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Abstract: This study aimed to evaluate the laboratory cultivation of Chondracanthus acicu-
laris, focusing on key environmental parameters such as nutrient levels and light exposure.
The results provide insights into the optimal growth conditions and biochemical com-
position of C. acicularis, which are crucial for its sustainable exploitation in industrial
applications. Significant differences in the relative growth rate (RGR) and productivity (Y)
were found between the different treatments. Seaweed grown on Provasoli (PES) Medium
with white LED light and red LED light showed the best growth rates. Negative growth
was observed in treatments with Nutribloom plus®, and blue LED light. The proximate
composition analysis revealed a high moisture content across all treatments, with significant
differences in ash and organic matter content between the treatments. The use of LED light
played a crucial role in optimizing growth by influencing photosynthetic efficiency and
pigment production. The proximate composition varied significantly between treatments,
especially ash and organic matter. Light and nutrient conditions also influenced pigmenta-
tion and colour characteristics, with significant changes in phycoerythrin, phycocyanin,
and chlorophyll concentration. PES treatments consistently showed the highest colour
variation. These findings highlight the influence of environmental conditions on seaweed
growth, productivity, pigmentation, and proximate composition, and provide valuable
insights for optimized cultivation strategies.

Keywords: nutrient medium; light wavelength; relative growth rate; productivity;
proximate composition; CIELab system; photosynthetic pigments

1. Introduction
Oceans are a unique source of natural resources, offering a wealth of biodiversity that

has long inspired scientific exploration and innovation [1]. However, until the mid-20th
century, the challenge of reaching the depths of the oceans limited our understanding
of many marine species. Advances in diving technology in the 1970s and 1980s allowed
scientists to study previously unexplored marine organisms, including a wide range of
algae and invertebrates. Today, the rapid growth in the human population, climate change,
and environmental degradation emphasize the urgent need for the sustainable manage-
ment of marine resources [2]. Among marine organisms, seaweeds have traditionally
been harvested from the wild for a variety of uses, including food, animal feed, and soil
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enhancers [3,4]. Seaweeds are renowned for their high nutritional value, with carbohydrate,
protein, lipid, and ash contents ranging approximately from 31 to 68%, 9 to 47%, 0.1 to
9.8%, and 7 to 39%, respectively [5]. In recent decades, however, seaweeds have become
a prominent source of bioactive compounds with applications in the food, medical, and
biotechnological industries [5].

The intertidal environment, in which many seaweeds thrive, exposes these organisms
to fluctuating conditions of humidity, temperature, salinity, sunlight, and water movement,
which in turn influences their biochemical composition and structural adaptations [6,7].
Among the diverse seaweed species, red algae (Rhodophyta) are particularly notable for
their high-value polysaccharides, such as carrageenans [8]. The compounds derived from
red seaweeds such as Chondrus crispus, Eucheuma spp., Kapaphyccus spp., Gigartina spp.,
Chondracanthus acicularis, and other Gigartinales possess thickening, gelling, and stabilizing
properties, making them highly sought after in the pharmaceutical and cosmetic indus-
tries [9–11]. In addition, red seaweeds are a rich source of unique bioactive compounds,
including phycobilins, mycosporine-like amino acids (MAAs), and various other secondary
metabolites. Phycobilins, such as phycoerythrin and phycocyanin, are water-soluble pig-
ments that act as accessory light-harvesting molecules, allowing red algae to absorb and
utilize a broader spectrum of light. These pigments possess potent antioxidant and anti-
inflammatory properties, making them valuable compounds in nutraceuticals and medical
formulations, and their fluorescent properties enable their use as markers in biomedical
imaging and diagnostics [12–14]. Mycosporine-like amino acids, which protect algae from
ultraviolet (UV) radiation, are particularly promising as natural UV filters in sunscreens,
providing a safe alternative to synthetic UV-blocking agents [15–17]. Carrageenans are
versatile polysaccharides with a wide range of applications in various industries, as they
have unique properties such as biodegradability, biocompatibility and functional versatility
and have been widely used in the food industry as gelling, thickening, and stabilizing
agents [18,19]. Additionally, red seaweeds are rich in other bioactive compounds including
other polysaccharides, polyphenols, and fatty acids, exhibiting antimicrobial, antiviral, and
antitumor activities. Together, these compounds not only contribute to the survival and
resilience of red seaweeds in harsh marine environments but also provide a sustainable
source of high-value bioactive molecules with applications in pharmaceuticals, cosmetics,
and functional foods [12,20].

The carrageenan industry has expanded rapidly in recent years, with demand now
far outstripping what can be sustainably supplied from wild seaweed stocks and growing
at an annual rate of over 7.5%. This demand is increasingly being met by aquaculture, as
wild harvesting becomes less viable [21]. With global seaweed production set to reach a
record 37.8 million tons in 2022, the sustainable aquaculture of seaweed has emerged as
an essential strategy to meet increasing demand while preserving natural habitats [22].
Beyond supporting food, pharmaceutical, and material supply chains, seaweed aquaculture
contributes to carbon sequestration, habitat restoration, and nutrient cycling, making it a
promising approach to achieving environmental and economic sustainability [23].

Cultivating seaweed has become essential to ensure a sustainable and abundant
biomass supply to meet the rising demand from various industries. Traditionally harvested
from natural habitats, red seaweed harvesting has reached a point where continued wild
collection could threaten local ecosystems and reduce biodiversity. Transitioning to aquacul-
ture produces high-quality biomass on a large scale, safeguarding wild populations while
supporting blue economy industries [21,23]. Also, cultivating indigenous seaweed species,
rather than introducing non-native varieties, is essential to protect ecosystem integrity and
prevent potential invasions that can disrupt native biodiversity and marine habitats [24,25].
However, the main commercial sources of carrageenan are the Asian species Eucheuma and
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Kappaphycus species, which account for over 90% of global production [9]. As there are only
a few cultivated species, it is important to find indigenous species that can be domesticated
to increase the number of cultivated species and provide the market with a wide range of
biological raw materials [25].

The genus Chondracanthus has previously been cultivated in North America [26],
Latin America [27,28], and in the Iberian Peninsula [29]. The interest in the cultivation of
Chondracanthus arises from its richness in carrageenans, with yields of up to 61.1% with
the gametophyte-producing hybrid kappa-iota carrageenans [30,31]. The high protein and
fibre contents of the genus, together with the mineral content, also highlight the possibility
of using Chondracanthus as a nutraceutical [32]. In addition, the genus has antifungal [33]
and anti-hypertensive [34] activities.

As a cosmopolitan perennial red alga with a wide Atlantic and Mediterranean dis-
tribution [23], Chondracanthus acicularis (formerly Gigartina acicularis) is usually found in
abundance in the intertidal zone, where it forms a dense turf (Figure 1a). It has also been
indicated that the species is resistant to urbanization [35]. The species exhibits a dense,
cartilaginous morphology, with irregular branching (Figure 1b) that enables it to attach
firmly to substrates in high-energy coastal environments, contributing to its resilience and
adaptability [36,37]. The species reproduces mostly by vegetative reproduction, while
sporogenesis is uncommon [38] C. acicularis shows a combination of photoperiod and
temperature control of gametogenesis, and cystocarps and tetrasporangia are only recorded
between late autumn and winter, being influenced by temperature and photoperiod [24].
The species is known to grow between 13 and 20 ◦C and produces tetrasporangial sori
between 16 and 20 ◦C. At 16 ◦C, the tetrasporangia formation shows a true photoperiodic
response, with spore release being higher during shorter daylengths [38]. Gametogene-
sis is also confined to a relatively narrow temperature and photoperiod (14–18 ◦C and
12:12 h) [39]. Hence, a high seasonality can be observed, with populations increasing in the
number of tetraspores in autumn while growing later in spring [36,40].
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Figure 1. Chondracanthus acicularis specimens were captured: (a) in its natural habitat at Tamargueira
beach in January 2024; (b) in the laboratory, highlighting the tip of the thallus (scale bar represents
0.5 cm).

C. acicularis is an important species owing to its high yield of co-polymers of kappa-iota
carrageenan [31,41,42], while lambda-type carrageenan has been identified by FTIR [43].
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Due to their acknowledged applications, C. acicularis carrageenans have been tested for
other applications besides food supplements, such as in food packaging [44], for biostimu-
lant effect on the germination and growth of plants [45–47], and for biomedical applications,
namely for their antiviral properties [48,49].

Despite its commercial potential, large-scale cultivation of C. acicularis presents
challenges due to its complex, isomorphic, triphasic life cycle [37]. The study by
Bodian et al. [50] investigated in vitro propagation methods to support the sustainable
production of C. acicularis, aiming to meet rising market demand while conserving wild
populations. Understanding the impact of environmental factors on the growth and physi-
ology of C. acicularis in controlled settings could pave the way for more efficient cultivation
practises and broaden its potential industrial applications.

This study aimed to evaluate the laboratory cultivation and biochemical characteriza-
tion of Chondracanthus acicularis. To do so, key environmental parameters such as nutrient
levels and light exposure were analyzed. Additionally, the biochemical analysis of both
cultivated and wild biomass was also assessed, providing insights into the adaptive mecha-
nisms of this species in response to varying nutrient and light conditions. By advancing
knowledge of the optimal growth conditions for C. acicularis, this research seeks to support
the sustainable exploitation of this species for industrial applications, particularly in fields
reliant on high-quality and high-value bioactive compounds.

2. Materials and Methods
2.1. Sampling and Acclimatization

The biomass of Chondracanthus acicularis (Roth) Fredericq 1993 used in this study was
collected at Barcos beach, in Baleal (39◦22′35′′ N, 9◦20′24′′ W); at Praia Porto Batel beach, in
Atouguia da Baleia (39◦19′09′′ N, 9◦21′21′′ W); and at Tamargueira beach, in Figueira da
Foz (40◦09′58′′ N, 08◦53′01′′ W), in Portugal, during low tide, and was transported to the
laboratory in dark, cool boxes. In the laboratory, the biomass was carefully washed with
filtered seawater and then cleaned to remove epiphytes, debris, and necrotic parts.

Part of the biomass was frozen to characterize the wild seaweed’s biomass and the rest
was acclimatized to laboratory conditions for at least 5 days, exposed to artificial white LED
light (40 ± 1 µmol photons m−2 s−1) (Input Kilight 18 W 1900 lm G13 AC175-265V 300◦

6000K 032109 RoHS) provided by two horizontal LED bulbs at the level of the culture flask
(Figure 2a), under a 12:12 h photoperiod (light/dark), with constantly aerated seawater
(35 ± 2 psu) in a temperature-controlled room at 20 ± 1 ◦C, in open 5 L trays. The
acclimatized biomass was then prepared for the subsequent trials.
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Figure 2. Experimental setup of the cultivation of Chondracanthus acicularis in 6 L flasks with PES
medium, a density of 4 g L−1, temperature room set at 20 ± 1 ◦C, and aeration. (a) White LED light;
(b) blue LED light; (c) red LED light.
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2.2. Cultivation Methods

For each test, 24 g of fresh algal biomass was weighed and placed in a 6 L flat-bottom
flask (density 4 g·L−1) with constant aeration by air filtered through a 20 µm filter (Sartorius
StedimBiotech GmbH, Göttingen, Germany). The culture conditions were the same as
detailed above. Different tests were carried out, as summarized in Table 1. Three flasks
were used for each medium and light source (n = 3). All the trials lasted 14 days, with the
medium being renewed on the seventh day.

Table 1. Summary of the different Chondracanthus acicularis growth tests carried out (n = 3).

Essay Culture Media Light

A Von Stosch Enriched (VSE) White LED
B Provasoli Enriched Seawater (PES) White LED
C Nutribloom plus® (NB) White LED
D Provasoli Enriched Seawater (PES) Red LED
E Provasoli Enriched Seawater (PES) Blue LED

The nutrient assay tested the growth of the algae when exposed to three different
culture media: Modified Von Stosch Enriched Medium (VSE), suitable for the cultivation of
macroalgae, especially red algae, and for the isolation of spores, using 1 mL of medium
per litre of salt water [51]; Provasoli Enriched Seawater (PES) Medium, which is often
used to grow kelps and red macroalgae [52], using 10 mL of medium per litre of seawater;
and Nutribloom plus® (NB), a commercial culture medium (Necton, Olhão, Portugal),
at a concentration of 1 mL per litre of seawater [53]. The chemical compositions of the
three nutrient media are stated in the Supplementary Materials (Table S1). The air was
filtered through a 20 µm filter (Sartorius StedimBiotech GmbH, Göttingen, Germany) and
germanium dioxide (GeO2, 1 mL red seaweeds L−1) was added to all media to prevent the
proliferation of diatoms.

Once the best medium for the growth of C. acicularis was found, a light wavelength
test was carried out, testing the growth of the algae when exposed to red LED light
(40 ± 1 µmol m−2 s−1, 657 nm) or blue LED light (40 ± 1 µmol m−2 s−1, 455 nm). Red and
blue LED lights (AquaBar T-Series Single 1200 mm COLOURPLUS) were arranged in a
horizontal row, at the level of the culture flask (~10 cm high), approximately 5 cm from the
flasks. The experimental setup can be seen in Figure 2.

2.3. Growth Measurements

Biomass weight was recorded at the beginning, middle, and end of each trial using an
analytical scale (Sartorius, TE124S—120 g × 0.0001 g). Excess water was carefully removed
with paper towels before each weighing. The relative growth rate (RGR) measures the
speed at which an organism or culture grows relative to its initial size over a given period.
Productivity (Y) refers to the total amount of biomass generated per unit volume (or area)
over a given period and is crucial for assessing the ability of a production system to generate
an economic or biological yield. The RGR and Y were calculated using Equations (1) and (2),
respectively, adapted from Patarra et al. [54]:

RGR
(

% fw day−1
)
= [[ln(fw)− ln(iw)]÷ t]× 100 (1)

Y
(

g dw m−3day−1
)
= 0.2876 × [(fw − iw)÷ t)]÷ V (2)

where iw and fw stand, respectively, for the initial and final fresh weights expressed in
grams; t stand as time in days; 0.2876 (based on 42 samples) is the ratio between the dry
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weight and the fresh weight of C. acicularis; and V is the volume of the 6 L flasks used,
in m3.

2.4. CIELAB Colour System

Colour measurements were performed using a Konica Minolta CR-400 Chroma Meter
(Minolta Camera Co., Marunouchi, Chiyoda, Japan). Fresh samples were assessed at
the beginning and end of each trial and each medium renewal, with the entire sensor
surface pressed carefully onto the seaweed, which had been pre-dried with paper towels.
Tristimulus colour coordinates (CIELAB-system) were used to measure the degree of
lightness, which stands for perpetual lightness ranging from black to white (L* = 0: black;
L* = 100: white); redness (a*), which represents the coordinate along the red to green
(+a* = red, −a* = green); and yellowness (b*), which is the coordinate along the yellow to
blue (+b* = yellow, −b* = blue). All measurements were made in triplicate.

These values were used to calculate chromaticity (C*), which is the saturation of the
colour (Equation (3)), and hue (◦ h), which is the tone of the biomass Equation (4) [55]:

C∗ =
√

a∗2 + b∗2 (3)

◦h = arctg (b∗ ÷ a∗) (4)

Finally, to assess the effect of the different treatments (nutrients and wavelength) on
seaweed colour, the total colour difference was calculated using Equation (5) [55]:

∆E = [(L* − L0*)2 + (a* − a0*)2 + (b* − b0*)2]1/2 (5)

where ∆E quantifies the overall colour difference in a sample (L*, a*, b*) when compared to
wild biomass used at the beginning of the trial (L0*, a0*, b0*).

2.5. Biochemical Profiling

The biomass from each trial and wild biomass were analyzed to determine the bio-
chemical composition of the species. Fresh biomass was used to assess fresh weight, organic
matter, ash, and pigment content. All biochemical analyses were carried out in duplicate.

2.5.1. Moisture, Organic Matter, and Ash Content

The AOAC method was used to determine the moisture and ash content of the
seaweed [56]. Briefly, 1 g of fresh biomass was weighed and placed in an oven (FD115,
Binder, Germany) at 105 ◦C for 48 h. The biomass was then cooled to a constant weight and
reweighted. The moisture content was expressed as a percentage of the fresh weight (fw).

The dried biomass was then placed in a muffle furnace (B170, Nabertherm, Lilienthal,
Germany) with a heating ramp of 4 h and a plateau of 5 h at 525 ◦C. After cooling in a
desiccator to a stable weight, the ash and organic matter percentages were calculated on
a dry weight basis. Organic matter was calculated by subtracting the ash and moisture
percentages from 100.

2.5.2. Extraction and Quantification of Pigments

Red seaweeds contain chlorophyll a, carotenoids, and soluble phycobilins, mostly phy-
coerythrin and phycocyanin [13]. To quantify phycoerythrin and phycocyanin, 1 g of fresh,
previously frozen seaweed (−20 ◦C) was weighed. The solvent and mortar were also cooled
to preserve temperature-sensitive pigments. Phosphate buffer (0.1 M, pH 7.0) was added at
a ratio of 1:20 (biomass), and the biomass was grounded for 10 min in a cold mortar on ice.
The samples were then stirred in the dark for 30 min, centrifuged at 12,500× g at 4 ◦C for
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20 min, and afterwards the liquid fraction was collected. Absorbance was read between 280
and 900 nm, on a UV–visible spectrophotometer (Epoch 2, BioTek, Winooski, VT, USA).

Phycoerythrin (R-PE) and phycocyanin (R-PC) concentrations were calculated as
described by Beer and Eshel [57], using Equations (6) and (7), respectively.

R − PE (mg/mL) = [(Abs565 − Abs592)− (Abs455 − Abs592)× 0.20]× 0.12 (6)

R − PC(mg/mL) = [(Abs618 − Abs645)− (Abs592 − Abs645)× 0.51]× 0.15 (7)

For chlorophyll a and carotenoids, 1 g of fresh frozen algae was weighed, and 90%
acetone was added at a ratio of 1:20. Samples were grounded in a mortar for 10 min, stirred
in the dark for 30 min, and then centrifuged at 8000× g for 20 min at room temperature.
Absorbance was read at 280–900 nm using a UV–visible spectrophotometer. Chlorophyll
a (Equation (8)) and total carotenoid (Equation (9)) concentrations were calculated as per
Kirk and Allen and Osório et al. [58,59].

Chl a
(
µ

g
mL

)
= −0.3319 × (Abs630 − Abs750)− 1.7465 × (Abs647 − Abs750) + 11.9442 × (Abs664−

Abs750)− 1.4306 × (Abs691 − Abs750)
(8)

Carotenoids
(
µ

g
mL

)
= Abs480 + 0.114 × Abs663 − 0.638 × Abs645 (9)

2.6. Statistical Analysis

First, normality (Shapiro–Wilk’s test) and variance homogeneity (Levene’s test) were
tested. If the assumptions were met, a one-way analysis of variance (ANOVA) was con-
ducted, followed by a post hoc Tukey HSD test to analyze the significant differences or
interactions. Otherwise, the non-parametric Kruskal–Wallis test was used for independent
samples. Differences were considered significant at a p-value < 0.05. Data were expressed
as mean ± standard deviation. The statistical analysis was performed using the software
SPSS Statistics 29 software (IBM Corporation, New York, NY, USA).

3. Results
The relative growth rate (RGR) and productivity (Y) were used to assess the per-

formance of the seaweeds in laboratory cultivation. There were statistically significant
differences in ANOVA for both RGR and Y, for both weeks between the treatments. Overall,
for the first week, RGR presented a test statistic F(4, 10) = 10.997, p < 0.001 and Y showed
a test statistic F(4, 10) = 10.840, p < 0.001, while for the second week, RGR exhibited a
test statistic F(4, 10) = 6.265, p = 0.009 and Y displayed a test statistic F(4, 10) = 6.262,
p = 0.009. Therefore, the Tukey HSD test was conducted between the different treatments
for each week of growth, and the significant differences are shown in Figure 3a for RGR
and Figure 3b for Y. In the first week, the seaweed grown with Provasoli (PES) Medium
and red LED light showed the highest RGR (0.595% day−1), but at the end of the second
week, the seaweed grown with PES and white LED light showed the highest growth rate
(0.945% day−1). There were no significant differences between these two treatments. The
other treatments (VSE, NB, and blue LED) showed negative growth in the first week and
some recovery (if any) in the second week.

As to productivity, the same pattern was observed. The seaweed grown with PES and
white LED light showed the best growth at the end of the second week (11.503 g(dw) m−1

day−1), while in the first week PES and red LED light allowed for the highest Y (7.025 g(dw)
m−1 day−1). Therefore, the seaweeds grown on PES medium, both with white LED light and
red light, showed the best performance. Again, the NB treatment exhibited a negative yield
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over the two weeks, while the blue LED light had a negative impact on the productivity of the
seaweed during the first week, recovering during the second week.
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Analyzing each treatment over the two weeks of the trial, it was observed that both
the relative growth rate and productivity increased consistently from week 1 to week 2.
However, significant differences were only noted for the RGR in seaweeds treated with
PES and white LED light and those exposed to blue LED light (F(1, 4) = 8.33, p = 0.045 and
F(1, 4) = 31.99, p = 0.005, respectively). Additionally, significant differences were found for
Y in seaweeds treated with blue LED light (F(1, 4) = 34.82, p = 0.004).

Overall, the growth and yield were significantly higher for the seaweeds treated with
PES and white LED light than for those exposed to PES and red LED light.

The proximate composition of C. acicularis both for cultivated and wild specimens is
shown in Figure 4.
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Figure 4. Proximate analysis of the wild and cultivated biomass of Chondracanthus acicularis, grown
over 14 days, for percentage of moisture, ash, and organic matter on fresh weight. VSE—Von Stoch
Medium; PES—Provasoli Medium, NB—Nutribloom plus®, all grown under white LED light; blue—
PES and blue LED light; red—PES and red LED light. Different letters within the bars indicate
statistical differences for organic matter between treatments (ANOVA, p < 0.05).
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Moisture values were always high and varied between 73.88 ± 0.007% in the seaweeds
cultivated with PES and the red LED light and 68.79 ± 1.01% in the algae cultivated with
NB. The Kruskal–Wallis test showed no statistically significant differences between the
treatments nor with the wild biomass for the moisture and the ash content.

As to the ash content in the fresh biomass the analysis revealed a test statistic
H(10) = 19.840, with a p-value of 0.031, indicating a significant difference between the
groups. The highest value was recorded in the wild sample (9.08 ± 0.18% fw) and
the lowest value was registered at the end of the two weeks of cultivation with PES
(7.57 ± 0.01% fw). The organic matter was also statistically analyzed, validating the normal-
ity and homogeneity of the samples. Therefore, the univariate ANOVA conducted showed
significant differences between the samples (F(10,15) = 3.576, p-value = 0.013). The seaweed
cultivated after 7 days with NB had a significantly higher concentration of organic matter
(22.86 ± 0.79% fw) when compared to all the other samples, while both samples cultivated
with PES and red LED light (after the first week: 18.74 ± 0.77 and after the second week:
17.78 ± 0.07% fw) showed a significantly lower concentration of organic matter compared
to all the other samples.

Regarding the dry weight, the Kruskal–Wallis test did not deliver any differences
between the samples, which varied from 27.01% to 31.21% (Table 2). As to the organic
matter and the ash content in the dry biomass the Kruskal–Wallis test showed significant
differences between the samples.

Table 2. Proximate analysis of the samples, expressed in percentage of dry weight, measured on
day 7 and day 14 of the trial, and wild biomass measured upon arrival to the laboratory. Values are
presented as mean ± standard deviation (n = 2). Different letters represent statistical differences
between treatments (Kruskal–Wallis, p-value < 0.05).

Dry Weight Organic Matter Ash

VSE, day7 27.01 ± 0.82 73.00 ± 2.68 a 27.00 ± 2.68 b

VSE, day 14 29.00 ± 0.56 71.31 ± 1.38 28.69 ± 1.38
PES, day 7 28.88 ± 1.62 72.52 ± 0.92 a 27.48 ± 0.92 b

PES, day 14 28.39 ± 1.05 73.33 ± 1.04 a 26.67 ± 1.04 b

NB, day7 31.21 ± 1.01 73.26 ± 0.16 a 26.74 ± 0.16 b

NB, day 14 29.14 ± 0.86 71.24 ± 0.78 28.76 ± 0.78
Blue LED, day7 27.43 ± 0.95 71.69 ± 0.06 28.31 ± 0.06

Blue LED, day 14 28.06 ± 0.63 71.24 ± 0.22 28.76 ± 0.22
Red LED, day7 26.35 ± 0.99 71.12 ± 0.24 28.88 ± 0.24

Red LED, day 14 26.12 ± 0.01 68.06 ± 0.29 b 31.94 ± 0.29 a

Wild 29.47 ± 0.20 69.20 ± 0.86 b 30.80 ± 0.86 a

Nevertheless, some differences were noticed in dry weight for organic matter and ash
(H(10) = 19.128, p-value = 0.091). For both analyses, on the seventh day of cultivation, the
red LED light and the wild biomass were significantly different from those cultivated with
VSE, PES, and NB. At the end of the trial, however, only the biomass cultivated with PES
was significantly different, achieving the highest organic matter (73.33%) and the lowest
ash content (26.67%).

The CIELAB colour space consists of several components. The ∆E values show a
noticeable colour difference over time, with increasing values (Figure 5a). The Kruskal–
Wallis test delivered statistically significant differences between PES and NB (H(4) = 14.809,
p-value = 0.005), with PES presenting the highest colour variation (5.51 ± 2.25) and NB
the lowest (2.22 ± 0.60). The results indicate that all treatments show a slight darkening
(decrease in L*), with values decreasing slightly over time, with no statistical differences
(Figure 5b). A shift towards green (decrease in a*) can be noticed, except for the blue LED
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light treatment which shifts towards red (increase in a*) (Figure 5c). The statistical test with
ANOVA indicates significant differences in a* (F(4, 40) = 4.767, p-value = 0.003), with the
two NB and blue LED light treatments being significantly higher than VSE and PES.
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Figure 5. Colour parameters of cultivated biomass of Chondracanthus acicularis when grown
over 14 days. (a) ∆E–colour variation, (b) L*-lightness, (c) a*-green-red, (d) b*-blue-yellow,
(e) C*-chromaticity, (f) h◦-hue. VSE—Von Stoch Medium; PES—Provasoli Medium, NB—Nutribloom
plus®, all grown with white LED light; blue—PES and blue LED light; red—PES and red LED light.

Minor b* fluctuations can be seen but generally decrease, which indicates slight shifts
towards blue; however, no statistical differences were found (Figure 5d). The chroma values
C* decreased, indicating a reduction in colour intensity (Figure 5e). The Kruskal–Wallis test
showed statistical differences (F(4, 40) = 43.713, p-value = 0.012), with the NB treatment
being significantly higher than the other two nutrient media VSE and PES, while significant
differences were neither shown for blue LED light or red LED light. Finally, the hue angle
(h◦) values remain relatively stable within the red–yellow hues throughout the cultivation
of C. acicularis (Figure 5f). The higher values lean towards the red and lower values towards
the yellow, with the blue LED light producing the highest variation. Overall, there are no
significant differences between week 1 and week 2 for any of the treatments.
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Pigments such as phycoerythrin, phycocyanin, and chlorophyll a play crucial role
in the photosynthetic processes and colouration of red seaweed, with variations in their
concentrations influenced by environmental factors such as light quality and nutrient avail-
ability. It is certainly possible that the concentration of these pigments may be responsible
for the colour changes analyzed above. There were significant differences in the phyco-
erythrin content between the different treatments and between the wild and cultivated
biomass (F(5, 12) = 14.127, p-value < 0.001), with all the treatments except for the red LED
light significantly increasing the concentration of phycoerythrin (Figure 6).
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Figure 6. Pigment content of wild and cultivated Chondracanthus acicularis when grown over 14 days.
VSE–Von Stoch Medium; PES–Provasoli Medium, NB–Nutribloom plus®, all grown with white LED
light; blue–PES and blue LED light; red—PES and red LED light. The bars represent the mean values
and standard deviations (n = 3). Different letters above bars indicate significant differences (ANOVA,
p-value < 0.05) between treatments.

The same pattern was observed for phycocyanin, with all treatments producing signifi-
cantly higher pigment concentrations than the wild biomass, except for PES (F(5,12) = 11.817,
p-value < 0.001). For chlorophyll a, only the VSE treatment was significantly higher than
the wild biomass (F(5,12) = 8.189, p-value = 0.001). It is also noteworthy that, generally, the
concentration of carotenoids in red seaweeds, primarily lutein and zeaxanthin [37], is low.
However, no significant differences in carotenoid levels were observed.

4. Discussion
This study aimed to evaluate the laboratory cultivation of Chondracanthus acicularis,

focusing on key environmental parameters such as nutrient levels and light exposure.
The results provide some insights into the optimal conditions for the growth and bio-
chemical composition of C. acicularis, which are crucial for its sustainable exploitation in
industrial applications.

The study found significant differences in the relative growth rate (RGR) and pro-
ductivity (Y) of C. acicularis under different growth conditions. The seaweed grown on
Provasoli (PES) Medium and under red LED light showed the highest RGR during the first
week, while those grown on PES and with white LED light exhibited the best growth at the
end of the second week. This indicates that nutrient medium and light quality significantly
influence the growth rate of C. acicularis [60]. In the first week, the combination of PES nu-
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trient medium and red LED light likely provided optimal conditions for the initial growth
phases, possibly due to the red light’s influence on photosynthetic efficiency and energy
absorption. Red LED light has been shown to enhance growth in specific seaweed species,
as it supports higher photosynthetic pigment production [61]. In addition, the PES nutrient
medium provides essential nutrients that support rapid cell division and growth. However,
as the cultivation progressed into the second week, white LED light, in conjunction with the
PES medium, became more favourable, likely due to its broader spectrum, which supports
a wider range of photosynthetic processes and pigment synthesis [61]. The productivity
results mirrored the RGR findings, with the highest Y being observed in seaweeds grown
with PES and white LED light by the end of the second week. This suggests that white LED
light, in combination with PES medium, provides the most favourable conditions for the
growth of C. acicularis. These results are consistent with those of Ismail et al. [62], who also
found that PES was the most adequate nutrient medium for the growth of Gigartinales.
However, our results point to a maximum growth of 0.945% day−1. These values are
much lower than those found for Chondracanthus teedei by López-Campos et al. [29], who
reported a maximum growth of 4.68% day−1 in similar conditions. These differences may
be attributed to the different species and physiological states of the algae used [23,25].

The negative growth observed in the Von Stoch Medium (VSE), Nutribloom plus®

(NB), and blue LED light treatments during the first week, followed by some recovery
during the second week, highlights the importance of selecting appropriate light and
nutrient conditions for optimal seaweed cultivation [63]. In general, macroalgal nitrogen
growth kinetics follow typical growth–saturation curves, meaning that macroalgal growth
rates increase positively with increasing nitrogen concentration, and then stabilize after
nitrogen concentration reaches saturation [64]. However, NB has a much higher nitrate
content than the other two media, which might have stressed the red seaweed, causing
growth inhibition due to nutrient imbalances and ammonium toxicity [65]. A balanced
supply of macronutrients such as nitrogen, phosphorus, and potassium, together with trace
elements like iron, zinc, and manganese, is essential for the growth and development of
red seaweeds, as they play a critical role in the metabolic processes, pigment synthesis, and
overall health of the algae [66–68].

The proximate composition analysis of C. acicularis revealed a high moisture content
across all treatments, ranging from 68.79% to 73.65%, but with no significant differences
found between samples. According to Ganesan et al. [69], seaweeds tend to retain a high
water content when grown under optimal culture conditions. The cultivation conditions
were generally suitable for seaweed growth, as indicated by the consistent moisture levels.
However, the NB medium showed the lowest moisture content, suggesting that it was the
worst culture media to grow this seaweed.

In contrast to moisture, significant differences in ash content were observed, ranging
from 7.28% fw (27.01% dw), for the VSE cultivated biomass, to 9.08% fw (30.80% dw), for
the wild biomass. These values are within the expected values for Gigartinales (16.55%) [70]
and for the red seaweed Gracilaria spp. (19% to 25%) [71,72]. Algae ash content varies
between locations and cultivation sites due to differences in key factors such as salinity,
temperature, and nutrient availability [73]. Therefore, the lower ash content of cultivated
seaweeds compared to the wild may be attributed to optimized nutrient solutions that
might limit certain minerals, reducing mineral uptake and, thus, the ash content [37,74].

The organic matter content showed significant differences between treatments, with
seaweeds cultivated with NB exhibiting the highest concentration after 7 days. Conversely,
seaweeds grown with PES and red LED light showed the lowest concentrations of organic
matter. Cultivated seaweeds often have higher ash content and moisture levels due to
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controlled nutrient availability and environmental conditions, which can lead to a lower
percentage of organic matter and dry weight when compared to wild specimens [74].

Red algae are rich in the pink pigment phycoerythrin, which absorbs light over a
wide blue–green light spectral range, roughly 460–570 nm, including spectral regions
which are not available for other photosynthetic pigments [75]. Also, red seaweeds exhibit
rapid phycobilin acclimatory responses to changes in light, enhancing light harvesting [76].
Thus, the use of LED lights plays a crucial role in optimizing the growth of red seaweeds
by influencing their photosynthetic efficiency and pigment production. Different light
intensities and wavelengths can be used as a tool to enhance the concentration of valuable
compounds in seaweed aquaculture, such as photosynthetic pigments. Our results show
that white LED light delivered the best growth, providing a broad spectrum (a narrow peak
at 450 nm and a wide peak between 550 and 620 nm) which supports balanced growth and
enhances the overall biomass production of seaweeds [77]. Red LED light also showed
significantly higher growth and yield. Red LED light (narrow peak at ~655 nm), although
less effective for some species, can significantly boost the production of phycoerythrin,
thereby enhancing the red colouration of the seaweed. As to blue LED light (narrow peak
at ~455 nm), although it has been reported that it is particularly effective in promoting
the synthesis of chlorophyll and other photosynthetic pigments [78], it did not prove to
be adequate for the growth of C. acicularis. Hence, while beneficial for certain species,
blue LED light may not provide the optimal spectrum for this species, leading to reduced
photosynthetic efficiency [79]. However, studies have shown that the combination of
these LED lights can lead to improved growth rates and higher concentrations of valuable
bioactive compounds in red seaweeds, making them a promising tool for sustainable
aquaculture practises [60,80–85].

The different chemical compositions of the biomasses are denoted by the colour of
the biomass, as analyzed through CIE Lab components. The increasing ∆E values indicate
that there was a noticeable colour difference over time compared to the initial state. The
increase in the biomass grown with PES showed the highest variation, easily visible to
the naked eye [86]. This means that the seaweed underwent significant colour changes,
which could indicate changes in the biochemical composition of the biomasses submitted
to different treatments, namely in the concentration of pigments [87]. Indeed, different
culture media and distinct light qualities can significantly influence photosynthesis and
pigment production in seaweeds [88]. The changes in ∆E suggest a darkening of the
biomass, which is due to the increase in the pigment content [89]. The changes in a* values
suggest that the red seaweed grown under NB and blue LED light shifts towards the
green spectrum, which may indicate a decrease in phycobilin content. As stated, the high
nitrate content in the NB medium may cause nutrient imbalances, potentially affecting
the production of phycobilins, and blue LED light might also cause stress, reducing the
efficiency of light-harvesting pigment [76,79]. As to the b* values, although not significant,
their slight decrease indicates a shift towards the blue spectrum, probably due to an
increase in the blue pigment phycocyanin registered in all samples compared to the wild.
The chromaticity (C*) values decreased except for the blue LED light medium, for which
the hue (◦h) decreased. Phycobilisomes have an intensity-dependent photoprotection
mechanism, so the production of phycobilins is light-dependent. Exposure to intense light
increases the blue structural colour and simultaneously favours the capture of light at green
and red wavelengths by the phycobilisomes [90]. On the other hand, less intense light
tends to reduce the production of photoprotective pigments. The relatively stable hue angle
values indicate that, despite the changes in lightness and chromaticity, the overall hue of
the seaweed remains consistent. This suggests that the primary colour characteristics of
the seaweed are maintained. Hence, white LED light appears to provide a broad spectrum
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that can support balanced growth and pigment production, while blue LED light shows
the greatest colour shifts, indicating major variation in the chemical composition of the
seaweeds, probably due to stress-induced conditions.

These findings are consistent with the pigment content of the samples. There was a
significant increase in the production of phycoerythrin and phycocyanin, while chlorophyll
a was higher in NB. These changes were induced by the availability of nutrients and by
light intensity and wavelength, as stated by several authors, namely Dawes et al. [91],
Bonomi-Barifi et al. [92], and Idowu [87]. Different wavelengths activate specific photosyn-
thetic pathways, with red light primarily activating Photosystem I (PSI) while blue light
activates both Photosystem I (PSI) and Photosystem II (PSII) [76]. The increase in phycoery-
thrin under red light and of phycocyanin under blue light optimized light absorption for
these pathways.

5. Conclusions
This study demonstrates that the quality of nutrient medium and light have a sig-

nificant effect on the growth, productivity, pigmentation, and proximate composition of
Chondracanthus acicularis under laboratory cultivation. Provasoli (PES) medium has been
shown to provide a well-balanced mix of essential macronutrients such a nitrogen, phospho-
rus, and potassium, as well as essential trace elements and vitamins that support metabolic
processes and enhance the overall growth and development of C. acicularis. Further studies
are needed to fine-tune the concentrations of macronutrients and trace elements to match
the specific needs of the seaweed. In addition, improving the light spectrum and intensity
can also significantly impact growth. Experimenting with different light conditions, such
as mixing red and white LED lights, can help identify the most effective setup for the
species’ growth.

These findings highlight the importance of selecting appropriate environmental pa-
rameters for optimal seaweed cultivation. The results also indicate that controlled nutrient
availability and environmental conditions in cultivation can lead to higher ash content and
moisture levels, but lower organic matter and dry weight compared to wild specimens.
By identifying the optimal light and nutrient conditions, this research supports the de-
velopment of sustainable cultivation practises that can improve the yield and quality of
C. acicularis biomass. This is particularly relevant for industries that rely on high-quality
bioactive compounds, such as the pharmaceutical, nutraceutical, and cosmetics industries.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app15020810/s1, Table S1: Chemical composition of the
three nutrient media used in the trials.
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