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ABSTRACT

Interactive effects of solar radiation and inorganic nitrogen and phosphate on biofiltration capacity, biomass
production, photosynthetic activity and the accumulation of bio-active compounds were studied in the red alga
Gracilaria cornea grown in tanks with a seawater open-flow system during 35 days. Two light conditions were
utilized: outdoor (O), full solar natural radiation, and indoor, inside of a greenhouse (G) where UV-B radiation
was cut-off and part of the UV-A radiation was filtered. Two inorganic nitrogen and phosphate concentrations
were used: High nutrients (HN; 100-200uM of NHZ4 and 20uM of KHPO,4) and Low nutrients (LN; 10-20uM of
NH4 and 1uM of KHPO,4). Growth and biomass productivity were related to the daily integrated electron
transport rate determined in situ, as an estimator of daily photosynthetic activity. Nitrogen uptake efficiency
(NUE) was close to 100 % under LN, whereas under HN it ranged from 50 to 70 % in the first week of culture,
decreasing to 10-15 % in the rest of the experimental period. Nitrogen uptake rate (NUR) ranged from 20 to 45
mmol N m~2 h™! under HN, and 5 to 18 mmol N m~2 h™! in LN treatments. Morphological and pigmentation
changes were evident through the culture period. The thalli under HN were more reddish under the indoor
treatments, than that in LN. The internal compounds increased throughout the experimental period.
Mycosporine-like amino acids (MAAs) were accumulated under HN. N plays a photoprotective role due to both
the increased photosynthesis and the MAA content. Maximal MAA productivity reached 113-253 mg MAAs m 2
d ! under the O-HN treatment, the highest level reported until now in the bibliography. G. cornea could be used
for bioremediation of high N content waters. In addition, under full solar radiation and high N availability
produce high levels of bioactive compounds as MAAs, polyphenols and biliproteins for cosmeceutical
applications.

1. Introduction

examples of negative consequences due to anthropogenic activity on
coastal areas [4-6]. Exploring and developing sustainable management

In recent decades, anthropogenic activity has caused serious social,
economic, and environmental problems on aquatic ecosystems [1]. The
inadequate discharges of sewage and industrial wastewater and no
treated effluents from aquaculture have led to the contamination of
continental and coastal water resources, which has impacted aquatic
ecosystems in several ways [1-3]. Eutrophication, habitat modification,
changes in biodiversity, and loss of ocean ecosystem services are some
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practices to minimize the flux of waste and pollutants offshore can
further protect marine ecosystems.

In order to reduce environmental impacts and optimize production,
the aquaculture industry has been developing sustainable ways to
cultivate marine organisms, including macroalgae [7,8]. Integrated
multi-trophic aquaculture (IMTA) is an increasingly used practice that
aims to cultivate organisms from different trophic levels in a single
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interconnected system [9-11]. IMTA systems promote sustainability by
linking waste generated from fed aquaculture (e.g. finfish or shrimp)
with organisms presenting biofiltration capacities (e.g., nitrifying bac-
teria, seaweeds and shellfish) [7,12,13]. In this way, wastes become a
resource, which reduces the discharge of nitrogen and phosphorus loads
to coastal areas [14,15].

The use of algal biomass has increased over the years, including its
application in food and agricultural industries, as well as in the energy,
pharmaceutical and cosmetic sectors [16-19]. Algal biomass contains a
variety of compounds with commercial interest, such as proteins, pep-
tides, carbohydrates and lipids [20]. A recent study shows that the
production of biomethane from macroalgae is very close to profitability
[21]. Algae produce a wide range of secondary metabolites that provide
additional health benefits, such as carotenoids, phenolic compounds,
antioxidants, polyunsaturated fatty acids, and mycosporine-like amino
acids (MAAs), among others, that have been successful in the market due
to the increasing interest in consumption of natural products [22,23]. In
the last few years, efforts have been made to provide consistent, safe and
sustainable biomass through cultivation [8,24]. They have focused on
understanding the environmental conditions that favor and optimize the
production of algal compounds of interest to meet commercial re-
quirements. In addition, the co-culture of different species under IMTA
systems can enhance their growth or biochemical composition, as
observed by Gao et al. [25]

The production of algal biocompounds is modulated by environ-
mental factors, such as light and nutrients [26-28]. Variations in quality
and quantity of light induces algal photoregulatory mechanisms related
to the synthesis of biocompounds derived from secondary metabolism
[29,30]. Under high ultraviolet radiation (UV-A and UV-B), algae can
exhibit cellular photoprotection strategies that prevent cell damage via
the synthesis of UV-absorbing compounds, such as MAAs in red algae
[23,31,32]. Studies have investigated the use of UVR to induce and/or
stimulate biocompounds derived from secondary metabolism, whose
biological role in the photosynthetic organism is photoprotection and
which have great potential to be applied in pharmaceutical and cos-
meceutical sectors [33-35].

Nutrients, mainly nitrogen (N) and phosphorus (P), are one of the
main limiting factors of algal growth and also constitute a potential role
on photosynthesis, growth and synthesis of bioactive compounds
[36-39]. Availability of nutrients in the medium also affects the pro-
duction of secondary compounds in algae [15,40,41]. The inorganic
nitrogen is fundamental for biosynthesis of proteins and pigments,
including molecules involved in mechanisms of cellular repair
[34,42,43]. Due to this, an increase of nitrate, nitrite and ammonium in
algal-culture systems could promote growth rates and stimulation of
secondary metabolism [44,45]. A positive relationship between nitro-
gen availability and accumulation of photoprotective N-compounds
have been reported in different species of seaweeds [33,43,46]. Nitrogen
availability could potentially increase algal resistance to high irradiance
resulting from the activation of photoprotective mechanisms, such as
synthesis of UV- absorbing compounds like MAAs [47,48]. Under
nutrient enrichment aquaculture, such as IMTA systems, several above
cited biocompounds are accumulated, e.g MAAs, polyphenols or bili-
proteins for cosmeceutical uses [40,49], algal meal for feed in aqua-
culture [50-54], human food [17,55] or biostimulants for plants in
agriculture [56,57]. Therefore, seaweed-filtered mariculture systems
prevent the emission of effluents with high N and P-compounds and also
act as a resource of algal-biomass containing valuable compounds
[58,591.

In order to better understand algal metabolism and conditions that
optimize the production of algal compounds under nutrient biofiltration
scenarios, research has been carried out to analyze interactive effects
between irradiance, light quality and inorganic nitrogen availability on
growth rate, photosynthesis and accumulation of bioactive compounds
with cosmeceutical properties in Gracilaria spp. as carotenoids, phyco-
biliproteins, polyphenols and MAAs [60,61]. Many studies conducted
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under laboratory conditions confirm the combined effects of inorganic
nitrogen and UVR on the biosynthesis and accumulation of nitrogenous
compounds related to algal photoprotection [33,43,47,48]. Korbee et al.
[46] reported that nitrogen supply with enriched ammonium seawater
has a positive effect on MAAs accumulation in two Porphyra species. The
effect of UVR on growth, photosynthesis, and accumulation of bioactive
compounds under high ammonium supply in Hydropuntia cornea, Gra-
cilariopsis longissima and Halopithys incurva has been also demonstrated
[62].

Even though very few studies focused on outdoor system, many of
them have reported the capacity of seaweed to reduce nutrient con-
centrations in fishpond effluents and other nitrogen sources, to convert
in the process large quantities of nutrients into useful seaweed biomass
[34,40,63,64]. Seasonal effects on the accumulation of MAAs or
phenolic compounds were analyzed under the influence of solar radia-
tion and nitrogen supply [61,65], or comparing the accumulation
pattern in days with normal level of ozone versus days with low level of
ozone related to an increase of UV-B radiation [66].

Success of coupling environmental conditions and algal physiology is
relevant to optimize mass algal cultures and production of bio-
compounds. In this sense, the aim of the present research was to study
interactive effects of radiation and nutrients on biofiltration, photo-
synthesis as in vivo chlorophyll a fluorescence, productivity, and biomass
quality. The study was conducted by a bifactorial experiment in the red
alga Gracilaria cornea cultivated in tanks at a pilot scale, simulating ni-
trogen and phosphate flow from fishpond effluents as it is the case of
Integrated Multi-Trophic Systems compared to a control with low
nutrient supply.

2. Material and methods
2.1. Biological material

Specimens of Gracilaria cornea J. Agardh (formerly Hydropuntia
cornea (J.Agardh) M.J.Wynne; Guiry and Guiry, 2021) were obtained
from stock cultures in the Spanish Bank of Algae (BEA) at Taliarte (east
coast of Gran Canaria, Canary Islands, Spain) where it has been vege-
tatively cultivated during the last 30 years.

2.2. Experimental design

Pilot scale culture facilities at BEA were utilized in the experimental
approach (Fig. 1), in which seawater is pumped from the sea, filtered
and distributed through the pilot plant cultivation area. Enriched
seawater with nutrients (N- and P- simulating fish-pond effluents) was
distributed through the experimental tanks. Algae free-floating dynamic
at the experimental tanks was obtained with the application of an open
flow controlled turnover rates and forced aeration. Finally, seawater
flows through a mangrove swamp with Avicennia sp. trees before being
discarded.

G. cornea thalli were grown during 36 days in semi transparent cy-
lindrical polyethylene tanks (94 L volume, 0.2 m? surface), receiving
constant aeration through a bottom line. Four different treatments were
analyzed (two radiation treatments and two nutrient concentrations).
The algae were cultured under two light conditions: outdoor (O) with
full solar natural radiation (PAR + UVR), and indoor inside a greenhouse
(G) where UV-B (A = 280-320 nm) radiation was cut-off and part of the
solar UV-A radiation (A = 320-400 nm) was filtered. The irradiance and
temperature in both areas (O and G) were monitored during all the
experiment using a radiometer data logger Zippo-HU12-PAR/UV (AO-
electronics, Madrid, Spain). Temperature was followed using a HOBO
U22 Water Temp Pro V.2 logger (Onset Computer Corporation, Massa-
chusetts, USA). Nutrients were supplied through a continuous flow of
seawater enriched in N and P (100-200 pM of NH4CI and 10-20 pM of
KHPO,4). Nutrient turnover rates were 64 vol~day’1 (for the high
nutrient treatment, HN) and 6.4 vol~day’1 (for the low nutrient
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Nomenclature Designation of elements Units
1 T'ank (high nutrients concentrations) 500 L
2 l'ank mixture (nutrients/seawater) 8000-10000 I
3 Air blower pump 25KW
4 Seawater extractor pump
Experimentation tanks 90L:0.17m’ (S/V=19m™)
5 Flow (High Nitrogen; HN) 240 L1’
Flow (Low Nitrogen: LN) 24Ln'
6 Biomass stock tanks 750 L; 1.8 m’ (S/V=24m")
7 Mangrove swamp (Avicennia_sp.)

tarole

/ } Spain 7 -
/ g P R

Canary Islands

Fig. 1. Installation and experimental design using an isometric view of the open system at Spanish Bank of Algae (ULPGC) in Taliarte (Telde, Gran Canaria, Canary
Islands, Spain: 28°00’N; 15°22'W). From the mother tank (1) in which N and P are added, the recirculation system is supplied through the mixing tank (2). Air
injection by means of a blower pump (3), ensured homogeneous distribution and free algal biomass in the water column of the experimental tanks. The seawater was
pumped (4) to the mixing tank. Each experimental unit containing 90 L of treated seawater (5) received the biomass of Gracilaria cornea from stock in nutrient-
deprived conditions (6). The experimental units were kept indoor (in the greenhouse) and outdoor (in the full solar radiation) under controlled conditions for
35 days. The end of the system ends up returning to the sea, previously passing through a mangrove swamp of the Avicennia sp. trees, which ends up biofiltering

nutrients (7).
treatment, LN).

2.3. Nitrogen biofiltration

Water samples were taken at 8, 15, 23, 28 and 35 days of experiment
from the input and output of the tanks in order to determine the nitrogen
uptake efficiency (NUE in %) and nitrogen uptake rate (NUR in pmol
m 2 h’l), using the following equations: NUE = 100-(C5/C1)-100 and
NUR = F-(C1-C5)/A, where C; and C; are the concentration of NHZ (uM)
at the input and the output of the tanks, F is the flow rate (L h’l), and A is
the area of the tanks (m?) [67].

Ammonium (NH}) content was determined according to Parsons
et al. [68]. 2.5 mL of the samples were mixed with 500 pL of phenol
solution (100 mg mL ™! in distilled water), 500 pL of nitroprusiate so-
lution (5 mg mL ! in distilled water) and 1 mL of the oxidant solution
(4:1 mixture of alkaline solution, i.e., 200 mg sodium citrate and 10 mg
NaOH and sodium hypochlorite solution at 1.5 N). The mixture was
shaken and incubated in darkness and at room temperature for one hour.
The absorbance of the reaction was determined spectrophotometrically
at 640 nm by using UV-VIS 1700 Shimadzu spectrophotometer
(Columbia, USA). Ammonium chloride was used as standard.

2.4. Growth rates and biomass productivity

At initial time, and after 7, 14, 21, 28 and 35 experimental days, the
culture density was adjusted to 9 g fresh weight (FW) L1, Harvested
biomass in different sampling days was weighted, frozen at —80 °C and
freeze-dried (6.5 L Freeze Dryer, Labconco, USA). FW/DW ratio was
calculated and used to estimate the accumulated dry biomass for each
harvesting period. Growth rates were calculated for each period

according to D'Elia & DeBoer [36] as GR(% day’l) =[100-Ln(W/Wy)1/
t, where W, is the measured biomass at day t, W, is the initial biomass,
and t is time in days. Biomass productivity (mBP, in gDW-m~2.d"!) was
obtained as described by DeBoer and Ryther [37] as mBP = (N¢-N,)/
(t-A), where N; is the biomass at the day t, N, is the initial biomass, t is
the time interval considered in days, and A is the superficial area of the
cultivation tank.

2.5. Photosynthetic activity

Photosynthetic activity was determined through the in vivo chloro-
phyll a fluorescence of photosystem II (PSII) using a Diving-PAM fluo-
rometer (Walz GmbH, Germany). Two different approaches were
followed in the experiment: in situ measurements of effective quantum
yield for the calculation of electron transport rates (ETR in situ) and
optimal and effective quantum yield in the laboratory (ex situ) to
calculate ETR and other fluorescence parameters from rapid light curves
(RLCs) by using the artificial light provided by the Diving PAM (halogen
lamp).

ETR in situ were obtained applying a saturating pulse to algal thalli
inside the tanks, allowing the quantification of in vivo chlorophyll a
fluorescence at steady state (F;) and maximal fluorescence at light-
acclimated samples (Fy,’). Effective quantum yield was calculated, as
Y(ID) = (Fyn'-F)/Fy’. ETR in situ was calculate as ETRy, siy = Y(ID)-
PARp-A-Fp;, where PARy, is the attenuated photosynthetic active radia-
tion in the middle tank portion (0.27 m), calculated applying attenua-
tion coefficient (Kq) values obtained by Figueroa et al. [69] to the same
species and algal densities. PARy, was used instead of PAR in surface of
the tank because the algae were moving continually from the bottom
(0.54 m) to the surface of the tank due to the aeration. The parameter A
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is the absorptance, which was measured at each one of the measure-
ment's days. Fy (ratio of chlorophyll a associated to PSII) was 0.15, ac-
cording to previous studies [27,70].

ETR in situ was quantified at different hours of local time (8:00, 9:00,
10:00, 11:00, 12:00, 13:00, 14:00, 15:00,16:00 and 20:00), and in
different experimental days: 12, 19, 26™ 28" and 36™. Then, the
integrated ETR was calculated for each tank, multiplying ETR in situ by
the time interval, summing all daily values (calculated at each time in-
tervals) to have an entire total of electrons-m 2 by treatment per day.

All calculated ETR in situ (for all times and days) were plotted against
absorbed PAR (PARgps), to provide a real ETR per irradiance relation, for
each treatment. PAR,},s was calculated as PAR,ps = PARp,A. These data
allowed the observation of the highest ETR produced by G. cornea under
the four different treatments.

Rapid light curves (RLC), which represent how the fluorescence
varies with increasing actinic irradiances of the Diving-PAM, were also
performed in the laboratory at 9, 16, 23, 28 and 36 experimental days.
Algae were incubated in darkness during 15 min in order to oxidize all
the reaction centers before the beginning of the curves, and were expose
during 20 s in twelve increasing irradiances (from 12 to 2900 pmol
photons m~2 s71) by using the halogen lamp of the Diving-PAM. The
parameters obtained from the RLCs and calculated from fluorescence
values were: a) maximal quantum yield (Fy/Fp), b) Y(II) ¢) ETR and d)
non-photochemical quenching (NPQ). Y(II) and ETR were calculated as
explained above, replacing PAR, by Actinic Diving-PAM incident lights.
Other parameters were calculated with the following formulas: Fy/Fp, =
(F-Fo)/Fn and NPQ = (Fy-Fry’)/Fry’, where F, is the basal fluorescence
in dark, F, is the maximal fluorescence after a saturation pulse in
darkness and Fy is the variable fluorescence.

ETR and NPQ data were calculated from RLCs and were fitted ac-
cording to Eilers & Peeters [71] to obtain both the maximal ETR
(ETRpax), the slope of ETR versus PAR irradiance (ogrgr), saturated
irradiance (Ex) and NPQ (NPQmax). The ratio ETRyax/NPQax was used
as indicator of the photosynthetic capacity and energy dissipation ac-
cording to Figueroa et al. [27].

2.6. Bioactive compounds and bio-assays

Different bio-active compounds were extracted using freeze-dried
biomass of G. cornea from the experimental treatments. Only myco-
sporine like-amino acids were determined during all the experimental
period (at the beginning and 7, 13, 21, 28, and 35 days). The other
variables and antioxidant capacities were determined at initial time, and
after 7 and 35 culture days.

2.6.1. Total internal carbon and nitrogen content

Total carbon (TC) and nitrogen (TN) were determined from dry
biomass of algae using a CNHS LECO-932 elemental analyser (Michigan,
USA) in the Research Support Central Services (SCAL University of
Malaga, Spain). C and N values were expressed as mg per g of dry weight
and the C:N ratio was determined.

2.6.2. Photosynthetic pigments

For chlorophyll a (Chl a) determination, 20 mg of dry weight (DW)
were extracted in 1 mL of methanol 100 %. The extracts were spectro-
photometrically measured at 666 and 750 nm and the Chl a concen-
trations were calculated using the equations of Wellburn [72].

For biliproteins, phycoerythrin (PE) and phycocyanin (PC) quanti-
fication, 20 mg of DW were extracted in 1 mL of phosphate buffer so-
lution (PBS; 0.1 M, pH:6.5). The absorbances of the extracts were
measured at 498, 614, 651 and 750 nm and the PE contents were
calculated according to the equations of Sampath-Wiley et al. [73]. The
spectrophotometer used was the UVMini-1240 (Shimadzu, Columbia,
USA).
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2.6.3. Total proteins

Total proteins, expressed as mg g~' DW, were calculated by multi-
plying internal total nitrogen by the factor of 5.40 reported by Lourenco
et al. [74] for a red macroalgal species (Gracilaria domingensis) phylo-
genetically close to G. cornea.

2.6.4. Phenolic compounds

Phenolic compounds were quantified according to Folin & Ciocalteu
[75]. 20 mg of DW were extracted in 1 mL of methanol 80 %. For the
reaction, 100 pL of the extract were mixed with 700 pL of Hy0d, 50 pL of
Folin-Ciocalteau phenol reactive (Sigma-Aldrich, USA) and 150 pL of
NaCOs 20 %. After vortexing and incubation (2 h, in darkness and at
4 °C), absorbances of extracts reactions were measured at 760 nm.
Phloroglucinol was used as standard.

2.6.5. Mycosporine-like amino acids (MAAs)

MAAs were determined by HPLC (Waters 600, Barcelona, Spain) as
described Korbee-Peinado et al. [47]. 20 mg of DW algal biomass were
extracted in methanol 20 % at 45 °C in a thermo-bath during 2 h. After
centrifuged, the supernatant (700 pL) was dried in a vacuum centrifuge,
redissolved in 700 pL of methanol and filtered through a 0.2 pm filter.
MAAs were analyzed using a sphereclone C8 column (Phenomenex,
Germany), an isocratic flow of 0.5 mL min~! and a mobile phase of 1.5 %
methanol and 0.15 % acetic acid in ultrapure water. The detection was
made using a photodiode array (PDA) detector. Secondary standards
were used for the identification of MAAs and the quantification was
performed using published molar extinction coefficients (¢) of the
different MAAs [76].

2.6.6. Antioxidant capacity — ABTS

The ABTS assay was performed as described Re et al. [77]. The
ABTS™ was generated by a reaction of 7 mM ABTS and 2.45 mM po-
tassium persulfate in phosphate buffer solution (PBS: 0.1 M; pH:6.5),
this reaction was stored in dark for 12-16 h at room temperature to
ensure the complete formation of the radical. For this assay, the same
extracts prepared for phycoerythrin quantification were used. 50 pL of
the extract was mixed with 940 pL of PBS and 10 pL of ABTS" solution.
After 8 min of incubation, absorbance was measured at 413 nm. Trolox
was used as standard, as being an analogue molecule to Vitamin E (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). Results were
expressed as pmol Trolox equivalent pmol (TE) g~ DW.

2.7. Statistical analysis

Data were analyzed with different statistical tools (software STA-
TISTICA V.7 and Primer 6). Firstly, as the time of obtaining data was
different for each variable, regression linear analyses of the dependent
variable responses against the time were conducted. It was done to
growth rates, productivity, %NUE, NUR, ETR in situ vs. absorbed PAR,
MAAs and MAA productivity. With these fittings, intercepts, slopes, and
p-values were determined, allowing the understanding of how the data
changed over the time.

Parametric values were submitted to the previous assumptions of
normality and homogeneity of variances tests, with Shapiro-Wilks and
Cochran tests, respectively. After, the influence of radiation and nutri-
ents availability were assessed by a bifactorial analysis of variance
(ANOVA). The factor levels were outdoor and greenhouse condition, for
radiation factor, and high nitrogen (HN) or low nitrogen (LN) avail-
ability, for nutrient factor. Significance level was fitted to a = 0.05.
Significant influences were observed when p-value<0.05. In such cases,
the means were compared with a posteriori test of Student-Newman
Keuls. The following dependent variables were evaluated with this
procedure: slopes of growth rates, biomass productivity, %NUE, NUR,
ETR in situ, MAAs and MAA productivity; and also the data were
compared with a fixed period of time to the variables: growth rates,
biomass productivity, %NUE, NUR, integrated ETR, F,/Fpy, ETRnax/
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NPQpax, total MAAs, MAA productivity, chlorophyll a, phycoerythrin,
phycocyanin, total of proteins, polyphenols, antioxidant capacity
assessed by ABTS, total C, N, and C:N ratio. In addition, initial mea-
surements were compared with the other treatment conditions with a t-
student test (p < 0.05). With the data obtained at the 7™ and 35®
experimental days, all dependent variables were compared with a cor-
relation analysis of Pearson.

A principal component analysis (PCA) was done with the dependent
variable data considering the treatment combinations of nutrient and
radiation availability. Previously, data were log(x + 1) transformed.
Later, their correlations with the two PCA axes were assessed with a
Pearson correlation test. These analyses were conducted with the soft-
ware Primer 6.

3. Results

Irradiance and daily integrated irradiance in the experimental fa-
cility are presented in Fig. 2A and B, and Table S1. Fig. 2A shows daily
average irradiance that was reached in the water surface of the outdoor
and under greenhouse tanks. Clearly, the greenhouse structure was able
to sharply reduce UV radiation. Outdoor samples received a total
accumulated UV-A daily integrated irradiance 28 times higher than
those in tanks under greenhouse during the entire experimental period
(Table S1). Maximal outdoor PAR reached 600 pmol photons m2 s’l,
while inside the greenhouse, the higher value was around 420 pmol
photons m~2 s~ (Fig. 2A, Table S1). Therefore, daily PAR integrated
irradiances inside the greenhouse were lower than those measured
outdoor (Fig. 2B, Table S1). Values varied from 19 to 36 mol photons
m 2 inside the greenhouse and 27.7 to 52.5 mol photons m 2 in outdoor
conditions. Maximal value of UV-A radiation inside the greenhouse was
0.2 W m~2 and outdoor was 9.5 W m ™2, Temperature variations were
similar in both treatments (G and O) (Fig. 2C). Greenhouse tanks showed
average temperature between 22.3 and 24.2 °C, with minimal and
maximal values of 21 °C and 27.2 °C, respectively. In the outdoor tanks,
mean temperatures varied from 22.1 °C to 24.8 °C (Fig. 2C, Table S1)
and maximal temperatures in the last days of the culture period reached
30 °C.

Nitrogen uptake efficiencies (%NUE) and nitrogen uptake rates
(NUR) during the experimental period are presented in Fig. 3. N-uptake
(efficiency and rates) varied differently during the time according to the
treatments (Table S2), with significant regression slopes of %NUE
observed to O-LN, G-HN and O-HN, while samples NUR did not showed
variations over the time, as none of the slopes were significant (p > 0.05,
Table S2). In the case of %NUE, slopes of all treatments were negatives,
indicating that NUE decreased over the time (Fig. 3, Table S2). However,
they were not differently affected by the treatments of radiation,
nutrient availability or the interaction between nutrient and radiation
(Table S3). When the efficiency was evaluated at each time separately, it
was possible to detect a clear influence of the interaction between ra-
diation and nutrient availability at the 8" and 28" experimental days. In
the other periods, only nutrient availability caused significant vari-
ability to the NUE (Table S4). Data of %NUE were higher at G-LN and O-
LN, with values higher than 80 % of efficiency at the 8, 15™, 234 and
in the last 35% days. An acute reduction to values around 40 % to O-LN
and 60 % to G-LN were observed in the 28" experimental day (Fig. 3A).
In the case of NUR, significant effects of the interaction between nutrient
and radiation were observed at 8" day, while the factor nutrient
availability was responsible for causing significant differences to the
data at days 28" and 35t (Table S4). Algae in tanks treated with O-HN
showed the highest NUR values at the starting period, with rates values
higher than 25 mmol m~2 h™!. Along the experimental period, samples
receiving HN showed higher NUR also at the last two measurements, in
days 28™ and 35™. In this last period, values of NUR were higher than
30 mmol m 2 h™~! under HN (Fig. 3B).

The differences in N-uptake according to the treatments were not
reflected in prominent differences of growth rates or biomass production
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by G. cornea (Fig. 4). Linear regression analyses showed significant
negative slopes for samples under treatments outdoor, indicating
reduction of growth rates capacity over the time (Table S2). In addition,
when slopes obtained from different treatments were compared, they
also were statistically similar, without effects of nutrient or radiation in
variations of growth rates of biomass productivity (Table S3). The
growth rates and biomass productivity at each experimental sampling
day (7, 13, 20, 28, and 35 days) were also similar under the four
experimental conditions (Fig. 4, Table S4).

Daily photosynthetic responses of G. cornea are presented in Figs. 5
and 6. ETR increased in all treatments from the morning to the noon and
then decreased from noon to the end of the day. The highest values of
daily ETR were recorded in O-HN treatment (13:00 h at day 12th),
remaining high in the following hours, and decreasing to values around
40 pmol electrons m~2 s~! at the end of the day. High ETR values were
reached at day 12" under O-LN and G-HN treatments (at 15:00 and
16:00, respectively, Fig. 5A). At day 19 high values of ETR were
reached under O-HN and O-LN at 14:00 and 16:00, respectively (again
higher than 90 pmol electrons m~2 s™1), while the other treatments
presented peaks with lower ETR in situ values (Fig. 5B). The highest PAR
daily integrated irradiance at outdoor was 49.8 mol photons m ™2 at day
26", However, observed ETR in situ values were not so high as the ob-
tained during the two previous days of measurements (Fig. 5C). At day
28%, peaks of ETR in situ were again higher than 80 pmol electrons m 2
s71 in all treatments, being recorded at different times for each treat-
ment: the highest ETR in situ was found at 16:00 under LN, while in HN,
these values were found earlier, at 14:00 (Fig. 5D). In the last mea-
surements at day 360, peaks of ETR in situ presented similar charac-
teristics as at day 26™, with higher values observed under outdoor
conditions (Fig. 5C and E).

The integrated ETR of G. cornea calculated from the data in Fig. 5 are
presented in Fig. 6. The values of this integrated parameter varied from
0.7 4+ 0.04 in G-LN at day 36" t0 1.4 + 0.13 mol electrons m 2 s~ in O-
HN, at day 12" (Fig. 6). An evident pattern of higher integrated ETR was
observed at outdoor conditions compared to those under greenhouse,
regardless of time. Radiation was the fundamental factor for causing
variations of integrated ETR in all measured days (Table S4), but in the
last one (36™), effects were also caused by the nutritional availability.
The highest integrated ETR were recorded at day 12" in O-HN and O-LN
conditions. Values of this parameter in algae from outdoor were always
higher than those inside of the greenhouse (Fig. 6). As a general pattern,
increases in the PAR irradiance increased values of ETR of G. cornea.
Slopes of ETR vs. absorbed PAR are represented in the Fig. S1, and they
were significantly positive (Table S2). The slope values found in LN
treatments were significantly higher than those found in HN treatments
(effects caused by the N and P-availability, Table S3). However, the
highest ETR values observed for G. cornea were found at O-HN, followed
by O-LN. It must be mentioned that this species was able to absorb
>1000 pmol photons m~2 s~ and allowed the transport of >80 pmol
electrons m 257! (Fig. S1).

Photosynthetic parameters derived from RLC measurements taken in
the laboratory (indoor) are presented in Fig. 7. The maximum quantum
yield, F,/Fp, was initially 0.64 + 0.03, and remained similar only in
algae cultivated in G-LN after 9 days. All other F,/Fp, values were lower
than the initial one (t-test, p < 0.05). In general, few oscillations were
found in this parameter (Fig. 7A). N-availability and radiation as iso-
lated factors significantly affected the variation of F,/Fy, in the oth and
16" days. In the following week (23" day), only N-availability influ-
enced significantly F,/Fy, responses (Table S4). A reduction of F,/Fy, of
HN samples in comparison to LN treatment was observed till the 23"
day. However, it is remarkable that since day 28, all values of this
parameter were similar in all treatments till the end of the experiment
(day 36™), indicating that G. cornea kept its photosynthetic potential,
and any possible inhibition at day 16™ was recovered (F ig. 7A). ETRmax/
NPQpax ratios increased substantially in all experimental measurements
in comparison to the initial value (Fig. 7B). ETRyax/NPQnax variations



F.L. Figueroa et al. Algal Research 68 (2022) 102890

1000 16
A)
G-PAR
——=— O-PAR | 14
G-UV
~ 800 -
" O-Uv L 12
o
£
(7] _‘ — - 10 (‘.lA
S 600 | ~ 'r\‘ 1\ E
o \ =
£ | =
o <
©° >
£ =)
3
[}
~
% NN I
& 2009 ¥ \/ \ \/ N
v
2
0
1000
-
E - 800 -
S o
2 E
2 <
Q - 600
- [7)
[} ®
E 3
% >
o - 400 ‘m
° °
z <
© >
T o |
14 - 200
< 10
o
0 T T T T T T T T T T T T T T T T T 0
32
Greenhouse
——=—Outdoor
30 G-T°C min
G-T°C max
O-T°C min
28 A
6 O-T°C max
e
o 26
S
]
o
[
<%
£
)
'—
20 A
18 T T T T T T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Time (experimental day)
Fig. 2. Solar radiation during experimental period in the open system setup at Spanish Bank of Algae, Taliarte. (A) Data were measured as irradiance considering

photosynthetic active radiation (PAR, A = 400-700 nm) and UV-A radiation (UVA, A = 320-400 nm). (B) Daily integrated irradiance of PAR and UV-A. (C) Maximal,
minimal and average temperatures in the air in outdoor place (O) and in the greenhouse (G) throughout the experimental period of 35 days (see Fig. 1).



F.L. Figueroa et al.

120

A) —e— GLN
100 A

80

60 1

Y%NUE

40 -

20 A

70
60 1
50 1 a
40 A

301 .2

NUR (mmol .m2.h™)

20 1 b

10 A

0 T T ‘ T ‘ T
10 15 20 25 30 35

Time (days)

Fig. 3. Nitrogen uptake efficiency (NUE %) (A) and nitrogen uptake rates NUR
(mmol m~2 h™1) (B) by G. cornea at 8, 15, 23, 28 and 35 days under the
different experimental conditions: outdoor under high nutrient (O-HN) or low
nutrient (O-LN) supply and indoor (greenhouse) under high nutrient (G-HN)
and low nutrient (G-LN) supply. Each value is represented as mean + S.D.
(error bars, n = 3). Comparisons among data were done at each time period
separately. Significant variations are represented by different letters when
significant differences caused by interaction between N-availability and radia-
tion were found. Italic letters represent the effect of the isolated factor nutrient
availability.

were influenced by N-availability (Table S4) in all measured experi-
mental days. Consequently, data of this ratio were higher to samples
grown with HN in comparison to those which received LN (Fig. 7B).
The pigmentation and morphology of thalli changed through the
time and were affected by the treatments as showed in Fig. 8 and Table 1
at days 7™ and 35% of culture. After 7 days, thalli presented similar
brownish to reddish coloration, without marked visual differences.
However, at the end of the experiment (day 35), thalli grown in O-LN
were yellowish, and those in G-HN were darkened. Samples in G-LN and
O-HN showed coloration closed to that of samples at day 7. O-HN
treated thalli were visually more branched than the others (Fig. 8).
Photosynthetic pigment concentrations presented different response
patterns (Table 1). While chlorophyll a (Chl a) was influenced by the
interaction between radiation and nutrient at day 7% in the case of
accessory phycoerythrin, only nutrient availability was relevant to cause
significant variations (Table S5). Chl a showed some variations
throughout the time under the different treatments with respect to the
initial time. Chl a decreased in LN and O-HN at day 7™ (values reduced
to half, from 0.2 to 0.1 mg gDW 1), and in O-LN at day 35" in com-
parison to the initial amounts (Table 1), recovering quantities similar to
those at the beginning of the experiment under HN and G-LN. In the case
of phycobiliproteins, PC and PE were different only in HN after 35 days
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Fig. 4. Biomass variability evaluated as: (A) Growth rates (%-d~!) and (B)
productivity (g DW m 2 d 1) of G. cornea at 7, 13, 20, 28 and 35 days cultivated
under different experimental condition: outdoor under high nutrient (O-HN) or
low nutrient (O-LN) supply and indoor (greenhouse) under high nutrient (G-
HN) and low nutrient (G-LN) supply. Each value is represented as mean =+ S.D.
(error bars, n = 3).

in comparison to the initial thalli. In the case of PC, no effects were
detected by the treatments at each separated experimental day. PE
contents were 2.5 times higher in samples cultivated with HN when
compared to those at LN, after 7 days and remained 2.3 times higher
after 35 days. (Table 1).

Biochemical composition of G. cornea varied during the experimental
period and according to the treatments. Total proteins increased in HN
at day 7 and in all treatments after 35 days of culture in comparison to
the initial time (Table 1). While in the 7th day the effect was related to
nutrient availability, in the 35" day, the interaction between radiation
and nutrient was responsible for causing differences in the protein
contents (Table S5). After 7 days, samples cultivated with HN showed
two times higher protein contents than those under LN. A similar
response was detected after 35 days, but in that occasion, samples in
greenhouse showed the maximal quantity of total proteins detected in
the entire experiment (283.2 & 20.73 mg g~ DW), even higher amounts
than those in outdoor conditions (Table 1). Phenolic compounds
increased during the experiment in comparison to the initial amount (t-
test, p < 0.05). Separated effects of radiation and nutrient availability
were observed at day 7 (Table S5). Samples in the greenhouse showed
lower phenolic compounds quantity than those outside, and those with
HN presented a higher amount of phenolics than those under LN
(Table 1). At day 35™, polyphenols concentration values were statisti-
cally similar in all treatments, with an average of 49.5 + 9.45 mg g ™!
DW (Table 1).

Elemental and bioactive composition of G. cornea is presented in
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Table 1. No significant variations were found for C content, which
remained around the average of 220.8 + 13.98 mg gDW . N internal
content followed the same pattern of response above described for total
internal proteins, considering that one was directly related to the other.
In the case of the differences of C:N ratios (Table 1), they were caused by
the nutrient availability after 7 days and the interaction of this factor
with radiation after 35 days (Table S5). Initial C:N ratio remained
similar in the samples of LN after 7 days (t-student, p > 0.05), and
decreased to values lower than 10 in algae which received HN. In the last

experimental day, the C:N ratio was very low in comparison to initial
ratio (p < 0.05, t-student test). G-LN samples presented the ratio close to
12, while those samples at G-HN and O-HN showed C:N ratio of 4.6 and
6, respectively (Table 1).

Total mycosporine-like amino acids (MAAs) and their productivity
are showed in Fig. 9. Both showed significant and positive linear
regression in all treatments performed with the biomass against the time
periods (Table S2), indicating that MAAs increase over the time. While
the slopes of total MAAs were similar among each other, MAA
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Fig. 6. Daily integrated electron transport rate (integrated ETR) expressed in
mol electrons m~2 of G. cornea at 12, 19, 26, 28 and 36 days cultivated under
different experimental conditions: outdoor under high nutrient (O-HN) or low
nutrient (O-LN) supply and indoor (greenhouse) under high nutrient (G-HN)
and low nutrient (G-LN) supply. Each value is represented as mean + S.D.
(error bars, n = 3). Comparisons among data were done at each time period
separately. Different italic letters represent the differences caused by the iso-
lated factor nutrient availability. Different capital letters are representing the
differences caused by the isolated factor radiation.

productivity was significantly affected by the interaction of radiation
and N-availability (Table S3). In the case of total MAAs, the slopes
ranged from 0.08 + 0.01 to 0.12 + 0.02 (Table S2). However, the pro-
ductivity of MAAs resulted to be faster and higher over the time for O-
HN in comparison to the other three treatments, achieving the slope of
4.5 + 0.22 (Table S2). The radiation available was fundamental for
determining significant differences in MAA content in all experimental
days evaluated. In addition, the factor of nutrient availability showed
influence in the total of MAAs on 13, 20" and 28™ experimental days.
At day 7™, MAA content was twice increased under outdoor conditions
than that for algae grown under greenhouse, and this situation was kept
till the end of experimental period. At the 20" and 28" days, the HN
treated samples presented higher amounts of MAAs than those with LN
(Fig. 9A). O-HN treatment caused a prominent increase of MAAs in
comparison to the other conditions at days 13®, 20" and 28™. Thalli
cultivated outdoor reached total values of 5.1 & 0.47 and 4.8 + 0.78 mg
of MAAs per g DW, when supplied with HN or LN, respectively, after 35
days (Fig. 9A).

In the case of algal MAAs productivity, radiation was significant to
causing significant differences after 7 days, while in all other experi-
mental periods, that variations were caused by the interaction between
N-availability and radiation (Table S4). It is noticeable that the algae in
O-HN presented a productivity higher than 100 mg MAAs m 2 d !
already at day 7™ and remained as the best condition for MAA pro-
duction in the entire experimental period, reaching the productivity of
>200 mg of MAAs by m? per day (Fig. 9B).

Five different MAAs were identified in G. cornea by HPLC: palythine,
asterina-330, shinorine, porphyra-334 and palythinol. These types were
always present in the G. cornea thalli in any of the cultivation conditions
(Fig. 10). Asterina-330 was the dominant MAA in the initial time and
after 7 days of culture except under O-LN, being palythinol the dominant
MAA. An increment of the palythinol percentage was observed along the
time, with respect to the other MAA-types, with reducing palythine and
asterina-330. These differences were evident when comparing the
different times (initial, after days 7 and 35, Fig. 10). After 35 days,
values for asterina-330 were higher under HN compared to LN treat-
ments (Fig. 10).

Antioxidant capacity measured using ABTS assay in G. cornea
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Fig. 7. In vivo chlorophyll a fluorescence parameters as maximum quantum
yield (Fy/Fy,) (A) and ETRpyax/NPQpay ratio (B) obtained from rapid light curves
produced under laboratory conditions (ex situ) of G. cornea at 9, 16, 23, 28 and
36 days cultivated under different experimental conditions: outdoor under high
nutrient (O-HN) or low nutrient (O-LN) supply and indoor (greenhouse) under
high nutrient (G-HN) and low nutrient (G-LN) supply. F,/F, and ETRp.x/
NPQqax ratio at initial time are indicated in the figures. Each value is repre-
sented as mean + S.D. (error bars, n = 3). Comparisons among data were done
at each time period separately. Different italic letters represent the differences
caused by the isolated factor nutrient availability. Different capital letters are
representing the differences caused by the isolated factor radiation. Initial data
and all treatment conditions were compared in pairs by using a t-student test,
and when the comparison showed no significant differences (p > 0.05), an
asterisk was included to indicate which of the bars could be considered equal to
initial values.

extracts significantly increased during the experiment, in comparison to
the initial value (Table 1, t-test, p < 0.05). The increment was at least 4
times in all treatments, from 10.40 + 0.96 to >40 umol TE g~ DW. After
7 days, separated effects of radiation and nutrients were found
(Table S5). The extracts of samples cultivated in the greenhouse showed
higher antioxidant capacity than those in outdoor, and those with LN
showed also higher antioxidant capacity than those at HN. At day 35, no
differences among treatments were found (Table 1, Table S5).
Correlations between different physiological responses of G. cornea
are presented in the Table S6. Some of them must be highlighted, for
example the positive correlation between integrated ETR and growth
rates or biomass productivity (r = 0.456 and r = 0.464, respectively; p <
0.05). ETRpmax/NPQmax ratio (relation between photosynthetic capacity
and energy dissipation) was related to NUR, photosynthetic pigments
(Chl a and phycobiliproteins) and MAAs. Integrated ETR was not related
to the accumulation of bio-active compounds (except negative correla-
tion to Chl a), whereas growth and biomass productivity were negatively
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Fig. 8. Morphology and thalli colors of G. cornea at 7 and 35 days of culture in the different experimental conditions: outdoor, receiving full solar radiation, under
high nutrient (HN) or low nutrient (LN) supply, and indoor (greenhouse) under high nutrient (HN) and low nutrient (LN) supply. Bar scale size is equal to 5 cm.

correlated to the pigments content (Chl a and phycobiliproteins). In
general, nitrogen-containing compounds were positively correlated
among each other (Table S6). The capacity of biofiltration (NUR) and
efficiency of biofiltration (%NUE) were not correlated to growth or the
biomass productivity. However, NUR was positively correlated to pig-
ments (Chl a and biliproteins), proteins and UV photoprotectors-
antioxidants (MAAs and polyphenols) and total internal C and N. On
the other hand, the correlation pattern of the efficiency of biofiltration
(%NUE) was the reverse, i.e., negative correlation to pigments and
MAAs. Antioxidant capacity determined by ABTS was negatively
correlated to growth and biomass productivity.

Principal component analysis (PCA) of dependent variables
measured in G. cornea cultivated under outdoor and greenhouse con-
ditions with nutrient additions is presented in the Fig. 11. The PC1 axis
was responsible for 72.9 % of the data variation, while the second PC2
axis caused 11.7 % of biological responses of G. cornea cultivated in
tanks. The ETRyax/NPQnax ratio, NUR, photosynthetic pigments, MAAs,
and total proteins were strongly negatively correlated with PC1, while %
NUE and photoprotective compounds (MAAs and polyphenols) were
positively correlated with PC2. Photoprotective compounds (phenolics
and MAAs) were grouped together, in an opposite position in compari-
son to the growth and integrated ETR. Moreover, the PCA indicates that
the treatments containing HN were those responsible for regulating the
variability of photosynthetic pigments, total proteins, NUR, ETRpax/
NPQpax ratio and also growth rates and integrated ETR responses
(Fig. 11).

4. Discussion

Macroalgae have been successfully used as biofilters of fishpond ef-
fluents (IMTA systems) or other waste waters [7,10] and the produced
biomass can be used for the production of high added value bio-
compounds such as proteins, photoprotectors or antioxidants, among
others [60,78]. However, most of the studies have been conducted
during short-term periods (less than two weeks) [63,79-82]. To
demonstrate the real use of IMTA systems in land facilities to produce

10

algal high value biocompounds, it is necessary to increase the time of the
experiments. In this study, algae cultured during 35 days have demon-
strated high ammonium biofiltration capacity and the accumulation of
high value biocompounds.

In relation to the biofiltration capacity, a high NUR (30-50 mmol
m~2 h™!) under O-HN treatment was observed in this study. High bio-
filtration capacity of Gracilariales has been already reported [61,83,84].
The species used in this work, G. cornea, was an efficient biofilter of
inorganic nitrogen (NHD), reaching NUE values close to 99 %. NUR
values obtained in this study were higher than those observed in green
algae of the family Ulvaceae, as Ulva rotundata (1.45 g N m 2 d 1) re-
ported by Mata & Santos [83], and other red and brown algae [64].
Additionally, G. cornea reached similar biofiltration capacities as other
high algal biofilters as the red alga Asparagopsis armata [84]. The
expression of NUR in terms of tank area was suggested by Jiménez del
Rio et al. [67], since algae are growing at high algal density in tanks and
the main light exposure and consequently photosynthetic activity and
nutrient uptake is related to the surface exposure of the tank [60,69]. In
addition to N-biofiltration, high assimilation of phosphate has been also
reported in IMTA systems by using Ulva and Gracilaria species [85,86].

The nutrient assimilation is expected to be related to photosynthetic
capacity. Photosynthesis is dependent on light quality and quantity, and
nutrient availability. Photosynthetic capacity as integrated ETR (in situ
measurements) reached the highest values under high nitrogen avail-
ability (as photosynthetic substrate) and full solar radiation (O-HN) but
with similar values than that obtained under O-LN. Thus, light condi-
tions seem to have dominant effects on photosynthetic capacity. How-
ever, when ETR is determined in the laboratory as RLCs (indoor), the
ratio between maximal photosynthetic capacity and maximal energy
dissipation (ETRpax/NPQmax) Were higher under HN treatment both,
under greenhouse (G) and outdoor (O), showing a high effect of N
availability on photosynthetic capacity in relation to photoprotective
strategies. In addition, integrated ETR was correlated to growth and
biomass productivity, but not to N-biofiltration (NUE or NUR). In
contrast, ETRy,x/NPQmax Was not related to growth and biomass pro-
ductivity, but it presented a positive correlation to NUR and the
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Table 1

Bioactive and elemental compounds and antioxidant capacity by ABTS method obtained in G. cornea at the beginning, and after 7 and 35 days of cultivation under different experimental conditions: outdoor under high

nutrient (O-HN) or low nutrient (O-LN) supply and indoor (greenhouse) under high nutrient (G-HN) and low nutrient (G-LN) supply. The following compounds were evaluated: Chlorophyll a (Chl a), phycoerythrin (PE),

phycocyanin (PC), total proteins, polyphenols, total internal C and N, and C:N ratio. Each value is represented as mean =+ S.D. (n = 3). Comparisons among data were done at each time period separately. Different letters

represent the differences caused by the interaction between nutrient availability and radiation. Different italic letters represent the differences caused by the isolated factor nutrient availability. Different capital letters are

representing the differences caused by the isolated factor radiation. Initial data and all treatment conditions were compared in pairs by using a t-student test, and when the comparison showed no significant differences (p

> 0.05), an asterisk was included to indicate which of the bars could be considered equal to initial values.
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Fig. 9. Mycosporine-like amino acids (MAAs) obtained in G. cornea at 7, 13, 20,
28 and 35 days cultivated under different experimental conditions: outdoor
under high nutrient (O-HN) or low nutrient (O-LN) supply and indoor (green-
house) under high nutrient (G-HN) and low nutrient (G-LN) supply. (A) Total
MAA content, expressed as mg g~' DW, and (B) MAA productivity expressed as
mg m~2 d~'. Each value is represented as mean + S.D. (error bars, n = 3).
Comparisons among data were done at each time period separately. Different
letters represent the differences caused by the interaction between nutrient
availability and radiation. Different italic letters represent the differences
caused by the isolated factor nutrient availability. Different capital letters are
representing the differences caused by the isolated factor radiation. Initial data
and all treatment conditions were compared in pairs by using a t-student test,
and when the comparison showed no significant differences (p > 0.05), an
asterisk was included to indicate which of the bars could be considered equal to
initial values.

accumulation of some biocompounds. The ratio ETRpax/NPQmax is
suggested as a good indicator of the ratio of production related to energy
loss [95]. This expression was proposed as the first time by Figueroa
et al. [87]. They showed that UV-B exposure decreased the ETRpax/
NPQpax ratio as consequence of increased photoinhibition. The highest
value of this ratio indicates better physiological state and more relative
energy available for growth and/or the accumulation of bio-active
compound. In the first weeks of culture, a slight photoinhibition was
observed according to the decrease of F,/Fy; parameter. Significant
differences were observed between LN and HN treatments. However, in
the last two periods of measurement, no differences among the treat-
ments were observed, indicating acclimation to culture conditions.
ETR values determined in situ under solar radiation were higher than
those obtained in the RLCs (ex situ) by using artificial light (halogen
lamp provided by the Diving PAM). Maximal ETR in situ at noon time
reached values of 100-150 pmol electrons m2 s’l, whereas ETRpax
values in the laboratory (RLCs) were around 10-14 pmol electrons m 2



F.L. Figueroa et al.

100

80 1 I Palythine

[l Asterina-330
@z shinorine
[ Porphyra-334

60 3 Palythinol

% MAAs

40 4

20

Initial
G-LN 7d
O-LN 7d
G-HN 7d
O-HN 7d

G-LN 35d
O-LN 35d
G-HN 35d
O-HN 35d

Fig. 10. Composition of MAAs expressed as the average of the percentage of
each MAA type (palythine, asterina-330, shinorine, porhyra-334 or palythinol)
related to the total MAA amounts in G. cornea at the beginning and after 7 and
35 days of cultivation under different experimental conditions: outdoor under
high nitrogen (O-HN) or low nitrogen (O-LN) supply and indoor (greenhouse)
under high nitrogen (G-HN) and low nitrogen (G-LN) supply. (n = 3).
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Fig. 11. Principal component analysis (PCA) of the different physiological
variables measured in G. cornea cultivated under different experimental con-
ditions: outdoor under high nutrient (O-HN) or low nutrient (O-LN) supply and
indoor (greenhouse) under high nutrient (G-HN) and low nutrient (G-LN)
supply. The following variables were considered in this analysis: growth rates,
photosynthetic parameters (integrated ETR, Fy/Fy, ETRpnax/NPQmnax), bio-
filtration parameters (NUE and NUR), bioactive compounds (total proteins,
photosynthetic pigments chlorophyll a (Chl a), phycoerythrin (PE) and
phycocyanin (PC), MAAs and Phenolic compounds), total internal carbon (C),
and antioxidant capacity (ABTS). Data were log(x + 1) transformed before
the analysis.

s71. These differences have been previously reported in the green
macroalgae: Ulva lactuca (40 and 20 pmol electrons m~2 s~ were ob-
tained in situ and ex situ, respectively) [88], and Ulva rigida (60-93 and
9-33 pmol electrons m~2 s in situ and ex situ, respectively) [89]. In the
green microalgae, Chlorella fusca, those differences were also observed
(560 and 250 pmol electrons m~2 sV in situ and ex situ, respectively)
[90]. A possible explanation is that under full solar radiation, more light
was available to be utilized by accessory and essential photosynthetic
pigments, which can also optimize the transferred photons to reaction
center chlorophyll a, reaching a greater extent than artificial light as
blue, red or halogen obtained from PAM-light sources.

Biomass and the accumulation of bioactive compounds are expected
to be related to the photosynthetic capacity. Few studies have used ETR
as estimator of biomass productivity [91]. Jerez et al. [90] showed a

good correlation between biomass productivity (measured as dry
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weight) and estimated biomass productivity obtained from integrated
daily ETR and its conversion in C and biomass in the green microalga
C. fusca grown in outdoor thin layer cascade cultivators. Obata et al.
[92] showed a linear relation between ETRr and Chl a in Chlorella vul-
garis cultured under artificial light. Torzillo et al. [93] reported a good
correlation between integrated daily ETR and biomass productivity in
Spirulina platensis grown in outdoor photobioreactor. In this study,
positive correlations between integrated ETR (calculated from different
daily cycles), growth and biomass productivity were found. This result
reinforces the relevance of integrated ETR as one of the most repre-
sentative data possible to be obtained by using PAM fluorometry eval-
uating photosynthetic activity by using chlorophyll a fluorescence.
However, efforts to conduct this measurement in an accurate way for a
daily period by measuring in different periods of the day are still
exhaustive. Automated monitoring alternatives could help in photo-
synthesis optimization measurements, and integrated ETR can be
properly a good profit for estimating biomass productivity easily.

Morphological and color changes of the thalli were evident through
the experimental period. Thalli grown under high nutrient levels and
inside the green house (G-LN) were more reddish than the other ones.
Thalli grown outdoor presented a brownish color as consequence of the
variation in the pigments content ratios. After 35 days of culture, (PE +
PC)/Chl a ratio of the algae cultured under HN was higher (9.03 and
8.60 under G and O treatments, respectively) than algae cultured in LN
(5.90 (G) and 7.27 (0O)). In addition of the color, thalli presented
different morphology due to the treatment, e.g. thalli under O-HN pre-
sented more new growing branches, followed by G-HN than in the others
treatments. These branches can increase the surface/volume (S/V),
increasing the uptake of nutrients. The algal morphology after 35 days
culture presented more spherical morphology, although the thallus fil-
aments remained. These morphological changes including increased of
S/V ratios of the thalli have been previously observed in the red algae
Asparagopsis armata (Falkenbergia rufolanosa) grown in fishpond efflu-
ents [79,94] and other algal species [64]. The simpler morphologies as
filaments with high S/V ratios were related to high nutrient uptake [95].

The different algal thallus colors related to different biochemical
composition found in our experiment with G. cornea could have interest
for culinary application. For example, the red alga Chondrus crispus (irish
moss) produced for food by the Canadian company, Acadian Seaplants
Ltd., sell in the market the combination of specimens of C. crispus of
different colors (green, brownish o reddish), a highly appreciated
product by the consumers [96]. So, brownish or reddish color variations
can be properly obtained in association with efficient nutritional
removal from the environment by cultivating G. cornea.

The maximal N productivity in G. cornea under HN treatments was
2gN m~2 d~. This value was higher than that reported in other algae as
U. rigida (1.4gN m2 d1) [83], U. lactuca (0.5 g N m~2 d1) [63],
Gracilaria conferta (0.8 g N m~2d") [34], but lower to other species
reported as biofilters, A. armata (2.7-5.9 g N m~2dY [84]. Gémez-
Pinchetti et al. [97] reported higher N productivity in G. cornea than that
in this study, i.e. 101 gNm 2d ' and 6.1 g Nm 2 d! in algae culti-
vated outdoor and indoor respectively, by using tanks of 1500 L and 1.0
m of diameter. This difference can be explained by the use of higher
algal density in bigger tanks (1500 L) compared to 90 L tanks used in this
study.

The decrease of the biomass productivity of G. cornea through the
time in spite of the increase of photosynthetic capacity (increased ETR)
and incorporation of inorganic nitrogen, can be explained as the energy
is being used in the accumulation of bioactive compounds and not in
biomass production. In fact, NUR is correlated to the accumulation of
photosynthetic pigments (Chl a and biliproteins), total proteins, MAAs,
polyphenols and internal total C and N, in contrast to the negative
correlation to these compounds and growth or biomass productivity.

Probably, the bioactive compounds accumulation was directly
related to the production of ATP and NADPH by photosynthesis, i.e.,
related to photosynthetic capacity (integrated ETR), ETRpax/NPQmax
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ratio, and to the nitrogen uptake rate (NUR). ETR,x/NPQnax is the ratio
between the energy used for the assimilation of carbon nitrogen through
photosynthesis processes (expressed ad the maximal ETR) related to
energy dissipated as heat no used in the electron transport chain
(expressed as maximal NPQ). Thus, higher values represent a higher
proportion of the energy higher used for photosynthetic production i.e.
higher ATP, NADPH and consequently higher conversion of COy in
organic carbon or inorganic nitrogen to proteins.

Some high value compounds are related to secondary metabolism
and they are produced under stress conditions, normally related to a
decreasing in biomass productivity [98-100]. Thus, under full solar
radiation and high nutrient level (O-HN), the highest levels of UV
absorbing compounds and antioxidant molecules (e.g. MAAs and poly-
phenols) were reached, whereas the highest levels of Chl a, PE and PC,
were reached under HN, but without UVR exposure (G-HN).

In general, the internal compounds increased throughout the
experimental period, although differences among treatments were
observed. Interestingly, several biocompounds were stimulated in a
short-term period (7 days), whereas others were accumulated after a
long period (35 days). The highest increase of N-compounds was pro-
duced, as expected, under HN treatments as phycobiliproteins, total
proteins and MAAs, but also in non-N compounds as polyphenols. These
three compounds present antioxidant and anti-inflammatory capacities,
i.e. MAAs [101,102], polyphenols [103] and phycoerythrin [104,105].
Extracts of G. cornea have shown antioxidant, anti-inflammatory and
immunomodulatory activities [62,106-108].

The accumulation of Chl a and phycobiliproteins under HN is an
indicator of a good physiological status. Phycobiliproteins, in addition to
accessory pigments, can act as N reservoir in red algae and they can be
used under metabolic stress [109-114]. The low N availability reduce
the content of Chl a, phycobiliproteins and proteins. As a consequence,
Rubisco can also decrease and photosynthetic activity is depleted
[115-117]. The proteolysis of phycobiliproteins can reach 17.3 % of
soluble proteins in red algae providing aminoacids and microelements to
the cells under nutrient limited conditions [110,118].

In this study, the level of total MAAs were 16 times higher under high
nitrogen supply (HN) than under non-enriched seawater (LN). The level
of MAAs presents a facultative pattern under laboratory conditions, e.g.
the level of MAAs in seawater was 0.2 mg MAAs g~' DW and after
increasing the level of inorganic nitrogen and exposure to UVR, the level
increased to 1 mg MAAs g’1 DW, an increment of 25 times [62,119].
MAAs protects PSII in species exposed to UVR, maintaining the photo-
synthetic capacity due to avoidance or reduction of UVR damage [120].
MAAs are accumulated under high nitrogen availability, thus N-NH} has
a photoprotector role, due to both the increased photosynthetic capacity
as by the accumulation of MAAs as it has been previously reported in
G. cornea [121], other Gracilariales [26,34,61,122] and other red alga
species as Porphyra spp. [46,47] or A. armata [79]. Thus, the highest
accumulation of MAAs is produced under UVR and high inorganic ni-
trogen availability, reaching the maximal value of 5.1 mg MAAs g~ 'DW,
higher values of MAAs compared to other studies with the same species
grown under lower nitrogen supply [121] but lower than the levels
reached by species in the Order Bangiales [99,123,124]. A relation be-
tween NUR and MAAs accumulation has been previously reported in
G. cornea (formerly Hydropuntia cornea) [70,121]. Under flux of 150 pM
NHZ h™?, the available N is mainly used for the synthesis of MAAs as
reported by Figueroa et al. [79]. Short-term variation on the MAAs
composition has been reported in red macroalgae [62,125,126]. In this
work, the levels of the different MAAs changes throughout the time
being affected by light and nutrient treatments. The possible degrada-
tion or interconversion of the different MAAs can be related to the
chemical characteristics of the amino acid radicals of the three main
MAAs (palythinol, shinorine and Porphyra-334). These three MAAs
present lower degradation rates when compared to others [127]. The
increase of palythinol in G. cornea cultivated under solar radiation and
high nitrogen level (O-HN) can be related by the high chemical stability
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of this MAA.

The PCA analysis also showed relationship between polyphenols and
the level of nitrogen (positive correlation to NUR) and UVR as Person
analysis showed. As have been found by other authors. Generally,
polyphenols are produced under stress conditions and they are involved
in photoprotection against UVR [128,129].

Gracilaria cornea is an algal species with developed culture tech-
niques under IMTA conditions and the biomass is commercialized to
produce agar in the Mexican Caribbean [60,130,131]. Thus, in addition
of N-compounds as MAAs and phycobiliproteins, G. cornea biomass
could also promise biomass to extract C-compounds as Agar. On the
other hand, the biorefinery process can be applied to extract high value
N compounds as MAAs and biliproteins followed to the extraction of
agar under high temperature.

As it was mentioned above, the capacity to incorporate nutrients is
one of the highest among different macroalgae [94,132,133]. Consid-
ering a biofiltration efficiency of 57 % and a high MAAs productivity,
113-253 mg MAAs m 2 d~! (Fig. 9), according to the estimation of
MAAs production in Asparagospsis armata under IMTA conditions (Fig-
ueroa et al., 2008), it would be possible to produce by culture G. cornea
under IMTA conditions 19.7 T DW y ! of algal biomass and 34.5 kg
MAAs.

The high biomass and MAAs productivity found in this study to
G. cornea suggests the use of this species to produce photoprotective
compounds for the cosmetic industry. More precisely, MAAs are prom-
ising molecules with potential used in the cosmeceutical industry due to
their UV screen properties and potential antioxidant activities. MAAs
can protect against erythema, photoaging or immunosuppresion [134].
Diverse biological properties have been also described in MAAs during
the last years, such as DNA protection, prevention of photoaging or anti-
inflammatory capacity, among others [23,101,102,135-138]. As it is
important to develop new materials as UV filters with higher termo-,
photostability, biodegradability and no toxic effects, both for humans
and the whole ecosystem. Many studies have suggested the use of MAAs
as UV screen substances [23,102,139,140]. However, they have not yet
been broadly exploited at commercial scale and only a few products are
available such as Helioguard®365 or Helionori® with MAAs extracted
from Porphyra umbilicalis.

5. Conclusions

Gracilaria cornea, intensively grown in tanks under solar radiation, is
an efficient biofilter of inorganic nutrients. We have focused in this study
the biofiltration on inorganic nitrogen compounds since we have studied
the accumulation of high values nitrogen compounds as MAAS and
phycobiliproteins. A high productivity and a good physiological state
were observed in all treatments, especially with HN. The different
treatments have affected the internal biochemical composition, mainly
in the outdoor condition, accumulating different bioactive compounds
such as MAAs, polyphenols or biliproteins with potential nutraceutical
and cosmeceutical applications. MAAs content increased over the
experimental period, mainly in the O-HN treatment reaching values of
5.1 + 0.47 mg g~! DW. MAAs are potential candidates to be used as
biological UV-filters, as they are natural compounds without reported
toxicity and high photo- and thermostability. Thus, high levels of UV
photoprotectors could be obtained from G. cornea biomass grown under
high nutrients simulating nutrient levels under IMTA conditions. Future
experiments by using fish pond effluents has to be conducted since under
IMTA not only it is necessary to be into account nutrient conditions but
also other features as low pH and dissolved oxygen, associated bacteria
and levels dissolved organic carbon among others.
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