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Codium tomentosum is a recently domesticated green macroalga, being currently
cultured as an extractive species in integrated multi-trophic aquaculture (IMTA).
Optimization of light requirements in outdoor systems must be achieved to increase the
market value of cultivated algal biomass. The present study addresses the seasonal
effects of light intensity and wavelength on productivity, pigment composition and
epiphyte overgrowth in C. tomentosum cultured in a land-based IMTA system.
Exposure to high light (non-filtered sun light) lead to higher net productivities in spring.
However, non-filtered sun light caused significantly reduced productivities during summer
when compared to filtered sun light (~ 4x lower irradiance levels). Furthermore, lower
photosynthetic capacity (Fv/Fm) was observed in macroalgae cultured under high light
during summer, indicating photoinhibition. Treatments with filtered sun light (low and red
light) showed intermediate and more stable productivities. Epiphyte biomass was higher
under high light and the lowest epiphyte overgrowth was recorded under red light.
Concentrations of light-harvesting pigments were lower in summer than in spring,
indicating a seasonal photoacclimation of macroalgae. An opposite seasonal trend was
observed for accessory xanthophylls, as the main role of these pigments is
photoprotection. Higher all-trans-neoxanthin and violaxanthin concentrations were
found in high light than in low or red light treatments, confirming the important role of
these biomolecules in the photoprotection of C. tomentosum. This study underlines the
importance of controlling light to optimize algal growth outdoors and enhance the
production of high-value compounds (i.e., pigments). Additionally, this practice can also
reduce epiphyte overgrowth, thus enhancing the valorization of macroalgal biomass
derived from C. tomentosum aquaculture.

Keywords: aquaculture, irradiance, epiphytes, light spectra, photosynthesis, photoprotection, pigments, seaweeds
INTRODUCTION

Macroalgae production currently accounts for more than half of global marine aquaculture landings
and is the fastest growing sector in aquaculture (> 6% per annum), providing food and natural
products across a range of industries, while supporting a variety of ecosystem services (Duarte et al.,
2022). Traditionally valued in Southeast Asia, cultivated macroalgal biomass has gained increased
in.org June 2022 | Volume 9 | Article 9063321
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attention in developing markets of western countries, not only
given the growing perception of algae as healthy and sustainable
foodstuffs, but also as important sources of bioactive compounds
(Kim et al., 2017; Banach et al., 2020; van den Burg et al., 2021;
Moreira et al., 2022). However, to supply dietary, cosmetic, and
pharmaceutical markets, high levels of standardization and
quality control of cultivated macroalgal biomass are required.
This is particularly true when targeting high value biomass for
high-end applications, given that the concentration and
composition of bioactive compounds in macroalgae may
fluctuate with season, location, and genetic background
(Hafting et al., 2015). Fundamental research is thus required to
understand how macroalgae perform under different cultivation
conditions (e.g. light and nutrient availability), and how to
mitigate competitors and pests (e.g. pathogens, grazers,
epiphytes) (Hafting et al., 2015; Buschmann and Camus, 2019).

Codium tomentosum (Bryopsidales) is among the most
recently domesticated green macroalgal species in aquaculture,
having earned increased attention given its potential for a variety
of applications. This algal species is highly valued as a gourmet
ingredient in high-end cuisine (Pérez-Lloréns et al., 2018), as well
as raw material in the cosmetic industry, in which algal extracts
are used as the main moisturising agents in cosmetic products
(Wang et al., 2015; Leandro et al., 2019). Other studies suggested
C. tomentosum to be a potential source of essential
polyunsaturated fatty acids (Rey et al., 2020), and valuable
pigments, such as siphonaxanthin, that presents high
antiangiogenic and antitumoral activities (Ganesan et al., 2010;
Ganesan et al., 2011; Sugawara et al., 2014). This species is
currently produced in a land-based integrated multitrophic
system (ALGAplus Lda) where the effluent from a semi-
intensive marine fish farm is used to cultivate organic certified
macroalgal biomass. The company developed proprietary
protocols for year-round production of C. tomentosum,
involving an indoor hatchery phase under controlled
temperature and light conditions and an outdoor phase during
which juvenile thalli are grown in tumble culture (Marques
et al., 2021).

Notwithstanding, optimization of C. tomentosum aquaculture
is still ongoing to reduce operational costs, enhance the scaling-
up and add value to cultured algal biomass. During the outdoor
grow-out phase, C. tomentosum can be negatively affected by
suboptimal light and unsuitable temperature conditions, while
epiphytic algae (e.g. Ceramium sp., Ectocarpus sp., Ulva sp.) tend
to overgrow Codium thalli, consequently decreasing product
quality and increasing operational costs associated to daily
husbandry and processing practices. In a previous study,
Marques et al. (2021) observed significant differences in
relative growth rates and pigment content of C. tomentosum
propagules grown indoors when exposed to different
photoperiod and light spectral regimes. These findings
suggested that light requirement optimization should follow
during grow-out phase outdoors to improve quality and
enhance the standardization of cultivated biomass.

Light is arguably the most dynamic variable affecting land-based
macroalgal aquaculture, being strongly influenced by the interplay
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between external (e.g. geographical location, photoperiod, season,
weather) and internal factors (e.g. stocking density, biomass growth
dynamics and culture method) (Magnusson et al., 2015). Light
regimes affect the physiology of cultured macroalgae in different
ways, with downstream implications that may include shifts in algal
growth rates and/or bioactive molecule concentrations (Magnusson
et al., 2015; Huang et al., 2021; Marques et al., 2021), as well as
epiphyte overgrowth dynamics (Fletcher, 1995; Ward et al., 2020).
In outdoor production systems, common techniques employed to
control the amount of light reaching the algal biomass include the
shading of tanks or the manipulation of cultivation depth and
stocking densities. In turn, light quality can be manipulated
artificially using coverings, or by adding external light sources
with different spectral outputs (Hafting et al., 2015).

Here, we investigate how manipulating incident solar light for
different irradiance levels (high-light and low-light) and light
spectra (full spectra and red light) affect the growth, pigment
composition and epiphyte overgrowth in C. tomentosum
cultivated outdoors in a land-based IMTA system. To achieve
this, experiments were performed over different seasons (spring
and summer) using custom-built filter screens placed on top of
culture tanks. Parameters such as growth rates, maximum
quantum yields of photosynthesis, pigment content, and
epiphyte overgrowth were assessed and discussed in line with
the current efforts to refine existing cultivation techniques for
this green macroalga.
MATERIALS AND METHODS

Biological Material and
Culturing Conditions
Codium tomentosum Stackhouse, 1797 biomass was purchased
from ALGAplus. For acclimation purposes, macroalgae were
maintained for 2 weeks on a dedicated experimental setup of
100-L cylindrical polyethylene tanks with constant water inflow,
for a total of eight daily volume renovations (33.33 L h-1), in
which algae were kept under free-floating (tumble culture)
conditions through strong aeration. The system was provided
with seawater from ALGAplus earthen ponds for fish
production, after a series of mechanical filtration steps (a drum
filter, a sand filter, and a double lycra fabric layer) that reduce
suspended solid particles (> 40 μm) in inflowing water.

Light Manipulation
The experiment was designed to test the effects of light quantity
(irradiance) and quality (spectra) in the performance of C.
tomentosum in outdoor culture conditions. A control and two
light treatments were used: control high-light (HL – consisting of
full spectrum unfiltered sunlight), low-light (LL – sunlight
filtered through a neutral filter – approximately ¼ of total
irradiance was obtained without compromising light
spectrum), and red-light (RL – filtered sunlight for the red
band region of the light spectrum – obtained by filtering sun
light through a red filter). Neutral (209 0.3ND) and red (106
Primary Red) filters were obtained from Lee Filters (Hampshire,
June 2022 | Volume 9 | Article 906332
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UK). Light spectra were measured using a Flame model Ocean
Optics spectrometer (wavelength range 190–1100 nm) (Ocean
Insight, Florida, USA) (Supplementary Figure S1).

The experimental setup consisted of a total of 15 round
polyethylene 100-L tanks, with 5 replicate tanks per light
condition (Supplementary Figure S2). The filters were fixed
between two circular crystal acrylic screens (3 mm width), with
0.8 m diameter, supported by 5 equally distributed metal rods.
The screens with the filters were placed 0.16 m above each tank
to facilitate airflow and minimize eventual greenhouse effects.
The light filtration structures for LL and RL conditions, sustained
2 sheets of Lee 0.3 ND neutral filters, and 1 sheet of Lee primary
red filter respectively, fixed between the two crystal acrylic
screens. In control HL, the structure consisted of the acrylic
screens devoid of any filter screen.

Abiotic Parameters
Temperature, salinity, pH and quantum irradiance were
measured 2 days before a designated weekly sampling day for
C. tomentosum biomass. Measurements of abiotic parameters
took place at solar noon over the course of the experiments.
Water parameter measurements were performed in all the
culture tanks, using a SenTix® pH electrode for pH and
temperature, and a TetraCon® 325 conductivity measuring cell
for salinity, both connected to an universal multi-parameter
portable meter ProfiLine pH/Cond 3320 (WTW, Weilheim,
Germany). Irradiance was quantified underwater, inside the
culture tanks at surface and at the bottom (~ 0.35 m depth) of
each tank, using a LI-193 Spherical Quantum Sensor connected
to LI-250A Light Meter (LI-COR biosciences, Lincoln, USA).
Irradiance measurements were taken at the center of each tank
for all the replicates and values registered represent a 15 s average
irradiance of approximately 60 instant readings.

Macroalgal Growth
The experiment ran for 5 weeks in each season during summer
(July–August 2020) and spring (March–April 2021). At the
beginning of each experiment, C. tomentosum was distributed
among the polyethylene tanks at a density of ~ 1 kg fresh weight
(FW) per tank. The cultures remained under free-floating,
tumble culture conditions with strong aeration, keeping the
algae in constant movement through air diffusion to assure
homogeneous exposure of the seaweed to incident irradiance.

Changes in macroalgal biomass were quantified on a weekly
basis. The macroalgae from each tank were transferred to
separate plastic baskets and centrifuged, being drained to
constant weight and re-stocked in the respective tanks to the
initial density. Every week the entire experimental setup was
thoroughly cleaned and reassembled. Macroalgae FW was
quantified using a scale (sensibility ± 1 g). Before the
calculation of growth parameters, FW was corrected for the
weight of overgrowing epiphytes:

FW gð Þ = FWt � 1 – rFWEpi

� �

where, FWt is the fresh weight of Codium after centrifugation,
rFWEpi is the ratio of fresh weight of epiphytes estimated for each
Frontiers in Marine Science | www.frontiersin.org 3
tank (see below for details on the quantification of
epiphyte biomass).

Then, net productivity (P) of C. tomentosum was calculated
according to the equation:

P g L−1t−1
� �

= FWf − FWið Þ � V−1 � t−1

where FWf is the final fresh weight, FWi is initial fresh weight
(grams), V is culture tank volume (liters), and t is the time in
culture (weeks).

Before returning C. tomentosum to culture tanks, a quick and
general cleaning process took place. The algae were stirred and
rinsed with seawater twice, to remove detached epiphytes,
particulate matter, and biofilms from the algal surface.

Epiphyte Overgrowth
During C. tomentosum weekly harvest and processing, 30 ± 1 g
were sampled from each replicate tank for epiphyte biomass
quantification. Thereafter, one at a time, Codium samples were
transferred to white plastic trays with seawater in which
epiphytes were removed by hand. As the process of epiphyte
removal was concluded (Supplementary Figure S3), C.
tomentosum biomass was discarded, and the remaining
epiphytes were recovered by filtering the sample through a
nylon net (500 μm), and by transferring to 50 mL Falcon tubes
with seawater. In the laboratory, samples were recovered by
filtering the epiphyte suspensions through a nylon mesh (500
μm), and by successively pressing samples between two dry
sheets of paper towel four times to remove excess water.
Epiphytes were quantified and expressed as both fresh weight
(FW) and dry weight (DW), after drying at 60°C for 72 h.

Chlorophyll Fluorescence
Variable chlorophyll (Chl) a fluorescence was measured the day
before macroalgal growth quantification, every week during both
seasons, using an Imaging-PAM fluorometer Mini version (Walz,
Effeltrich, Germany). Maximum quantum yield of photosystem
(PS) II (Fv/Fm) was determined by calculating (Fm – Fo)/Fm, where
Fm and Fo are the maximum and the minimum fluorescence of
15 min dark-adapted samples, respectively (Murchie and Lawson,
2013). Numerical values of variable Chl fluorescence parameters
were extracted from the digital images using the imaging system
software (ImagingWin, HeinzWalz GmbH, Germany) by selecting
areas of interest (AOI). Three circular AOI per replicate were
chosen, defining regions of good camera focus close to the center
of the display.

Photosynthetic Pigments Analysis
At the end of summer and spring experimental periods,
macroalgal material was flash frozen in liquid nitrogen and
freeze-dried prior to photosynthetic pigment analysis. Pigment
quantification by High Performance Liquid Chromatography
(HPLC) followed the C18 method described by Mendes et al.
(2007). For every extraction, the amount of lyophilized sample
used followed the ratio of 5 ± 0.1 mg per 1 mL of extraction
solution (95% cold buffered methanol with 2% ammonium
acetate). Samples were ground with a plastic rod and sonicated
June 2022 | Volume 9 | Article 906332
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for 1 min. Samples were then transferred to –20°C for 20 min in
the dark. Extracts were filtered through 0.2 μm PTFE membrane
filters and immediately injected into a Prominence i –LC 2030C
HPLC system (Shimadzu, Kyoto, Japan) with a photodiode array
detector. Chromatographic separation was carried out using a
Supelcosil C18 column (250 mm length; 4.6 mm diameter; 5 μm
particles; Sigma-Aldrich, St. Louis, MO, USA) for reverse phase
chromatography and a 35 min elution program. The solvent
gradient followed Kraay et al., (1992), with an injection volume
of 50 μL and a flow rate of 0.6 mL min-1. Pigments were
identified from absorbance spectra and retention times and
concentrations calculated from the signals in the photodiode
array detector. Calibration curves were constructed with pure
crystalline standards from DHI (Hørsolm, Denmark). Pigments
were expressed in μmol g dw-1.

Statistical Analysis
Significant differences in productivity, epiphyte biomass,
pigment concentrations, Fv/Fm and all the abiotic parameters
for effects of light treatment and season were tested using two-
way ANOVA, after checking for homogeneity of variances
(Levene’s Test) and normality (Shapiro-Wilk’s test). Multiple
comparisons within each season were performed with Tukey’s
test. Statistical analysis was performed using SigmaPlot 14 for
Windows (Systat Software, Germany).
RESULTS

Several water parameters were monitored in C. tomentosum
production tanks: pH, temperature, and salinity (Table 1).
Regarding both temperature and salinity, significantly higher
values (in all cases p < 0.001) were observed during summer, but
no significant differences were observed between any of the light
conditions (HL, LL and RL). Average water temperature was
around 25°C in summer and 19°C in spring (Table 1). Values for
pH were significantly higher (in all cases p < 0.001) under HL in
both summer and spring (8.66 and 8.31, respectively) when
compared to LL and RL treatments (values ranging from 8.41
and 8.05). Regarding LL and RL, no statistical differences were
observed for pH. Surface and bottom irradiance values recorded
in C. tomentosum production tanks are shown in Table 2. As
Frontiers in Marine Science | www.frontiersin.org 4
projected, a significantly higher irradiance (in all cases p < 0.001)
was observed under the non-filtered HL, when compared to LL
and RL treatments. Under control HL, surface irradiance at solar
noon reached average values close to 2,000 μmol photons m-2 s-1

in summer and 1,600 μmol photons m-2 s-1 in spring. Surface and
bottom irradiances were not significantly different between LL
and RL in either summer or spring, with average values at noon
ranging from 568 to 525 μmol photons m-2 s-1 (Table 2).

Net productivities of C. tomentosum along the 5-week culture
periods in summer and spring are represented in Figure 1. The
highest productivity (> 4 g L-1 week-1) was registered in spring after
5 weeks under HL. The lowest value (– 0.65 g L-1 week-1) was also
observed in HL, but during the summer period and after 3 weeks in
culture. Treatments with filtered sun light (LL and RL) showed
intermediate and more stable productivities, with higher values
during spring (Figure 1). Net productivities were significantly lower
(p < 0.001) in summer than in spring (Figure 2). In summer,
significantly higher productivities were registered under LL and RL
when compared to HL (p = 0.009 and p = 0.004), whereas no
differences were observed between LL and RL treatments (p =
0.938). In spring, significantly higher productivities were registered
in HL compared to LL (p = 0.022), whereas no significant
differences were observed between control HL and RL treatment
(p = 0.085). Differences in productivities in spring were also non-
significant (p = 0.799) between LL and RL treatments (Figure 2).

Epiphytic algal biomass overgrowing C. tomentosum was
monitored and quantified during the 5-week culture periods. The
dominant epiphytic algae were Ectocarpus sp. (Ochrophyta),
Ceramium sp., Polysiphonia sp. (Rhodophyta), and Ulva sp.
(Chlorophyta). Occasionally, other algae such as Bryopsis sp.
(Chlorophyta) and Porphyra sp. (Rhodophyta) were also observed,
but always in very low amounts. The biomass of occurring algal
epiphytes was not significantly different (p = 0.136) between summer
and spring (Figure 3). However, epiphyte overgrowth changed
between seasons with a clear dominance of Ectocarpus sp. during
the summer period. In both seasons, epiphyte biomass was
significantly higher under HL conditions (in all cases p < 0.05).
Although the lowest epiphyte overgrowing biomass was recorded
under RL, no significant differences in epiphyte biomass were found
between LL and RL conditions (Figure 3).

Season and light treatment significantly affected maximum
photosynthetic capacity (Fv/Fm) of dark-adapted C. tomentosum.
TABLE 1 | Water parameters measured at solar noon (mean ± SD, n = 5) over a 5-week culture period during summer and spring, under control high-light (HL), low-
light (LL) and red-light (RL).

Light treatment

HL LL RL

pH Summer 8.66 ± 0.06a 8.41 ± 0.02b 8.40 ± 0.06b

Spring 8.31 ± 0.05a 8.05 ± 0.06b 8.05 ± 0.08b

Temperature Summer 25.87 ± 0.34a 25.19 ± 0.47a 25.21 ± 0.54a

(°C) Spring 19.68 ± 0.34a 19.33 ± 0.58a 19.23 ± 0.32a

Salinity Summer 34.27 ± 0.02a 34.28 ± 0.01a 34.28 ± 0.01a

(‰) Spring 29.32 ± 0.03a 29.31 ± 0.05a 29.31 ± 0.02a
June 2022 | Volume 9 |
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In summer, a significantly lower maximum photosynthetic capacity
was found in HL, than in both LL and RL grown macroalgae (in
both cases p < 0.001, Table 2). In control HL, Fv/Fm reached values
of 0.598, compared to 0.685 and 0.682 under LL and RL treatments.

Pigments identified in C. tomentosum by HPLC were categorized
in three main groups: light-harvesting pigments – siphonaxanthin
(Siph), 9′-cis-neoxanthin (c-Neo), siphonaxanthin dodecenoate
(Siph-do), chlorophyll b (Chlb) and chlorophyll a (Chla)
(Figure 4); accessory xanthophylls – all-trans-neoxanthin (t-Neo),
violaxanthin (Viola), antheraxanthin (Anth) and zeaxanthin (Zea)
(Figure 5); and carotenes – ϵ,ϵ-carotene (ϵϵ-Car), b,ϵ-carotene (bϵ-
Car), b,b-carotene (bb-Car) (Figure 6). Main light harvesting
pigments were Chla and Chlb and the carotenoid Siph. The
concentrations of all light-harvesting pigments were significantly
lower in summer than in spring (in all cases p < 0.001) (Figure 4). A
different trend was observed for some accessory xanthophylls, with
significantly higher concentrations of Anth and Zea being recorded
in summer than in spring (Figure 5).
Frontiers in Marine Science | www.frontiersin.org 5
Within each season, differences between light conditions were
minor for main light-harvesting pigments, although significantly
higher concentrations of Chlb were observed in summer for the
lower irradiance treatments (LL and RL) than under control HL.
Regarding accessory xanthophylls, significantly higher t-Neo and
Viola were observed in HL than in LL and RL treatments within
each season (in all cases p < 0.001). The same trend was observed for
Zea,butonly in the summer(Figure5).Themaincarotene found inC.
tomentosum was bϵ-Car, compared to very low concentrations of
ϵϵ-Car and bb-Car (Figure 6). No significant differences between
summer and springwere observed for themainbϵ-Car (p= 0.968). In
summer, significantly higher concentrations of bϵ-Car and ϵϵ-Car
were found in both lower light treatments (LL andRL) thanunderHL
(inallcasesp<0.05).Concentrationsofbb-Carinsummerfollowedan
opposite trend, with significantly higher concentrations in controlHL
than inLLandRL(inbothcasesp<0.01).Nosignificantdifferences in
any of the pigment concentrations were observed between LL and
RL treatments.
FIGURE 1 | Net productivity of Codium tomentosum (mean ± SD, n = 5) over a 5-week culture period during summer (Sm) and spring (Sp), under control high-light
(HL), low-light (LL) and red-light (RL).
TABLE 2 | Surface and bottom irradiance levels at solar noon and maximum yield of photosynthesis (Fv/Fm) of Codium tomentosum (mean ± SD, n = 5) over a 5-week
culture period during summer and spring, under control high-light (HL), low-light (LL) and red-light (RL).

Light treatment

HL LL RL

Surface irradiance Summer 1929 ± 67a 553 ± 11b 568 ± 12b

(mmol photons m−2 s−1) Spring 1668 ± 25a 534 ± 33b 525 ± 31b

Bottom irradiance Summer 1110 ± 99a 354 ± 26b 365 ± 20b

(mmol photons m−2 s−1) Spring 655 ± 39a 262 ± 52b 241 ± 30b

Fv/Fm Summer 0.598 ± 0.040a 0.685 ± 0.006b 0.682 ± 0.013b

Spring 0.641 ± 0.035a 0.671 ± 0.027a 0.674 ± 0.033a
June 2022 | Volume 9
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DISCUSSION

Light absorption is crucial to drive photochemical reactions of
photosynthesis and, therefore, light availability is a major
parameter affecting macroalgal growth. On the other hand, high
Frontiers in Marine Science | www.frontiersin.org 6
irradiance leads to the formation of reactive oxygen species (ROS)
that damage the photosynthetic apparatus, hampering growth and
reducing productivity (Murata et al., 2007; Takahashi and Badger,
2011). In the present study, C. tomentosum productivity in a land-
based IMTA system was differently affected by light treatments
FIGURE 2 | Average net productivity of Codium tomentosum (mean ± SD, n = 5) over a 5-week culture period during summer (Sm) and spring (Sp), under control
high-light (HL), low-light (LL) and red-light (RL). Differences between seasons were significant at p < 0.001 (triple asterisk). Different letters indicate significant
differences between light treatments within each season at p < 0.05.
FIGURE 3 | Ratio of epiphytic algal biomass (DW) per cultured Codium tomentosum biomass (DW) (mean ± SD, n = 5) over a 5-week culture period during summer
(Sm) and spring (Sp), under control high-light (HL), low-light (LL) and red-light (RL). Differences between seasons were non-significant (ns). Different letters indicate
significant differences between light treatments within each season at p < 0.05.
June 2022 | Volume 9 | Article 906332

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Marques et al. Effects of Light on C. tomentosum
depending on the season: in spring, higher productivities were
registered in control high light (exposure to full sun light) than in
lower light treatments (low and red filtered sun light), whereas the
opposite was found in summer. Maximum photosynthetic capacity
(Fv/Fm) in summer was lower in high light than in low and red
Frontiers in Marine Science | www.frontiersin.org 7
filtered sun light cultured macroalgae, indicating photoinhibition of
C. tomentosum photosynthetic apparatus in the control conditions.
Irradiance at noon in HL control during the summer period
averaged 2,000 μmol photons m-2 s-1, whereas values registered
under the LL and RL treatments were around 550 μmol photons
FIGURE 4 | Concentrations of light harvesting pigments in Codium tomentosum (mean ± SD, n = 5) after a 5-week culture period during summer (Sm) and spring
(Sp), under control high-light (HL), low-light (LL) and red-light (RL). Siph – siphonaxanthin; c-Neo – 9′-cis-neoxanthin; Siph-do – siphonaxanthin dodecenoate; Chlb,
chlorophyll b; Chla, chlorophyll a. Differences between seasons were significant at p < 0.001 (triple asterisk). Different letters indicate significant differences between
light treatments within each season at p < 0.05.
FIGURE 5 | Concentrations of accessory xanthophylls in Codium tomentosum (mean ± SD, n = 5) after a 5-week culture period during summer (Sm) and spring
(Sp), under control high-light (HL), low-light (LL) and red-light (RL). t-Neo – all-trans-neoxanthin; Viola – violaxanthin; Anth – antheraxanthin; Zea – zeaxanthin.
Differences between seasons were non-significant (ns), significant at p < 0.05 (single asterisk) or significant at p < 0.001 (triple asterisk). Different letters indicate
significant differences between light treatments within each season at p < 0.05.
June 2022 | Volume 9 | Article 906332
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m-2 s-1. In an out-growing set-up using 100 m long horizontal ropes
held at different water depths, Hwang et al. (2008) found that
growth rates of Codium fragile were significantly higher at 1 m
depth. Photosynthetic active radiation was about 630 μmol photons
m-2 s-1 at this depth of the water column, corresponding to a light
reduction of around 70% compared to that at water surface. These
results stress the importance of controlling irradiance in macroalgal
aquaculture systems in specific periods to avoid photoinhibition and
considerable financial impact due to reduced productivity. Excess
irradiance, however, may not be the sole responsible for the
reduction of C. tomentosum productivity observed during
summer. Hanisak (1979) reported a decrease in growth rate of
cultured C. fragile ssp. tomentosoides for the combination of higher
temperature and higher irradiance. In our study, water temperatures
measured at noon exceeded 25°C in summer, whereas values were
around 19°C in spring. Hence, the combination of light and thermal
stress may have played a role in the lower productivities recorded
for C. tomentosum grown during summer under full sunlight.

In this study, not only photon irradiance was manipulated.
Spectral composition of available light was also shifted, as it too can
affect macroalgal growth. Figueroa et al. (1995) cultivated the red
macroalga Porphyra umbilicalis in the laboratory using fluorescent
lamps and red or blue Plexiglas filters. The authors observed that red
light favored growth by enhancing thallus expansion, cell division,
and polysaccharide production compared to blue light. Marques
et al. (2021) reported higher relative growth rates under red light
than blue light in C. tomentosum grown indoors at laboratory
nursery conditions. This finding was rather surprising, as C.
tomentosum contains light harvesting complexes with
xanthophylls siphonaxanthin and siphonaxanthin dodecenoate, as
Frontiers in Marine Science | www.frontiersin.org 8
well as a higher proportion of chlorophyll b compared to most algae
and plants. The pigment composition of Codium light harvesting
complexes and other siphonous green algae makes them more
efficient in exploiting the spectral region of blue-green light
(Anderson, 1983; Benson and Cobb, 1983; Wang et al., 2013). In
our study, similar productivity rates were found for C. tomentosum
grown under filtered lower light treatments, using either neutral or
red filters. Although comparisons between laboratory and outdoor
experiments are questionable, results seem to suggest that red light
is at least equally efficient in driving photosynthesis of
C. tomentosum.

Consistently higher epiphyte biomass was found at high light in
both spring and summer, indicating that full sun light not only
affects C. tomentosum productivity, but also induces epiphyte
proliferation. Growth of epiphytes is one of the most important
parameters determining the market-value of macroalgal biomass
(Ingle et al., 2018; Sahu et al., 2020). Furthermore, cleaning of
epiphytes by hand is extremely labour-intensive and not feasible for
commercial scale production. The lowest epiphyte occurrences
recorded under red light in C. tomentosum indicates that spectral
manipulation may be used as a tool to control algal epiphytes in
macroalgal aquaculture. The use of filters (neutral or wavelength-
specific) seems to be a relatively inexpensive approach to control
epiphyte growth in C. tomentosum, thus contributing to improve
the valorization of its biomass.

Macroalgae can adapt pigment composition in their
photosynthetic apparatus, thus optimizing their light harvesting
properties. A clear seasonal photoacclimation trend was observed,
with higher concentrations of all light-harvesting pigments being
recorded during spring. Natural pigments may exhibit various
FIGURE 6 | Concentrations of carotenes in Codium tomentosum (mean ± SD, n = 5) after a 5-week culture period during summer (Sm) and spring (Sp), under control high-
light (HL), low-light (LL) and red-light (RL). ϵϵ-Car – ϵ,ϵ-carotene; bϵ-Car – b,ϵ-carotene; bb-Car – b,b-carotene. Differences between seasons were non-significant (ns), significant
at p < 0.05 (single asterisk) or significant at p < 0.001 (triple asterisk). Different letters indicate significant differences between light treatments within each season at p < 0.05.
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beneficial biological activities, such as antioxidant, anti-tumoral,
anti-inflammatory and neuroprotective activities (Pangestuti and
Kim, 2011). The carotenoid siphonaxanthin, characteristic of
siphonous green algae, has been used as an anti-tumoral agent
inhibiting the proliferation of cancer cells through the induction of
apoptosis (Ganesan et al., 2011; Sugawara et al., 2014). In our study,
we show a clear seasonal difference in the concentration of
siphonaxanthin in C. tomentosum, a much valuable information
in the case of farmers targeting the production of this high-value
compound for biomedical applications.

Light spectra (white vs red light) had no impact on the pigment
profile of C. tomentosum, but light intensity (high vs low irradiance)
significantly affected pigment composition of this macroalga.
Significantly higher violaxanthin and all-trans-neoxanthin
concentrations were found in control HL than in LL and RL
treatments. Giossi et al. (2021) showed that high light had a
strong effect on the pigment composition of siphonous green
algae triggering a time-dependent accumulation of violaxanthin
and all-trans-neoxanthin. These changes in pigment composition
can cause a rearrangement in light harvesting complexes, thus
influencing the amount of energy that is transferred to reaction
centers (Uragami et al., 2014; Giossi et al., 2020; Giossi et al., 2021).
By reducing damages to the photosynthetic apparatus under
increased irradiance, this photoprotection mechanism can
enhance the fitness of Bryopsidales algae (Giossi et al., 2021).

Previous studies have shown that Bryopsidales lack a
ubiquitous photoprotection mechanism in plants and most
algae, the xanthophyll cycle (e.g., Raniello et al., 2004; Cruz
et al., 2015; Christa et al., 2017). In green algae, the xanthophyll
cycle comprises the sequential de-epoxidation of the pigments
violaxanthin to antheraxanthin and zeaxanthin under high light,
allowing excess energy dissipation as heat (Goss and Jakob, 2010).
The reverse reactions occur under low light. Cruz et al. (2015)
showed that C. tomentosum does not accumulate antheraxanthin,
nor zeaxanthin, under high light and, therefore, lack this rapid
photoprotective mechanism. Although zeaxanthin was detected in
C. tomentosum and concentrations increased in summer under
high light, a concomitant reduction of violaxanthin was not
observed. Instead, several carotenoids (b,b-carotene, zeaxanthin,
antheraxanthin, violaxanthin and all-trans-neoxanthin) presented
increased concentrations as a result of an activation of the b-
branch carotenoid biosynthetic pathway.

In conclusion, this study underlines the importance of
optimizing light conditions for optimal growth of macroalgae
in aquaculture systems, in particular the need for controlling
high irradiance levels that can compromise biomass production.
The occurrence of this light stress is seasonal and site-specific
and can be controlled cost-effectively by using neutral or
wavelength-specific filters as the ones used in our study.
Additionally, the use of these light filters can reduce epiphyte
overgrowth that decrease the market-value of macroalgal
biomass, therefore contributing to the valorization of farmed
macroalgae. The manipulation of irradiance also affects the
biochemical composition of cultured macroalgae, which may
also positively impact its market-value. We show that
photosynthetic pigment composition change both seasonally
Frontiers in Marine Science | www.frontiersin.org 9
and within the different light conditions tested and that the
fine-tuning of light can be performed outdoors to optimize the
production of high-value algal compounds. In the specific case of
C. tomentosum, we recommend the use of red filters in periods of
high irradiance to increase productivity and reduce epiphyte
overgrowth, contributing to the valorization of this emerging
aquaculture species.
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