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A B S T R A C T   

Intertidal macroalgae have developed adaptation and acclimation strategies protecting against stressful envi
ronments. The red algae, Porphyra sensu lato are well known for their use as human food, but they also present 
potential applications in cosmeceutics. In order to enhance the content of interested bioactive compounds, this 
study evaluated the effects of three different stress factors, through two bi-factorial experiments, the combination 
of PAR and PAR supplemented by UV-A, Violet and Blue radiation (PARUVAViBl+) with three nutrient concen
trations or emersion/immersion conditions. Interactive effects of PARUVAViBl+ and nutrient concentrations on the 
daily integrated electron transport rate (ETRint) was observed. This suggests a photoprotective effect of nitrate 
against the possible damage by UV-A radiation. The emersion produced a decreased in the in situ ETR, followed 
by a recovery during re-hydration. The energy dissipation rate (EDR), firstly described in this work, increased 
under nutrient limitation and under PARUVAViBl+ radiation, as a photoprotection mechanism. At morphological 
level, the surface/volume (S/V) ratio of the cells increased under nutrient limitation favoring the nitrogen 
assimilation, although it could be a risk of photodamage under UV-A radiation. Biliproteins and mycosporine-like 
amino acids (MAAs) increased under high nutrient availability as it was expected due to both are N-compounds. 
Polyphenols were higher under PARUVAViBl+ at day 2, indicating a photoprotective mechanism whereas this 
effect disappeared at day 7 of culture. Emersion seems to induce MAAs accumulation under PARUVAViBl+ radi
ation. Antioxidant capacity determined by ABTS assay was positively correlated to antioxidant substances as 
biliproteins, polyphenols and MAAs. The application of short-term stress conditions (2–7 days) during culture, 
can be a strategy to increase the content of interesting compounds due to both UV screen properties and anti
oxidant capacity.   

1. Introduction 

Intertidal macroalgae have developed different adaptation and 
acclimation strategies to protect themselves against a harsh and highly 
variable environment (e.g. periods of desiccation, high solar radiation, 
hydrodynamics or changing temperature and salinity), such as strong 
antioxidant defense systems (e.g. catalase or superoxide dismutase en
zymes), the synthesis of secondary metabolites with antioxidant, pho
toprotective or anti-herbivory properties (e.g. phenolic compounds, 
carotenoids or mycosporine-like amino acids -MAAs-), photorepair 
mechanisms (e.g. photolyases) and energy dissipation mechanisms (i.e. 
non photochemical quenching) [1,2]. Beside these, the synthesis of 

primary metabolites, that are mainly implicated in physiological and 
structural functions (e.g. amino acids, proteins, lipids or poly
saccharides), also play an important role in the protection against 
environmental factors [3–6]. 

Macroalgae have acquired a great biotechnological interest in the 
last years, due to the wide diversity of bioactive compounds with several 
potential applications. Among the bioactive compounds found in mac
roalgae, three of them are highlighted in this study: biliproteins, 
phenolic compounds and MAAs. Biliproteins as accessory pigments are 
involved in the light absorption for photosynthesis in some algae species 
(Rhodophyta, Cyanobacteria and Cryptophyta). These compounds have 
been used as fluorescent probes in immunofluorescence assay, food 
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additives or natural colorants in ice-creams, candies, or soft drinks. In 
addition, different therapeutic properties have been described to these 
molecules, such as antioxidant, anti-cancer, neuroprotective, anti- 
inflammatory, antiviral or hepatoprotective [7,8]. Phenolic com
pounds are secondary metabolites, that can be found in plants and algae. 
Among algae, brown algae normally present the highest content [9–12]. 
These compounds act as protective agents that are synthetized in 
response to stress conditions like herbivory or UV radiation. Several 
bioactivities with potential pharmaceutical properties have been 
described in these compounds: antioxidant, anti-inflammatory, antimi
crobial, antiviral, antidiabetic, anticancer or neuroprotective [13,14]. 
MAAs are secondary metabolites, mainly found in red algae and cya
nobacteria and they are involved in photoprotection. These molecules 
have been considered potential compounds to be used as natural UV 
filters in sunscreens, due to their capacity to absorb the UV radiation, 
their no-toxicity and biodegradable properties. In addition, different 
beneficial properties for the skin have been described in these mole
cules, such as antioxidant, anti-inflammatory, wound-healing or anti- 
aging [15–17]. 

The physiology and biochemical composition of algae can be influ
enced by the environmental factors such as light quality, nutrients 
availability or desiccation. Modify or control these factors during algae 
culture can influence the growth or induce the accumulation of specific 
compounds. Light quality can affect photosynthesis through both 
photosynthetic process [18,19] and the regulation of some physiological 
responses by the action of non-photosynthetic photoreceptors in 
photomorphogenic process (e.g. cryptochromes or phytochromes) 
[20,21]. Thus, different authors have analyzed the effect of different 
light qualities in algal culture. Some of them cultivated algae under 
broad band light colors, using white light lamps with different filters 
[18,22–24], and other researchers studied the photomorphogenic re
sponses of different light qualities, by adding a small light supplemen
tation by using LEDs (5–20 %) of UV-A, blue, green, or red radiation to a 
saturating photosynthetic irradiance produced by amber light 
[19,25,26]. Most reports observed that UV-A radiation and blue light 
increased the accumulation of certain compounds such as MAAs or 
biliproteins in different red alga species, or that supplementation of UV- 
A radiation (as green or red light) can increase growth, but reduce the 
photosynthetic rate. In this work, the combination of UV-A, violet and 
blue radiation is studied (320-450 nm), since all of them could be 
potentially detected by the same photoreceptor, the cryptochrome, and 
in addition possible photodamage by UVA radiation can be also detected 
[27]. 

In relation to the nutrient availability, high nitrogen conditions 
increased the photosynthetic capacity, growth, as well as the accumu
lation of N-compounds (e.g. proteins, phycobiliproteins or MAAs) 
[28–30]. In addition, the nitrogen enrichment has shown a protective 
role against different environmental stressed conditions, compensating 
or reducing their negative effects. Gao et al. [31] observed that with 
high nitrogen concentration, Pyropia yezoensis was able to maintain the 
growth and net photosynthesis under ocean acidification conditions 
(high carbon) [31]. Barufi et al. [32] also observed that nitrate can 
reduce the negative effects of UV radiation on photosynthesis in Graci
laria tenuistipitata due to the accumulation of MAAs. The culture of red 
algae under Integrated multitrophic aquaculture (IMTA) systems (high 
nitrogen supply through fishpond effluents) have been analyzed by some 
researchers, both inland or open water systems [33–37] obtaining 
promising results with high nitrogen uptake rates and biomass produc
tivity, and the accumulation of certain compounds with commercial 
application such as biliproteins or MAAs. 

As mentioned before, intertidal algae face periods of desiccation, 
although not all of them tolerate it in the same way. According to 
Contreras-Porcia et al. and Lalegerie et al. [1,38] “desiccation tolerance 
is known as the ability to withstand a significant water loss and a fast 
recovery during re-hydration, and not the ability to retain water”. There 
are tolerant species, those that live in the upper intertidal zone, e.g. 

Porphyra spp. can lose >90 % of the internal water content, follow by a 
fast recovery after de-hydration [39,40]. By contrast, those species 
living in the lower intertidal zone are more sensitive to desiccation, e.g. 
Gelidium rex does not recover after re-hydration [41]. Desiccation can 
provoke different morphological, biochemical or physiological re
sponses in macroalgae. For example, Contreras-Porcia et al. [39] 
observed morphological changes in P. columbina during low tides 
desiccation, showing that dehydrated fronds become dark purple, 
tightly folded, stiff and brittle, as a strategy to prevent the rupture of the 
plasma membrane. Li et al. [42,43] observed an increase of carotenoids 
and biliproteins in Pyropia yezoensis submitted to emersion conditions. 
This is considered as a positive role in the quality of the biomass due to 
the algal tissue colour. 

Bladed Bangiales (Porphyra sensu lato) are common species globally 
distributed in intertidal zones, although they are more abundant in cold 
temperate waters. These species present one cell layer and are charac
terized by their elastic thalli, high resistance to desiccation and a sea
sonal cycle (i.e. a macroscopic phase, folious blades, can be observed 
during winter, whereas the summer (long photoperiod and warm tem
peratures) promotes the sporulation and the microscopic filamentous 
conchocelis phase). Pyropia leucosticta is commonly found in the inter
tidal Mediterranean coast, sharing habitats with other macroalgae as 
Rissoella verrucullosa (endemic to the Mediterranean Sea), Nemalion 
helminthoides or Ulva sp. [44,45]. Porphyra sensu lato are commercially 
known as nori or laver and are among the most cultured macroalgae in 
the world (mainly concentrated in Asian countries), with an economic 
value that is growing over the years [46,47]. During its culture, it is 
normally submitted to periodical desiccation to avoid the presence of 
epiphytes [48]. Besides their known utilization as human food (e.g. nori 
blades for sushi), Porphyra sensu lato could be source of bioactive 
compounds with relevant industrial applications, such as the mentioned 
molecules, e.g. MAAs could be used is cosmeceutic products due to their 
photoprotective properties [17,49].[NO_PRINTED_FORM]. 

Considering that algal metabolism must be fitted to so harsh envi
ronmental variable conditions, and that P. leucosticta is a relevant spe
cies for biotechnological applications, our study aimed to evaluate the 
effects of three physiological regulating parameters (UVA-Violet-Blue 
radiation, nutrients concentration and emersion) in the photosynthesis, 
morphology and accumulation of bioactive compounds, through two bi- 
factorial experiments in laboratorial conditions, combining UVA-Violet- 
Blue radiation and nutrient concentrations and emersion/immersion 
conditions. 

2. Material and methods 

2.1. Algae biomass 

Pyropia leucosticta (Bangiales, Rhodophyta) thalli were collected in 
January 2021 from Lagos (Malaga, Southern Spain; 36◦44′N; 4◦01′W). 
Algae were transported to the laboratory in a portable fridge at 4 ◦C and 
cleaned to remove sediments and epiphytes. Algae were maintained in 
polyvinyl methacrylate cylinders (1 L seawater) during two weeks 
before the start of the experiments. Algae were maintained at an algal 
density of 10 g fresh biomass (FB) L− 1 at 20 ◦C, salinity 36, irradiance of 
photosynthetic active radiation (PAR, λ = 400–700 nm) of 150 μmol 
photons m− 2 s− 1 (White LED light, 5000 K, 54 W, NU-8416, Nuovo) with 
a photoperiod of 12:12 h (light:dark) and under low nutrient concen
tration (50 μM NaNO3 and 2.7 μM of C3H7Na2O6P added each week), 
before the starting of the experiments. 

2.2. Experimental design 

In this study, two different bi-factorial experiments were performed 
on P. leucosticta. The first one considered the effects of two light quali
ties: PAR and PAR supplemented by UV-A, Violet and Blue radiation 
(PARUVAViBl+), and nutrient availability (three different concentrations); 
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and the second one, the effects of the same two light qualities and 
emersion/immersion conditions. All treatments were performed in 
triplicate. 

The radiation treatment was the same in both experiments: PAR (λ =
400–700 nm), provided by a white LED light (5000 K, 54 W, NU-8416, 
Nuovo), and PAR supplemented with UV-A (λ = 320–400 nm), violet (λ 
= 400–450 nm) and blue light (λ = 450–500 nm). The supplementation 
was obtained combining a fluorescent UV-A lamp (UVA340, Q-Lab 
Corporation, Canada) with a Lee-130 filter [50] to cut-off the UV-B ra
diation, and an UVA-Violet-Blue LED lamp (Aralab, Portugal), that 
present peaks at 370, 406 and 446 nm (Fig. 1A; Fig. SM.1). This com
bination of UV-A, Violet and Blue radiation was applied considering the 
already knowledge on the photocontrol by non photosynthetic UVA/ 
Blue photoreceptor (Cryptochromes) in the synthesis of different 
bioactive compounds in macroalgae, including Porphyra spp. 
[20,22,51–53]. 

To simulate a daily cycle of natural radiation, PAR irradiance 
increased from 150 to 300 μmol photons m− 2 s− 1 during the central 
period of the day (13–17 pm). The supplemented radiation was also 
provided during this period at the irradiances of 8 W m− 2 of UV-A and 
70 μmol photons m− 2 s− 1 of violet-blue light, corresponding to a sup
plementation of 15 % of UV-A and 30 % of violet-blue radiation 
(Fig. 1B). The white light used for the PAR treatment already have a 
peak in blue (446 nm), and the PARUVAViBl+ treatment was supple
mented with more blue (446 nm) and other two peaks of 365 nm (UV-A) 
and 404 nm (violet). The irradiance of PAR was measured using a 

radiometer (LI-1000 Data Logger, LI-COR Biosciences, USA) with a flat 
sensor (LI-190R quantum sensor, LI-COR Biosciences, USA). The spec
trum of the different lamps and the irradiance of the UV radiation was 
measured by using a spectroradiometer (SMS 500, Sphere Optics, Ger
many). The daily integrated irradiances received by algae in each 
treatment are shown in Table 1. The supplemented radiation (UV-A and 
Violet-Blue) represents an increase in the daily dose of 4 % for UV-A 
radiation, and 15 % for Violet-Blue radiation. The calculated effective 
radiation doses against five different action spectra: photosynthesis 
[54], chloroplast photoinhibition [55], DNA damage [56], general 
damage in plants [57] and lipid peroxidation [58] (Fig. SM.2) are shown 
in Table 2. 

In the first experiment, three different nutrient concentrations were 
tested: 500 + 27.7, 250 + 13.8 and 50 + 2.7 μM of NaNO3 and 

Fig. 1. Experimental design of the radiation treatment used in both experiments with Pyropia leucosticta evaluating: (1) the effect of supplemented light treatment 
with UV-A, violet and blue radiation (PARUVAViBl+) and nutrient concentrations (500, 250 and 50 μM NaNO3), and (2) the effect of PARUVAViBl+ and emersion/ 
immersion condition. A) Spectra of the two radiation treatments used in the experiments. B) Design of the radiation treatments. PAR was provided from 9:00 to 
21:00. During central hours of the day (13:00 to 17:00), PAR irradiance increased, and samples also received supplementation of UVA-Violet-Blue radiation. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Daily radiation doses received (kJ m− 2 day− 1) in each light treatment (P and 
PUVAVB+) during the experimental period. The doses were also calculated for 
different fractions of the full spectra received in each treatment.   

PAR PARUVAViBl+

UV-B (280–320)  0.22  1.00 
UV-A (320–400)  0.86  54.71 
Violet + Blue (400–500)  359.88  577.13 
PARwithout Vi+Bl (500–700)  1031.40  1033.22 
PAR (400–700)  1391.28  1610.35 
TOTAL  1392.36  1666.10  
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C3H7Na2O6P, respectively. Provasoli medium [59,60] was added in all 
cylinders and only NaNO3 and C3H7Na2O6P were modified for the 
different treatments. After five days of the experimental period, half of 
nitrate and phosphate compared to initial values were added. 

To achieve algal emersion, a net was placed at the bottom of the 
cylinder, and during the central hours of the day (13-17 pm), the net was 
raised so that algae were out of the water during this period. In those 
cylinders with no emersion, a net was also placed at the bottom of the 
cylinders and it was also raised, although algae were maintained 
covered by the water in the upper part of the cylinder. 

During the experiments, algae were maintained at a concentration of 
5 g L− 1, at 20 ◦C and salinity 36. Both experiments were conducted for 
seven days. In the second experiment enriched seawater (Provasoli 
medium) was also added to all cylinders with the normal nitrate and 
phosphate concentration (500 μM of NaNO3 and 27.7 μM C3H7Na2O6P). 
In the fifth day of the experiment, 50 μM of nitrate and 2.7 μM phosphate 
were also added. 

Algae growth rate, as percentage of daily growh rate (% DGR), was 
calculated as Lignell & Pedersen [61]. 

Different parameters were assessed during both experimental pe
riods. Nitrogen uptake rate (NUR) was analyzed from seawater samples. 
Photosynthesis was followed by in vivo chlorophyll a fluorescence of 
photosystem II (PSII). Biochemical composition and antioxidant capac
ity were determined by using different spectrophotometric and chro
matographic procedures in biomass from day 2 (500 mg of fresh biomass 
were collected) and from day 7 (end of the experimental period). 
Microscopic analysis was only performed in biomass collected at the end 
of the experiment. The biomass was collected after several hours of the 
stressed condition (i.e. PARUVAViBl+ or emersion condition). 

2.3. Nitrate uptake rate (NUR) 

For nutrients analysis, 10 mL of water were collected from the cul
ture cylinders at day 0, 2, 5 and 7 for the first experiment, and at day 0, 
3, 5 and 7 for the second experiment. At day 5, water was sampled before 
and after the addition of new nutrient input. Water samples were filtered 
through 0.45 μM and frozen at − 20 ◦C until analysis. Total nitrate 
contents were analyzed by segmented flow analyzer (SFA) using a Seal 
Analytical autoanalyzer QuAAtro following the methods described by 
Grasshoff et al. [62]. The detection limits of the inorganic nutrients were 
0.05 μM. The nitrate uptake rates (NUR) were calculated according to 
the following formula and expressed as μmol NaNO3 L− 1 day− 1. 

NUR = (C1 − C2/t  

where C1 and C2 are the initial and final concentrations expressed as 
μmol NaNO3, and t is the time expressed as days. 

2.4. Photosynthetic activity by using in vivo chlorophyll a fluorescence 

The photosynthetic activity of P. leucosticta was estimated through 
the in vivo chlorophyll a fluorescence associated to photosystem II (PSII), 
using a Mini-PAM-II (Walz GmbH, Germany). Two different approaches 

were followed: 

2.4.1. In situ measurements 
In vivo chlorophyll a fluorescence was measured in situ, i.e. under the 

growth conditions in the culture chambers, during different days and 
periods of the day. In the first experiment (light quality and nutrients), it 
was monitored during days 0, 2, 5 and 7, and at 8:30, 10:00, 14:00 and 
18:00. In the second experiment (light quality and emersion) it was 
determined during days 0, 3, 6 and 7 at 8:30, 10:00, 14:00, 16:00 and 
18:00. For that, saturating pulses (> 3000 μmol photons m− 2 s− 1) were 
applied to algal thalli (three replicates per cylinder) during darkness of 
the daily photoperiod (8:30 am) and at different times during the light 
cycle, in order to quantify the basal (Fo), steady-state (Ft) and the 
maximal fluorescence (Fm measured in samples at darkness or Fm’ in 
light-acclimated samples). Optimal quantum yield (Fv/Fm) and the 
effective quantum yield (Y(II)) were calculate as follows: 

Fv/Fm = (Fm − Fo)/Fm  

Y(II) = (Fm
’ − Ft)/Fm

’ 

Electron transport rate (ETR; μmol electrons m− 2 s− 1) values were 
calculated using the following formula: 

ETR = Y(II) x EPAR x A x FII  

where EPAR is the irradiance in the PAR region of the spectra (λ =
400–700 nm) and expressed as μmol photons m− 2 s− 1, A is the absorp
tance that was calculated as A = 1-(Et/E0) (Et is the irradiance that pass 
through the thallus and E0 is the emitted irradiance), and FII is the 
fraction of chlorophyll a associated to PSII, in red algae is 0.15 [63–65]. 
The ETR values obtained for each day were integrated using the trape
zoidal rule, allowing the calculation of intETR (integrated ETR). 

2.4.2. Rapid light curves (RLC) and yield losses 
Before the starting of the rapid light curves (RLCs), algae were 

incubated in darkness for 15 min, in order to oxidize the reaction cen
ters. During RLCs, algae were incubated during 30 s at increasing irra
diances (from 0 to 1500 μmol photons m− 2 s− 1) of the actinic red light of 
the Mini-PAM-II. After incubation at each intensity, a saturating pulse 
was performed. Different parameters were calculated for each intensity 
of the RLCs: Fv/Fm, Y(II), ETR, two different yield losses: Y(NPQ) 
calculated as (Ft/Fm’)-(Ft/Fm) and Y(NO) calculated as Ft/Fm, and non- 
photochemical quenching (NPQ) calculated as Y(NPQ)/Y(NO). Simi
larly to Figueroa et al. [2], it was calculated the amount of absorbed 
energy used in photochemistry (ETR) and amount of absorbed energy 
that is dissipated (yield losses), named as energy dissipation rate (EDR) 
and calculated as ETR, but replacing Y(II) values for the sum of both 
yield losses (Y(NPQ) + Y(NO)), and it was expressed as μmol photons 
m− 2 s− 1: 

EDR = (Y(NO)+Y(NPQ) ) x EPAR x A x FII 

The obtained ETR vs. irradiance, curves were fitted according to 
Eilers and Peters [66]. The following RLC descriptive parameters were 

Table 2 
Daily effective radiation doses received (kJ m− 2 day− 1) related to different biological responses (photosynthesis, DNA damage, chloroplast photoinhibition, general 
damage in plants and lipid peroxidation) driven by UVR and PAR, in each radiation treatment (P = PAR; PUVAViBl+ = PAR UVAViBl+) during the experimental periods. 
The doses were also calculated for different fractions of the full spectra received in each treatment.   

Photosynthesis DNA damage Chloroplast photoinhibition General damage in plants Lipid peroxidation  

P PUVAViBl+ P PUVAViBl+ P PUVAViBl+ P PUVAViBl+ P PUVAViBl+

UV-B (280–319)  0.00  0.00  0.03  0.08  0.13  0.50  0.08  0.23  0.10  0.31 
UV-A (320–399)  0.00  0.00  0.00  0.00  0.11  7.11  0.00  0.27  0.03  1.69 
Violet-Blue (400–499)  64.47  95.30  0.00  0.00  0.00  0.32  0.00  0.02  0.00  0.05 
PARwithout Vi+Bl (500–700)  639.61  641.02  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
PAR (400–700)  704.08  720.53  0.00  0.00  0.00  0.32  0.00  0.02  0.00  0.05 
TOTAL  768.55  815.83  0.03  0.08  0.24  8.25  0.08  0.54  0.12  2.11  
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obtained: ETRmax, photosynthetic efficiency (αETR) and saturated irra
diance (EkETR). 

Previously to the experiments, a RLC and an in situ light curve (LCin 

situ) were performed, in order to determine the appropriate PAR irradi
ances during experiments (Fig. SM.3). For the LCin situ, algae were 
incubated for one minute to increasing irradiances of the white LED light 
(from 0 to 700 μmol photons m− 2 s− 1). The Ek values obtained were 130 
and 175 μmol photons m− 2 s− 1 from RLC and LC in situ, respectively. So, 
an irradiance of 150 μmol photons m− 2 s− 1 was selected. 

2.5. Microscopic analyses 

Microscopic images were made on algal thalli immerse in 20 % 
glycerine, using the Olympus VS120 (Tokio, Japan) virtual microscopy 
slide scanning. The processing of the obtained images was done with the 
software ImageJ. The following parameters were calculated from the 
surface view: (a) number of cells, (b) percentage occupied by the pro
toplasm, and (c) average size of the protoplasm. 

2.6. Biochemical analysis 

All biochemical analyses were performed from the fresh weight 
(FW), except total carbon, nitrogen and sulphur content that need dry 
weight (DW). The ratio FW/DW was calculated as 5.5 and all results 
were expressed as mg g− 1 DW. Biochemical analyses were performed at 
day 0, 2 and 7 for the first experiment, and at day 0, 3 and 7 for the 
second experiment (except total carbon, nitrogen and sulphur content in 
the second experiment, that was only determined at day 7). 

2.6.1. Total internal carbon, nitrogen and sulphur 
Total carbon, nitrogen and sulphur content were determined from 

dry biomass using an elemental analyzer (CNHS LECO-932, Michigan, 
USA) in the Research Support Central Services (SCAI, University of 
Malaga). 

2.6.2. Photosynthetic pigments 
For phycobiliproteins determination, 50 mg of FW were homoge

nized in 1.5 mL of phosphate buffer (pH 6.5, 0.1 M) using pistil, mortar, 
and sand as abrasive. After overnight incubation at 4 ◦C, samples were 
centrifuged (Heraeus Labofuge 400R, Thermo Scientific, Waltham, MA, 
USA) and measured by using a spectrophotometer (UV-2600, Shimadzu, 
Duisburg, Germany) at the following wavelengths: 455, 564, 592, 618, 
645 and 730 nm. Quantification was made using the chromatic formulas 
described by Beer & Eschel [67] for phycoerythrin (PE) and phycocy
anin (PC). 

In the case of chlorophyll a determination, 50 mg of FW were ho
mogenate in 1.5 mL of 90 % acetone saturated with magnesium car
bonate using pistil, mortar, and sand as abrasive. After incubation (4 ◦C 
overnight) and centrifugation, extracts were spectrophotometrically 
measured at the following wavelengths: 664, 691 and 750 nm, and total 
of chlorophyll a was quantified according to Ritchie et al. [68]. 

2.6.3. Phenolic compounds 
Phenolic compounds were measured using the Folin-Ciocalteau 

method according to Singleton and Rossi [69] with some modifica
tions. Fifty mg of FW were extracted in 1.5 mL of methanol 80 % using 
pistil, mortar, and sand as abrasive, and remained overnight at 4 ◦C. 
After centrifugation, 100 μL of the extracts was mixed with 700 μL of 
dH2O and 50 μL of Folin-Ciocalteau reagent (Sigma-Aldrich, San Luis, 
MO, USA). The mixture was vortexed and 150 μL of NaCO3 20 % was 
added to the mixture and vortexed again. Samples were incubated 
during 2 h at 4 ◦C and measured by a spectrophotometer described 
above at 760 nm. Phloroglucinol (Sigma-Aldrich, San Luis, MO, USA) 
was used as standard. 

2.6.4. Mycosporine like amino-acids (MAAs) 
MAAs was determined using a uHPLC according to Korbe-Peinado 

et al. [28] with some modifications of Chavez-Peña et al. [70], i.e. 
resuspension of the samples in water instead of methanol. Fifty mg of FW 
were incubated in 1.5 mL of 20 % methanol in water during 2 h at 45 ◦C 
in a water bath. After that, samples were centrifuged and 700 μL of the 
supernatant were dried under vacuum (Speed-Vac SPD210, Thermo 
Scientific, Waltham, MA, USA). The dried samples were re-suspended in 
700 μL of ultrapure H2O, filtered through a 0.2 μm filter and injected in 
the uHPLC (1260 Agilent InfinityLab Series, Santa Clara, CA, USA). 
MAAs were detected using a Luna C8 column (Phenomenex, Aschaf
fenburg, Germany), applying an isocratic flow of 0.5 mL min− 1 and a 
mobile phase of 1.5 % methanol and 0.15 % acetic acid in ultrapure 
H2O. The detection was made using a photodiode array detector at 330 
nm. Isolated MAAs through HPCCC [71] were used as standards. 
Quantification was performed using the molar extinction coefficients (ε) 
of the different MAAs [72]. Results were expressed as mg g− 1 DW. 

2.7. Antioxidant capacity 

Two different methods based on the free radical scavenging effect 
were used to determine the antioxidant capacity. 

The ABTS assay was performed according to Re et al. [73] with some 
modifications. The ABTS radical cations (ABTS+⋅) were generated via a 
reaction of 7 mM ABTS (2,2′-azino-bis(3- ethylbenzothiazoline-6- 
sulfonic acid; Sigma-Aldrich, San Luis, MO, USA) and 2.45 mM 
K2S2O8 in phosphate buffer (0.1 M, pH:7). This reaction was stored for 
12–16 h at room temperature to ensure the complete formation of the 
radical. ABTS+⋅ solution was diluted with phosphate buffer until the 
absorbance at 727 nm was around 0.75 ± 0.05. The same extracts pre
pared for phycobiliproteins quantification were used in this assay. For 
the reaction, 50 μL of the extracts were mixed with 950 μL of the diluted 
ABTS+⋅. The mixture was incubated for 8 min at room temperature and 
darkness, and absorbances were measured at 727 nm. 

The DPPH assay was made according to Brand-Williams et al. [74] 
with some modifications. The same extracts prepared for phenols 
quantification were used in this assay. For the reaction, 200 μL of the 
extracts were mixed with 1 mL of the DPPH• (2,2-diphenyl-1-picrylhy
drazyl; Sigma-Aldrich, San Luis, MO, USA) solution (0.06 mM of DPPH 
in methanol 80 %). After 30 min of incubation at room temperature and 
darkness, absorbances were measured at 517 nm. 

For both methods, a standard solution of Trolox (6-hydroxy-2,5,7,8- 
tetramethylchroman-2-carboxylic acid; Sigma-Aldrich, San Luis, MO, 
USA) was used as reference and the results were expressed as μmol TE 
(Trolox equivalent) g− 1 DW. 

2.8. Statistics 

The software STATISTICA (V7) were used for the statistical analysis. 
Initially, data were checked for normality (Kolmogorov-Smirnov test) 
and homogeneity of variances (Cochran test). Then, two-way analyses of 
variance (ANOVA, p < 0.05) were used for the comparison of the 
treatments in the different analyzed variables. In the case of the first 
experiment, the factors were radiation (two levels: PAR and PAR +
UVAVB) and nutrients availability (three levels: 500, 250 and 50 μM 
NO3). For the second experiment, the factors were also radiation (same 
two levels) and emersion/immersion conditions (two levels: emersion 
(EMER) and immersion (IMMER)). These analyses were conducted 
separately for each time period. Newman-Keuls post-hoc test was used to 
identified homogenous groups after significant interaction in the 
ANOVA. Student-t-test were used to compared obtained values with 
initial ones (p < 0.05). Pearson’s correlation analysis was used to 
observed positive or negative correlations between dependent variables 
(p < 0.05 or 0.01). 
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3. Results 

3.1. Growth and nutrient uptake rates 

An increment of algal biomass during the experimental period was 
not observed, i.e. the algal weight remained constant. However, during 
the acclimation period (two weeks), algae grew 1.2 % day− 1. The 
nutrient uptake rates (NUR) during both experimental periods are pre
sented in the Table SM.1. In the first experiment (light quality and nu
trients), significant differences in the NUR were only observed among 
nutrients concentrations (no effect of the light quality was obtained) in 
both analyzed periods (Table SM.3). The highest NUR were observed in 
the treatment with the highest nutrient availability. During the first 
period of the experiment (0–2 days), the highest NUR were 245.4 μmol 
NaNO3 L− 1 day− 1, whereas in the last period (5–7 days) with a lower 
nutrients addition, the highest NUR were 111.4 μmol NaNO3 L− 1 day− 1. 
During the second experiment (light quality and emersion/immersion), 
significant interaction between treatments were observed in the first 
periods of the culture (0–3 days), whereas in the last period (5–7 days) 
no significant differences were obtained (Table SM.4). Significant dif
ferences were only observed in algae culture with PARUVAViBl+ under 
immersion and emersion conditions (146.7 and 101.4 μmol NaNO3 L− 1 

day− 1, respectively). 

3.2. Photosynthetic parameters (in situ and ex situ) 

In situ electron transport rate (ETR) during the experimental period 
in both experiments is shown in fig. SM.4. In all cases, there is an 
increment of in situ ETR in the middle of the day, followed by a decrease 
at the afternoon. In order to compare the different treatments, the in
tegrated daily ETR (ETRint) of the different treatments were calculated 
for each day (Fig. 2). In case of the first experiment, no significant 
interaction between the studied factors were observed during the first 
day of the experiment, whereas significant effects in the treatments of 
each factor separately was observed (Table SM.3). In this day, algae 
under PARUVAViBl+ treatment presented a lower ETRint (0.27 mol e−

m− 2), than algae under PAR treatment (0.28 mol e− m− 2). Algae sub
mitted to the lowest nutrient concentration (50 μM) showed the lowest 
ETRint (0.26 mol e− m− 2), in comparison with the other nutrient 

concentrations. In the rest of the experiment (day 2, 6 and 7) significant 
interaction between variables was obtained (Table SM.3). At day 7, the 
lowest ETRint was obtained in the treatments with low nutrients (50 μM; 
0.19 mol e− m− 2), followed by the PARUVAViBl+ and 250 μM nitrate 
treatment (0.24 mol e− m− 2), and for the rest of the treatments (PAR 
500, PAR 250 and PARUVAViBl+ 500) without significant differences 
among them (0.31 mol e− m− 2). In relation with the second experiment, 
significant differences between factors separately (no significant inter
action) were observed in the first day of the experiment (Table SM.4). 
Higher ETRint values were observed in algae under PARUVAViBl+ radia
tion (0.35 mol e− m− 2) than in algae under only PAR (0.32 mol e− m− 2). 
Higher values were also observed in those algae with emersion (EMER: 
0.35 mol e− m− 2) than in algae under no emersion (IMMER; 0.32 mol e−

m− 2). In the third day of the experiment, significant interaction among 
factors was obtained (Table SM.4), differences were only observed be
tween the PARUVAViBl+ and IMMER (0.36 mol e− m− 2) treatment and the 
others (0.32 mol e− m− 2). At the end of the experiment (day 5 and 7), the 
interaction between factors disappeared (Table SM.4), and significant 
differences were only observed between immersed or emersed condi
tions. Algae under immersed condition showed a highest ETRint (EMER: 
0.29 mol e− m− 2; IMMER: 0.33 mol e− m− 2). 

In Table 3, different values obtained from the RLCs at end of the 
experimental periods are shown. In case of the first experiment, Fv/Fm 
values showed interaction between factors (Table SM.3). The lowest 
value was obtained in the treatment PARUVAViBl+ 50 (0.56) and the 
highest value was observed in the P 500 (0.7). Significant difference 
with the initial value (0.65) were only observed in the PARUVAViBl+ 50 
treatment (0.56). The ETRmax values only showed significant differences 
among nutrients concentrations (Table SM.3). The ETRmax varied from 
2.15 μmol e− m− 2 s− 1 in the treatments with low nutrients (50), to 2.97 
μmol e− m− 2 s− 1 in the treatments with high nitrogen (500). Significant 
differences with the initial value (3.83 μmol e− m− 2 s− 1) were observed 
in the treatments PAR 50, PAR UVAViBl+ 250 and PARUVAViBl+ 50 (2.30, 
2.17 and 2.01 μmol e− m− 2 s− 1, respectively). αETR and EkETR values did 
not shown significant differences among the treatments (Table SM.3) or 
with the initial value. The average values of αETR and EkETR were 0.03 
and 110.84 μmol photons m− 2 s− 1, respectively. In the second experi
ment, no significant differences were observed in any of the variables 
(Table SM.4). Significant differences with the initial values were only 

Fig. 2. Integrated electron transport rate (ETRint) calculated with the in situ measurements show in fig. SM.4 in both experiments with Pyropia leucosticta: Exp. 1) 
light quality and nutrients (500, 250 and 50 μM of NaNO3) and Exp. 2) light quality and emersion/immersion (EMER/IMMER) conditions. Values are expressed as 
mean ± standard deviation (SD) (n = 3). Different letters indicate significant differences among treatments: lower-case letters indicate significant interaction be
tween variables (radiation and nutrients or radiation and emersion/immersion), capital letters indicate significant differences between radiation treatments (PAR and 
PARUVAViBl+) and italic letters indicate significant differences among nutrients concentrations (50, 250 and 500) or emersion/immersion conditions (EMER and 
IMMER). ANOVA, Newman-Keuls post hoc (p < 0.05). 
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observed in certain cases, e.g. Fv/Fm value in the PAR EMER treatment 
showed a significant increased, the ETRmax value showed a significant 
decrease in the PARUVAViBl+ IMMER treatment, or the EkETR showed a 
significant decreased in the PAR EMER treatment. 

Table SM.2 show the ETR, the energy dissipation rate (EDR), and the 
non-photochemical quenching (NPQ) obtained during RLCs at 75, 150 
and 300 μmol photons m− 2 s− 1. In general, a higher EDR than ETR is 
observed in all treatments of both experiments (e.g. in the PAR 500 
treatment at 150 μmol photons m− 2 s− 1, the ETR and EDR values were 
2.5 and 8.5, respectively), and the values of the three variables increased 
with the increasing irradiances (e.g. in the PAR 500 treatment at 150 
μmol photons m− 2 s− 1, the ETR values increased from 1.3 to 3.0, the EDR 
values increased from 3.5 to 19.0 μmol photons m− 2 s− 1, and the NPQ 
values increased from 0.5 to 0.9). In the first experiment, ETR and EDR 
only showed significant differences among the different nutrient con
centrations at 150 and 300 μmol photons m− 2 s− 1, (no interaction be
tween factors; Table SM.3). Higher ETR values were observed in the 
treatments with high nitrogen than in the treatments with low nitrogen 
(e.g. at 300 μmol photons m− 2 s− 1 ETR values varied from 3.03 to 1.98 
μmol e− m− 2 s− 1). The opposite occurs with the EDR, higher values were 
obtained in the treatments with low nitrogen (e.g. at 300 μmol photons 
m− 2 s− 1, the EDR values varied from 20.1 to 19.0 μmol photons m− 2 

s− 1). In relation to NPQ values, a significant effect of the radiation 
treatments was observed for the three light irradiances (no significant 
interaction between factors; Table SM.3). Higher NPQ values were 
observed in PARUVAViBl+ treatment than that under PAR treatments (e.g. 
at 300 μmol photons m− 2 s− 1, the NPQ was 0.83 under PAR treatment 
and 1.27 under PARUVAViBl+). In the second experiment, ETR and EDR 
values showed significant effects related to the radiation treatments at 
150 μmol photons m− 2 s− 1 (Table SM.4). ETR values were higher in the 
PAR treatment (2.4 μmol e− m− 2 s− 1), than in the PARUVAViBl+ treatment 
(1.7 μmol e− m− 2 s− 1). The NPQ values did not shown significant dif
ferences among treatments (e.g. at 150 μmol photons m− 2 s− 1), the 
average NPQ were 0.74. The ratio ETR/EDR at different irradiances in 
the RLCs are shown in Fig. 3. In general, the ratio decreased with the 
increasing irradiance (e.g. in the PAR 500 treatment the ratio varied 
from 0.36 to 0.16). In the first experiment, significant effect of the 
nutrient concentration was observed under 150 and 300 μmol photons 
m− 2 s− 1 (no significant differences were obtained for 75 μmol photons 
m− 2 s− 1). The highest ratio was observed with the highest nitrogen level 
(500), and the lowest ratio with the lowest nitrogen (50) (e.g. at 300 
μmol photons m− 2 s− 1), decreasing the ratio from 0.16 to 0.11. In the 
second experiment, significant differences between the radiation treat
ments were only observed at 150 μmol photons m− 2 s− 1, lower values 
were observed in the PARUVAViBl+ treatments (0.19) than in the PAR 

treatment (0.3). 

3.3. Microscopic analysis 

Microscopic images of P. leucosticta thalli at the end of the experi
mental period are shown in Fig. 4. Clear spaces represent cell wall while 
internal content of each cell is colored. Some groups of small cells 
derived from mitotic division can be observed in all images. In general, 
the thalli remained with a red-brownish color. In the treatment with 
high N and only PAR, the red color was more patent, whereas in the 
treatment with low N and UVR, the color changed to yellowish (Fig. 4). 

Table 3 
Parameters obtained from the rapid light curves (RLCs) measured at day 7 of both experiments with Pyropia leucosticta: Exp. 1) light quality and nutrients (500, 250 and 
50 μM of NaNO3) and Exp. 2) light quality and emersion/immersion conditions. Maximal quantum yield (Fv/Fm), maximal electron transport rate (ETRmax), photo
synthetic efficiency of ETR versus Irradiance (αETR) and saturated irradiance of ETR (EkETR). Values are expressed as mean ± standard deviation (SD) (n = 3). Different 
letters indicate significant differences among treatments: lower-case letters indicate significant interaction between variables (radiation and nutrients or radiation and 
emersion/immersion), capital letters indicate significant differences between radiation treatments (PAR and PARUVAViBl+) and italic letters indicate significant dif
ferences among nutrients concentrations (50, 250 and 500) or emersion/immersion conditions (EMER and IMMER). ANOVA, Newman-Keuls post hoc (p < 0.05). 
Asterisk (*) showed significant differences between initial values and the obtained in the different treatments. Student’s t-test (p < 0.05).   

Fv/Fm ETRmax αETR EkETR 

Exp.1 Initial  0.65 ± 0.05  3.83 ± 1.07  0.03 ± 0.01  129.29 ± 19.89  
PAR 500  0.70 ± 0.01c  3.03 ± 0.48b  0.02 ± 0.00  139.94 ± 23.62  
PAR 250  0.66 ± 0.01b  2.82 ± 0.73ab  0.03 ± 0.01  110.73 ± 4.34  
PAR 50  0.66 ± 0.03b  2.30 ± 0.15ª*  0.02 ± 0.01  103.09 ± 25.82  
PARUVAViBl+ 500  0.66 ± 0.01b  2.92 ± 0.31b  0.03 ± 0.01  122.11 ± 41.82  
PARUVAViBl+ 250  0.64 ± 0.01b  2.17 ± 0.36ab*  0.02 ± 0.01  109.86 ± 42.38  
PARUVAViBl+ 50  0.56 ± 0.03ª*  2.01 ± 0.32ª*  0.03 ± 0.00  79.28 ± 4.55* 

Exp.2 Initial  0.67 ± 0.01  3.95 ± 0.42  0.03 ± 0.00  128.76 ± 8.68  
PAR EMER  0.69 ± 0.01*  3.08 ± 0.42  0.03 ± 0.00  112.16 ± 8.68*  
PAR IMMER  0.69 ± 0.02  2.64 ± 0.87  0.02 ± 0.00*  132.15 ± 54.27  
PARUVViBl+ EMER  0.68 ± 0.02  2.60 ± 0.20*  0.02 ± 0.01  135.34 ± 54.50  
PARUVAViBl+ IMMER  0.68 ± 0.02  2.57 ± 0.75*  0.02 ± 0.01  122.40 ± 19.38  

Fig. 3. Ratio between the electron transport rate (ETR) and the electron 
dissipation rate (EDR) obtained from the rapid light curves (RLCs) at 75, 150 
and 300 μmol photons m− 2 s− 1 of both experiments with Pyropia leucosticta: 
Exp. 1) light quality and nutrients (500, 250 and 50 μM of NaNO3) and Exp. 2) 
light quality and emersion/immersion (EMER/IMMER) conditions. Values were 
expressed as mean ± standard deviation (SD) (n = 3). Different letters indicate 
significant differences among treatments: lower-case letters indicate significant 
interaction between variables (radiation and nutrients or radiation and emer
sion/immersion), capital letters indicate significant differences between radia
tion treatments (PAR and PARUVAViBl+) and italic letters indicate significant 
differences among nutrients concentrations (50, 250 and 500) or emersion/ 
immersion conditions (EMER/IMMER). ANOVA, Newman-Keuls post hoc (p 
< 0.05). 
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Fig. 4. Microscopic photos of Pyropia leucosticta thalli at the end of the experimental period (day 7) for both experiments: Exp. 1) light quality and nutrient con
centrations (500, 250 and 50 μM of NaNO3); and Exp. 2) Light quality and emersion/immersion (EMER/IMMER) conditions. Images are representatives of a total of 3 
analyzed samples (3 images were performed of each sample). 
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Different parameters were calculated from those photos: number of cells 
in the analyzed area, percentage of the protoplasmatic area and average 
size of the protoplasm (Table 4). In the first experiment, the cell number 
showed a significant effect of both studied factors separately 
(Table SM.3). The number of cells were higher in the treatments with 
low nitrogen, i.e. the cell content varied from 147.6 in the high nitrogen 
treatment to 253.3 in the low nitrogen content. The cell number was also 
affected by the PARUVAiBl+ radiation, i.e. lower number was obtained in 
the PARUVAViBl+ treatment (182.0) than in the PAR treatments (213.2). 
The protoplasmatic area and the protoplasm size showed interaction 
between the analyzed factors. The lowest protoplasmatic area (34.9 %) 
was observed in PAR 50, PAR 250 and PARUVAViBl+ 50 treatments, the 
other treatments showed an area of 40.0 %. In the case of the protoplasm 
size, the lowest value was obtained in the PARUVAViBl+ 50 treatment 
(15.0 μm), and the highest in the PAR 500 treatment (26.0 μm). In 
relation to the second experiment, significant effect of the radiation 
treatment was observed in the cell number and in the protoplasm size, 
whereas the protoplasmatic area was affected by desiccation 
(Table SM.4). The number of cells increased under PARUVAViBl+ treat
ments (159.2 vs 183.6). The protoplasmatic area increased under 
desiccation (38.6 vs 35.18). The protoplasma size decreased under 
PARUVAViBl+ (32.69 vs 25.51). 

3.4. Biochemical analysis 

Table 5 show elemental carbon, nitrogen and sulphur contents and 
the radio C/N. In the first experiment, the carbon content only showed 
significant differences between radiation treatments in the day 7 
(Table SM.3). Lower carbon values were obtained in the PARUVAViBl+
treatments (32.9 %) in comparison to PAR treatments (34.25 %). At day 
2, no significant differences were observed among treatments although 
the carbon content increased in most of the treatment in comparison 
with the initial values. At day 7, only the PAR 500 treatment showed a 
significant increase compared to the initial value. In relation to the N 
content, a separately effect of nutrients concentration and radiation 

treatment was obtained in day 2 (Table SM.3). The highest nitrogen 
content was obtained in the treatment with highest nutrient level (500; 
2.76 %) and in the P treatments (2.42 %). At day 7, significant effects 
were observed among the nutrient concentrations (same as day 2) 
(Table SM.3). An increase of the N content in comparison with the initial 
value were observed in all treatments. The C/N ratio was also affected 
by the nutrient concentration in both days (Table SM.3), the lowest ratio 
was obtained in the treatments with highest nutrient availability. 
Considering the sulphur content of algal thalli, no significant differences 
were found (Table SM.3). In relation to the second experiment, the 
carbon, nitrogen and sulphur content showed a significant interaction 
between variables (Table SM.4), and the lower C value was obtained in 
the PAR UVAViBl+ -IMMER treatment (29.7 %) and higher in P IMMER 
treatment (35.8 %). The lowest N-value was obtained in PARUVAViBl+- 
IMMER treatment (2.5 %) and the highest at PAR IMMER treatment (3.9 
%). The C/N ratio only showed significant effect of the radiation treat
ments (Table SM.4), where higher values was obtained in the 
PARUVAViBl+ treatments (11.6) in comparison to P treatments (9.7). The 
highest sulphur value was obtained in PAR- IMMER treatment (1.2 %) 
and the lowest in PARUVAViBl+-IMMER treatment (0.2 %). 

Table 6 show the concentration of phenolic compounds and the 
antioxidant capacity measured through two different radical scavenging 
methods (ABTS and DPPH). The phenols content showed a significant 
effect of the radiation treatments at day 2 (Table SM.3). Higher value 
was obtained in the PUVA+BLUE treatments (11.9 mg g− 1 DW) than in the 
P treatments (9.0 mg g− 1 DW). However, at day 7 a significant effect of 
the nutrient concentrations was obtained (Table SM.3). Lowest values 
were obtained in the treatment with lowest nutrient concentration (50; 
9.5 mg g− 1 DW). The antioxidant capacity measured through ABTS 
method, showed significant effects of the nutrient concentration at day 2 
and radiation treatments at day 7 (Table SM.3). At day 2, highest values 
were obtained in the intermediate content of nutrients (250; 23.9 μmol 
TE g− 1 DW) and in day 7 higher values was obtained in the P treatments 
(22.2 μmol TE g− 1 DW) than in the PARUVAViBl+ treatments (16.8 μmol 
TE g− 1 DW). The antioxidant capacity through the DPPH methods only 
showed a significant effect of the light treatments at day 2 (Table SM.3), 
in which higher values was obtained under PARUVAViBl+ treatments 
(11.5 μmol TE g− 1 DW) than under P treatments (6.5 μmol TE g− 1 DW). 
In the second experiment, the phenolic compounds and DPPH antioxi
dant capacity only showed a significant effect of the radiation treat
ments at day 7 (Table SM.3). In the case of phenolics, a higher content 
was found in algae under PAR + UVAVB treatments (15.8 mg g− 1 DW) 
than under P treatments (13.7 mg g− 1 DW). The ABTS did not show 
significant differences (Table SM.3). 

Photosynthetic pigments of P. leucosticta submitted to the two 
experimental procedures are shown in Fig. 5. In case of the first exper
iment, pigments clearly increased during the experimental process and 
showed a variation caused by significant effects due to nutrient con
centrations applied during the experiment (Table SM.3). The values 
increased with the increasing nutrient concentrations. For phycoery
thrin and phycocyanin content, a significant effect of the nutrient con
centrations was observed for day 2, whereas at day 7 a significant effect 
of the radiation treatments was also observed (Table SM.3). At day 2, 
values of phycoerythrin varied from 4.3 to 11.1 mg g− 1 DW. At day 7, 
PARUVAViBl+ showed lower values than PAR treatments (6.1 and 8.2 mg 
g− 1 DW, respectively). In the case of chlorophyll a (Chl a) content, a 
significant effect of the nutrients was obtained in both days 
(Table SM.3). The content varied from 1.3 to 2.0 mg g− 1 DW at day 2. In 
the second experiment, a significant effect of radiation treatments was 
only observed for phycoerythrin content at day 7, in which a lower 
content was obtained in the PARUVAViBl+ (18.2 mg g− 1 DW) treatments 
in comparison with PAR treatments (24.7 mg g− 1 DW). The other two 
pigments remained constant, although the Chl a showed a significant 
increase in comparison with the initial values. 

Finally, the MAA contents of P. leucosticta are shown in Fig. 6. In both 
experiments, the content of MAAs increased throughout the time. In case 

Table 4 
Parameters measured from microscopic images obtained at the end of the 
experimental period in both experiments with Pyropia leucosticta: Exp. 1) light 
quality and nutrient concentrations (500, 250 and 50 μM of NaNO3); and Exp. 2) 
light quality and emersion/immersion (EMER/IMMER) conditions. Number of 
cells present in the analyze area, protoplasmatic area (%) and protoplasm 
average size (μm2). Values are expressed as mean ± standard deviation (SD) (n 
= 3). Different letters indicate significant differences among treatments: lower- 
case letters indicate significant interaction between variables (radiation and 
nutrients or radiation and emersion/immersion), capital letters indicate signif
icant differences between radiation treatments (PAR and PARUVAViBl+) and italic 
letters indicate significant differences among nutrients or emersion/immersion 
conditions (EMER/IMMER). ANOVA, Newman-Keuls post hoc (p < 0.05).   

Treatment n◦ cells Protoplasmatic 
area (%) 

Protoplasmatic 
average size 
(μm2) 

Exp. 
1 

PAR 500  165.89 ± 2.34aB  40.49 ± 2.22b  26.00 ± 2.28d  

PAR 250  202.78 ± 32.67bB  33.65 ± 2.24a  18.24 ± 3.31c  

PAR 50  271.06 ± 27.92cB  32.01 ± 2.38 a  12.70 ± 0.60a  

PARUVAViBl+

500  
129.25 ± 1.21aA  39.74 ± 0.17b  32.85 ± 0.30c  

PARUVAViBl+

250  
181.06 ± 25.09bA  38.77 ± 2.31b  22.82 ± 4.43b  

PARUVAViBl+

50  
235.44 ± 24.74cA  32.17 ± 1.45a  15.02 ± 1.02ab 

Exp. 
2 

PAR EMER  113.50 ± 2.00 A  37.57 ± 2.31ab  34.28 ± 2.24bB  

PAR IMMER  134.50 ± 10.17 A  36.91 ± 1.46ab  29.69 ± 2.25aB  

PARUVAViBl+

EMER  
163.11 ± 17.02B  39.72 ± 0.75b  26.39 ± 2.04bA  

PARUVAViBl+

IMMER  
154.75 ± 12.25B  35.02 ± 0.23 a  24.85 ± 1.61aA  
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of the first experiment, a clear effect of nutrients concentration was 
obtained (Table SM.3). The content of MAAs increased in the treatments 
with high N-availability. MAAs content varied from 0.8 to 2.7 mg g− 1 

DW at day 2, and from 3.3 to 6.7 mg g− 1 DW at day 7. In the second 
experiment, an interaction among variables was obtained (Table SM.4). 
In day 3, the highest MAA values was obtained in the PARUVAViBl+ EMER 
treatment (5.1 mg g− 1 DW). In the end of the experiment, in day 7, the 
highest values were obtained in PAR IMMER and PARUVAViBl+ EMER 
treatments, followed by PAR EMER and PARUVAViBl+ IMMER treatment 
(9.4, 8.1, 6.7 and 4.3 mg g− 1 DW, respectively). 

3.5. Pearson’s correlations 

Pearson’s correlation analysis for experiments conducted with 
P. leucosticta are shown in table SM.5. In the first experiment, some 
photosynthetic parameters (intETR, Fv/Fm and ETRmax) were positively 
correlated among them and with most of the internal compounds (N, 
phenols, PE, PC, Chl a and MAAs). Nitrogen content correlated posi
tively with the nitrogenous compounds (PE, PC, Chl a and MAAs). 
Carbon content also showed a positive correlation with the phycobili
proteins content (PE and PE). Antioxidant capacities of algal extracts 
with DPPH assay were correlated with the phenols content, while those 

obtained from the ABTS assay were correlated with the PC content. In 
the second experiment, less significant correlations were found. Carbon 
content correlate with N and S content, as well as, PE, PC and MAAs. 
Nitrogen content correlated with the nitrogenous compounds (PE, PC 
and MAAs) and sulphur content, and correlates negatively with the 
antioxidant capacity (by DPPH). ABTS assay data showed positive cor
relation with PE and PC of P. leucosticta, while antioxidant capacity 
estimated by DPPH was positively correlated with phenols. 

4. Discussion 

Photosynthesis is dependent on irradiance, light quality, and 
nutrient availability among other variables. Nitrogen assimilation is 
necessary to produce the proteins involved in photosynthesis (and other 
processes), while at the same time this process demand ATP and NADPH 
produced in the photosynthetic electron transport chain. In this study, 
both maximal quantum yield (Fv/Fm) and electron transport rate (ETR) 
decreased under low nutrient conditions, clearly related to the lower 
substrate source for photosynthesis and the inability to synthetize 
important proteins like photosynthetic pigments that harvest the light. 
Fv/Fm is an indicator of the physiological state of photosynthetic or
ganism [75] and ETR can be related to productivity [30,76]. Low values 

Table 5 
Total internal carbon, nitrogen and sulphur content (%), and C/N ratio of both experiments with Pyropia leucosticta: A) light quality and nutrient concentrations (500, 
250 and 50 μM of NaNO3); and B) light quality and emersion/immersion (EMER/IMMER) conditions. Values are expressed as mean ± standard deviation (SD). 
Different letters indicate significant differences among treatments: lower-case letters indicate significant interaction between variables (radiation and nutrients or 
radiation and emersion/immersion), capital letters indicate significant differences between radiation treatments (PAR and PARUVAViBl+), italic letters indicate sig
nificant differences among nutrients concentrations or emersion/immersion (EMER/IMMER conditions. ANOVA, Newman-Keuls post hoc (p < 0.05). Asterisks (*) 
indicate significant differences between initial values and the obtained in the different treatments by Student’s t-test (p < 0.05).   

Treatment C N C/N S 

Exp. 1 Initial 33.02 ± 0.59 1.65 ± 0.23 20.3 ± 2.99 1.08 ± 0.19   
Day 2 Day 7 Day 2 Day 7 Day 2 Day 7 Day 2 Day 7  

PAR 500 35.92 ± 1.55* 35.14 ± 0.29B* 2.99 ± 0.09Bb* 2.88 ± 0.29b* 12.03 ± 0.28ª* 12.31 ± 1.35ª* 1.47 ± 0.3 1.18 ± 0.19  
PAR 250 35.46 ± 0.28* 33.86 ± 0.38B 2.23 ± 0.08Bb* 2.41 ± 0.56ab* 15.92 ± 0.47b* 14.69 ± 3.96a 1.27 ± 0.12* 1.08 ± 0.20  
PAR 50 37.65 ± 0.65* 33.76 ± 1.02B 2.03 ± 0.01Ba* 2.23 ± 0.70 a 18.54 ± 0.42c 16.22 ± 5.01b 1.32 ± 0.01* 1.14 ± 0.28  
PARUVAViBl+ 500 34.06 ± 2.47 33.37 ± 1.84 A 2.54 ± 0.27Ab* 2.90 ± 0.36b* 13.57 ± 2.24ª* 11.64 ± 1.75ª* 1.26 ± 0.33 1.04 ± 0.41  
PARUVAViBl+ 250 35.49 ± 1.63* 32.92 ± 1.02 A 2.10 ± 0.03Ab* 2.22 ± 0.46ab 16.94 ± 0.81b 15.22 ± 2.88a 1.21 ± 0.21 1.11 ± 0.09  
PARUVAViBl+ 50 35.64 ± 1.72* 32.46 ± 1.93 A 1.98 ± 0.19Aa* 1.50 ± 0.22a 18.18 ± 2.38c 21.80 ± 2.22b 1.26 ± 0.38 1.02 ± 0.14 

Exp. 2 Initial 31.64 ± 0.61 2.33 ± 0.78 14.64 ± 5.01 0.77 ± 0.09   
Day 7 Day 7 Day 7 Day 7  

PAR EMER 32.70 ± 1.34ab 3.26 ± 0.36b 10.09 ± 0.82 A 0.29 ± 0.15a*  
PAR IMMER 35.84 ± 2.54b* 3.88 ± 0.05b* 9.25 ± 0.69 A 1.24 ± 0.31b*  
PARUVAViBl+ EMER 33.30 ± 2.52ab 3.04 ± 0.87b 11.44 ± 2.47B 0.54 ± 0.62 A  

PARUVAViBl+ IMMER 29.67 ± 1.62 A 2.47 ± 0.25a 11.68 ± 1.10B 0.20 ± 0.21a*  

Table 6 
Phenols content (mg g− 1 DW), and antioxidant capacity measured through ABTS and DPPH method (μmol TE g− 1 DW) of both experiments with Pyropia leucosticta: 
Exp. 1) light quality and nutrient concentrations (500, 250 and 50 μM of NaNO3); and Exp. 2) light quality and emersion/immersion (EMER/IMMER) conditions. 
Values are expressed as mean ± standard deviation (SD). Different letters indicate significant differences among treatments: lower-case letters indicate significant 
interaction between variables (radiation and nutrients or radiation and emersion/immersion), capital letters indicate significant differences between radiation 
treatments (PAR and PARUVAViBl+), italic letters indicate significant differences among nutrients concentrations or emersion/immersion (EMER/IMMER) conditions. 
ANOVA, Newman-Keuls post hoc (p < 0.05).    

Phenols ABTS DPPH 

Exp. 1 Initial 11.6 ± 4.44 23.49 ± 0.69 8.53 ± 0.70   
Day 2 Day 7 Day 2 Day 7 Day 2 Day 7  

PAR 500 8.73 ± 0.63 A 9.95 ± 1.13a 17.77 ± 2.06a 23.49 ± 2.97B 7.08 ± 2.81 A 12.52 ± 1.09*  
PAR 250 9.45 ± 2.23 A 10.94 ± 1.75ab 23.97 ± 4.9b 21.36 ± 2.18B 8.49 ± 7.49 A 11.74 ± 4.41  
PAR 50 8.91 ± 0.89 A 13.22 ± 1.28b 20.90 ± 1.66a* 21.74 ± 3.91B 3.75 ± 1.53 A* 12.37 ± 2.26*  
PARUVAViBl+ 500 11.6 ± 1.95B 9.09 ± 1.15a 16.30 ± 4.61 a* 15.18 ± 0.62A 9.64 ± 5.1B 12.59 ± 1.6*  
PARUVAViBl+ 250 11.29 ± 0.49B 10.73 ± 1.56ab 23.84 ± 2.22b 15.17 ± 2.61 A* 12.13 ± 0.51B 15.61 ± 2.38*  
PARUVAViBl+ 50 12.88 ± 2.08B 10.43 ± 0.87b 18.69 ± 2.51a* 20.23 ± 3.36 A* 12.87 ± 0.99B 9.92 ± 5.85 

Exp. 2 Initial 11.31 ± 2.05 18.6 ± 1.6 2.06 ± 1.40   
Day 3 Day 7 Day 3 Day 7 Day 3 Day 7  

PAR EMER 8.92 ± 2.93 15.07 ± 1.67 A 17.98 ± 1.49 20.60 ± 0.66* 7.51 ± 1.94* 11.33 ± 1.70 A*  
PAR IMMER 11.41 ± 3.44 12.38 ± 1.10 A* 17.87 ± 4.94 23.36 ± 3.18 5.82 ± 3.35 10.95 ± 1.38 A*  
PARUVAViBl+ EMER 12.84 ± 5.25 15.72 ± 0.50B* 19.80 ± 3.19 20.98 ± 1.10 6.60 ± 3.95 15.04 ± 1.69B*  
PARUVAViBl+ IMMER 10.10 ± 3.9 15.94 ± 0.99B* 19.35 ± 2.25 21.50 ± 1.77 11.42 ± 6.51* 13.17 ± 7.27B*  
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of both Fv/Fm and ETR are consequence of stress conditions (e.g. low 
nutrient availability) producing photoinhibition. So, as it is expected, 
the increase in nitrogen content is related to a high pigment content that 
allow a higher light absorption, what increase the electron sink and 
consequently increase the photosynthetic rate [2]. According to the 
different action spectra showed in fig. SM.2, UV radiation can affect 
photosynthesis and other processes, through chloroplast inhibition, 
DNA and proteins damage, or lipid peroxidation. Among them, chloro
plast photoinhibition and lipid peroxidation were the most affected by 
UV-A radiation. This can explain the reduction in the integrated ETR 
under the PARUVAViBl+ treatment in some cases (e.g. the day 0 or the 
PARUVAViBl+ 250 at day 7) during the first experiment. However, the 
interaction between both studied factors (light quality and nutrients) 
during the experimental period in the Fv/Fm and ETR values, suggest 
that high nitrogen availability can help to reduce or delay the negative 
effect provoke by UV-A radiation. This positive effect has been previ
ously reported by Figueroa et al. and Bonomi-Barufi et al. [77–79] in 
Ulva lactuca and Gracilaria tenuisipitata, respectively. Additionally, the 
violet-blue light increased the amount of photons available for 

photosynthesis [80] in the PARUVAViBl+ treatment, that can explain the 
significant increase in the ETRint observed in the PARUVAViBl+ 500 at day 
2 and 6 and in the algae cultured under PARUVAViBl+ during the first day 
of the second experiment. This supplemented radiation has a positive 
effect on photosynthesis only during a short period, whereas the positive 
effect of high nutrient availability is maintained during a longer time. 
The photosynthetic increase with the supplemented light can be also due 
to photomorphogenic responses of these wavelength through the action 
of cryptochromes as it has been shown by other authors [19,25]. 

On the other hand, emersed conditions caused a decrease in the 
photosynthetic capacity (in situETR) after 3 h of emersion, followed by a 
recovery after the re-hydration (see Fig SM4). This pattern has been 
observed in different species, such as Porphyra columbina, Mastocarpus 
papillatus or Mazzaella laminarioides [39,41,81]. Zou and Gao [82] 
observed that the photosynthetic capacity of Porphyra haitanensis 
decreased under emersion due to limitation of the atmospheric CO2, 
demonstrating that higher CO2 concentrations will enhance the photo
synthetic capacity. In contrast, many macroalgae have shown an in
crease in the photosynthetic rate in moderate emersion conditions, like 

Fig. 5. Photosynthetic pigments (phycoerythrin, phycocyanin and chlorophyll a) measured in both experiments with Pyropia leucosticta: Exp. 1) light quality and 
nutrient concentrations (500, 250 and 50 μM of NaNO3) and Exp. 2) light quality and emersion/immersion (EMER/IMMER) conditions. Values are expressed as mean 
± standard deviation (SD). Different letters indicate significant differences among treatments: lower-case letters indicate significant interaction between variables 
(radiation and nutrients or radiation and emersion/immersion), capital letters indicate significant differences between radiation treatments (PAR and PARUVAViBl+), 
italic letters indicate significant differences among nutrients or emersion/immersion (EMER/INMER) conditions. ANOVA, Newman-Keuls post hoc (p < 0.05). As
terisks (*) indicate significant differences between initial values and the obtained in the different treatments. Student’s t-test (p < 0.05). 
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Porphyra yezoensis, Ishige okamurae, Chondracanthus intermedius or Pter
ocladia capillacea [40] due to the removal of the water layer on the 
surface of the thallus and the higher diffusion rate of CO2 in air than in 
water (10,000 times higher). Nevertheless, prolonged desiccation pe
riods produce negative effects for photosynthesis due to a further 
decrease of water content. Water is necessary for the proper function of 
the photosystem (PS) II and the electron flow between the two photo
systems, whereas the cyclic electron flow around PS I do not need water 
and plays a significant physiological role during desiccation and re- 
hydration, i.e. Gao et al. [83] observed that the cyclic electron flow 
improve the recovery after severe desiccation in Porphyra yezoensis. 

The ETRmax values determined during RLCs showed a similar pattern 
that the obtained in the ETRint calculated in situ, although the values 
were very different. The ETRmax values obtained incubating algae under 
the red LED light of the Mini-PAM (that reach 1200 μmol photons m− 2 

s− 1) were much lower than that ETR values obtained in situ at 300 μmol 
photons m− 2 s− 1 of white LED light (3.3 vs 14.8 μmol e− m− 2 s− 1, 
respectively in the PAR 500 treatment). These differences have been 
observed by other species of macroalgae (Ulva lactuca, Ulva rigida and 
Gracilaria cornea) and microalgae (Chlorella fusca) [2,30,76,84]. Fig
ueroa et al. [30] suggested that this difference can be due to the light 
quality of the incubation light. Solar or white light present a broader 
spectrum than the red, blue or the white halogen lights of the PAM 
devices, thus chlorophyll a and accessory pigments can absorb light 
from different wavelengths, reaching a higher photosynthetic capacity. 

From the RLCs, it can be observed how much energy is dissipated and 
in which way. The term energy dissipation rate (EDR), proposed for the 
first time in this work, is related to the amount of energy that is dissi
pated and it is calculated using both yield losses: Y(NO) and Y(NPQ), 
instead of the Y(II) (used for ETR calculation). The dissipation can be 
performed through two mechanisms: Y(NPQ), that is related with the 

dissipation as fluorescence and heat through photoregulated mecha
nisms (e.g. xanthophyll cycle) and Y(NO), that is refer to the passively 
dissipation as heat and/or fluorescence, mainly due to close PSII reac
tion centers. In all treatments, most of the obtained energy is dissipated, 
although differences in the ratio ETR/EDR (production/dissipation) 
were observed among treatments. The non-photochemical quenching 
(NPQ) is the ratio between both yield losses (Y(NPQ)/Y(NO)), values 
higher than 1 indicate that the main dissipation mechanism is the 
photoregulated one. The results indicate that under high intensities, the 
ETR/EDR decreased and the NPQ increased, showing that algae are not 
able to use all the available energy, and as photoprotection mechanism 
the photoregulated dissipation mechanism increased. The ratio ETR/ 
EDR was affected by nutrient availability as was observed with ETR 
values since both values are related, i.e. if ETR values decrease, EDR 
values increased. However, the NPQ was only affected by the 
PARUVAViBl+ radiation, increasing the values under this type of radia
tions and indicating that a photorregulated dissipation mechanism is 
activated under this condition. When emersion and UVA, Violet and 
Blue were combined, a decrease in ETR/EDR was observed, probably 
due to the effect of light quality (no effect of the emersion conditions 
were observed). 

Other authors have used the ratio ETR/NPQ as indicator of the 
relation between energy used on photosynthesis and dissipation 
quenching [85]. The authors shown that this ratio decreased under 
increased stress condition, e.g. increase the exposure UV-B radiation. 
ETR/EDR is suggested as a better indicator than ETR/NPQ since they are 
expressed in the same energy units and they represent the ratio of energy 
used for photosynthesis (ETR) and dissipation (EDR). Hendrikson et al. 
[86] proposed a simpler alternative method for quantifying the parti
tioning of excitation energy between photochemistry, thermal/fluores
cence dissipation or photoregulated dissipation. They calculated the 
energy used or dissipated as the product between YII, Y(NO) or Y(NPQ) 
and the absorbed irradiance and expressed it as irradiance unit (μmol 
photons m − 2 s− 1). Figueroa et al. [2] also calculated the energy used 
and dissipated but taking into account the absorbed irradiance and the 
fraction of chlorophyll a associated to PSII (FII). The EDR was proposed 
in this work, as a form to calculate the general energy dissipation, taking 
into account both yield losses, Y(NO) and Y(NPQ). 

In addition to the effects of the different factors on photosynthesis, 
the microscopic photographs showed that light, nitrate and emersion 
can induce morphological cell changes. Under low nitrogen conditions 
the surface/volume (S/V) ratio is estimated to increased (i.e. n◦ cells 
increased and the protoplasm average size decreased), what would favor 
a high nitrogen incorporation [22]. The opposite is observed in algae 
under PARUVAViBl+ radiation, where the number of cells decreased, and 
their size increased, what mean a reduction of the S/V ratio. These 
morphological changes can be attributed to a photoprotection strategy, 
decreasing potentially the entrance of UV-A radiation in the inner part of 
the cells. The increase of cell size of P. leucosticta under blue light has 
been previously observed by Figueroa et al. [22], who observed that the 
content of PE was much higher under blue light than that under red 
light, although growth rate in term of area was much lower in blue light 
and consequently the PE productivity decreased. In this work, we also 
observed a positive correlation between the protoplasm average size and 
the accumulation of certain compounds like phycoerythrin, phenols or 
MAAs. It is also expected that UV radiation cause an increase of the 
intercellular matrix due to the synthesis of carbonated compounds (such 
as polysaccharides) as protection mechanism to reduce the penetration 
of UV rays in the cells [87–89], although the obtained results did not 
show a clear effect of the PARUVAViBl+ radiation on the protoplasmatic 
area, and the total C content did not increased under these treatments. 
Emersion condition increased the protoplasm size, that can be a strategy 
to reduce the S/V ratio, avoiding the water evaporation. As mentioned 
before, it is expected that under UV radiation the S/V ratio decrease (as 
it is estimated in the first experiment), but in the second experiment the 
opposite occurred: the n◦ cell increase and protoplasm average size 

Fig. 6. Mycosporine-like amino acids (MAAs) measured in both experiments 
with Pyropia leucosticta: Exp. 1) light quality and nutrients (500, 250 and 50 μM 
of NaNO3) and Exp. 2) light quality and emersion/immersion (EMER/INMER) 
conditions. Values are expressed as mean ± standard deviation (SD). Different 
letters indicate significant differences among treatments: lower-case letters 
indicate significant interaction between variables (radiation and nutrients or 
radiation and emersion/immersion), capital letters indicate significant differ
ences between radiation treatments (PAR and PARUVAViBl+), italic letters indi
cate significant differences among nutrients or emersion/immersion (EMER/ 
IMMER) conditions. ANOVA, Newman-Keuls post hoc (p < 0.05). Asterisk (*) 
showed significant differences between initial values and the obtained in the 
different treatments. Student’s t-test (p < 0.05). 
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decreased (the S/V ratio is estimated to increase). Escassi et al. [90] 
observed that the potassium influx into the cells, influenced the thallus 
area, so the osmotic regulation related to emersed or immersed condi
tions can interfere in the obtained results. 

The total carbon values of 30–35 % are in accordance with the ob
tained by other authors [91,92], its content showed a little increase in 
the treatments with only PAR probably due to the major content of 
several compounds (e.g. biliproteins or phenols). The nitrogen content 
clearly increased in the treatments with high nitrogen availability. In 
this study carbon was not enriched and thus C/N increased in the 
treatment with low nutrients. Stoichiometry imbalance as the increase 
of C/N from 12.0 in the treatments with 500 μM of nitrate to 18.5 in the 
treatments under 50 μM nitrate can have negative physiological effects, 
reducing not only photosynthetic rate but also photoprotection. It is 
known the role of increased inorganic dissolved carbon on photo
protection due to increase of dissipating excess of light energy [93,94]. It 
has been observed that desiccation conditions induce nitrogen release, 
followed by a rapid incorporation during re-hydration [95]. Thomas 
et al. [96] observed that desiccation appears to enhance the uptake of 
nitrate and ammonia in four intertidal species (Pelvetiopsis limitata, Fucus 
distichus, Enteromorpha intestinalis and Gigartina papillate), whereas 
phosphate uptake did not show and enhancement by desiccation [97]. 
Kim et al. [98] found that Porphyra species followed different patterns in 
the nitrogen recovery during re-hydration depending on the vertical 
distribution, i.e. species from the upper-littoral showed a very fast re
covery, while lower- or sub-littoral species could not recover. Thus, 
normally species that are subjected to periods of desiccation showed 
higher internal N content than the others. In the emersion experiment, 
similar N content was observed among treatments, only immersed algae 
under PARUVAViBl+ showed a lower content. This can suggest that the 
emersion could act as a photoprotection mechanism, through a more 
rapid N incorporation. However, no significant differences among 
treatments were observed in nitrogen uptake rate. 

Algae color changed under the different treatments. Under low ni
trogen, thalli become more brownish mainly due to biliproteins degra
dation. These pigments are considered nitrogen reservoirs, so under low 
nitrogen conditions, these molecules break down, supplying the lack of 
nitrogen for the basal metabolism [99]. Biliproteins are very vulnerable 
to high exposure of PAR and UV radiation, whereas blue light can induce 
their synthesis and accumulation in the cells [18,19]. In this work, the 
combination of Violet-Blue light with UVA radiation seems to reduce or 
delay the negative effect of the UV-A radiation on the phycobiliproteins 
content, as a slight significant effect of the radiation treatment was only 
observed after 7 days of culture. 

Generally, the content of bioactive compounds (phenols, MAAs and 
phycobiliproteins) are correlated with the photosynthetic activity 
(ETRint and ETRmax) since a higher amount of energy is available for 
been used to synthetize new molecules inside the cells. This positive 
correlation was observed in the first experiment. As polyphenols act as 
protective agents in algae, it is expected the increment of these mole
cules under UV radiation. This effect was observed at day 2, although 
after 7 days of culture, the effect of the radiation disappeared, and the 
effect of the nitrogen availability became more prominent. Phenols 
contents increased in the treatment with low nitrogen, nitrogen limita
tion stimulates the synthesis of C-compounds such as lipids, carotenoids 
or phenols. Other authors also observed this response, Sharma et al. 
[100] reviewed the effect of nitrogen starvation in the lipids content 
from different microalgae species. Lamers et al. [101] also observed 
carotenoid accumulation in Dunaliella salina induced by nutrient 
limitations. 

Mycosporine-like amino acids (MAAs) clearly increased with high 
nitrogen availability as it has been previously described in red algae, 
including Porphyra species [28,29,102] with variations along the culture 
time [30,102,103]. UV-A radiation stimulates the accumulation of 
MAAs [19,25,28,30,103,104], although in this study no differences 
between PAR and PARUVAViBl+ treatments were observed when was 

combined with different nutrients levels. The emersion condition seems 
to stimulate the synthesis of MAAs in combination with PARUVAViBl+
radiation at day 3. However, at day 7 the content of MAAs increased in 
all treatments except in the PARUVAViBl+ IMMER. Thus, the PARUVAViBl+
seems to inhibit the accumulation of these molecules under immersion, 
contrary to the emersion condition. As the emersion can lead to higher 
PAR and nitrogen starvation, this difference can be related with the 
lowest N content in this treatment. There is very few information about 
the effect of emersion/immersion conditions in the MAAs content. Jian 
et al. [105] submitted P. haitanensis acclimated to laboratory culture 
conditions (no UV radiation and no emersion) to full solar radiation and 
desiccation conditions, and observed an increase of UV-absorbing 
compounds in the specimens that were submitted to desiccation, 
without effect of the UV radiation. 

A difference between this and other studies that observed MAAs 
stimulation with UV radiation, is that we have used a LED of UV-A ra
diation with maximal emissions at 365 nm in combination with the Q- 
panel fluorescent lamp. Previous works only used the Q-Panel lamp with 
maximal emission at 340 nm and with small content of UV-B (in this 
work we cut off the UV-B), closer to the maximal absorptions of MAAs 
and maybe can stimulate more optimally the synthesis of MAAs. How
ever, Huang et al. [106] increased the level of fucoxanthin and MAAs in 
two microalgae (Nitzschia closterium and Isochrysis zhangjiangensis) using 
a UV-A light with maximum absorption at 365 nm. Another explanation 
is that P. leucosticta is an alga that live in a very stressful environment 
and normally present a high constitutive content of MAAs in nature 
[107], that probably need higher radiation doses or more intense 
desiccation events. 

Regarding the antioxidant capacity, both methodologies used are 
based on the free-radical scavenging capacity, although there are some 
differences between them. ABTS is a water-soluble reagent, so it is used 
for the analysis of hydrophilic compounds such as biliproteins, proteins 
or polysaccharides, whereas DPPH is only soluble in organic solvents (e. 
g. methanol, ethanol, chloroform or hexane) and can measured apolar 
compounds such as phenols, lipids or chlorophylls. In this work the 
ABTS correlated with phycobiliproteins content and DPPH with phenols 
content. The antioxidant capacity is considered a protection mechanism 
against stressful conditions (where there are ROS production) [108], 
although in this work the PARUVAViBl+ treatments only provoke a small 
increase in the DPPH antioxidant capacity at day 2 for the nutrients 
experiments and at day 7 for emersion experiment. Other authors have 
observed an increase in the antioxidant capacity (measured through the 
ABTS method) in three red algae (Gracilaria cornea, Gracilariopsis long
issima and Halopithys incurva) culture under UV radiation in comparison 
algae culture under only PAR [103]. 

No effect of the emersion/immersion conditions in the antioxidant 
capacity were observed. Contreras-Porcia et al. [39] observed an in
crease of ROS production and antioxidant enzymes (e.g. catalase (CAT), 
ascorbate peroxidase (AP) and glutathione reductase (GR)) during 
emersion, followed by a decrease to normal values during re-hydration. 
As mentioned before, as Porphyra sensu lato species are used to live in 
stressful environments, it would be necessary a higher intensity or doses 
of the light treatments and a stronger desiccation to observed differ
ences. In relation to emersion, other authors worked with more patent 
desiccation, as they achieve values of Fv/Fm close to 0 [39]. 

In nature, algae a submitted to an interaction of those analyzed 
factors. Multifactorial or in the field experiments would be necessary to 
study interactions among them. However, multifactorial experiments in 
laboratory control conditions could be difficult to performed, as it 
required a lot of material, space and enough personal to carried out all 
the measurements. The high nitrogen availability clearly increased the 
content of nitrogenous compounds and normally improve the physio
logical state of algae (ref). As emersion condition seems to stimulate the 
incorporation of N (ref), its combination with different nitrogen con
centrations would be interesting. In addition, during emersion algae are 
exposed to a high solar radiation. However, it would be necessary to 
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achieve a more drastic desiccation conditions to observe better re
sponses (as it can be observed in nature, where Porphyra can be complete 
dry). 

The stimulation of certain compounds in a short period (2–7 days) 
can be a strategy to increase the productivity of interesting molecules 
with potential applications during culture. In addition to the food use, 
Porphyra sensu lato species present a high interest for cosmeceutical 
application, mainly due to the high content of MAAs, that provide 
photoprotection capacity, as well as antioxidant or anti-aging properties 
[17,49]. One of the limitations for the use of Porphyra sensu lato as 
cosmeceutic ingredient in that the obtained biomass is preferably used 
for human consumption. The stimulation of the production of high- 
added value compounds, such as MAAs, for the cosmeceutic industry 
can be a way to diversify the industrial use of Porphyra sensu lato. 

5. Conclusions 

In conclusion, the short-term stressed conditions studied in this work 
can modify the biochemical composition of P. leucosticta, maintaining 
the photosynthetic capacity. The effects of the combination of UV-A 
(320–400 nm with a peak at 365 nm), and violet-blue light (400–500 
nm) is studied for the first time in this work. The nitrogen availability 
clearly increased the content of nitrogenous compounds and enhance 
the physiological state of algae. The interactive effect of UVA-Violet- 
Blue radiation and nutrients concentration suggested that the high 
nutrient availability play an important role in photoprotection against 
the UV-A radiation. In general, the combination of UVA-Violet and Blue 
light showed small effects. It has been observed that the violet-blue light 
could reduce or delay the negative effect of UV-A radiation in photo
synthesis due the accumulation of photoprotectors with antioxidant 
capacity. The term electron dissipation rate (EDR) and the ratio ETR/ 
EDR are described for the first time in this work, as a way to know the 
amount of energy used in photochemistry and dissipated. The emersion 
was not very drastic in this experiment, but some patterns can be 
observed. Algae were able to recover after 4 h of emersion. Under a short 
period the UVA-violet-blue radiation and emersion condition seem to 
increase the MAAs content. The studied stressed conditions could be 
scaled up in inland culture facilities, and the supplementation of violet- 
blue light can be used as a way to minimize the negative effects caused 
by solar radiation. 
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[30] F.L. Figueroa, F. Álvarez-Gómez, J. Bonomi-Barufi, J. Vega, T.F. Massocato, J. 
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Valid, G. Paz, E. Salomon, Á. Israel, A. Abelson, Enhancing bioproducts in 
seaweeds via sustainable aquaculture: antioxidant and sun-protection 
compounds, Mar. Drugs 20 (2022) 767, https://doi.org/10.3390/MD20120767/ 
S1. 
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[88] É.C. Schmidt, R. dos Santos, P.A. Horta, M. Maraschin, Z.L. Bouzon, Effects of 
UVB radiation on the agarophyte Gracilaria domingensis (Rhodophyta, 

Gracilariales): changes in cell organization, growth and photosynthetic 
performance, Micron 41 (2010) 919–930, https://doi.org/10.1016/J. 
MICRON.2010.07.010. 
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