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Abstract The seaweed industry is a rapidly growing global industry. The present study aimed at empirically
ascertaining the effect of different colours of visible light spectrum on morphology and growth rate of
red algae (Gracilaria edulis), and agar yield and quality of the G. edulis to elucidate the most suitable
depth range for culturing G. edulis commercially. Changes in colour and biomass of fresh G. edulis were
recorded fortnightly, and the characteristics of agar extracted from G. edulis exposed to different colours
of light (natural, red, green, and violet) were evaluated. G. edulis exposed to green light showed the
highest growth rate, while the highest agar yield could be obtained from G. edulis exposed to red light.
Comparatively higher gel strength, viscosity, and water holding capacity of extracted agar were reported
in G. edulis exposed to red light. The growth rate & agar quality of G. edulis cultured under natural light
were comparatively lower. The study confirms that G. edulis should be cultured under green light to obtain
a significant growth rate and, G. edulis should be cultured under red light to obtain agar of better quality and
quantity. Penetration depths of red and green light in the water column are up to Sm and 30m, respectively.
Present findings unfold that culture facilities for G. edulis should be established at 1-5m water depths for
obtaining a comparatively higher growth rate and high-quality agar. The study warrants empirical studies
in-situ to make a robust conclusion.
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Introduction

The seaweed industry that produces an extensive range of products is a rapidly growing global industry.
Total seaweed production tonnage has increased from 2.2 million tonnes to 35.8 million tonnes between
1950 and 2019 (Cai et al. 2021). In 2019, 34.7 million tonnes of world seaweed cultivation production for
various food and non-food uses have generated a USD 14.7 billion first-sale value of which sales for human
consumption make up the greatest share (FAO 2020; Cai et al. 2021). Hydrocolloids are the major products
extracted from seaweeds and minor products of seaweeds include fertilizers, cosmetics, and biofuel. USD
2.65 billion of foreign exchange have been earned by 98 countries in 2019 by exporting seaweeds (USD
909 million) and seaweed-based hydrocolloids (USD 1.74 billion) (McHugh 2003; Cai et al. 2021). Wild
seaweed production remains at 1.1 million tonnes, and total aquaculture production of seaweeds by 49
countries/territories has increased to 35.8 million tonnes, the majority of which (97%) are from Asian
countries including China, Indonesia, the Republic of Korea, Philippine, Democratic People’s Republic
of Korea, Japan and Malaysia. Production of seaweeds in America and Europe is mainly from the wild
collection, while the production of seaweeds in Asia, Africa and Oceania is dominated by cultivation (Cai
et al. 2021).
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Agar, a kind of strong gelling hydrocolloid is a linear galactan polysaccharide extracted from red algae
(Rhodophyceae), specifically from Gracilaria, Gelidium and Pterocladia/Gelidiella (McHugh 2003;
Glicksman 1987). To date, Gelidium species are not commercially cultivated and, 3.7 million tonnes of
world production of agar-containing seaweeds (agarophytes) in 2019 was almost entirely supplied by
Gracilaria, which were mostly provided by cultivation in China (95.63%) with a small amount (53 955
tonnes) of wild collection from Chile (Cai et al. 2021). In 2019, 3.6 million tonnes of farmed Gracilaria
(10.5 per cent of all seaweeds) has been produced by 11 countries (Cai et al. 2021).

Gracilaria has been the main source of food-grade agar used for industrial food production (Armisen
1995). Agar consists of above 94% of highly soluble fibre which is not metabolized within the human body
(Galatas 2006). Thus, they do not add calories to foods (Armisen 1991; 1995). Global production of agar
was 9600 tonnes in 2009 (Bixler and Porse 2011), and agar has a high market demand and retail price,
compared to other seaweed hydrocolloids such as alginates and carrageenans (Rhein-Knudsen et al. 2015).
Agar has become the most usable and beneficial hydrocolloid and about 80% of agar produced globally is
used for food applications including water gels, dairy products, fermented products, canned meat, and fish
products, soups and sauces, and fining agent for clarifying wine, juice and vinegar, and bakery products,
while remaining 10-20% is used in pharmaceutical and biotechnology industries (Imeson 2010; Madhavan
and Abirami 2015). The commercial value of agar in the phycocolloid market depends largely on the agar
yield and quality which can be affected by many factors including light intensity, water depth, season,
salinity, temperature, epiphytes & epibionts, nutrient status, physiological state, extraction method and
storage (Lee et al. 2017).

Seaweed culture techniques have been explored in recent years. When culturing seaweed in open water,
the most suitable water depth is important to be determined for high return from the industry. The visible
light spectrum consists of different colours having specific wavelengths and energy. When visible light
travels through a water column, waves having different wavelengths are absorbed in different depths. Long
wavelengths of the light spectrum red, orange, and yellow can penetrate to approximately 5, 10, and 30
meters, respectively, while the short wavelengths of the light spectrum blue and green can penetrate beyond
30 meters (Luczynski and Birk 2018). Scientists have studied the growth and pigment composition of
different red algae species under different light qualities (Godinez-Ortega et al. 2008; Marinho-Soriano et al.
2012; Wu 2016), and at different depths (Indriatmoko et al. 2015; Oliveira and Freire 2012). Nevertheless,
experimental studies on growth rate and yield and quality of agar extracted from G. edulis exposed to
different colours of light are scarce. The present study ascertains the effect of different colours of light
(wavelengths) on morphological characters and growth rate of G. edulis thallus, and the yield and quality
of agar extracted from G. edulis cultured under different colours of light to elucidate the most suitable
wavelength and water depth for culturing G. edulis commercially.

Materials and methods

Gracilaria edulis samples collected from the seaweed farming centre of Halyes Aquagri (Private) Ltd,
Kenniya, Sri Lanka were brought to the marine research facility of the University of Ruhuna, Sri Lanka.
Plastic transparent culture bottles (5L capacity) were used to culture seaweeds, and 200L fibreglass
(opaque) tanks were used to dip the culture bottles to maintain a constant temperature within replicates.
Filtered seawater was used as a culture medium which was continuously aerated and renewed daily. Culture
bottles and tanks were filled with filtered seawater. Each fibreglass tank consisted of three culture bottles.
Four fibreglass tanks were indiscriminately arranged in the open area of the marine research facility, and
three tanks were covered by cellophane sheets (14.2gsm) with three different colours (red, green & violet)
separately to provide light at different ranges of wavelengths and the rest was covered by transparent
polythene (Fig. 1). Fibreglass tanks covered with red, violet, and green cellophane received light with
wavelengths of ~635-700nm, ~490-560nm, and ~380-450nm, respectively in the visible spectrum and
transparent polythene filtered light similar to the natural light of the visible light spectrum.

Wavelength ranges of the emitted light through different coloured cellophane sheets to the experimental
tanks were confirmed using a HACH DR 3900 spectrophotometer under the wavelength range 320nm—
700nm. Based on the wavelength emitted to the experimental tank, the depth of seawater at which each of
the above light wavelengths would be available was determined in accordance with Luczynski and Birk
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Fig. 1 Schematic diagram of the experimental setup

Table 1 Wavelength range emitted through cellophane sheets and their respective depth ranges in calm seawater

Emitted wavelength ~ Respective colours of the VisThe visiblelour emitted to the Approximate penetration depth ranges (m)
Cellophane sheet colour

range (nm) spectrum experimental setup (Luczynski and Birk 2018; Ikelite 2021)
Red 600-700 Red Red =5
. 320-464 Violet & blue .
Violet Violet =20
620-700 Red
Green 493-550 Green Green =30
Natural light (control) 320-700 White White =0-1

(2018) and Ikelite (2021). Wavelength ranges of the light, filtered through different coloured cellophane
sheets (red, green & violet), used during the experiment and the possible depth range in seawater for each
light wave are summarized in Table 1.

Healthy and strong seedlings of acclimatized G. edulis plants (initial weight, 25-30g) were selected for
the six weeks experiment. The temperature of the culture medium was measured twice a day (morning and
afternoon) using a thermometer, while salinity and pH were measured daily with an environmental multi-
probe. Biomass (fresh weight) of G. edulis was recorded once in two weeks with an analytical balance
(Mettler PI3600 DeliaRange). Colour changes of the thallus, if any, were observed and photographed at
two-week intervals through the experimentation. The growth rate (GR) of the G. edulis was determined by
following Schmidt et al. (2010).

GR [% per day] = [(Wt/Wi) — 1] * 100/t

Where, Wi = initial wet mass, Wt = wet mass after t-days (14 days) and t = internal time in days.

After 6 weeks, seaweeds were harvested, and cleaned samples were cut into small pieces about 1-1.5¢cm
in length and kept overnight in acetone to remove pigments and again washed with fresh acetone until the
supernatant became colourless. The method described by Praiboon et al. (2006) was used to extract the
agar. Samples of 5g dried G. edulis received different treatments were incubated in 333mL of 5% NaOH
at 80°C for 2 hours in a reciprocal shaking water bath (JSSB-30T- Korea). Then, the seaweed sample was
washed in running tap water for 30 mins to eliminate excess NaOH. The alkali-treated seaweed sample was
soaked in a 2% H,SO, solution for 1 hour to neutralize the alkali-treated seaweeds. After that, the sample
was washed in running water overnight to completely remove the acid. The sample was boiled with 150ml
of distilled water for 2 hours. The extracted agar solution was filtered through a piece of muslin cloth while
hot. Extracted agar was kept at room temperature to form a gel. The solidified agar was frozen at -20°C
for 48 hours. Then the sample was thawed in tap water and kept in the oven (Type UL 30 Memmert West
German) at 60°C for 24 hours to dry. Dry agar was ground and packed in airtight containers.
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The percentage yield of agar (W/W %) was determined by calculating the weight of agar against the
weight of dried seaweeds used for agar extraction. Moisture, ash, and crude protein content of extracted agar
from G. edulis cultured under four light treatments were determined by employing the method in AOAC
(1995), and the crude fat contents of each were determined separately following the method described
by Folch et al. (1957). The gel strength of extracted agar was determined by adopting a modified method
described by Falshaw et al. (1998). In this context, 30 mL of agar solution (1.5% w/v) was filled into a petry
dish (diameter and height of container were 3.2 cm, 1.5 cm, respectively) and kept at room temperature
overnight. The gelled agar was kept on a balance. A stainless rod (surface area 1.5 cm? ) that contained the
small container at the upper part was taken. The rod was put on the solid gel and pressed the gel by adding
weights into the container until the gel collapsed and a reading of the balance was taken at that point. Gel
strength is defined using the ratio of weight difference of before and after gel collapse to the surface area of
the rod using the following equation.

Gel strength (g/cm?) = (final weight (g) — Initial weight (g)) /surface area of the rod (cm?)

The viscosity of extracted agar was determined at 80°C using the Ostwald viscometer following Distantina
et al. (2011) with minor modifications.

Absolute viscosity of agar (kg/'m’s) = (g1 x p2 x t2) / (p1 xtl)

Where, pl = Density of water (kg/m?); p2 = Density of agar (kg/m?); nl = Viscosity of water (kg/m’s)
(91=0.355kg/m’s = 0.862cP for water at 80°C); t1 = Time taken for the water to move between upper and
lower marks of the upper reservoir (s); t2 = Time taken for the agar solution to move between upper and
lower marks of the upper reservoir (s).

The water holding capacity of extracted agar solution was determined following the modified method
described by Cho et al. (2004) in which the following equation was used.

Water holding capacity (%) = ((Wx - Wy) /Wz) x 100

Where, Wx =Weight of the centrifuge tube with sample before centrifuging (g), Wy =Weight of the
centrifuge tube with sample after centrifuging (g), and Wz = Weight of the sample (g).

Agar solutions of 1.5% strength were used in assessing the viscosity, gel strength, gelling temperature,
melting temperature, and pH. Gel pH 1.5% (w/v) of extracted agar was determined using an environmental
multiprobe. Gelling temperature and melting temperature of extracted agar powder were determined using
a thermometer following the modified method described by Chung et al. (2011). Physical and chemical
parameters of agar extracted from G. edulis cultured under different light conditions were compared. Data
obtained from three replicates of each experimental system was expressed as meantstandard deviation
(SD). Statistical analyses were performed using the SPSS software (version 21), and Tukey’s honest
significant difference (HSD) test was used to compare mean values.

Results

Salinity, pH, and temperature in the experimental groups were not significantly different from each other
(P >0.05). The salinity and pH of the culture medium throughout the experiment were 35.14+0.40 ppt
and 7.74+015, respectively, while the temperature of the culture media was 30.07+1.96°C throughout the
experimentation. G. edulis treated with red and green light resulted in a greenish-coloured thallus and
among them, red light treated algae showed a comparatively brighter green colour, while natural and violet
light treated algae showed a reddish-brown (bleached appearance) and reddish-green thallus, respectively
at the end of the experimentation. The colour changes in fresh G. edulis with natural light, red light, green
light, and violet light through the experimentation are shown in Fig. 2.

There was a significant difference (P <0.05) in the relative growth rate of G. edulis cultured under
natural light when compared with that of the G. edulis cultured under red, green, and violet colour lights. G.
edulis treated with green light, and violet light showed the highest and lowest growth rate, respectively. The
growth rate of G. edulis cultured under red, violet, and natural light conditions showed a decreasing trend,
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Fig. 2 Changes in the colour of fresh G. edulis treated with different wavelengths of the visible light spectrum
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Fig. 3 Relative growth rate in G. edulis cultured under different coloured light conditions
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while green light treated plants exhibited a significant increment in growth (P <0.05) through the culture
period. Relative growth rates of G. edulis cultured under different coloured light treatments are depicted in

Fig. 3.

Percentage yields of agar extracted from G. edulis cultured under different coloured light treatments were
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Fig. 4 Percentage yield of the agar extracted from G. edulis cultured under different colours of lights

significantly different (n=12, P <0.05), and the yield (%) varied between 18.67+0.48% and 23.91+0.42%.
The highest percentage yield (23.9140.42%) was recorded in red light treatment, while the lowest percentage
yields (18.72+0.42% and 18.67+0.48%) were recorded in natural light (Control) and violet light treatments.
The percentage yield of the experimentally extracted agar from G. edulis is depicted in Fig. 4.

There was no significant difference (n=12, P >0.05) in the percentage of ash, moisture, crude protein,
and crude lipid composition of agar extracted from G. edulis cultured under natural (control), red, green,
and violet coloured light. Crude protein composition and moisture content of experimentally extracted agar
from G. edulis cultured under normal light and red, green, and violet coloured light treatments were quite
similar. The proximate nutrient composition of agar extracted from different light conditions is summarized
in Table 2.

The solubility of extracted agar among treatments was indistinguishable. The colour of the extracted
agar from red and violet light treated G. edulis was yellow. The agar of G. edulis treated with normal
light was light yellow, while the agar extracted from green light treated G. edulis exhibited greenish-
yellow colour. The water holding capacity of the extracted agar, which ranged between 57.68+3.26% and
63.01+0.83%, was quite similar among G. edulis cultured under all light treatments except the red light.
The viscosity of agar extracted from G. edulis cultured under different colours of light treatments ranged
between 10.83+0.04 cP and 11.88+0.01 cPand exhibited a significant difference among the four treatments
(P <0.05). The gel strength of agar, experimentally extracted from G. edulis cultured under different colours
of light treatments was significantly different (P <0.05), and the highest gel strength was observed from
red-light treated seaweeds. Gelling and melting temperature of agar extracted from G. edulis cultured
under different light treatments were not significantly different (P >0.05). The appearance, solubility, water
holding capacity, viscosity, gel strength, gelling temperature, melting temperature, and pH of experimentally
extracted agar are given in Table 3.

Discussion

The present study unfolds the effect of different wavelengths of the visible spectrum on the growth rate,
morphological characters of G. edulis, and the yield and quality of agar produced by G. edulis. The study
is significant as previous studies have only focused on the growth and pigment composition of different
species of red algae under different light qualities (Godinez-Ortega et al. 2008) and at different depths
(Jayasankar and Varghese 2002; Oliveira and Freire 2012).

The impact of different light treatments on G. edulis over to natural lights is shown by differences in
morphological characteristics of the thallus through the experimentation. The colour of the thallus exposed
to natural light has shown reddish-brown (bleached appearance) over the thalli grown under red-violet
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Table 2 Proximate composition of agar extracted from G. edulis cultured under different colours of lights

. Proximate composition
Light treatment

Ash (%) Moisture (%) Crude protein (%) Crude lipid (%)
Natural 3.20+0.48* 16.52+0.27% 2.08+0.13% 7.51+0.33*
Red 3.72+0.04° 16.30 +0.32% 2.15+0.06* 6.92 +£0.56*
Green 3.53+0.02% 17.16+0.26° 2.09+0.07° 7.04+0.33*
Violet 3.71£0.01° 16.67+0.35% 2.02+0.10* 6.87+0.57°

Values in the same column with different superscripts were significantly different (P <0.05)

Table 3 Characteristics of agar extracted from G. edulis cultured under different colours of light

Physical characteristic Treatment -

Natural Red Green Violet
Appearance Light yellow Yellow Greenish-yellow Yellow
Solubility Boiling water Boiling water Boiling water Boiling water
Water holding capacity (%) 58.87+2.81° 63.01+0.83° 57.68+3.26* 57.96+3.31°
Viscosity at 80°C (cP) 10.83+0.04* 11.88+0.01¢ 10.97+0.01° 10.84+0.02°
Gel strength at 20°C (g/cm?) 89.12+1.33¢ 97.24+0.98° 86.12+2.02° 87.22+1.53*
Gelling temperature (°C) 33.83+0.29° 33.33x0.58* 32.67+0.58* 34.33x0.29*
Melting temperature (°C) 88.50+0.5% 87.67+0.58° 88.83+0.76° 88.67+0.58
pH 7.95+0.17* 7.87+0.07* 7.80+0.09 2 7.91+0.03*

Values in the same row with different superscripts were significantly different (P <0.05)

and green lights. Different colours of light are reported to result in differences in metabolic activities,
changes in pigment content and their activities, and energy absorbance (Wu 2016). Thus, colours of light
are responsible for the changes in the colour of the thallus of G. edulis in the study. These observations
indicate that the culture of G. edulis close to the surface of the water column (0-1m) at which thallus is
exposed to the highest intensity of natural light can cause bleaching in the thallus, indicating that surface
water up to 1 m is not suitable for commercial farming of G. edulis.

The veracity of this argument is further confirmed by the significant differences in the relative growth
rate of G. edulis cultured in experimental aquaria. The growth rate of G. edulis exposed to green light has
increased significantly, which is in agreement with the findings of Godinez-Ortega et al. (2008) and Wu
(2016). Moreover, Leukart and Liining (1994) have reported that green light results in a several-fold effect
on the growth of the thallus rather than red and blue light and, Saffo (1987) has found that red algae exhibit
a higher absorption of green light than green algae. G. edulis exposed to green light has shown the highest
growth rate over red, violet, and normal lights owing to the presence of high Chlorophyll-a concentration
and higher efficiency of light absorption. Most green algae grow in the upper zone of water, but brown algae
grow often in deeper water and many red algae are subtidal algae (Wu 2016; Macusi et al. 2011). In the
subtidal zone, where green light predominates, the specific photosynthesis pigments of the red algae allow
efficient absorption (Wu 2016). And growth rates and photosynthesis of several red algal species depend
on the quality of the light and pigment composition during the cultivation period (Leukart and Liining
1994). However, the light requirements are very low in green light for all red algae, the action spectrum
of growth is synchronized with the photosynthetic action spectrum with maximum efficiencies in green
wavelength (Leukart and Liining 1994). Contrary to the present study, Ghedifa (2021) has reported that
Gracilaria gracilis presented the highest growth rate under red light over those grown under ultraviolet,
blue and red light. This could happen due to absorption characteristics of algae that depend on several other
factors including the thallus morphology, thickness, and structure of the photosynthetic system (Larkum et
al. 1967)

Agar yields are highly determined by environmental conditions and growth stage of algae. Agar yielded
from seaweeds is reported to vary between 6-71% and 20-30% of the yield can be obtained from most
agarophytes (Mclachlan and Bird 1986). Gracilaria sp. normally provides 10-25% of agar yield (Hoyle
1978) and, Jayasinghe et al. (2016) have reported a yield of 20.5+0.39% of agar from alkaline-treated G.
edulis. The agar yield obtained from G. edulis exposed to a red light in the present work is higher than the
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yield reported by Jayasinghe et al. (2016), but the agar yield obtained from G. edulis cultured under green
light and agar yielded by Jayasinghe et al. (2016) are approximately similar. Although the agar yielded from
the G. edulis exposed to natural light and violet light in the present study are comparatively lower, G. edulis
exposed to red light results in the highest agar yield than those cultured under natural, green, and violet
lights. These findings confirm that the colour of light to which G. edulis is exposed affects significantly on
agar production. Red light range in the visible light spectrum is important to drive photosynthesis (Kang
et al. 2013). Therefore, the high agar yield from G. edulis exposed to red light could be due to the high
photosynthesis rate which helps produce the polysaccharide component of agar. Certain wavelengths of
ultraviolet radiations of solar light cause harmful effects on the DNA of the cells. This could be the reason
for the low agar yield under natural light. G. edulis treated with red light performs low growth rate than
thallus exposed to green light. The growth rate is a result of cell division, and red light treated G. edulis
must be saving a comparatively high amount of energy for agar production. This may be the possible reason
for the significant difference in the yield of G. edulis treated with red and green light.

High ash content in extracted agar indicates the presence of inorganic salts generated during the
treatment process. In addition, a high amount of inorganic minerals present in the raw seaweeds may also
be responsible for the higher ash content. Differences in moisture content vary with the extent of drying
and exposure to humidity during storage. Permeability to moisture through materials used for packaging
may affect the moisture content. However, the moisture content of extracted agar from G. edulis and G.
verrucosa (17.1£0.61%) by Jayasinghe et al. (2016) is in the range of moisture content of agar extracted
from G. edulis in the present work. The crude protein contents of agar extracted in the present study are
much lower than the crude protein content of extracted agar (6+0.35%) from Gracilaria sp. (Jayasinghe et
al. 2016). The low-fat composition of agar shows efficient removal of the fat and water during the extraction
process (Songchotikunpan et al. 2008) and therefore, higher fat content in extracted agar in the present
study over the fat content recorded from G. edulis and G. verrucosa by Jayasinghe et al. (2016) could be
due to the insufficient removal of water and fat during the extraction process.

The amount of hydrophilic substances contained in agar may change the water holding capacity of
agar in the present study. Extraction conditions, agar concentration, and surrounding temperature are
greatly affecting on the viscosity of the agar solution and are proportional to its molecular weight (Murano
1995; Praiboon et al. 2006). Hence, the agar extracted from G. edulis in the present work may consist of
low molecular weight due to lower viscosity in extracted agar. Furthermore, alkali treatment may cause a
reduction in the viscosity of extracted agar.

The gel strength of extracted agar prepared from different light-treated G. edulis reflects one of the
essential qualities of agar. However, the gel strength in the present study are much lower than those of alkali-
treated G. fishery (228.27+48.18g/cm?), G. edulis (239.95+28.35g/cm?), and Gracilaria sp. (334.50+£14.1g/
cm?) recorded by Praiboon et al. (2006). The gel strength of agar is affected mainly by species, different
environmental parameters, extraction methods or treatment, and measuring method of gel strength (Lee
et al. 2016). Some studies (Freile-Pelegrin and Murano 2005; Meena et al. 2008) have reported that alkali
treatments fail to improve the gel strength of agar in some cases. Daugherty and Bird (1988) have reported
that agar extracted from seaweeds cultivated at 23+3°C and 31+1°C exhibit lower gel strengths than
seaweeds cultured at normal temperature (29+£1°C). It can be assumed that alkaline treatment and water
temperature of culture units in the present work may reduce the gel strengths of agar.

The mean Gelling and melting temperatures of extracted agar in the present experiment are not in
accordance with the findings of Jayasinghe et al. (2016). Changes in agar extraction methods such as
soaking time, soaking temperature, extraction temperature, and alkaline/non-alkaline treatments may affect
the melting and gelling temperatures. The alkaline treatments used in the agar extraction procedure during
the present study have decreased the melting temperature of the extracted agar.

Conclusion

The present experimental setup helps identify the most effective colour of the visible light spectrum to
enhance the growth rate and harness a higher yield of high-quality agar from G. edulis. The study unfolds
that surface (up to 1m) and deeper waters are not suitable for culturing G. edulis commercially, and a
higher growth rate and high-quality agar can be obtained by culturing G. edulis under a mixture of red and
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green light. Also, the culture depth of G. edulis should not be too close to the surface and deeper than 5m.
Findings of the present experimental study help elucidate that the 1-5m depth range is suitable for culturing
G. edulis commercially for agar production and, the study warrants in-situ experiments in open water to
affirm the present findings.
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