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Abstract
This work aimed to improve the techniques for cultivating the species Gelidium �oridanum, testing
different sources of calcium. Tetraspores and explants were grown in the laboratory for 20 days with
seawater enriched with 50% von Stosch solution and oyster or mussel shell powder (252 mg L− 1 and 336
mg L− 1), or calcium chloride (147 mg L− 1 and 295 mg L− 1). Tetraspores or explants cultivated with no
calcium salts or shell powder were used as control. Tetraspores germination rate and morphology, and
germlings morphology, average length, and growth rate were evaluated. Besides, the morphology, upright
axes formation, and growth rate of explants were also evaluated. There was no difference in tetraspore
germination among treatments and control. Treatments with shell powder impaired the tetraspores'
viability, indicated by a greenish color, cellular disorganization, and delay in germ tube development.
Germlings cultivated with CaCl2 show better initial development but with no improvement to control.
Concerning explants, those cultivated with mussel shell powder showed the highest growth rate (3.92 and
4.28% day− 1, according to concentration) in relation to other treatments. In particular, those cultivated in
252 mg L− 1 showed a signi�cant formation of upright axes (10.15 ± 0.85 upright axes) compared to the
control (5.18 ± 0.42 upright axes). Based on the results, we recommend using mussel shell powder at a
concentration of 252 mg L− 1 to optimize explant cultivation.

Introduction
Gelidium species have commercial importance due to their higher grade and puri�ed agar, used in
pharmacological, biomedical, biotechnological industries, and other speci�c applications (Armisén 1991;
Santos and Melo 2018). Approximately 14,500 tons of agar are produced each year, yielding around US$
246 million (Porse and Rudolph 2017). Although agar extracted from Gelidium currently represents only
about 1.6% of the world's production of phycocolloids, its high resistance to natural gelation and low
gelation temperatures makes it di�cult to replace it with agar extracted from other species (Santos and
Melo 2018).

One of the limiting factors in agar from Gelidium production is that there are no commercial crops. The
industry depends on natural stocks worldwide, which are being depleted at an alarming rate. Massive
cultivation of Gelidium is still in the experimental stage, and few attempts have been made in the
laboratory and �eld (Callaway 2015; Porse and Rodolph 2017). Strategies for small-scale cultivation of
Gelidium in tanks have been carried out for a long time in Chile (Santelices 1976), India (Mairh and Rao
1978), United States (Hansen 1980), and Norway (Fredriksen and Rueness 1989). Long-line cultivation
using the vegetative propagation method was carried out in China, on a small and large scale (Fei and
Huang 1991), in South Africa, on experimental farms of G. robustum and G. nudifrons (Melo et al. 1991)
and in India, with G. pristoides and G. pusillum (Aken et al. 1993, Veeragurunathan et al. 2018). However,
none of those experiments managed to expand on a large scale, even with methods showing results to
justify these attempts (Yarish and Pereira 2008).
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Most of these Gelidium cultivation works are based on vegetative propagation or spores' germination. In
both cases, the calcium ion (Ca2+) presence is fundamental for its development (Santelices 1991; Simioni
et al. 2015; Bouvie 2018). Ca2+ enters through calcium channels, increasing its concentration gradient in
the region where the germ tube is formed; it regulates actin �laments and induces seaweed growth
(Derksen et al. 1995; Filipin et al. 2019).

In plants and animals, it is well established that cell polarization occurs due to the involvement of the
cytoskeleton, mainly in the growth and early development of eukaryotic organisms (Green et al. 2013).
Cytoskeletal proteins, such as microtubules and �lamentous actin (F-actin), are responsible for the
organelle's movement, vesicle targeting, and cell organization (Cárdenas et al. 2008, Cai and Cresti 2010).
In experiments using cytoskeletal blockers in tetraspores of G. �oridanum, Filipin et al. (2019) concluded
that F-actin directed the cell wall components and contributed to maintaining chloroplast shape and
elongation during the germ tube formation. Therefore, it seems that extracellular calcium is essential for
the organization of microtubules and consequent organization and cell growth. In fact, Bouvie (2018)
observed an acceleration in germ tube formation of G. �oridanum spores cultivated with different
concentrations of CaCl2, compared to the control, with no CaCl2 addition in the culture medium.

However, when considering large-scale production, the use of CaCl2 can be costly. Considering that the
mollusks shell is a cheap and available source of calcium, this work aimed to evaluate the effect of the
calcium salts from these shells in tetraspores and explants development of the G. �oridanum species.

Material And Methods
Gelidium �oridanum tetrasporophytes were collected during low tide, on the rocky shore of Sambaqui
beach (27°29′18.8″ S and 48°32'12.9″ W), located in Florianopolis, State of Santa Catarina, and
transported in dark containers to the Seaweed Laboratory (LCM Macroalgas) of the Federal University of
Santa Catarina (UFSC). Once in the laboratory, samples were brushed and cleaned with sterilized
seawater. The seawater was passed through 25, 10, and 5 mm �lters and sterilized by an ultraviolet lamp
(UV).

Culture conditions
Tetrasporophytic thalli were acclimated in 1 L conical �asks with sterile seawater enriched with 50% von
Stosch solution (McLachlan 1973), 35‰ salinity, temperature 24 ± 1°C, 12 h photoperiod, 50 µmol
photons m− 2 s− 1 irradiance and constant aeration one week before the experiment for acclimation.

Shell processing
Shells of Crassostrea gigas oysters and Perna perna mussels were collected in the Marine Farms
Atlântico Sul and Marpesca, located at Florianopolis. They were cleaned, sanitized with 2% sodium
hypochlorite, rinsed abundantly in freshwater, and placed in the oven for 48 hours at 100 ºC. After drying,
they were griding in the Laboratory of Vitroceramic Materials (VitroCer) at the Mechanical Engineering
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Department of UFSC, using the Hammer Mill (Servitech CT-058) to obtain smaller parts and the Planetary
Mill (Servitech CT-242) to transform particles into powder.

Culture medium
Two standard solutions (1 and 2 mM) of calcium chloride (Ca1 and Ca2, respectively) were prepared with
sterilized seawater, based on Bouvie (2018). Two mussel powder (Mx1 and Mx2) and two oyster powder
(Os1 and Os2) solutions were also prepared with sterilized seawater, based on the best concentrations
(252 mg L− 1 and 336 mg L− 1, respectively) found by Zhou et al. (2016). These solutions were placed in
beakers with aeration for �ve days. After this period, they were �ltered in low pressure with a 47 mm glass
�ber micro�lter to remove residues. The calcium ion concentration (Ca2+) was quanti�ed by the Analysis
Center of the Chemistry Laboratory (EQA) of UFSC, as follow:

- Ca1: 39.2 mg L− 1 and Ca2: 78.4 mg L− 1;

- Mx1: 68 mg L− 1 and Mx2: 106 mg L− 1

- Os1: 84 mg L− 1 and Os2:133 mg L− 1.

The culture medium was composed of sterilized seawater enriched with 50% von Stosch solution
supplemented with one of these solutions (treatments). Only sterilized seawater enriched with 50% von
Stosch solution was used as a control.

Cultivation of tetraspores and explants
Fertile tetrasporophytes were placed on four slides inside 2 L white plastic boxes with 500 mL of culture
media for tetraspores release and germination according to each treatment and control, in triplicates (n = 
3). After 24 h, thalli were carefully removed, and one slide from each repetition was collected for
morphological analysis and germination rate quanti�cation. The remaining slides were cultivated for 20
days under the following conditions: 24 ºC ± 1 ºC temperature, 37 ± 3 µmol photons m− 2 s− 1 irradiance,
33‰ salinity, and 12 h photoperiod. The culture medium was changed every �ve days. After this period,
the slides were removed for morphological analyses and growth rate and seedlings' average length
calculations.

For explants, healthy thalli were selected and acclimated for seven days in the culture media. In the last
two days, 2 mL L− 1 of antimycotic and antibiotic solution (composed of 10,000 units mL− 1 penicillin G,
10 mg mL− 1 sulfate of streptomycin, and 25 µg mL− 1 amphotericin B - SIGMA) were added.
Subsequently, the thalli were washed several times in sterilized seawater. The lateral branches were
removed. The main thalli were sectioned in 5 millimeters (explants), following the methodology described
by Yokoya and Handro (1997). According to the treatment or control, ten explants were cultivated in 250
mL conical �asks with culture media in the same conditions described for tetraspores cultivation for 20
days in quadruplicates (n = 4). Once a week, the culture medium was changed. At the end of the
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experimental period, explants were removed for morphological analyses and growth rate and seedlings'
average length calculations.

Morphology and data analysis
Released spores were analyzed under the Leica DM500 microscope with an image capture system
(OPTHD 3.7 software) at Plant Cell Biology Laboratory (LABCEV - UFSC). One hundred tetraspores of
each treatment and control (n = 3) were selected at random and classi�ed according to the following
characteristics: a) germinated tetraspores (with the formation of the germ tube), b) non-germinated but
viable tetraspores, and c) unfeasible tetraspores, with green pigmentation.

After 20 cultivation days, germlings and explants of each treatment and control were evaluated under
Olympus SZX16 stereoscope, with an image capture system (CellSens Dimension 1.12) at the Multi-User
Laboratory for Studies in Biology (LAMEB - UFSC). The growth rate was calculated according to
Altamirano et al. (2003):

where GR = growth rate; Il = initial length; Fl = �nal length and t = days.

The length of 30 germlings from each repetition (n = 3) was measured. The length and number of upright
axes at each end of the explants (n = 4) were also evaluated.

Statistical analysis
All results were submitted to a Shapiro-Wilk test to verify the normality and an F-test for
homoscedasticity. One-way analysis of variance (ANOVA) was used, followed by Tukey's test. All
statistical analyzes were performed using the Statistica software package (version 10.0), considering p < 
0.05.

Results

Tetraspores germination rate and morphology
After 24 hours, germ tubes were observed both in control and treatments (Fig. 1). Control and Ca2
presented a signi�cantly higher germination percentage (53.3 ± 10% and 66 ± 7%, respectively) (average ± 
standard deviation) than the other treatments (Fig. 2) (ANOVA: F6 = 9.89, p < 0.01). Tetraspores treated
with shell powder showed few germinated tetraspores, and among them, most delayed the germ tube's
formation (Figs. 1d to 1g) with change in cell division pattern.

Viable tetraspores that did not germinate but showed reddish coloration (Fig. 1) presented signi�cant
differences in Ca1 e Ca2 to the Mx1 and control, presenting the lowest viable rate tetraspores (ANOVA F6 
= 3.82, p = 0.0049). Unviable tetraspores were presented in all treatments and control, indicated by the
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greenish color (Fig. 1). Tetraspores of Mx1 showed an unviable tetraspore rate signi�cantly higher them
those from Os1 treatment, but with no difference among other treatments and control (Fig. 2) (ANOVA F6 
= 2.90, p = 0.021).

Seedling morphology, average length, and growth rate
After 20 cultivation days, well-developed seedlings in clusters formation were observed. Two speci�c
patterns were identi�ed among seedlings treated with shells powder and CaCl2 (Fig. 3). The �rst pattern
was characterized by dense clusters with homogeneous germlings observed in control and treatments
Ca1 and Ca2 (Figs. 3a to 3c). The second pattern showed seedlings of several sizes, observed in shell
powder treatments (Figs. 3d to 3g). Control and treatments presented rhizoid formation.

Germlings from Ca2 treatment showed length signi�cantly higher (847.7 ± 139.6 µm) than those from
shell powder treatments but similar to control (805.9 ± 143 µm) and Ca1 treatment (697.1 ± 26.7 µm)
(average ± standard deviation) (ANOVA F6 = 8.42, p < 0.01). On the other hand, germlings from Os1 were
signi�cantly shorter (389.7 ± 82.8 µm) than control and those from treatments with CaCl2 but similar to
the other treatments with shell powder (Fig. 4A). In general, growth rates were similar among the
treatments and control, except again for germlings from Os1 treatment, which show growth rates
signi�cantly lower than control and CaCl2 treatments but similar to the shell powder treatments (Fig. 4B)
(ANOVA F6 = 9.14, p < 0.01).

Explants morphology, upright axes formation, and growth
rate
Explants of control, Ca1, and Ca2 treatments formed the upright axes mainly at one end (Figs. 5a – 5c).
Explants from Mx1 and Mx2 formed a greater amount and visibly larger upright axes at both ends than
the other treatments (Figs. 5d − 5e). However, explants treated with oyster shell powder showed thalli
degradation and subsequent death (Figs. 5f − 5g). For this reason, there are no Os1 and Os2 results for
quantifying formed upright axes and growth rates.

Explants from Mx1 presented a signi�cantly higher formation of upright axes (10.15 ± 0.85 upright axes)
in relation to explants from control (5.18 ± 0.42 upright axes), Ca1 (5.87 ± 0.62 upright axes), and Ca2
(5.18 ± 0.40 upright axes) and similar to them from Mx2 (8.37 ± 0.45 upright axes) (Fig. 6A) (ANOVA F6 = 
11.31, p < 0.01). Growth rates were also signi�cantly higher in explants from Mx1 and Mx2 in relation to
the other treatments and control (Fig. 6B) (ANOVA F6 = 10.49, p < 0.01).

Discussion
The germination of Gelidium �oridanum tetraspores was not stimulated by adding CaCl2, as there was no
signi�cant difference compared to the control. This result differs from Bouvie (2018), where tetraspores
treated with 2 mM CaCl2 showed a signi�cantly higher germination rate than the control and germ tube
formation in 4 hours of cultivation.
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In general, the shell powder caused a lower germination rate than the control. Tetraspores from these
treatments showed a change in cell division pattern, with alteration in the migration of cytoplasmic
content and successive cell divisions as well as an alteration in the formation of rhizoids. In particular,
tetraspores treated with oyster powder started germination but died in the process, indicated by the
presence of a greenish mass. This greenish mass probably comes from tetraspores that did not adhere to
the substrate, dying and disintegrating (Simioni et al. 2015). Possibly, even after �ltration, the shell
powder solution presented microparticles deposited on the slides, making it di�cult to tetraspores
adhesion, causing their degradation.

Moreover, the oyster shell has calcite in its composition, making the powder �ner than mussel's powder
because of the less organized molecular structure and fragile bonds. This �ner powder could also
in�uence the tetraspores' development since there was an apparent difference between them and those
cultivated in mussel powder. For instance, after 20 cultivation days, germlings cultivated in Ca2 showed
dense clusters, while those from shell powder showed small low-density clusters. In particular, germlings
from Os1, Mx1, and Mx2 were shorter than other treatments and control. Probably, these results are a
consequence of what happened in the germination process, con�rming the adhesion of tetraspores
cultivated in shell powder.

The explants from Mx1 and Mx2 developed upright axes in both ends with signi�cantly higher numbers
and growth rates. On the other hand, explants treated with CaCl2 showed upright axes in only one
extremity. The calcium gradient in the cytoplasm is responsible for F-actin organization, which results in
the correct cell polarization (Hable and Hart, 2010). The higher calcium concentration CaCl2 treatment

(78.4 mg L− 1) is slightly higher than the lowest mussel powder (68 mg L− 1) treatment. In this case, it
seems that calcium availability is not the only factor in�uencing the polarization. Oyster powder
treatments, in turn, resulted in the degradation of the thallus. This degradation probably is not caused by
calcium since the concentration (84 and 133 mg L− 1) is slightly higher than mussel powder. Since the
main component of the powder is calcium carbonate, the toxicity of carbon dioxide should be considered.
Hamester et al. (2012) characterized the calcium carbonate of the same species used in the present work,
�nding that there are no signi�cant differences in the percentage of calcium oxide (CaO) and sulfur
trioxide (SO3); however, these oxides were the only common, and mussels powder showed more diversity
in other oxides, including K2O, SiO2, SrO, Fe2O3, MgO and Al2O3. Probably, these cations are working as a
buffer in the seawater, avoiding the toxicity caused by the carbonate excess. More detailed studies are
needed to understand the effects of these oxides in the growth of G, �oridanum.

Santa Catarina is the leading Brazilian Producer of mollusks (EPAGRI 2019). Thus, there is high
consumption of mussels and oysters, generating a high amount of shell waste. These wastes can be
purchased free of charge. There is no need to use a chemical process during the transformation into
powder, under the conditions described, offering a sustainable solution if it could be used in Gelidium
farming, replacing CaCl2.



Page 8/14

In conclusion, the shell powder did not improve tetraspores' germination, but it can be considered to
cultivate explants since it stimulates new upright axes. Mussel powder at 252 mg L− 1 is recommended
rather than oyster powder.
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Figures

Figure 1

Light microscopy of G. �oridanum tetraspores cultivated in different sources of calcium after 24 hours.
(a) Control (no calcium supplementation); (b) Ca1 (147 mg L-1 CaCl2); (c) Ca2 (295 mg L-1 CaCl2); (d) Mx1

(252 mg L-1 mussel shell powder); Mx2 (336 mg L-1 mussel shell powder); (f) Os1 (252 mg L-1 oyster shell
powder); (g) Os2 (336 mg L-1 oyster shell powder). Arrows (developed germ tubes); Arrowhead (viable
spores); asterisk (unviable spores). Scale: 15 μm.
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Figure 2

Germination rate of G. �oridanum tetraspores cultivated in different sources of calcium after 24 hours.
(C) Control (no supplementation); Ca1 (147 mg L-1CaCl2); Ca2 (295 mg L-1 CaCl2); Mx1 (252 mg L-1

mussel shell powder); Mx2 (336 mg L-1 mussel shell powder); Os1 (252 mg L-1oyster shell powder); Os2
(336 mg L-1 oyster shell powder). Values are presented as each treatment's average, and the vertical bars
represent the standard deviation (n = 3). Letters indicate signi�cant differences among treatments and
control in relation to germination rate viable or inviable spores (considering p<0.05). 

Figure 3

Light microscopy of G. �oridanum germlings after 20 cultivation-days in different sources of calcium. (a)
Control (no supplementation); (b) Ca1 (147 mg L-1CaCl2); (c) Ca2 (295 mg L-1 CaCl2); (d) Mx1 (252 mg L-

1mussel shell powder at); Mx2 (336 mg L-1mussel shell powder); (f) Os1 (252 mg L-1oyster shell powder);
(g) Os2 (336 mg L-1 oyster shell powder). Arrows show the germlings clusters. Scale: 500 μm.

Figure 4

Length and growth rates of G. �oridanum germlings after 20 days of cultivation in different sources of
calcium. (C) Control (no supplementation); Ca1 (147 mg L-1CaCl2); Ca2 (295 mg L-1 CaCl2); Mx1 (252 mg

L-1 mussel shell powder); Mx2 (336 mg L-1 mussel shell powder); Os1 (252 mg L-1oyster shell powder);
Os2 (336 mg L-1 oyster shell powder). A) germlings length; B) growth rate. Values are presented as the
average of each treatment and control, and the vertical bars represent the standard deviation (n = 3).
Letters indicate signi�cant differences among treatments and control (considering p<0.05). 
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Figure 5

Light microscopy of G. �oridanum explants after 20 days of cultivation. (a) Control (no calcium
supplementation); (b) Ca1 (147 mg L-1 CaCl2); (c) Ca2 (295 mg L-1 CaCl2); (d) Mx1 (252 mg L-1 mussel

shell powder); e: Mx2 (336 mg L-1 mussel shell powder); (f) Os1 (252 mg L-1 oyster shell powder); (g) Os2
(336 mg L-1 oyster shell powder). Arrows show the highest formation of upright axes. Scale: 1 mm.

Figure 6
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Number of upright axes and growth rates of G. �oridanum explants after 20 days of cultivation in
different sources of calcium. (C) Control (no supplementation); Ca1 (147 mg L-1CaCl2); Ca2 (295 mg L-1

CaCl2); Mx1 (252 mg L-1 mussel shell powder); Mx2 (336 mg L-1mussel shell powder). A) number of
upright axes in the end; B) growth rate. Letters indicate signi�cant differences. Values are presented as
the average of each treatment and control, and vertical bars represent the standard deviation (n = 4),
considering p<0.05.


