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Abstract: Gracilarioids and Gigartinales are of great economic importance due to the phycocolloids
they contain in their cell wall and are used in different industries worldwide. Field and laboratory
cultures of two species of red seaweeds (Gracilaria gracilis and Chondracanthus teedei), confirmed
after DNA analysis, were carried out to foster the increasing use of this species in Spain as a food
source. Vegetative cultures carried out in an open-lock gate within a traditional salina in the ay of
Cadiz (Southern Spain) rendered maximum growth rates in April (3.64% day−1) for G. gracilis and in
November (4.68% day−1) for C. teedei, the latter showing significant differences between the months
of the year. For laboratory cultures, samples of the two species used for sporulation were obtained
from tidal creeks in several nearby locations of the Bay. In order to grow fertile carposporophytes
from spores, Provasoli enriched seawater medium (ES medium), Miquel A + B and f/2 were used as
culture medium at a temperature of 18 ◦C and irradiance of 30 µmol m−2 s−1 in 12:12 h photoperiod.
Both species developed a basal disc after 12–15 days in ES medium and Miquel A + B, and new
microscopic seedlings were observed at 20–25 days in ES medium. With f/2 medium, no growth
was observed after sporulation. The life cycle of G. gracilis was completed in ES medium over a
period of 11 months with a mean growth rate of 3.28% day−1. The present study is an important
step towards the development of seaweed cultivation in the Bay of Cadiz, especially in integrated
multi-trophic cultivation in salinas as part of the more sustainable use of the marine resources in
coastal communities.
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1. Introduction

Macroalgae are photosynthetic organisms of great biological and economic importance
due to the ecological goods and services they provide. They are primary producers, main-
tain water quality, provide shelter and breeding habitat for marine flora and fauna [1,2]
and have bioactive components that influence the health of marine animals [3]. Sec-
ondary metabolites synthesised by marine algae demonstrated, among others, antioxidant,
anti-inflammatory or anti-cancer activity [4]. This was also observed in species of the
order Gracilariales such as Gracilaria dura, Gracilaria gracilis and Gracilariopsis longissima [5].
Macroalgae were recognised by the industry as a superfood for their nutritional value
and can be used as an alternative source of vegetable protein, fibre, vitamins and miner-
als [6]. The earliest written records of its human use originate from China, some 1700 years
ago [7,8]. In addition, archaeological remains of cooked and partially eaten seaweed have
been found in southern Chile as far back as 14,000 BC [9].

The genera Gracilaria and Chondracanthus produce phycocolloids (agar or carrageenans)
of interest to the food and pharmaceutical industries. They also have a high content of
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bioactive elements and molecules [5,10–13]. In particular, the species of the genus Gracilaria
are the most widely cultivated worldwide for agar extraction [8].

Major countries in the use and consumption of macroalgae, such as China, Japan or
Chile, still exploit wild populations [8]. By 2019, wild harvesting stood at 1.1 million tons.
Europe and America accounted for 1% of global production, but here, most of it came from
the wild [14]. Industrial demand is increasing, and the ecological costs of overexploitation
can have catastrophic consequences by the loss of wild populations, which directly affects
the industry in the production of, for example, microbiological-grade agar obtained from
Gelidium sp. [15]. For many species, actions were developed to manage and make better
use of the wild resource; however, the premise remains that wild populations will not
be able to sustain the demand, which is why studies of the natural stocks are carried out
to regulate and control the harvest of populations, as in the case of the brown seaweed
Ascophyllum nodosum, which is harvested in some northern European countries [16]. The
possible solution to this potential environmental problem is macroalgae mariculture. By
2019, these crops contributed 30% of global aquaculture production, and their usefulness in
different industries justifies the efforts currently being made to increase the knowledge of
the biology of seaweed of high potential value [17].

The usual cultivation method is based on vegetative fragments, rather than spores,
as propagation units to obtain new plants [18–20]. However, the thalli of many species,
such as some belonging to the genus Gracilaria are small and fragile. Several studies
pointed out the need for mass production and spore culture methods for Gracilaria sp. and
Chondracanthus sp. since, by properly selecting strains, a better growth rate and phycocol-
loid production could be achieved [21–26].

Spore culture creates genetic variability. This technique is based on having fertile thalli
under appropriate conditions to release the spores. Depending on the species, the culture
must be maintained until the seedlings reach a minimum survival size of approximately
1.5 mm [25,27].

The Bay of Cadiz in Southern Spain hosts numerous species of macroalgae of economic
interest. It is only in the last 15 years that initiatives have been developed to promote
macroalgae cultivation in the region [28]. There are studies based on rope cultures and the
effect of environmental variables that show that it is possible to cultivate red seaweeds in
the Bay [29–31]. However, there is a great lack of knowledge about reproduction through
spores or sporocultures, and therefore we studied the spore germination process produced
by Gracilaria gracilis and Chondracanthus teedei under particular environmental conditions of
temperature, salinity, irradiance and light:dark cycle in addition to several culture medium:
Provasoli enriched seawater medium (ES medium), Miquel A + B, and f/2.

2. Materials and Methods
2.1. Description of Species

The species selected for this study were the carrageenophyte Chondracanthus teedei
(Mertens ex Roth) Kützing and the agarophyte Gracilaria gracilis (Stackhouse) Steentoft, L. M.
Irvine and Farnham. Both have a three-phase life cycle with a regularly alternating diploid
tetrasporophyte with an independent and morphologically identical haploid gametophytic
phase [32,33].

Chondracanthus teedei belongs to the order Gigartinales [34]. It has a cartilaginous and
cylindrical base and can reach up to 30 cm in length. It is purplish red or blackish in colour
and thrives in the lower intertidal zone in areas of strong hydrodynamics [35,36]. It has
a high content of carrageenans, around 50–70% of dry weight [37], which makes it very
interesting from an industrial and gastronomic point of view [38].

Gracilaria gracilis belongs to the order Gracilariales. It has cartilaginous thalli up to 60
cm long and usually grows in the lower intertidal and upper subtidal zone, up to 5 m deep,
attached to the silty/sandy bed up to 20 cm below the sand [39].
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2.2. Species Identification

In order to corroborate the specific identity of the individuals, DNA analyses were
performed from 20 mg of lyophilised tissue. The DNA extraction was carried out fol-
lowing the instructions of the DNeasy Plant Mini Kit (Qiagen) with a final volume of
200 µL. Partial amplification of the rbcL gene was performed using the polymerase chain
reaction technique in a volume of 25 µL, containing: 0.25 µL of Taq (5 u/µL) (Qiagen,
Hilden, Germany), 2.5 µL of CoralLoad PCR Buffer, 2.5 µL of dNTPS (2 mM), 5 µL
of Q-solution, 3.5 µL MgCl (25 mM), 1 µL of each primer (10 µM) F8 [40] and R1150
(5′-GCATTTTTGTCCGCAGCAGTGAA TACC-3′) [41], 2 µL of sample and 7.25 µL of
MiliQ water. Amplification was carried out with an initial denaturation of 3 min at 94 ◦C,
followed by 39 cycles of 1:30 min at 94 ◦C, 2:00 min at 47 ◦C (alignment temperature) and 3
min at 72 ◦C.

The PCR product was run on a 1.2% agarose gel stained with Red Safe. DNA sequences
were edited and assembled using Geneious 10.0.9. Organism identification was performed
by BLASTn, taking into account a percentage ≥ 98%.

2.3. Cultivation in the Natural Environment (In Situ)
2.3.1. Characteristics of the Culture Site

The in situ culture was carried out during the months of November 2016 to October 2017
at the Salina La Esperanza in Cadiz Bay (Southern Spain; 36◦30′39′′ N, 6◦09′35′′ W). This
salina is currently used for salt exploitation and extensive fish farming (e.g., seabream and
European eel). The channel system included an open lock-gate to regulate the water level
and to enable the free exchange of water between ponds, which allowed high hydrodynam-
ics in the tidal channel [29]. The bottom of the culture site is rocky in nature. The mean
environmental variables of the site ranged between 14.2 and 24.6 ◦C (water temperature)
and 37.5 and 44‰ (salinity) [29,42]. The tidal range was approximately 1 m [42]. These
characteristics and the high hydrodynamics made the study area very favorable for the
cultivation of macroalgae.

2.3.2. Cultivation System and Growth Rate

Due to the characteristics of the study area, a rope system anchored parallel to the
sluice gate was chosen. This system was based on three polypropylene ropes (three for
each species) fixed to the wall with the help of spikes and carabiners so that the ropes were
slightly submerged in a direction perpendicular to the flow. Between five and seven piles
of the respective species were seeded in each rope.

Daily growth rate (GR), which was expressed as the percentage increase in mass per
day (% day−1), was estimated as:

GR (% day−1) = ln (Wf/Wi)/t × 100

where Wf is the final weight (g) on day t, Wi is the initial weight (g) and t is the number of
days of cultivation.

All ropes were weighed separately, and weekly growth was calculated, using the final
biomass of the previous week as Wi.

2.4. Culture in the Laboratory
2.4.1. Collection Sites

Samples were collected in the inner Bay of Cadiz (Figure 1), in an area of tidal crevices
and salinas, at ca. 1.3 m depth. Samples were collected in the proximity of sluice gates
where constant water movement is created. The collection was carried out during February–
August 2019 and February–March 2020, where abundant fertile thallus was found.
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Figure 1. Collection sites in the inner Cadiz bay: (A) Salina La Esperanza (36◦30′42′′ N 6◦09′10′′ W),
where in situ cultures were also carried out, (B) El Carrascon (36◦27′00′′ N 6◦12′13′′ W) and (C) Salina
tres amigos (36◦27′28′′ N 6◦13′49′′ W).

2.4.2. Collection and Cleaning of Carpogonial Branches

The distinction in situ of the female (haploid) gametophyte in both species is quite
straightforward, as the (diploid) cystocarps can be seen with the naked eye when mature as
spheres protruding from the carpogonial branches. Once the gametophytes were collected,
they were placed in zip bags with seawater and transported in an isothermal container
to the laboratory, where the morphological identification of the species was carried out
through cross-sections of the thallus and its reproductive structures.

For the cleaning protocol, a previous test was carried out to improve the cleaning
process of carpogonial branches. Therefore, different solutions of (GeO2) and antibiotics
were tested in filtered and sterilised seawater. Regarding GeO2, solutions were added
directly to filtered and autoclaved seawater (0.1 y 0.2 mg L−1), with final concentrations of
GeO2 of 0.96 µM and 1.91 µM, respectively. Antibiotic solutions of nystatin (0.3 mg mL−1

in a concentration of 6.28 µM) and gentamicin (0.6 mg mL−1 in a concentration of 6.48 µM)
were used, prepared in 100 mL of bidistilled water. Of the antibiotic solution, 1 and 2 mL
of solution were added per liter of filtered and autoclaved seawater. The branches were
allowed to stand for 1, 2 and 3 h in each of the following solutions: sterilised filtered
seawater, sterilised filtered seawater + GeO2 (0.96 µM or 1.91 µM), filtered and sterilised
seawater + antibiotics (1 mL) or (2 mL) and filtered and sterilised seawater + GeO2 (0.96 µM
and/or 1.91 µM) + antibiotics (1 mL) and/or (2 mL).

According to this test, the cleaning protocol was established as follows: once the
species was identified, the carpogonial branches were cleaned of impurities with filtered
seawater (0.2 µm filters) and sterilised in an autoclave (121 ◦C for 20 min) following sterilisa-
tion recommendations [43]. Then branches were checked carefully with a stereoscopic lens
to remove epiphytes. Once cleaned, they were placed back into autoclaved filtered seawater
and gently shaken to remove any residue. A 0.1 g L−1 GeO2 solution (concentration of
0.96 µM) was added to the carpogonial branches for 3 h; then, thalli were cut (±3 cm in
length), and fragments (n = 4) were deposited in multi-well plates.
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2.4.3. Release of Carpospores

Sporulation was induced by drying and subsequent hydration of the fragments [25].
These were left to stand for 1 h, after which 3 mL of culture medium was added. It was
used ES medium [44,45], Miquel A + B (or Miquel water) [46,47] to which 1 mL of vitamin
solution (Thiamine . HCL 0.500 mg, Biotin 1 mL, Cyanocobalamin 1 mL) was added and
f/2 [45,48,49]. Sporulation controls were performed for one week. Multi-wells with spores
were kept in a culture chamber under controlled conditions (Table 1).

Table 1. Culture chamber conditions.

Parameter Conditions

Irradiance 30 µmol m−2 s−1

Temperature ±18 ◦C
Light: dark cycle 12:12

Salinity 34‰
Culture medium Changed once a week

As the spore cultures developed into emerging thalli, it was necessary to switch them
to larger volume vessels; in this case, 100 mm diameter Petri dishes (at 40 days from the
beginning of the experiment), 250 mL Erlenmeyer (at 176 days), 1 L (at 200 days) and 5 L
(at 228 days), when thalli were big enough to be transferred to the following culture system
to continue their growth (250 days).

2.4.4. Cultivation of Thalli in the Aquarium and Growth Rate

For the following experiment, and due to space limitation, a sample of 15 individu-
als (developed thalli) from the spore culture was used, with 250 days of growth and an
approximate weight of 0.200 g each. These were tied to a 3-tier rope system in a 10 L rect-
angular aquarium with artificial seawater (Pro Coral salt, containing 430–450 mg L−1 Ca,
1280–1340 mg L−1 Mg and 370–390 mg L−1 K), to which 200 mL of ES medium were added.
An aquarium submersible pump was used to allow recirculation of water. The culture
conditions were those described in Table 1.

The GR was estimated as above. Weightings were performed approximately every
20 days. Individuals from each rope were weighed separately. In order to calculate weekly
growth, the final biomass of the previous week was used as Wi. The mean of each rope in
the cultivation system was calculated, thus obtaining the mean GR of the cultivation period.

2.5. Statistical Analysis

For field cultures, the monthly means of GR of three ropes were calculated to perform
an analysis of variance (ANOVA) test to determine if there were significant differences
in GR in the different months of the year. For the significant ANOVAs, a Tukey test was
carried out to find out the combinations where the significant difference occurred.

For laboratory cultures, an ANOVA test was also performed to assess if there were
significant differences between any culture period (23, 43, 63, 84, 106 and 144 days after the
start of the second phase of thalli culture). In all cases, significance was set at 5% probability.

3. Results
3.1. Species Identification

The DNA tests of the cultures performed to corroborate the species showed that these
corresponded to Gracilaria gracilis and Chondracanthus teedei (Table 2). According to the
percentage of similarity presented BLASTn, which in all cases was greater than 99%.
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Table 2. Identification of the worked species by sequence analysis.

Species (Initial Identification) Genbank (% Similarity)

Chondracanthus teedei (Gametophyte) Chondracanthus teedei (99.21)
Gracilariopsis longissima (Sporophyte) Gracilaria gracilis (99.72)

Gracilariopsis longissima (Gametophyte) Gracilaria gracilis (99.8)

3.2. Field Growth Rates

The maximum weekly net growth rate of Gracilaria gracilis was 3.64% day−1 and was
estimated in April (Figure 2). Periods of negative net growth (mainly summer) were also
observed when biomass losses were found due to unfavourable environmental conditions
(mostly temperature). The ANOVA showed no significant differences between the different
months of the year due to the high variability of data. For C. teedei the highest weekly
net growth rate was reached in November (4.68% day−1) (Figure 2). This species did
not evidence a clear pattern of growth, showing alternating periods of net growth rate
(November, December, April, July and October) or negative rates (particularly during
January, March, June and September). The ANOVA showed significant differences in
growth rates throughout the year (p < 0.001). The post hoc test evidenced significant
differences between November and several months (March, June and September) and also
between June, April and September.
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Figure 2. Weekly net growth rate of Gracilaria gracilis (red line) and Chondracanthus teedei (blue line)
from November 2016 to October 2017 in salina La Esperanza (Cadiz, Spain). Error bars denote SE.

3.3. Harvesting, Cleaning and Sporulation

In general, specimens with carpogonial branches were observed in the natural envi-
ronment in mid-February, especially in Gracilaria gracilis, and until the beginning of August.
From September to January, no carpogonial branches were observed in any of the two
species. (Pers. obs.).

Even though a sterilisation protocol was used, the growth of microorganisms, espe-
cially diatoms, could not be fully prevented. However, it did not affect the spores. The best
concentration of GeO2 established during the cleaning process was 0.1 mg L−1 (0.96 µM).
The use of antibiotics was discarded after the first trial, as there was a loss of colour of the
fertile algae pieces approximately 30 min after being soaked in the solution.

Sporulation of both species was evidenced by a reddish stain on the bottom of the
multi-wells. Carpospores were spherical in the two species. The carpospores released on
the first day only remained viable for ca. seven days, whereas the spores released on the
second day were viable for further development.

In the trials that started in March, we were able to complete all stages of growth and
development in Gracilaria gracilis. In the case of Chondracanthus teedei, the trials started in
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May produced sporulation; basal discs were then observed, and so were the initial stages
of the frond growth. The best results were observed with ES medium and Miquel A + B;
however, spores on f/2 medium after 3 days were pale and lacked consistency.

3.4. Spore Culture

The mean spore size of Gracilaria gracilis was 23± 1.45 µm (n = 25). For the ES medium
and Miquel A + B, the beginning of the formation of the basal disc was observed after
7 days; then at 12 days, a developed basal disc was visualised (Figure 3). The beginning
of the growth of the frond could be seen with marked visual differences between the two
culture media on day 20. In the ES medium, thalli developed with some bifurcations after
approximately 27 days in culture. However, spores cultured in Miquel A + B did not
continue to develop. A total of 464 thalli were grown in ES medium in the 5 L Erlenmeyer
flasks for a period of 394 days and reached a final wet weight of 175 g.
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24 h after sporulation, first cell division is observed in some of them. (c) Beginning of basal disc on
Miquel A + B medium, after 7 days of culture. (d) Beginning of frond growth in Miquel A + B after
20 days of culture. (e) Fronds not developed at 27 days of culture in Miquel A + B medium. (f) Basal
disc developed in ES medium after 12 days of culture. (g) Fusion of basal disc in some individuals in
ES medium after 12 days of culture. (h) Beginning of frond growth in ES medium after 20 days of
culture. (i) Prominent and bifurcate fronds in ES medium after 27 days of culture. (j) Developed thalli
after 40 days of culture. (k) Developed and fused thalli in ES medium after 60 days of culture in Petris
dishes. (l) Start of culture in 250 mL erlemeyer after 176 days of culture. (m) Thalli developed with a
weight of 0.200 g from a 5 L Erlenmeyer flask after 228 days of culture. These thalli were transferred
to a 10 L aquarium to estimate the growth rate in the laboratory. (n) Individual with 250 days.

The 15 individuals of Gracilaria gracilis grown and transferred to the 10 L aquarium
reached a mean final fresh weight of ±15.87 g after 144 days of culture. Weakly growth rate
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of the carposporophytes varied significantly during the cultivation period (p < 0.001) and
decreased from a maximum of 10.95 % day- 1 during the first three weeks to a 1.2% day−1

after two months of cultivation (Figure 4) when plants reached a bushy pattern and main-
tained a constant growth rate. The mean growth rate during the whole cultivation period
was 3.28% day−1.
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bars denote SE.

During this period of cultivation, the gametophytic phase was obtained from the
tetrasporophyte, thus completing the three-phase life cycle of this species. The spores
adhered to the aquarium walls and the culture system tubes. A basal disc was observed
after 84 days of culture, and these discs developed fronds after 96 days (Figure 5).
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The spores of Chondracanthus teedei had a mean size of 38 ± 4.5 µm (n = 22). Growth 
was only observed in the ES medium (Figure 6), where after 7 days of culture, the basal 
disc began to develop. After 15 days, the basal disc was observed completely developed 
in some germlings, and after day 25 of culture, the development of the frond was evident. 
After 35 days of culture, individuals could be seen in a basal disc state, but some of them 
evidenced poorly developed fronds. As only one germling developed an emerging frond, 
it was considered insufficient to further continue the germlings’ cultivation. 

Figure 5. Aquarium culture of Gracilaria gracilis with both in artificial seawater and ES medium.
(a) Thalli at the beginning of the culture in aquarium. (a1) Detail of the sporophyte. (b) Sporophytes
(2n) after 63 days of culture. (c) Basal disc developed in a new gametophyte (n) after 84 days in
culture. (d) Emerging frond of a new gametophyte (n) after 96 days in culture. (e) Culture after
144 days. (e1) Detail of developed gametophytes attached to the culture system.

The spores of Chondracanthus teedei had a mean size of 38 ± 4.5 µm (n = 22). Growth
was only observed in the ES medium (Figure 6), where after 7 days of culture, the basal
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disc began to develop. After 15 days, the basal disc was observed completely developed
in some germlings, and after day 25 of culture, the development of the frond was evident.
After 35 days of culture, individuals could be seen in a basal disc state, but some of them
evidenced poorly developed fronds. As only one germling developed an emerging frond,
it was considered insufficient to further continue the germlings’ cultivation.
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Figure 6. Chondracanthus teedei. (a) Adult specimen (female gametophyte). (b) Sporulation on the
second day of cultivation in Miquel A + B medium; the red spots at the bottom of the Petri dish are
enclosed in blue circles. (c) Spores in ES medium. (d) Beginning of basal disc development after ca.
7 days of cultivation. (e) Basal disc developed (15 days of cultivation). (f) Emerging frond developed
after 35 days of cultivation.

4. Discussion

The possibility of culturing macroalgae in different parts of the world is continuously
addressed due to the economic importance of these organisms, as well as the establishment
of businesses and/or economic models around this activity [50,51]. The growing need
for development, improvement and diversification of marine macroalgae aquaculture in
Europe is increasing [52], which requires the availability of quality seeds independently of
wild populations [53]. One of these ways is the cultivation of spores from these organisms,
and as far as we know, this is the first study in which the growth of the carporophyte
phase of Gracilaria gracilis and Chondracanthus teedei was carried out in Spain. The study is
therefore of great interest for the growing development of seaweed cultures in the region.
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4.1. Species Identification

Genetic barcodes or molecular taxonomy greatly contribute to better description and
recognition of species, especially in red algae [54–56]. This identification in algae is es-
sential due to their phenotypic plasticity (changes in physical characteristics in response
to an environmental signal) [57,58]. In particular, the taxonomy of the genus Gracilaria is
difficult due to the small differences between the species and the fact that they often share
morphological characteristics in the cystocarps and carposporangia [59]. The identification
of Gracilaria and Gracilariopsis has proven to be extremely difficult using the available mor-
phological typologies [60]. These DNA tests helped us to correctly identify the specimens
in the current study, taking into account that both G. gracilis and Gracilariopsis longissima are
found naturally in Cadiz bay.

4.2. Cleaning and Collection

When unialgal cultures are carried out, it is necessary to eliminate the presence of
epiphytes since these can grow faster than the algae to be cultivated [61]. For this reason,
sterilised seawater is usually used, to which GeO2 is added to reduce the presence of
diatoms in different concentrations (0.1–0.2 mg L−1) depending on the species [25,43,62]. It
is recommended that the maximum concentration be 1 mg L−1 in brown algae culture [61]
and antibiotics for the presence of organisms such as fungi and bacteria [21,63]. In our
previous experiments, the use of antibiotics weakened the spore walls, making them
unviable for their development. Some authors pointed out that the use of antibiotics should
be minimal because it affects growth [61]. Although it is stipulated that the elimination of
epiphytes is necessary, the amount of epiphytes in our crop does not affect the development
of spores.

Fertile gametophytes are required for cultivation starting with carpospores. For this
reason, it is necessary to seek out the periods when the populations are fertile in the
natural environment [64]. At the collection sites, a particular occurrence is that the biomass
decreases from early summer to late autumn (June–December) and increases in early winter
until late spring (December–June) [29]. Our observations are consistent with the studies
carried out in the Bay of Cadiz, with the collection periods favourable for spore growth in
the laboratory being late March for Gracilaria gracilis and May for Chondracanthus teedei, just
when the biomass in the field is increasing.

4.3. Growing from Spores of Gracilaria Gracilis

In sporulation studies on Gracilaria gracilis, it was observed that the greatest spore re-
lease occurs between days 1 and 7 [25,26,65,66], although it can last up to a month [67]. This
variability in sporulation periods is partly related to species distribution and adaptation to
environmental conditions specific to the region of origin, such as temperature, photoperiod
or irradiance [68], suggesting an ecophysiological response to sporulation processes [69].

The size of the carpospores, the times of appearance of the basal disc, and the initiation
and development of the frond are similar to studies carried out with this species [25,26]
and in accordance with other species within the genus such as G. dura [66]. The life cycle
of G. gracilis was completed in 11 months. In general terms, the life cycle of Gracilaria
cultures lasts 5–12 months [65]. Examples of this are the times reported for G. verrucosa
(G. tenuistipitata) of 4.5 months [70] and five months for G. dominguensis [71].

4.4. Growing from Spores of Chondracanthus Teedei

There are studies on in situ growth and laboratory propagation of Chondracanthus teedei
based on vegetative reproduction [29,36,37], with variations in environmental parameters to
optimise cultures [72] and as biomitigators [30]. Spore cultures of the genus Chondracnthus
have so far focused on C. chamisoi with a methodology adapted from other red algal
cultures [64]. Spore size and time to basal disc and thallus attachment are similar to those
reported for the species [73]. The possibility of culturing from carpospores is established
according to the 35 days of growth in the laboratory. These results are consistent with those
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found by other authors [21,74]. The optimal growth range for C. teedei is 20–25 ◦C [21].
This could explain why from day 35 onwards, the cultured individuals slowed down their
development, making it impossible to complete the life cycle of this species. Therefore, our
methodology should be improved to complete the whole life cycle.

4.5. Growth Rates

The daily growth rates in the field allowed for progress in the knowledge of the produc-
tive behavior of the two species of macroalgae and the interactive effect of environmental
variables, such as irradiance, temperature or salinity [64]. In the case of Gracilaria gracilis,
cultures in the natural environment are developed under a wide range of tolerance to
temperature (15–30 ◦C) [75,76]. The growth rate obtained in our study, both in nature and
in the laboratory for both species, are similar to those reported elsewhere; for example,
G. gracilis evidenced a growth rate of 0.45–2.44% day−1 and was influenced by temperature
or depth [76,77]. For species of the genus Chondracanthus, rates of 5–9.3% day−1 can be
estimated under controlled conditions [64]. The growth rates obtained in our study were
also consistent with experiments carried out in the Bay of Cadiz when the macroalgae were
cultivated in submersible rafts [29–31,78,79]. For several months, negative growth rates
were estimated in the field, which can be explained according to the environmental factors
involved and which remain controlled in the laboratory, thus allowing growth rates up to
10.74% day−1.

5. Conclusions

Both species are technically feasible for cultivation from carpospores in the laboratory,
as we obtained viable spores for their development. One of the most important factors for
this type of cultivation is the biomass found naturally in the Bay of Cadiz. We were able to
establish with field cultures of these species the months where the biomass evidenced a
high net growth rate in the natural environment.

These results are a valuable input for the establishment of pilot-scale cultures in
the former salt pans, taking into account the economically important characteristics of
these carrageenan and agar-producing species and previous studies on the feasibility of
cultivation on ropes. Understanding the developmental pattern of the species is a crucial
step in determining the success of spore cultures.

For future experiments, other culture media and growth stimulators could be consid-
ered, particularly for Chondracanthus teedei, making the most of sporulation and increasing
the biomass in the laboratory for subsequent cultivation in the natural environment.
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