
physiological and biochemical variables measured in Nostoc were
explored using a multivariate approach. A Principal Coordinates Anal-
ysis (PCA) was performed for this purpose based on Euclidean distance
using PERMANOVA+ within PRIMER v.6 software package [63]. Each
one of the variables was represented by an arrow in the ordination plot
pointing to the samples displaying the highest amount of that com-
pound. Pearson correlation coefficients were calculated and tested be-
tween all measured dependent variables using Sigma plot 14.0 (Systat
software, Slough, Berkshire, UK).

3. Results and discussion

The incident outdoor PAR irradiance reached maximal values close
to 2000 pmol photons m™2 s~ and UVA radiation 60 W m™~2 at midday
(at 13:00 CEST) (Fig. S1). The local weather was mostly dominated by
thin clouds on some days in the afternoon. The second day (23 August
2017) was a clear-sky day. The air temperature in the greenhouse varied
from 15 to 20 °C at night and maximal values were 25-40 °C during the
day (Fig. S1). Light is one of the most critical ‘substrates’ for microalgal
production, as the growth rate depends on its availability within the
cultivation system [64]. Indeed, during the trial, the maximal incident
irradiance reached 2000 pmol photons m~2 s~ but the irradiance in-
tensity inside the culture in the TL-RWP was between 200 and 800 pmol
photons m~2 57! due to the light attenuation by the water column and
cyanobacterium biomass. In the thin-layer systems, which are comprised
of various compartments, cells can experience a wide range of light
levels, because of the different light penetration among different sec-
tions, the light regime and culture densities [65,66]. The biomass den-
sity (g DW L)) increased significantly along with the culture; the
biomass increased with the days as tap water was added in the morning
to compensate for evaporation (p < 0.05; Fig. 2, Table S1). The growth
optimization can influence the biomass productivity and biomass
composition. The biomass density was 0.3 g L* and reached 0.9 g L™,
which corresponds to the growth rate doubled in the second half (p =
0.28 d_l) of the experiment.

3.1. Light absorption and photosynthetic activity

The light absorption results measured by the QFT correlated well
with the suspension technique (Fig. 3). The light attenuation obtained
by the filter (OD))fiier, normalized to em™), was higher than the light
attenuation of suspension (ODgy)sys) due to reflection and scattering on
the filter; therefore, the path length amplification factor (§) was higher
than one (~2.6). When the blue spectral range, the amplification factor
was lower than values observed at red spectral range. To estimate the
absorption cross-section of the suspension using filter data, the rela-
tionship between ODgsiier and ODjg,s (400-700 nm) was fitted to a
simple quadratic equation (Fig. 3A) according to [67,38,68]. The final
equation was agy (m™') = 2.303 [0.120Dfirer) + 0.680Dfiercy>1/(V/
A). The corrected values of absorption on the filter were compared with
those obtained from the suspension (Fig. 3B and C). The linear relation
(R? = 0.96) between specific absorption cross-sections measured by QFT
method (agter) and by suspension method (ag,s) expressed as attenuation
coefficient (m™!) (Fig. 3B) and as chlorophyll specific absorption cross-
sections (m? mg Chl ah (Fig. 3C) was observed. A good estimation for
the chlorophyll specific absorption cross-sections (a*) was observed
since the slope was close to one (slope = 1.06, see Fig. 3C).

The relationship between photosynthetic activity and growth implies
the determination of the quanta absorbed by the cells (i.e., absolute ETR)
and it correlate to biomass productivity (i.e., g DW L7t d™Y [22,39].
Both photophysiological and biochemical responses do not depend on
the incident irradiance, but the absorbed and utilized quanta. Estimation
of light absorption is a complex process, due to the wave-particle duality
of light: the diverse light interaction phenomena with cells, such as
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scattering, absorption and diffraction are explained by the wave
description, whereas the particle nature of light influences fluorescence
[69]. Determination of the absorption coefficient can be performed by
several optical methods. The QFT technique is a widely extensively used
method for determination of absorption coefficient with phytoplankton
populations in oceanography [70,71,72], while the suspension tech-
nique is used mainly for microalga cultures [44].

The difference observed can be attributed to the different spectro-
photometer devices used: a spectrophotometer with an integrated
sphere was used for the QFT technique whereas [38] used a single-beam
spectrophotometer. The absorption coefficient values (a and a*) esti-
mated here by both methods were quite similar, with both linear
regression slopes close to 1, in contrast to the higher slope (1.98) ob-
tained by [39]. Therefore, both methods could be used to perform ab-
sorption measurements with Nostoc cultures. The p factor (path length
amplification factor by the filter) can vary depending on the species and
wavelength. We observed an average p factor of 2.64 + 0.33 across the
different experimental days, and it varied slightly with wavelength (it
was lower in blue as compared with red region). The f factor obtained
was within the range reported by [71] of 2.43-4.71 for several species.

The effective quantum yield of PSII (YII) measured in-situ showed
variation throughout the day which was related to irradiance in the
culture (Fig. 4). The Y(II) decreased from the morning to midday and
then increased towards evening on most days as it is usual in outdoor
cultures [73]. The highest irradiance inside the culture was found on day
2 (800 pmol photons m~2 s’l), and Y(II) was inversely related to the
maximal daily irradiance, as it decreased from 0.3 in the morning to
0.18 in the afternoon (Fig. 4). After dusk, the values of the actual PSII
quantum yield Y(II) present a small increase and after about 4 h in
darkness, it slightly decreased except for the last day 5 of the experiment
(Fig. 4). Due to the variation in Y(II) and in the irradiance throughout
the day, rETR showed large differences between the day with high
irradiance on day 2 and the rest of the experimental time. The maximal
values of rETR on day 2 were about 210 pmol e m~2 s~! whereas in the
rest of the days was less than 50 pmol photons m ™2 s~1 (Fig. 4).

The average of the maximal quantum yield of the PSII (F,/Fp)
measured ex-situ increased throughout the experimental period (Fig. 5,
Table S1). On the first day of the trial, various procedures were followed
to determine F,/F,. The application of FR-Dark-R-FR before the satu-
ration pulse determined values of F,/F, close to 0.2, whereas the
application of DCMU reached values of about 0.3 (Fig. 5B). The appli-
cation of only 10 min of dark reached much lower values, i.e., 3 times
lower than that of FR-Dark-R-FR treatment. Thus, FR-Dark-R-FR and
DCMU treatments were applied and the rest of the experiment to

=2 571 (continuous lines).

determine F,/Fp,. On day 2, from morning to afternoon, the F,/F,, varied
from 0.2 to 0.5, on day 3 from 0.3 to 0.55, on day 4 from 0.45 to 0.62,
and on day 5 from 0.55 to 0.65 (Fig. 5A). On days 4 and 5, no significant
differences in the F,/F,, were observed, probably due to high density of
the Nostoc culture (Fig. 5B). The relationship between F,/F,;, (PAM 2100)
and F,/F,, (Water PAM) had a linear correlation with an R? = 0.668
(Fig. 5C). The increase of F,/F,, through the culture period can be
interpreted as an improvement in the physiological status of the dense
culture. Schuurmans et al. [34] demonstrated that the PAM technique
inherently underestimates the photosynthetic efficiency of cyanobac-
teria by rendering a high F, and a low F,, specifically after the
commonly practiced dark pre-incubation before a yield measurement.
The methods applied in this study to determine, i.e., dark incubation and
application of DCMU or the application of darkness and Red/Far-red
illumination have improved the determination of F,/F, by reducing
the interference of elevated light induced state transitions described in
cyanobacteria [34].

Thus, the reduction of absorption of red light by biliproteins can
explain that Nostoc presents the increases F,/F,, through the culture. It
has been shown that the mutant cyanobacterium Synechocystis sp. (PCC
6803) with low level of biliproteins was able to present similar values of
F,/Fp, to than of the green microalgae Chlorella sorokiniana (211-8K) and
much higher than that of wild type Synechocystis sp. (PCC 6803) [34].

Maximal electron transport rate (ETRpax) increased significantly at
day 5 (Fig. 6A, Table S1). Regarding the diurnal cycle, the pooled
ETRmax showed significantly lower values in the morning (08:00 and
11:00 h) than in those in the afternoon (14:00 and 17:00 h) (Fig. 6B,
Table S1). The photosynthetic efficiency (agrr) estimated from RLC
increased almost four times through the experimental time, from values
of about 1.1 x 10~* in the first day to 3.9 x 107> after 5 days (Fig. 6C,
Table S1), whereas the agrg showed no hourly variations in pooled agTr
data were observed (Fig. 6D, Table S1). In the culture of Nostoc, the in-
situ Y(IT) values were higher than that of the in-vivo measurements by
~0.2, with an increase to around ~0.25-0.3 on days, where data fol-
lowed a trend with increased PAR irradiance. In this context, it has been
demonstrated that the microalga Chlorella fusca showed during the first
week of cultivation (days 2 and 6), lower AF' /Fm' (about ~0.15), and it
is thought to be a result of too much irradiance tolerant the culture [22].

The F,/F, was higher on day 2 when the solar irradiance was high,
suggesting no photoinhibition in the cultivation trial on this day, with a
similar trend on days 4 and 5 (Fig. 5). ETRyax estimated from the rapid
light curves (RLC) measurement off situ, was higher by 3.5 pmol e~ m 2
s7! (Fig. 6), on day 5 in the late afternoon, when the cell density was
higher and values of the rETR around of the 50 pmol e~ m~2 s™*. This
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suggests higher photoacclimation in the culture trial and demonstrated
the high photosynthetic efficiency at the same time. Similar results were
found in C. fusca with rETRy, i, values around the 50 pmol e™ m?s7!
[22].

The quantum-yield variables show the partitioning of absorbed
excitation energy in PSII, expressed among the three complementary
quantum yields: Y(II), Y(NO) and Y(NPQ) [51] which were all recorded
at the last step of the RLC at 1220 pmol photons m™2 s~ 1 (Fig. 7). Yield
loss determined as Y(NO) was the dominant component in the end of the
first day of culture and the beginning of the second day. At the end of day
2 of the trial, the effective quantum yield Y(II) became the dominant
component (photoacclimation), and the protective heat loss Y(NPQ) also
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appeared with low values, at 11:00 and 14:00 h (Fig. 7), However, the Y
(NPQ) almost disappeared in the following days. On day 3, the energy
transfer through the electron chain was less than 30%, whereas the yield
loss or energy dissipation was about 70%, mainly through Y(NO). On the
last two days of the trial, the energy transferred through the electron
transport chain increased up to 40-50% and only slight diel variations
were observed. The contribution of non-photoregulated dissipation Y
(NO) in the yield losses was higher during the first three days compared
to the two final days, but it remains higher than of Y(NPQ) during the
entire experimental period. The Y(NO) represents a loss of potential
energy by the system which probably involves several factors of ther-
modynamic components as waste heat and losses via the Xanthophyll
cycle of photosynthesis in some phototrophs [74]. Indeed, the high
values of Y(NO) reflect less capacity for protection against damage by
excess light compared to high Y(NPQ) values related to xanthophyll
cycle system [74].

3.2. Estimation of oxygen evolution

The rate of dissolved oxygen (DO) production in the culture evolu-
tion showed a strong diel pattern with maximal values around midday
(Fig. 8A). Despite the different daily irradiances, the oxygen production
rate per unit area increased throughout the experimental period
concurrently with an increase in biomass and Chl concentration (Fig. 8).
The range of oxygen production normalized to both area (g O, m 2 h™1)
and Chl content (ymol O, mg Chl~! h™!) ranged from 0 to 2.5 g 05 m ™2
h™! (Fig. 8A) and from 142 to 937 pmol O, mg Chl™* h™! (Fig. 8B),
respectively. The results obtained for both equations were similar and
thus validating the use of these models to assess DO production rate in
the TL-RWP. The rate of oxygen production per Chl unit was maximal on
day 3 showing the maximal values around midday. Maximal dissolved
oxygen (DO) concentration in the culture was measured at midday and
ranged from 116% saturation (day 1) to 272% saturation (day 5). The
culture was initially forming large flakes, then after few days of good
saturation, changed color from blue green to dark green, and formed
small particles that formed homogenous suspension (Fig. 1B).

The estimate of oxygen evolution in the culture is essential for robust
monitoring of photosynthetic activity under real conditions. Since the
TL-RWP is a hybrid system which combines features of raceways and
thin-layer cascades, two models of oxygen production were applied and
compared: the model for thin-layer cascades developed by [50] and the
model developed by [51] for raceway ponds. The former model con-
siders velocity and mass transfer properties, and in the case of the latter
one, the contribution of each section is considered for the mass transfer
capacity of the entire unit. The results obtained from both equations
were similar thus validating the use of these models to assess DO pro-
duction rate in the TL-RWP. The increase in O, production per Chl from
day 1 to day 3 can be explained by the photoacclimation of Nostoc to the
outdoor conditions. The high photoacclimation capacity of Nostoc led to
an increase in the photosynthetic activity which was supported by the
increase in F,/Fp,, agrr, Chl content, and the decrease of phycocyanin
content throughout the trial. During days 4 and 5, the Oz production per
Chl unit decreased, probably due to a lower light availability inside the
culture by self-shading at a higher cell density, but the overall produc-
tion per area unit did not decrease. The increase in Oy production per
unit area throughout the trial can be explained by the increase in
biomass concentration, combined with photoacclimation. Nevertheless,
the measured RO, values were lower than the range (2-10 g O» m2h Y
reported by several authors for green microalgae with higher biomass
concentrations [75,76,52]; however, green algae grow twice as fast as
cyanobacteria under similar conditions [77]. The increase of DO con-
centration through the culture did not show any photoinhibition as F,/
Fp, increased throughout the trial. In contrast, the increase of DO accu-
mulation in outdoor thin layer cascades produce a decrease in the
quantum yield of PSII and dynamic photoinhibition in Chlorella vulgaris
R-117 [78]. The values of pmol electrons/pmol O, ratio was higher than
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predicted, suggesting the probable involvement of electron and oxygen
consuming processes such as photorespiration and the Mehler reaction
[78]. These processes probably function as photoprotective mecha-
nisms, since no photodamage was observed in the Chlorella R-117 cul-
tures [78].

3.3. Bio-active compounds

Total internal carbon content generally showed a significant increase

2l

during the experiment, especially at 17:00 h (Table 1). The carbon
content was generally higher in the samples taken in the morning as
compared to that in the afternoon (Table 1). The ratio of total carbon to
total nitrogen content (C:N) ranged between 4.33 (initial time) up to
5.76 found during the third day when the sample was taken at 17:00 h.
Generally, the C:N ratio showed an increasing trend from the start to the
end of the trial. The nutritional state, seen in the quantity of internal
carbon and ratio of C:N content, was higher during days 4 and 5 of the
trial, respectively. This suggests that nitrogen incorporation into the
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Table 1

Total internal Carbon content (mg g~* DW) and the ratio of total internal carbon
and total internal nitrogen quantified in the cyanobacterium Nostoc calcicola
during the 5-day cultivation trial in a thin-layer raceway pond. Results are
expressed as means + standard deviation (n = 3). Values with the same symbol
did not differ significantly from each other (p > 0.05).

Day Carbon Ratio Carbon: Nitrogen

Sampling 08:00 h 17:00 h 08:00 h 17:00 h

time

Day 0 41.89 + 0.10 4.33 +0.01

Day 1 43.51 +£0.08°  42.02+0.73%  4.49+0.02° 4.70+0.03*

Day 2 44.11 + 44.28 + 4.67+0.01"  5.35+0.10"
0.11%° 0.82%°

Day 3 46.35+ 0.11°  44.42 + 5.06 +0.01¢  5.76 +0.08°

0.15%
Day 4 46.21 +0.27°  45.05 + 0.01*  4.67+£0.01"  5.62 + 0.02F
Day 5 44.96 + 0.12*  47.76 £ 0.09°  4.50+0.02"  5.22+0.08°

biomass was slower than that of carbon. Besides, the values of protein,
starch and lipid content were found higher at the end of the trial, with
the figures around 43.8, 27.9 and 7.2%, respectively. The aquatic
cyanobacterium N. verrucosum produces massive extracellular poly-
saccharides and accumulates trehalose in response to desiccation, unlike
the anhydrobiotic cyanobacterium N. commune is not sensitive to
desiccation [79]. Carbohydrates of Nostoc commune present antioxidant
capacity [80].

Chl content in the biomass generally increased through the experi-
mental period, i.e., from 4 to about 9-12 mg DW g_1 (Fig. 9A, Table S1).
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Nostoc (g DW g ') calculated through the experimental time. Results are
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Table 2

The content (% DW) of total proteins, starch and lipids quantified in the culture
of cyanobacterium Nostoc calcicola throughout 5 days of cultivation in a thin-
layer raceway pond. Results are expressed in a percentage as means + stan-
dard deviation (n = 3). Values with the same symbol did not differ significantly
from each other (p > 0.05).

Day Proteins Starch Lipids

Sampling 08:00 h 17:00 h 08:00 h 17:00 h 08:00 h 17:00 h

time

Day 0 46.24 19.28 + 0.41 +

+0.25 2.94 0.02

Day 1 46.31 42.71 19.28+ 2618+ 191+  1.84+
+0.16°  +0.47%  7.40° 6.29°° 0.04* 0.17%

Day 2 45.16 39.55 2756+ 2897+ 328+ 178+
+0.10°  +0.30° 6.60% 3.34%° 0.72* 0.69*

Day 3 43.81 36.88 27.28 + 3292+ 267+ 198+
+0.08¢ +0.39¢ 630" 7.34° 0.03" 0.23*

Day 4 47.3 + 38.33 2339+ 3395+ 522+ 33+
0.20° +0.12*  2.80% 6.66° 1.74% 0.78*

Day 5 47.71 43.77 17.64 + 27.94+ 227+ 72+
+0.30° +0.54°  6.50% 3.33% 0.71A 0.51¢

The morning-afternoon variation was inconsistent, going one way or the
other on each day (Fig. 9A). However, Phycocyanin (PC) content
dropped from about 12 mg DW g~! to less than 2 mg DW g~ with the
progression of the experiment and was significantly higher (Table S1) in
the morning samples (08:00 h) as compared to these taken in the af-
ternoon (17:00 h), except for the last day, where the morning and
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Table 3
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The content of phenolic compounds (mg DW g’l), antioxidant activity through the ABTS (2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)) method (TEAC:
Trolox Equivalent Antioxidant Capacity in g DW ') and the content of mycosporine-like amino acid (mg DW g~ 1) quantified in Nostoc calcicola throughout the 5-day
trial using a thin-layer raceway pond. Results are expressed in a percentage as means =+ standard deviation (n = 3). Values with the same symbol did not differ

significantly from each other (p > 0.05).

Days Phenolic compounds ABTS method MAAs
Sampling time 08:00 17:00 08:00 17:00 UVAC1 UVAC2 UVAC3 UVAC4
Initial time 4.50 + 0.38 106.85 + 2.16
First day 3.77 + 0.36 2.81 + 0.47° 89.92 + 1.74% 101.70 + 2.34% 38.64 + 0.66" 24.62 + 1.67° 34.63 + 2.21%° 0.00 + 0.00
Second day 3.62 + 0.10° 3.49 + 0.13? 129.43 + 3.068* 122.58 + 2.60%* 37.15 + 0.40° 25.89 + 0.44° 36.96 + 028° 0.00 + 0.00
Third day 3.55 + 0.14% 4.41 + 0.24¢ 149.55 + 3.91% 116.02 + 2.38°%* 35.22 + 2.38%° 19.89 + 2,172 32.07 + 2.02° 12.83 + 2.20°
Fourth day 6.46 + 0.30° 5.57 + 0.54° 146.28 + 3.39" 133.93 + 2.40" 33.55 + 2.14° 18.90 + 2.08% 30.82 + 2.38° 16.74 + 3.00°
Fifth day 5.69 + 0.31° 5.90 + 0.17° 101.94 + 2.26%* 48.02 + 0.26%* 38.18 + 1.52° 19.84 + 0.22° 33.28 + 1.19%° 21.04 + 2.04
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Fig. 10. HPLC chromatograms of UV-absorbing compounds extracted from Nostoc calcicola on the first and last day, and absorption spectra of the selected four peaks
from the chromatograms. Only the first peak (UV-AC1) was identified as the mycosporine-like amino acid Shinorine, with a maximal absorption at 332.8 nm.

afternoon value did not differ significantly from each other (Fig. 9B,
Table S1). The Chl and Phycocyanin responded inversely throughout the
experimental period. The increase in Chl content can be related to in-
crease of antioxidant capacity associated with this pigment as it has been
reported by [81]. Phycobilin can also have antioxidant activity and it
certainly exhibits radical scavenging activity in dark environments,
though it also generates hydroxyl radicals in light environments. There
was significant, but inconsistent variability in the content of total pro-
tein and total lipid between days (Table 2). The carbohydrate content
was mostly higher in the afternoon at 17:00 h samples as compared to
those taken in the morning at 08:00 h. The carbohydrate content
consistently increased from the initial value of 19.28 + 2.84 mg DW g~}
to 33.95 + 6.6 mg DW g~ ' on day 4 of the trial, but dropped on day 5
(Table 2). The daily differences between morning and afternoon values
were consistent, with the protein and lipid content being generally
higher in the morning than in the afternoon except for the last day. The

major fatty acid in the Nostoc culture was palmitic acid with around
36-39%, followed by linoleic acid with 24-28%, in combination, both
fatty acids represented more than of the 50% of total fatty acid content
(Table S2). Thus, after day - 5 of cultivation, the content of palmitic,
oleic and linoleic acids was higher, that stearic, and a-linoleic acids
(Table S2).

Polyphenol content increased throughout the experiment from 3 to
6.5 mg DW g_1 (Table 3). The morning-afternoon variations in poly-
phenol content were significant but inconsistent from day to day
(Table 3). The antioxidant activity increased from the start of the trial to
the end, i.e., 90-100 to 150 pmol TEAC (Trolox Equivalent Antioxidant
Capacity) g DW™ 1. During the last day of cultivation, the antioxidant
activity drastically decreased, mainly in the afternoon samples
(Table 3). In general, the morning antioxidant activity was higher than
that in the afternoons. A positive correlation between polyphenol con-
tent and antioxidant activity and phenolic compounds accumulated



P.S.M. Celis-Pla et al.

Standardise Variables by Maximum
Resemblance: D1 Euclidean distance

100 Time

A Day1
w Day2
m Day3

. & Day4

§ 50+ ® Day5

=

il

—

g AlFalETRearnd

3 .

8

£ 0t

o

X

wn

o

=,

o

a -50-+

° .®
® Day5 {—)p Dy 1
1003 : : : !
-100 -50 0 50 100

PC1 (43.5% of total variation)

Fig. 11. Principal components analyses in relation to time (from day 1 to day
5). Vectors overlay (Spearman rank correlation) indicates the relationship be-
tween the PCO axes and the ecophysiological (F,/Fy, ETRmax, OrtR, EKETR,
rETR;; sin), and biochemical (Phenols, ABTS, Chl a, Phycocyanin, Carbon,
Proteins, Starch and Lipids), variables throughout time during the cultiva-
tion trial.

especially in the later days of the experiment (Table S3). In Nostoc
commune, the antioxidant capacity was also related to the content of
polyphenols [16].

The composition of the mycosporine-like amino acids (MAAs) was
evaluated by liquid chromatography detecting three peaks of UV-
absorbing compounds (Table 3 and Fig. 10). The first peak (UV-AC1)
with the maximal absorption at 332.8 nm was dominant; it corresponds
to the MAA shinorine and the content decreased throughout the trial
(Table 3 and Fig. 10). Other two peaks were determined at higher
retention time and could not be related to any know MAAs. They were
designated as UV-AC2 and UV-AC3 with the absorption peaks at 343.5
and 337 nm. These two UV absorbing compounds decreased also
through the experimental time. Another peak, designated as UV-AC4
with the 334-nm absorption peak (Fig. 10), was detected on day 3,
where content was increasing and reached about two times higher value
during the last day of cultivation. The presence of the MAAs Porphyra-
334 and Shinorine and an unknown UV absorbing compound was also
reported in Nostoc sp. [15].

MAAs absorb UV-A radiation and can dissipate the absorbed light
energy as heat without reactive radical species (ROS) production [82].
Several MAAs in cyanobacteria present high antioxidant capacity [16].
Several authors reported that antioxidant scavenging activity of
mycosporine-glycine, as determined by ABTS, is far greater than that of
Porphyra-334, Shinorine, Palythine, Palythinol and Asterina-330
[83,84]. On the contrary, Asterina-330, Porphyra-334 and Shinorine
showed higher protection against lipid peroxidation than that of
mycosporine-Glycine [84]. In our study, high temperature fluctuations
were produced by solar irradiance, while UV radiation was blocked from
entering the greenhouse. It was observed that mycosporine-glycine was
under constitutive control, while Porphyra-334 and shinorine were
induced by UV-B radiation, indicating the involvement of UV-regulated
enzymes in the biotransformation of MAAs [84]. Despite this, UV-
absorbing compounds include the identified MAA, shinorine, whose
content increased throughout the experimental period. The accumula-
tion of MAAs is controlled not only by UV radiation, but also by nitrate
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availability. Thus, the culture medium enriched by nitrogen can posi-
tively influence in the accumulation of MAAs despite the absence of UV
radiation within of greenhouse.

3.4. Pearson correlations and principal coordinates analysis

The Pearson correlation showed a positive correlation between
Ekgrg, Yield (II), and agrr throughout all experimental period
(Table S3). Furthermore, a positive correlation was found between
Ekgrr and Yield (II), and between ETR,,x and Proteins. Y(NO), Y(NPQ)
and PC were positively correlated (Table S3). Finally, a positive corre-
lation was found between Chl and phenols, starch, and C:N, rETR;; si,
and lipids (Table S3).

The two first dimensions of the Principal Coordinates Analysis (PCO
diagram) based on both photosynthetic and biochemical variables rep-
resented 63% of total data set variation (Fig. 11). These analyses with
Nostoc culture, shows a positive correlation of the first axis (43.5% of
total variation) with Ekgrg, Phycocyanin, rETR;, s, proteins being
highest in the samples from the initial time of the experimental period
(Fig. 11). On the contrary, phenols, F,/F,, Chl, aggr, carbon, biomass,
ETRmax, lipids were the highest in the samples collected at the end of the
experimental period (day 5) being positively correlated with the second
dimension (19.5% of the total variation). The small angles between the
arrows indicate a high positive correlation between the variables
(Fig. 11). The combination of these variables allowed separating the
time of the photoacclimation for this studied species, revealing that
considering the physiological and biochemical variables measured in
Nostoc, exhibited species-specific responses to increase along the
experimental time.

4. Conclusions

We aimed to correlate photosynthetic activity, biochemical charac-
teristics and biomass productivity of a microalgae culture grown in a
high rate TL-RWP. The optimal availability of light energy in the TL-
RWP has beneficial effects on growth and accumulation of bio-active
compounds. The simultaneous assessment of multiple variables was
used to monitor changes in the culture of Nostoc calcicola (MACC-612)
during the 5-day trial. In this study, it was demonstrated that the TL-
RWP is suitable for culturing fast-growing filamentous cyanobacteria
Nostoc calcicola. The photophysiological and biochemical responses
were correlated with outdoor conditions during the trial. This corre-
sponded with the high photoacclimation capacity of this cyanobacteria.
The biomass, F,/Fp, ETR, photosynthetic efficiency, Chl and carbon
content increased along the trial period. This biochemical composition,
mainly the high carbon content and the accumulation of antioxidant
substances as Chl, polyphenols and MAAs in this strain, suggesting of
biotechnological potential of the strain such as production of cosme-
ceuticals when outdoors in thin-layer raceway ponds.
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