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Abstract
This study explores how light quality and nutrient availability affect the colouration, internal compounds
and physiological performance of Chondracanthus teedei var. lusitanicus, a red alga with potential
applications in the food industry and European aquaculture. Seaweeds were exposed to four different
light qualities (Blue, Green, Amber, and Red) and two nutrient conditions (nitrogen and phosphate -NP-
enrichment, and phosphate -P- enrichment). Growth rates, pigment composition, protein content,
photosynthetic performance and internal carbon and nitrogen content were determined. Results
indicated that nitrogen availability was the most significant factor determining colouration and biological
performance over the short-term (11 days). Nitrogen deficiency led to depigmentation and impaired
photosynthetic performance. Light quality also influenced colouration and physiology, but the effects
were slower and less pronounced. The interaction between nitrogen availability and light quality resulted
in three distinct morphotypes: bluish-green under all NP enrichment treatments, dark green under blue
light and P enrichment, and pale green under green, amber, and red lights with P enrichment. Blue light
combined with NP enrichment increased the content of chlorophyll a, carotenoids, and biliproteins
(phycoerythrin and phycocyanin) content whereas red light yielded the highest growth rates under both
nutrient conditions. This study emphasizes the importance of environmental factors in macroalgal
cultivation and provides insights for developing short-term cultivation protocols to produce high-quality,
visually appealing seaweed biomass for gastronomic use.

Introduction
The use of macroalgae in the food industry has greatly increased in recent years (Mouritsen et al., 2019).
The search for new species with unique characteristics has played a fundamental role in the expansion
of this sector (McHugh, 2003). In 2022, production of algae reached 38 million tonnes, of which 97
percent originated from aquaculture. (FAO 2024). However, very few macroalgae species are currently
cultivated successfully on a large-scale system. Thus, new species should be domesticated and made
more appealing to support the diversification of large-scale production and avoiding massive
exploitation of natural populations, which could lead to harmful effects on coastal ecosystems (Fricke et
al., 2024; Araújo et al., 2021). Many species of red algae are widely used in food and phycocolloids
industries, as well as in cosmetics and pharmaceutical products (Bermejo et al., 2020; Rejeki et al., 2018;
Vega et al., 2021). In some South American countries, the Gigartinaceae species Chondracanthus
chamissoi (C. Agardh) Kützing 1843 is highly regarded in gastronomy for its unique flavour and texture
(Baltazar Guerrero et al., 2024). Studies have explored ways to control its life cycle and develop
consistent cultivation systems (Avila et al., 2011; Oyarzo et al., 2021). In Europe, there has been an
increasing interest in fine cuisine using species from the same genus, particularly the Chondracanthus
teedei var. lusitanicus (J.E. De Mesquita Rodrigues) Bárbara & Cremades, which is found along the
Atlantic coast and in parts of the Mediterranean Sea (Orfanidis, 1993). Several studies have been
conducted in recent decades to optimize its cultivation (Guiry et al. 1987; Zinoun 1993; Pereira 2020). In
Spain, it has also been cultivated using raft systems in traditional salt ponds -i.e., Salinas- (Bermejo et al.,
2019).



Page 4/29

Macroalgae biomass collected directly from the environment can be extremely heterogeneous due to the
diversity and dynamism of the environmental conditions associated with coastal and estuarine
ecosystems (Varela-Álvarez et al., 2019). In order to thrive in these fluctuating environmental conditions
macroalgae have developed long- and short-term acclimation strategies. These strategies include
modifications in thallus morphology (Monro & Poore, 2005) or alterations in cell wall composition
(Carmona et al., 1998) as long-term physiological responses; or rapid changes in pigmentation and
adjustments to the composition and functionality of photosynthetic membranes (Moreira et al., 2024;
Talarico & Maranzana, 2000) as short-term acclimations. Even within individual thalli, pigment
composition can change due to rapid photoacclimation (Beach & Smith, 1996). In littoral waters, the
spectral composition and intensity of solar radiation change along depth. In coastal waters, red and blue
wavelengths of sunlight are selectively absorbed by chlorophylls, leaving algae at depths beyond several
meters primarily exposed to green and blue-green light of diminishing intensity. Due to their ability to
synthesize accessory pigments which absorbs green-orange light, such as phycoerythrin, red algae can
grow in deep or turbid waters (Haxo & Blinks, 1959; Kumar & Singh, 1979). Several studies have reported
on the influence of light quality on the pigment content, growth and photosynthetic activity in red algae
(Leukart & Lüning, 1994). Variable spectral proportions (e.g., red, amber, green and blue) affect the
relative pigment composition and may act as photomorphogenic signals regulating algal metabolism
and growth (Lüning, 1992; Rüdiger & López Figueroa, 1992). Blue light generally promotes
phycobiliprotein synthesis and other N-compounds, while red light boosts growth rates (Figueroa et al.,
1995, Korbee et al., 2005, Nguyen et al., 2017). Other studies reported that red light promotes chlorophyll
a production in Porphyra umbilicalis (López-Figueroa & Niell 1989), while a significant increase was also
found as well in Gracilaria fisheri when exposed to green light (Nguyen et al., 2017). Likewise, red and
blue light promoted phycobiliproteins synthesis, while green light encouraged lutein production and
promoted growth in cultivated Halymenia floresii (Godínez-Ortega et al., 2008). Additionally, the
application of supplemented green light at low irradiances over saturated amber light for photosynthesis
stimulated the accumulation of phycoerythrin in the red alga Gracilaria gracilis (Ghedifa et al., 2021).

Another key factor influencing macroalgae growth, their pigment composition or their biochemical
composition is the nutrient availability (Hanisak 1983, Bermejo et al., 2022; Gao et al., 2019). In
temperate marine and estuarine ecosystems, nitrogen (N) is typically the limiting nutrient (Howarth et al.,
2000; Bermejo et al., 2022). Its availability is vital for protein synthesis and for most light-harvesting
pigments (Figueroa et al., 1995b; Pliego-Cortés et al., 2017). Consequently, nitrogen depletion can lead to
the rapid decay of these organisms, resulting in decreased pigmentation, bioactive compounds, growth
rates, and photosynthetic performance (Figueroa et al., 2022). Soluble proteins and amino acids serve as
an internal nitrogen reservoir that supports growth in specific phases of cultivation. In red algae,
phycobiliproteins are suggested to act as nitrogen storage proteins, as well as playing a role in
photosynthetic pigments (Bird et al. 1982; Vergara & Niell 1993; Figueroa 1995a). Phosphorus is also
commonly a limiting nutrient, crucial for the structure of molecules such as ATP or ribulose-1,5
biphosphate. Its deficiency affects metabolic processes such as photosynthesis, nitrogen uptake o
carbon fixation (Lapointe et al. 1987, Bermejo et al., 2020). Due to the rapid acclimation responses of
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macroalgae, their appearance and quality can be modified by altering the physicochemical parameters of
cultivation in short protocols (Bermejo et al., 2020, Figueroa et al., 2022, Vega et al., 2024,).
Consequently, macroalgae biomass can be adapted for different target markets, such as the food
industry and the production of bioactive compounds. In the food industry, seaweeds are valued for their
visual appearance in a dish, so the existence of different colour morphotypes of the same seaweed
would be highly valued. Examples include “tosaka-nori” (Meristotheca papulosa (Montagne) J. Agardh)
or “hana-tsunomata” (Chondrus crispus Stackhouse), which are both available and commercially
produced in different colours.

Therefore, understanding how environmental variables such as light and nutrient availability modulate
the appearance of macroalgae is key to increasing the value of seaweed products. This study aims to
optimize a short cultivation protocol to modify the appearance and biomass quality of C. teedei, while
assessing the physiological implications of light spectra and nutrient availability on its internal
composition, growth, and photosynthetic performance.

Materials & Methods

Collection and processing
Specimens of C. teedei var. lusitanicus were collected from a tidal creek in the Cadiz Bay area, Spain
(36.457789, -6.229971). Thalli were placed in plastic bags containing wet tissue to prevent desiccation
and were transported to the laboratory inside a cool box within 24 hours of collection. Upon the arrival,
healthy thalli were selected and rinsed using artificial seawater (35‰) to remove sediments, epiphytes,
and associated fauna. Fertile gametophytes were excluded to minimise physiological variability in the
biomass used for the experiment.

Acclimation
Prior to the experiment, selected thalli were acclimated for approximately one month in 10 L tanks with
artificial seawater (35 PSU; Aquarium Systems Instant Ocean sea salt, France) in a culture density of 3 g
L− 1. Culture chamber temperature was set at 18˚ C and the algae were maintained under white light

using cool white LED tubes (Systion 4000K, 30W) at an irradiance of 110 ± 10 µmol photons m− 2 s− 1 in a
16:8 light:dark cycle. Water was replaced weekly and supplemented with 1 mL of a 0.4 M KNO3 solution
and 1 mL of a 0.04 M KH2PO4 solution per litre of seawater, resulting in final concentrations of 400 µM
and 40 µM, respectively. Air pumps provided constant bubbling to maintain consistent water motion and
facilitate nutrient uptake, as well as preventing the accumulation of oxygen around the thalli.

Experimental set-up
A factorial experimental design was employed to assess the combined effects of light quality and
nitrogen enrichment on the colour, growth, pigment composition, protein content and tissue carbon and
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nitrogen content of Chondracanthus teedei. Four light quality treatments (blue = B, green = G, amber = A
and red = R) (Fig. 1) and two nutrient regimes (enrichment with KNO3 and KH2PO4, and enrichment with
KH2PO4 only) were considered.

Each light treatment was set at 100 ± 10 µmol photons m− 2 s− 1 using LED lamps. In some cases, it was
necessary to partially cover the lamps with meshes to adjust the irradiance. Irradiance was measured
using a spherical underwater quantum sensor ((US-SQS/L, Walz GmbH, Germany), which was connected
to a LI-250 Radiometer (Licor, Nebraska, USA). Specimens were incubated at 18˚C under the different
experimental conditions for 11 days. Each treatment consisted in four replicates with 3 g of seaweed
placed in a cylindrical methacrylate tank containing 1L of artificial seawater (35 PSU). All cylinders (n = 
32) were continuously aerated to maintain water movement and were partially covered with parafilm to
reduce evaporation. Salinity was monitored daily using a salinity meter Laqua PC220 (HORIBA Advanced
Techno, Co., Ltd., Japan) and distilled water was added as necessary to adjust salinity. Artificial
seawater was replaced every three days and the tanks were cleaned to remove any possible biofouling
from the inner surface. Regarding nutrient conditions, nitrogen enrichment treatments were
supplemented with 1 mL of a 0.4 M potassium nitrate (KNO3) solution and 1 mL of a 0.04 M potassium
hydrogen phosphate (KH2PO4) solution per litre of seawater, to provide nitrate and phosphate. Final
nitrate and phosphate concentrations were close to 400 µM and 40 µM, respectively (10N:1P ratio). In
contrast, non-N enriched treatments were supplemented with only 1 mL of a 0.04 M KH2PO4 solution per
litre of seawater (0N:1P ratio).

After 11 days of exposure to different experimental conditions, the growth rate of thalli, their pigment
composition, protein content, photosynthetic performance, and their tissue Carbon and Nitrogen content
were analysed. The different morphotypes were identified by monitoring thallus colour throughout the
experiment.

Pigment composition
Prior to the pigment extraction, samples were lyophilized and macerated using either a mortar or a mixer
mill. For each pigment analysis, 25 mg of dry weight (DW) of seaweed tissue per mL of extraction
solvent were used. To avoid unwanted biases, different parts of the thallus were selected in every
sample.

Chlorophyll a (mg g− 1 DW) and carotenoids (mg g− 1 DW) were extracted using methanol (90%) as the
organic solvent and analysed spectrophotometrically according to the protocol of Gheysen et al. (2019).
Maceration was performed using a mortar, with the addition of sterile sand to increase cell wall
disruption and promote pigment extraction. Carotenoids (Antheraxanthin, Fucoxanthin and β-carotene)
were determined using a high-performance liquid chromatography (HPLC) system (1260 Agilent
InfinityLab Series, USA) equipped with a diode-array detector (DAD). Prior to chromatographic analysis,
500 µL of the algal extract was filtered through a 0.2 µm membrane. An 80 µL aliquot of the filtered
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extract was injected into a Zorbax SB-C8 column (5 µm; 150 mm × 4.6 mm, Agilent), which was
maintained at 30°C, while the sample tray was kept at 5°C. The mobile phases consisted of
methanol:ammonium acetate buffer (80:20, pH 7.2, 0.5 M), acetonitrile:ultra-pure water (90:10), and ethyl
acetate. Pigments were detected at wavelengths of 444, 450, and 664 nm.

Phycobiliproteins (PE, phycoerythrin and PC, phycocyanin; mg g− 1 DW) were quantified
spectrophotometrically using the equations of Beer & Eshel (1985) (Eqs. 1 and 2). Maceration was
performed using a MM400 ball mixer mill (Retsch GmbH, Germany) with three 30-second pulses.
Samples were then incubated for 24 hours with 1 mL of phosphate buffer solution (1 M, pH 6.5) in the
dark at 8°C to extract the pigments. Finally, samples were centrifuged for 15 minutes at 1000 rpm prior
to the spectrophotometric analysis.

1

2

Soluble protein content
To improve the protein extraction under cold, dark conditions, 25 mg of lyophilized and macerated
samples were weighed, immersed in 1 mL of phosphate buffer solution (1M; pH = 6.5) and left for 24
hours. The samples were then centrifuged for 15 minutes at 1000 rpm. Total protein content was
subsequently quantified by spectrophotometry following the Bradford method (1976). Briefly, 50 µL of
the supernatant was added to a BioRad solution containing a phosphate buffer mixture. After 15
minutes, the total protein content was determined by measuring the absorbance at 595nm.

Total internal C and N
A small fragment of the cultured seaweed was freeze dried and ground using a MM400 ball mixer mill
(Retsch GmbH, Germany). The ground samples were stored in Eppendorf tubes in a desiccator with
silica gel until they were sent to the Research Support Central Services (SCAI) at the University of Malaga
(Malaga, Spain), where the C and N content of the tissue was determined using a CNHS LECO-932
elemental analyser (St. Joseph, MI, USA).

Growth
Biomass of each replicate was assessed before and after the incubation period using an analytical
balance with a 0.1 mg resolution. Any excess of water was removed using a manual centrifuge prior to

PE = [(A564 − A592) − (A455 − A592) ∗ 0.2] ∗ 0.12

PC = [(A618 − A645) − (A692 − A645) ∗ 0.51] ∗ 0.15
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weighing. Then, the relative growth rate (RGR) was estimated by considering the initial and final biomass
and assuming exponential thallus growth (Eq. 3).

3
where RGR is the relative daily growth rate; FWf is the final fresh weight after 11 days of culture; FW0 is
the initial fresh weight; and t is the number of culture days. After the last weighting, each replicated were
placed in a labelled plastic bag and stored at − 80 ◦C in a freezer until further analysis.

Photosynthetic activity
Photosynthetic activity was estimated using in vivo chlorophyll a fluorescence of photosystem II (PSII)
with a MiniPAM-II Flurometer (Walz, Germany), which uses Red-light (λmax = 625 nm light) to measure

actinic and saturated light pulses. To determine the maximal quantum yield (Fv/Fm), the thalli were
incubated in the dark for 15 minutes. Basal fluorescence (F0) was determined using a measuring light,
and maximal fluorescence (Fm) was determined in dark adapted algae after a saturated light pulse (3000

µmol photons m− 2 s− 1). Maximum quantum yield was calculated as specified in Eq. 4.

Fv/Fm = (Fm – F0)/Fm (4)

Rapid light curves (RLCs) were also conducted to assess the photosynthetic performance of the
seaweed in depth. RLC represent how in vivo chlorophyll a fluorescence parameters vary with the
increasing irradiance (ex situ measurements). After determining the maximal quantum yield, algae were
exposed to twelve increasing irradiances of Actinic red light (from 0 to 1500 µmol photons m− 2 s− 1) for
20 seconds. Saturating pulses were performed after each incubation period to allow calculation of the
effective quantum yield (Y(II)) and the electron transport rate (ETR).

Y(II) was quantified using the following Eq. 5, where Ft is the basal fluorescence, and Fm’ the maximal
fluorescence measured after application a saturation light pulse was applied to the different light
qualities. The ETR was calculated using Eq. 6, where EPAR is the PAR irradiance (µmol photons m− 2 s− 1),

A is the absorptance which was calculated as specified in Eq. 7. Here, Et is the irradiance passing
through the thallus, E0 is the emitted irradiance, and FII is the fraction of chlorophyll a associated to PSII.
The value of 0.15 is used for red algae and cyanobacteria (Grzymski et al., 1997, Figueroa et al., 2003,
Johnsen & Sakshaug, 2007). The ETR vs. irradiance curves obtained were fitted according to Eilers &
Peeters (1988) model, yielding the following parameters: photosynthetic efficiency of ETR (αETR),
maximal ETR (ETRmax) and saturated irradiance (Ek).

Y(II) = (Fm – Ft) / Fm´ (5)

RGR (% day
−1) = 100 × (ln( )/ t

FWf

FW0
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ETR = Y(II) * E * A * FII (6)

A = 1 - (Et / E0) (7)

Identify colour morphotypes
To analyse colour changes in C. teedei thalli, images were taken every two or three days. Each replicate
was placed between two transparent plastic sheets and scanned using a Brother LT-340CL printer
scanner. This method helps to avoid differences in brightness and colour properties between pictures.
During the process, culture media was replaced and supplemented with the corresponding nutrients for
each treatment. After scanning, thalli were returned to their tanks.

The resulting pictures were analysed with the Adobe Photoshop CS6 software to obtain RGB (Red, Green,
Blue) values from different parts of each thallus (Bermejo et al., 2020). The digital colour depends on the
proportion between the three RGB components. Final morphotypes were identified after the incubation
period, along with the time required for each treatment to produce them.

Statistical analysis
Prior to any statistical test, data were tested for normality and homoscedasticity using the Shapiro-Wilk
and Levene tests, respectively. A two-factorial ANOVA was conducted to determine the effect of light
quality (4 levels) and nitrogen availability (2 levels) on growth, photosynthetic performance, pigment
composition, total soluble protein and internal C and N content. Then, a post hoc Tukey test was
performed to compare between levels of influential factors. Alternatively, when variables showed
unequal variances (Fuc, %C and C/N), a Scheirer-Ray-Hare test for non-parametric data was performed to
determine the effects of the two factors assessed. In these cases, a Dunnet-Tukey-Kramer Pairwise test
was used to compare between levels of influential factors.

A two-way PERmutational Multivariable Analysis of VAriance (PERMANOVA) was used to assess the
effects of light (fixed; 4 levels) and nutrient addition (fixed, 2 levels) on algal colour over 11 days of
incubation (i.e., RGB signal obtained from a picture). This analysis was based on the euclidean distance
between RGB values of each replicate along the experiment. Additionally, a distance-based test for
homogeneity of multivariate dispersion (PERMDISP) and a Principal component analysis (PCA) were
performed to interpret and visualize data patterns. A posteriori pairwise comparisons were done to
identify differences between treatments along the experiment. Final morphotypes were identified with a
PERMANOVA test considering the final RGB values. Similarly, eight PERMANOVA tests were developed
to determine how long takes each treatment to obtain a different colour.

All statistical analyses were performed using the software R-programme (R Core Team 2017). Probability
of significance for the null hypothesis was set at 5%, and when necessary (i.e. PERMANOVA, PERMDISP)
analyses were based on 9999 permutations.

Results
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Pigment composition
Pigment composition was significantly affected by light quality and enrichment condition (Suppl.
Tables 1 and 2). ANOVA results showed a significant effect of both factors interaction for Chl a and
Phycoerythrin (p-value = 0.005 and 0.001, respectively). Regarding Antheraxanthin and Phycocyanin were
significantly affected by both light and enrichment condition (p-value = 0.001), but no interaction was
found between factors, and Fucoxanthin was significantly affected only by enrichment condition
(Scheirer Ray-Hare test; p-value = 0.001). All pigments presented the highest values under N enrichment
and blue light conditions, excluding β-carotene, which presented maximal values under green light
conditions, though no significant differences were observed between light qualities (p-value > 0.05)
(Fig. 2f). Chl a, Fuc, Ax, PE and PC presented up to twice the value under blue light compared to other
light qualities under N enrichment (Fig. 2a-e). The lowest values of Chl a, Fuc and Ax values were found
in thalli cultivated under red light, while minimum PE and PC contents were recorded under green light
(Suppl. Table 3).

Soluble protein content
The soluble protein content was significantly affected by both light quality (p-value = 0.001) and nutrient
enrichment conditions (p-value = 0.001), but the interaction between factors was not significant. The
difference between the maximum and minimum observed values was 3.5-fold (Fig. 3). The soluble
protein content ranged from 239.79 ± 20.08 mg· g− 1 DW, under N enrichment and red light incubation, to
66.65 ± 9.91 mg · g− 1 DW in thalli incubated under non N enrichment and green light conditions (Suppl.
Table 4). N enrichment significantly increased the soluble protein content and, regarding light quality,
blue and red light treatments resulted in the highest soluble protein content.

Internal total C and N
Nitrogen content was clearly affected by enrichment conditions (p-value = 0.001), with N enriched
treatments, showing a N content more than twice that of non N enriched treatments. Light quality did not
significantly affect N content (Suppl. Table 1), but the interaction between the two factors was
marginally significant (p-value = 0.076). In this regard, under N enrichment, red light treatment presented
the highest N content, while under non N enrichment, the lowest N content was found in red light
treatments and the highest in blue light treatments (Suppl. Table 4). C content was significantly affected
by light quality (Scheirer Ray-Hare test; p-value = 0.02) (Suppl. Table 2). After incubation, the highest C
content was observed under red light with N enrichment, while the lowest value was observed under blue
light without N enrichment (32.4 ± 1.5% and 27.6 ± 3.2% C, respectively) (Suppl. Table 4). Consequently,
C/N ratio was only significantly affected by N enrichment (Scheirer Ray-Hare test; p-value = 0.001; Suppl.
Table 2), with values 1.5 to 2.5-fold lower under N enriched conditions (Fig. 4). However, analysing each
enrichment condition separately using an ANOVA test showed significant differences between light
qualities under non N enrichment conditions (p-value = 0.02). In this regard, blue light treatments



Page 11/29

presented a mean C/N value that was up to 1.5-fold lower compared to other light qualities. The highest
mean value was observed under red light with non N enrichment, and the lowest under blue light with N
enrichment (19.6 ± 2.8 and 7.8 ± 0.98, respectively) (Suppl. Table 4).

Growth
Growth rate was positively affected by nitrogen enrichment. However, no significant effects were
observed in the different light quality treatments tested (Suppl. Table 1). N enrichment significantly
increased the mean growth rate by 25% (p = 0.04) compared to non N enrichment, when all light
treatments within each enrichment condition were pooled (Fig. 5). Nevertheless, red light treatments
showed the highest growth rates at both nutrient levels. Maximum RGR values were found in thalli
incubated with N enrichment under red light conditions (3.2 ± 1.09% FW day− 1), and the minimum RGR

was recorded under blue light with non N enrichment (1.38 ± 0.95% FW day− 1) (Suppl. Table 4).

Photosynthetic activity

Rapid light curve (RLC) graphs (Fig. 6) showed ETR values for each light quality in both enrichment
conditions, as well as the initial values before incubation. N enriched treatments had higher ETR values
than non N enriched treatments, while the initial thalli had the lowest ETR values and clear evidence of
photoinhibition, as reflected by the downward trend in the light curve.

Maximum quantum yield (Fv/Fm) was higher in the initial photosynthetic performance analysis, but there
were no significant differences between light treatments or enrichment conditions after the incubation
period (p-value > 0.05). ETRmax increased significantly by up to 3-fold compared to the initial value (2.67 

± 1.01 µmol e− m− 2 s− 1) after the incubations, and a significant effect of the enrichment condition was
observed (p-value = 0.002).

Blue light N enriched treatments presented 1.8-fold higher ETRmax mean values than blue light without N

enrichment (8.9 ± 1.3 and 4.97 ± 1.98 µmol e− m− 2 s− 1, respectively). Photosynthetic efficiency (αETR) did

not differ significantly between treatments or compared to the initial value. Meanwhile, Ek values
increased up to 4.3-fold after the incubation (Suppl. Table 5). ANOVA analysis revealed a significant
effect of the enrichment condition on Ek (p-value = 0.04), with full enriched treatments showing 1.3-fold
higher values when all light qualities within each enrichment condition were pooled together. However,
post-hoc analysis did not show any differences between light quality treatments (Suppl. Table 1).

Colour analysis.

After 11 days incubation, three different morphotypes were achieved (Fig. 7): bluish green, dark green
and pale green. Bluish green on every N enriched treatment notwithstanding the light quality, dark green
on blue-light with non N enrichment, and pale green for green-light, amber-light and red-light in non N
enrichment conditions.
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Despite the three final morphotypes being identified using the Euclidean distances of the final thalli´s
RGB values, only two groups were represented in the cluster analysis, which was strongly associated
with the enrichment condition (Fig. 8). In this regard, the two groups presented different levels of
dispersion: non N enrichment group (P) was clearly wider and more dispersed than the N enriched group
(N + P), due to the greater influence of the light quality on non N enriched treatments. This could explain
the interaction between the two factors showed in the PERMANOVA (Suppl. Table 6, p-value = 0.03).

The PCA (Fig. 9) shows the colour evolution for each light quality treatment over the course of the
incubation period. In non N enrichment treatments, the colour of all thalli changed significantly after 5 to
7 days of incubation. However, the three final colour morphotypes were only assessed on day 11. Pale
green morphotype appeared more rapidly under red light, whereas blue light did not produce the pale
green morphotype after 11 days of incubation.

Discussion
From a culinary perspective, obtaining thalli of different colours is interesting because it creates more
visually appealing food products for consumers. For instance, the Canadian company Acadian Seaplants
Ltd. markets a blend of Chondrus crispus thalli in three different colours (green, yellow, and red), known
as Hana Tsunomata®, which is highly valued in the food industry (Craigie et al., 2019). Colour of
Porphyra blades depends on their pigment composition, and they are valued differently by consumers
(Moritsen, 2009; Blouin et al., 2011). The aim of this study is to produce C. teedei specimens with
different colours and biochemical properties by using different light qualities and nutritional conditions,
with the intention of offering them as a culinary product.

Macroalgae can rapidly adapt their appearance and chemical composition, making them more attractive
or suitable for different applications (Bermejo et al., 2019; Figueroa et al., 2022; Godínez-Ortega et al.,
2008; Rejeki et al., 2018; Varela-Álvarez et al., 2019). Therefore, designing short cultivation protocols is
highly relevant for producing homogeneous and high-quality macroalgal biomass.

This study monitored the biochemical content, colour changes and photosynthetic performance of C.
teedei during an 11-days incubation period under four different light qualities (Blue, Green, Amber, and
Red) and two nutrient conditions (with or without nitrogen enrichment). The biochemical content of C.
teedei was strongly affected by both nutrient availability and light quality. Several studies have
demonstrated that nitrogenous molecules, such as proteins and most photosynthetic pigments, are
directly affected by nitrogen availability (Algarra & Rüdiger, 1993; Jones et al., 1996; López-Figueroa &
Rüdiger, 1991). Coulteri & Macler (1986) reported increased levels of amino acids, biliproteins, and
chlorophyll in Gelidium coulteri, following inorganic nitrogen enrichment. Figueroa et al., (2022) reported
thallus depigmentation in the red alga Gracilaria cornea under prolonged N deficiency and UV radiation,
since macroalgae use the accumulated N in their pigments to meet vital physiological needs. In terms of
light quality, blue light stimulated the synthesis of proteins and photosynthetic pigments (Chl a, PE, PC,
Fuc, Ax) in C. teedei, as it has been observed in other red algae. The way in which organisms adapt to



Page 13/29

different wavelengths of light has been studied extensively for decades (Barufi et al., 2015; Beach &
Smith, 1996; Ghedifa et al., 2021; Yocum & Blinks, 1958).

In Porphyra umbilicalis, Figueroa et al., (1994, 1995b) demonstrated that red light promoted thallus
expansion and cell size, while blue light stimulated the accumulation of nitrogenous compounds in the
form of photosynthetic pigments (Chl a, PC, and PE) and other proteins (Korbee et al., 2005). In
Halimeda floresii, Godínez-Ortega et al., (2008) also reported a blue light stimulation of biliprotein
synthesis. Green light increased the carotenoids lutein and its precursor, α-carotene. This indicates the
activation of the xanthophyll cycle to optimize photosynthesis by increasing the light-harvesting function
of lutein (Andersson et al., 2006). In C. teedei, β-carotene showed no significant differences in response
to different light qualities, but maximal values were consistently observed under green light incubation,
suggesting that the activation of the xanthophyll cycle is promoted by green light. Yocum & Blinks, 1958
determined that Porphyra specimens exposed to blue light for 10 days contained more PE and less
chlorophyll than specimens exposed to green light. López-Figueroa & Niell, 1990 observed higher PE
synthesis under green light in several red algae (Porphyra umbilicalis, Ellisolandia elongata, and
Plocamium cartilagineum), whereas PC synthesis was induced by red light. In another study, E. elongata
showed increased PE and PC levels when incubated in green light, and a decreased levels when
incubated in red light. Conversely, Chl a increased in specimens incubated in red light and decreased in
those incubated in green light (Algarra et al., 1991). This “inverse chromatic adaptation” was also
observed in Porphyra laciniata in its natural environment (López-Figueroa, 1992). However, the
mechanism by which Chl a is synthesised in response to different light qualities is complex and not yet
fully understood. The interaction between phytochrome and a blue-light photoreceptor in controlling Chl
a synthesis in Ulva rigida and Porphyra sp. has been reported (Lopez-Figueroa & Niell, 1989, Figueroa et
al., 1995b).

The lowest growth rates were consistently observed in non N enriched treatments, demonstrating the
detrimental impact of N deficiency on the development of photosynthetic organisms. The C:N ratio
demonstrated lower N accumulation than C accumulation in non N enrichment treatment due to the
absence of N in the medium. The maximum internal C content found in red light N enriched treatments
are in aligns with previous studies (Figueroa et al. 1995a and b). While research has extensively
examined the favourable effects of blue light on protein synthesis and enzyme activation, red light has
been showed to support carbohydrate accumulation in unicellular green algae and higher plants (Senger,
1987; Ruyters, 1987; Wada & Kadota, 1989; Senger & Senger, 1991; Korbee et al., 2005).

In non N enriched treatment, specimens incubated in blue light had a higher N content due to the
stimulating effect of blue light on organic nitrogen accumulation (Calero et al. 1980, Azuara & Aparicio
1983, Figueroa et al. 1995b). However, no differences in intracellular N were found between light
qualities with N enrichment in C. teedei. This could be due to an increase in structural proteins in thalli
exposed to red light, as this promotes cell growth and thallus expansion (Figueroa et al., 1994). In terms
of colour changes, the combination of different light qualities with N enrichment resulted in three distinct
morphotypes: bluish-green thalli under all N enriched incubations, dark green thalli under blue light
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incubation without N supplementation, and pale green thalli under green, amber, and red light
incubations without N supplementation. Therefore, the availability of N was the most determining factor
in the observed colour change. N depletion caused depigmentation in thalli without N supplementation,
whereas both growth and photosynthetic rate, estimated as ETR, increased in N enrichment.

The photosynthetic performance in macroalgae is influenced by nutrient availability and light quality. On
the one hand, N deficiency reduces the photosynthetic activity (Figueroa et al., 2022), as observed in C.
teedei. Conversely, Lüning & Dring, (1985) and Dring & Lüning, (1985) demonstrated the low
photosynthetic efficiency of red algae under blue light. Photosynthesis profiles of red algae (Delesseria,
Phyllophora, Porphyra, and Chondrus) showed low rates of photosynthesis in blue light (400–500 nm).
According to the reported photosynthetic action spectra, therefore, photosynthetic efficiency in red algae
is generally lower in blue light than in red, yellow or green (Haxo & Brinks, 1950; Lüning and Dring, 1985;
Grzymski et al., 1997).

Contrary to what might be expected, this study found that C. teedei incubated in blue light presented the
highest electron transport rates (ETRmax). This may be related to the increase in biliprotein content
caused by the blue light incubation, as it was observed by Figueroa et al. (1995) in Porphyra umbilicalis.
Since the PC absorbs light in the orange-red region (600 to 640 nm), thalli incubated in blue light will use
red light more efficiently. Haxo & Brinks (1950) found a similar fact when studying the light action
spectra of different macroalgae with different pigment compositions. In red algae that primarily contain
PE, the action spectrum exhibits distinct peaks at 495, 540, and 565 nm. However, in Porphyra, as PC
levels rise and PE diminishes, the action spectrum shows increased activity in the 600–640 nm range,
where PC absorbs light. The lowest ETRmax and Ek values showed by the initial C. teedei in the
experiment might be due to the shaded acclimation, since all the biomass used for the experiment was
acclimated in the same tank, which had a considerable self-shading effect. Despite the broad study of
photosynthetic metabolism in recent decades, discrepancies and gaps in knowledge regarding light-
harvesting processes and the rapid adaptation of pigment composition in macroalgae remain.

In terms of appearance, thalli incubated under green, amber and red light in non N enriched treatments
became pale-green morphotypes due to depigmentation caused by N depletion. This depigmentation
combined with an increasing synthesis of accessory pigments, induced by blue light, generated the dark-
green morphotype. Finally, in all N enriched treatments only the bluish-green morphotype was observed,
despite the increasing synthesis of accessory pigments, induced by blue light.

In conclusion, this study has demonstrated that the colour and biomass quality of C. teedei can be
altered using short, easily reproducible cultivation protocols that manipulate light and nutrient
availability. Generally, a lighter colour (pale green) indicates lower nutritional value than a darker colour.
As it is the case of algae grown under supplementation without N in all light qualities except in blue light.
A dark green colour is reached under blue light due to a higher level of biliproteins compared to the other
light qualities. However, algae grown with N enrichment were all darker in colour (Bluish green) than
those tested under non N enrichment and had higher nutritional value (i.e. total proteins and pigment
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content). PCA analysis of RGB values extracted from C. teedei pictures successfully determined the
colour change and the time required to achieve it. The observed morphotypes reflected this species’
physiological response to N deficiency and the induction of blue-light pigment synthesis.

Declarations

Competing interests:
The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Funding:
The first author has been supported by the contracts signed between the University of Malaga and
CTAQUA (Ref: 8.06/6.32.6321 PRTR), and the IBYDA-Nutricos (JA.A1.3-04) project funded by the
Andalusian Regional Government. This research has been co-financed by the contract signed between
the University of Malaga and CTAQUA (Ref: 8.06/6.32.6321 PRTR) in the context of the project
INNOVALGA, the project CEI-JD-18.1-18.2 funded by CEIMAR (Jóvenes Doctores,

CEIMAR 2022), and the projects Alga Hub (TED2021-131555B-C22) and NUCOSBLUE (CPP2023-
011018), both funded by the Spanish Ministry of Science, Innovation and Universities.

Author Contribution
Authors' contributions: I.M. : Conceptualization, Methodology, Investigation, Writing, Review, Editing -
original draft; M.J.R.P.: Conceptualization, Methodology, Investigation, Review; F.S.G.: Conceptualization,
Investigation, Review, Editing; M.L.P.: Conceptualization, Investigation, Review, Editing; M.M.:
Conceptualization, Investigation, Review, Editing; N.K.: Conceptualization, Investigation, Review, Editing;
F.L.F.: Conceptualization, Methodology, Investigation, Writing, Review, Editing - original draft, Supervision;
R.B.: Conceptualization, Methodology, Investigation, Review, Editing - original draft, Supervision, Project
administration. All authors have read and agreed to the published version of the manuscript.

Acknowledgement
The authors thank the Andalusian Institute of Blue Biotechnology and Development at Grice Hutchinson
Research Center (IBYDA-UMA) and the Research Support Central Services (SCAI-UMA).

Data Availability



Page 16/29

All data generated or analyzed during this study are included in this published article.

References
1. Algarra P, De La Villa G, Niell J (1991) Effects of light quality and irradiance level interactions on

short-term pigment response of the red alga Corallina elongate. Mar Ecol Prog Ser 74:27–32.

2. Algarra P, Rudiger W (1993) Acclimation processes in the light harvesting complex of the red alga
Porphyridium purpureum (Bory) Drew et Ross, according to irradiance and nutrient availability. Plant
Cell Environ 16(2):149–159.

3. Andersson M, Schubert H, Pedersén M, Snoeijs P (2006) Different patterns of carotenoid
composition and photosynthesis acclimation in two tropical red algae. Mar Biol 149:653–665.

4. Araújo R, Vázquez Calderón F, Sánchez López J, Azevedo IC, Bruhn A, Fluch S, Garcia Tasende M,
Ghaderiardakani F, Ilmjärv T, Laurans M, Mac Monagail M, Mangini S, Peteiro C, Rebours C,
Stefansson T, Ullmann J (2021) Current status of the algae production industry in Europe: an
emerging sector of the blue bioeconomy. Front Mar Sci 7:626389.

5. Avila M, Piel MI, Caceres JH, Alveal K (2011) Cultivation of the red alga Chondracanthus chamissoi:
Sexual reproduction and seedling production in culture under controlled conditions. J Appl Phycol
23:529–536.

6. Azuara MP, Aparicio PJ (1983) In vivo blue-light activation of Chlamydomonas reinhardii nitrate
reductase. Plant Physiol 71:286–290.

7. Baltazar Guerrero P, Castañeda-Franco M, Oyola W (2024) Manual de cultivo de Chondracanthus
chamissoi (“yuyo” o “mococho”).

8. Barufi JB, Figueroa FL, Plastino EM (2015) Effects of light quality on reproduction, growth and
pigment content of Gracilaria birdiae (Rhodophyta: Gracilariales)." Sci Mar 79:15–24.

9. Beach KS, Smith CM (1996) Ecophysiology of tropical rhodophytes. I. Microscale acclimation in
pigmentation. J Phycol 32:701–710.

10. Beer S, Eshel A (1985) Determining Phycoerythrin and Phycocyanin Concentrations in Aqueous
Crude Extracts of Red Algae. In Mar Freshw Res 36:785–792.

11. Bermejo R, Macías M, Cara CL, Sánchez-García J, Hernández I (2019) Culture of Chondracanthus
teedei and Gracilariopsis longissima in a traditional salina from southern Spain. J Appl Phycol
31:561–573.

12. Bermejo R, Macías M, Sánchez-García F, Love R, Varela-Álvarez E, Hernández I (2020) Influence of
irradiance, dissolved nutrients and salinity on the colour and nutritional characteristics of
Gracilariopsis longissima (Rhodophyta). Algal Res 52.

13. Bermejo R, Golden N, Schrofner E, Knöller K, Fenton O, Serrão E, Morrison L (2022). Biomass and
nutrient dynamics of major green tides in Ireland: Implications for biomonitoring. Mar Pollut Bull
175:113318.



Page 17/29

14. Bird KT, Habig C, DeBusk T (1982) Nitrogen allocation and storage patterns in Gracilaria tikvahiae
(Rhodophyta). J Phycol 18:344–348.

15. Blouin NA, Brodie JA, Grossman AC, Xu P, Brawley SH (2011) Porphyra: a marine crop shaped by
stress. Trends Plant Sci 16:29–37.

16. Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Anal Biochem 72:248–254.

17. Calero F, Ullrich WR, Aparicio PJ (1980) Regulation by monochromatic light of nitrate uptake in
Chlorella fusca. The blue light syndrome. Springer, Berlin, Heidelberg. p 411–421.

18. Carmona R, Vergara JJ, Lahaye M, Niell FX (1998) Light quality affects morphology and
polysaccharide yield and composition of Gelidium sesquipedale (Rhodophyceae). J Appl Phycol
10:183–193.

19. Coulteri G, Macler BA (1986) Regulation of Carbon Flow by Nitrogen and Light in the Red. Plant
Physiol 82:475–479.

20. Craigie JS, Cornish ML, Deveau LE (2019) Commercialization of Irish moss aquaculture: the
Canadian experience. Bot Mar 62:411–432.

21. Dring MJ, Liining K (1985) Emerson enhancement effect and quantum yield of photosynthesis for
marine macroalgae in simulated underwater light fields. Mar Biol 87:93–102.

22. Eilers PHC, Peeters JCH (1988) A model for the relationship between light. intensity and the rate of
photosynthesis in phytoplankton. Ecol Modell 42:199–215.

23. FAO (2024) The State of World Fisheries and Aquaculture 2024 – Blue Transformation in action.
Rome. https://doi.org/10.4060/cd0683en

24. Figueroa FL, Aguilera JA, Niell FX (1994) End-of-Day Light Control of Growth and Pigmentation in the
Red Alga Porphyra umbilicalis (L.) Kiitzing. Z Naturforsch C 49:593–600.

25. Figueroa, F. L. (1995a) Growth, pigment synthesis and nitrogen assimilation in the red alga Porphyra
sp. (Bangiales, Rhodophyta) under blue and red light. Sci Mar 59:9–20.

26. Figueroa FL, Aguilera J, Niell FX (1995b) Red and blue light regulation of growth and photosynthetic
metabolism in Porphyra umbilicalis (Bangiales, Rhodophyta). Eur J Phycol 30:11–18.

27. Figueroa FL, Conde-Álvarez R, Gómez I (2003) Relations between electron transport rates
determined by pulse amplitude modulated chlorophyll fluorescence and oxygen evolution in
macroalgae under different light conditions. Photosynth Res 75:259–275.

28. Figueroa FL, Álvarez-Gómez F, Bonomi-Barufi J, Vega J, Massocato TF, Gómez-Pinchetti JL, Korbee
N (2022) Interactive effects of solar radiation and inorganic nutrients on biofiltration, biomass
production, photosynthetic activity and the accumulation of bioactive compounds in Gracilaria
cornea (Rhodophyta). Algal Res 68.

29. Fricke A, Capuzzo E, Bermejo R, Hofmann L C, Hernández I, Pereira R, van den Burg SWK, Pereira T,
Buschmann AH, Cottier-Cook EJ (2024) Ecosystem Services Provided by Seaweed Cultivation: State



Page 18/29

of the Art, Knowledge Gaps, Constraints and Future Needs for Achieving Maximum Potential in
Europe. Rev Fish Sci Aquac 33:238–256.

30. Gao G, Gao Q, Bao M, Xu J, Li X (2019) Nitrogen availability modulates the effects of ocean
acidification on biomass yield and food quality of a marine crop Pyropia yezoensis. Food Chem
271:623–629.

31. Ghedifa AB, Vega J, Korbee N, Mensi F, Figueroa FL, Sadok S (2021) Effects of light quality on the
photosynthetic activity and biochemical composition of Gracilaria gracilis (Rhodophyta). J Appl
Phycol 33:3413–3425.

32. Gheysen L, Lagae N, Devaere J, Goiris K, Goos P, Bernaerts T, Van Loey A, De Cooman L, Foubert I
(2019) Impact of Nannochloropsis sp. dosage form on the oxidative stability of n-3 LC-PUFA
enriched tomato purees. Food Chem 279:389–400.

33. Godínez-Ortega JL, Snoeijs P, Robledo D, Freile-Pelegrín Y, Pedersén M (2008) Growth and pigment
composition in the red alga Halymenia floresii cultured under different light qualities. J Appl Phycol
20:253–260.

34. Grzymski J, Johnsen G, Sakshaug E (1997) The significance of intracellular self-shading on the
biooptical properties of brown, red, and green macroalgae. J Phycol 33:408–414.

35. Guiry MD, Tripodi G, Lüning K (1987) Biosystematics, genetics and upper temperature tolerance of
Gigartina teedii (Rhodophyta) from the Atlantic and Mediterranean. Helgol Meeresunters 41:283–
295.

36. Hanisak MD (1983) The nitrogen relationships of marine macroalgae. In: Carpenter EJ, Capone DG
(eds) Nitrogen in the marine environment. Academic Press, New York. p 699–730.

37. Haxo FT, Brinks LR (1950) Photosynthetic action spectra of marine algae. J Gen Physiol 33:389–
422.

38. Howarth R, Anderson D, Cloern J, Elfring C, Hopkinson C, Lapointe B, Malone T, Marcus N,
McGlathery K, Sharpley A, Walker D (2000) Nutrient pollution of Coastal rivers, bays and seas. Issues
Ecol 7:1–15.

39. Johnsen G, Sakshaug E (2007) Biooptical characteristics of PSII and PSI in 33 species (13 pigment
groups) of marine phytoplankton, and the relevance for pulse amplitude-modulated and fast-
repetition-rate fluorometry. J Phycol 43:1236–1251.

40. Jones AB, Dennison WC, Stewart GR (1996) Macroalgal responses to nitrogen source and
availability: Amino acid metabolic profiling as a bioindicator using Gracilaria edulis (rhodophyta). J
Phycol 32:757–766.

41. Korbee N, Figueroa FL, Aguilera J (2005) Effect of light quality on the accumulation of
photosynthetic pigments, proteins and mycosporine-like amino acids in the red alga Porphyra
leucosticta (Bangiales, Rhodophyta). J Photochem Photobiol B Biol 80:71–78

42. Kumar HD, Singh HN (1979) Rhodophyta. In: Kumar, H.D., Singh, H.N. (eds) A textbook on algae, 1st
edn. Macmillan Press Ltd, London. p 216.



Page 19/29

43. Lapointe BE (1987) Phosphorus-and nitrogen-limited photosynthesis and growth of Gracilaria
tikvahiae (Rhodophyceae) in the Florida Keys: an experimental field study Mar Biol 93: 561–568.

44. Leukart P, Luning K (1994) Minimum spectral light requirements and maximum light levels for long-
term germling growth of several red algae from different water depths and a green alga. Eur J
Phycol 29:103–112.

45. Lopez-Figueroa F, Niell FX (1989) Red-light and blue-light phororeceptors controlling chlorophyll a
synthesis in the red alga Porphyra umbilicalis and in the green alga Ulva rigida. Physiol Plant
76:391–397.

46. López-Figueroa F, Niell FX (1990) Effects of light quality on chlorophyll and biliprotein accumulation
in seaweeds. Mar Biol 104:321–327.

47. López-Figueroa F, Rüdiger W (1991) Stimulation of nitrate net uptake and reduction by red and blue
light and reversion by far‐red light in the green alga Ulva rigida. J Phycol 27:389–394.

48. López-Figueroa F (1992) Diurnal variation in pigment content in Porphyra laciniata and Chondrus
crispus and its relation to the diurnal changes of underwater light quality and quantity. Mar Ecol
13:285–305.

49. Lüning K, Dring MJ (1985) Action spectra and spectral quantum yield of photosynthesis in marine
macroalgae with thin and thick thalli. Mar Biol 87:119–129.

50. Lüning K (1992) Day and night kinetics of growth rate in green, brown and red seaweeds. J Phycol
28:794–803.

51. McHugh DJ (2003). A guide to the seaweed industry. FAO Fisheries Technical Paper 441. FAO,
Rome.

52. Monro K, Poore AGB (2005) Light quantity and quality induce shade-avoiding plasticity in a marine
macroalga. J Evol Biol 18:426–435.

53. Moreira BR, Fernandes DR, Vega J, Gómes FA, Varela PC, Bonomi-Barufi J, Figueroa FL (2024) Daily
variations on photosynthesis, pigmentation and photoprotection of Plocamium cartilagineum
(Plocamiaceae, Rhodophyta). Phycologia 63:399–410.

54. Mouritsen OG (2009) Sushi. Food for the eye, the body and the soul. Springer, Germany. p 330.

55. Mouritsen OG, Rhatigan P, Pérez-Lloréns JL (2019) The rise of seaweed gastronomy:
phycogastronomy. Bot Mar 62:195–209.

56. Nguyen PT, Ruangchuay R, Lueangthuwapranit C (2017) Effect of shading colours on growth and
pigment content of Gracilaria fisheri (Xia & Abbott) Abbott, Zhang & Xia (Gracilariales, Rhodophyta).
Aquac Res 48:1119–1130.

57. Orfanidis S (1993) Temperature Responses and Distribution of Several Mediterranean Macroalgae
Belonging to Different Distribution Groups. Bot Mar 36:359–370.

58. Oyarzo S, Ávila M, Alvear P, Remonsellez JP, Contreras-Porcia L, Bulboa C (2021) Secondary
attachment disc of edible seaweed Chondracanthus chamissoi (Rhodophyta, Gigartinales):
Establishment of permanent thalli stock. Aquaculture 530:735954.



Page 20/29

59. Pereira L (2020) Characterization of Bioactive Components in Edible Algae Mar Drugs 18:65.

60. Pliego-Cortés H, Caamal-Fuentes E, Montero-Muñoz J, Freile-Pelegrín Y, Robledo D (2017) Growth,
biochemical and antioxidant content of Rhodymenia pseudopalmata (Rhodymeniales, Rhodophyta)
cultivated under salinity and irradiance treatments. J Appl Phycol 29:2595–2603.

61. R Core Team. (2016) R: A language and environment for statistical computing. R foundation for
Statistical Computing, Vienna, Austria. http://www. R-project. org/.

62. Rejeki S, Ariyati RW, Widowati LL, Bosma RH (2018) The effect of three cultivation methods and two
seedling types on growth, agar content and gel strength of Gracilaria verrucosa. Egypt J Aquat Res
44:65–70.

63. Rüdiger W, López-Figueroa F (1992) Photoreceptors in algae. Annual review. Photochem Photobiol
55:949–954.

64. Ruyters G (1987) Control of enzyme capacity and enzyme activity. In: Senger, H. (ed) Blue light
responses: phenomena and occurrence in plants and microorganisms, vol II. CRC Press, Boca
Raton. p 71–88.

65. Senger H (1987) Blue light control of pigment synthesis-chlorophyll biosynthesis. In: Senger, H. (ed)
Blue light responses: phenomena and occurrence in plants and microorganisms, vol II. CRC Press,
Boca Raton. p 75–85.

66. Senger M, Senger H (1991) Adaptation of the photosynthetic apparatus of Chlorella and
Ankistrodesmus to blue and red light. Bot Acta 104:139–143.

67. Talarico L, Maranzana G (2000) Invited Review 1 Light and adaptive responses in red macroalgae:
an overview. J Photochem Photobiol B Biol 56:1–11.

68. Varela-Álvarez E, Tobin PR, Guihéneuf F, FitzGerald RJ, Stengel DB (2019) Phycobiliproteins,
nitrogenous compounds and fatty acid contents in field-collected and cultured gametophytes of
Porphyra dioica, a red sea vegetable. J Appl Phycol 31:3849–3860.

69. Vega J, Schneider G, Moreira BR, Herrera C, Bonomi-Barufi J, Figueroa FL (2021) Mycosporine-like
amino acids from red macroalgae: UV-photoprotectors with potential cosmeceutical applications.
Appl Sciences, 11:5112.

70. Vega J, Moreira BR, Avilés A, Bonomi-Barufi J, Figueroa FL (2024) Short-term effects of light quality,
nutrient concentrations and emersion on the photosynthesis and accumulation of bioactive
compounds in Pyropia leucosticta (Rhodophyta). Algal Res 81:103555.

71. Vergara JJ, Niell FX, Torres M (1993) Culture of Gelidium sesquipedale (Clem.) Born. et Thur. in a
chemostat system. Biomass production and metabolic responses affected by N flow. J Appl Phycol
5:405–415.

72. Wada M, Kadota A (1989) Photomorphogenesis in lower green plants. Annual Review Plant Physiol
Plant Mol Biol. 40:169–191.

73. Yocum CS, Blinks LR (1958) Light-induced efficiency and pigment alterations in red algae. J Gen
Physiol 41:1113–1117.



Page 21/29

74. Zinoun M, Cosson J (1993) Études biochimiques des polysaccharides pariétaux produits par deux
Gigartinales (Rhodophyceae) des côtes de la Manche, in situ et en cultures contrôlées:
Calliblepharis jubata et Gigartina teedii. Phd dissertation, Université Technologique de Compiègne,
France

Figures

Figure 1

Relative spectral photon fluence rate (RSPFR) of the different light wavelengths (λ) used: Blue (450 nm),
Green (525 nm), Amber (590 nm) and Red (660 nm) light using LED lamps.



Page 22/29

Figure 2

Pigment contents (a-f) of C. teedeiincubated under different light qualities (Blue; Green, Amber; Red) and
supplemented with or without N. Data is represented as mean ± SD (n = 4). Different letters above the
bars represent significant differences (p < 0.05).
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Figure 3

Soluble protein content of C. teedeiincubated under different light qualities (Blue; Green, Amber; Red)
and supplemented with or without N. Data is represented as mean ± SD (n = 4). Different letters above
the bars represent significant differences (p < 0.05).
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Figure 4

C/N ratio of C. teedei incubated under different light qualities (Blue; Green, Amber; Red) and
supplemented with or without N. Data is represented as mean ± SD (n = 4). Different letters above the
bars represent significant differences (p < 0.05).

Figure 5

Relative growth rate of C. teedeiincubated under different light qualities (Blue; Green, Amber; Red) and
supplemented with or without N. Data is represented as mean ± SD (n = 4). Different letters above the
bars represent significant differences (p < 0.05).
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Figure 6

RLC of C. teedei (n=4) i.e. Electron transport rate (ETR) versus irradiance of photosynthetic active
radiation (EPAR) supplemented without (a) or with N (b). Light quality treatments are represented as blue,
green, amber and red line in each graph. Black line represents the initial RLC before incubation. Data is
represented as mean ± SD (n = 4).
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Figure 7

Final morphotypes of C. teedei after 11 days of incubation under different light qualities (Blue; Green;
Amber; Red) and supplemented with or without N.
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Figure 8

PCA depicting final colour types of C. teedei after 11 days of incubation at different light qualities (Blue;
Green, Amber; Red) with (N+P) or without N (P) (n=4).
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Figure 9

PCA for colour changes along the experiment of C. teedei incubated at different light qualities (B; G, A; R)
with (N+P) or without N (P) enrichment (n=4).
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