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Abstract
This work aimed to establish the nutrient fertilization regime for indoor maintenance of Kappaphycus alvarezii seedlings 
during periods of low sea temperatures using biofloc effluent as a fertilizer. Moreover, we evaluated the development of sea‑
weed seedlings after transplantation into the sea cultivation in Santa Catarina, Brazil. Seedlings were fertilized with biofloc 
effluent diluted by 25% in three different nutrient fertilization regimes for 4 weeks: single fertilization (SF): seedlings were 
fertilized for 1 week and remained in seawater for the following 3 weeks; alternating fertilization (AF): alternated 1 week 
with nutrient fertilization and 1 week without, and continuous fertilization (CF): seedlings were cultivated continuously with 
biofloc effluent. After this period, samples of each treatment were transferred into the sea cultivation and kept for 5 more 
weeks. The daily growth rates of plants cultivated in SF and AF were significantly higher than CF in indoor maintenance. 
However, in sea cultivation, the daily growth rates from AF and CF were significantly higher than SF. In both cases, there 
were no differences in the carrageenan yield between treatments. Light microscopy and quantification of floridean starch 
and pigments showed that after the sea cultivation period, floridean starch presence changed from cortical to medullar cells 
depending on the treatment, but no significant difference in the quantity was observed. Also, seedlings of SF treatment 
showed a significantly higher phycocyanin content compared to CF treatment. Based on the results, we suggest the continu‑
ous fertilization for indoor maintenance in tanks of seaweed seedlings with biofloc effluent.
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Introduction

Kappaphycus alvarezii and Eucheuma spp. were the sec‑
ond most produced aquatic plants in 2018, producing 11 
million tonnes of biomass (FAO 2020). These species are 
the main sources of carrageenan, a colloid extracted from 
red seaweeds, used in food, pharmaceutical, and cosmetics 

industries as a thickening and stabilizing agent (Loureiro 
et al. 2017). In 2018, Brazil imported 2,005 t of carrageenan 
at the cost of US$ 17.9 million (MDIC 2019).

In Santa Catarina, K. alvarezii was introduced in 2008 
and cultivation in the sea was proved to be technically 
feasible in the spring, summer, and autumn, planting seed‑
lings in tubular nets, essential in the region due to strong 
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sea currents. In winter, when the water temperature can 
reach values below 18 °C, growth is impaired (Hayashi 
et al. 2011a). One alternative to avoid this production loss 
during this period is the maintenance of the seaweed in 
indoor conditions, cultivating it in tanks with effluents 
from other aquaculture activities to minimize costs.

Previous works have shown that the enrichment of sea‑
weeds in tanks with inorganic nutrients and effluents from 
other aquatic organisms is effective and thereafter, these 
seedlings can be transplanted and grown into sea culti‑
vation (Nelson et al. 2001; Nagler et al. 2003; Hayashi 
et al. 2008). Moreover, seaweeds can act as bioremediators 
when these effluents are treated. In sustainable systems 
as the biofloc technology (BFT) system, several authors 
have demonstrated that seaweeds can use these nutrients to 
grow and treat these effluents at the same time (Brito et al. 
2014, 2016; Fourooghifard et al. 2017; Brito et al. 2018a, 
b). BFT is an interaction of aggregates (bioflocs) of bacte‑
ria, microalgae, fungi, protozoa, nematodes, rotifers, and 
other organisms, maintaining the water quality and recy‑
cling residues. For this reason, aquatic organisms can be 
cultivated in high densities and with minimum or no water 
exchange (Crab et al. 2012; Emerenciano et al. 2017). Fur‑
thermore, the effluent generated can be rich in nitrogen and 
phosphorus compounds from the feed, essential nutrients 
for seaweed growth (Silva et al. 2013).

Promising results have recently been obtained, 
specifically with K. alvarezii cultivated in BFT effluents. 
Pires et al. (2021) found that BFT effluent from shrimp 
Litopenaeus vannamei, when diluted by 25% (BFT25), 
can substitute von Stosch 50% enrichment solution in K. 
alvarezii cultivated in vitro. These authors also concluded 
that K. alvarezii cultivated in BFT25 had carrageenan 
with high gel strength and viscosity compared to those 
cultivated just in seawater and that BFT25‑enriched 
seaweeds could be efficient in phosphate and nitrogen 
bioremediation. Under in vitro conditions, Pedra et al. 
(2017) observed that when the same species are enriched 
with BFT25, the growth rate is higher (1.56 ± 0.08%  day−1) 
than when cultivated only sterilized water (0.51 ± 0.05% 
 day−1); moreover, the enriched seaweeds increased the 
production of secondary metabolites. Berchof (2018) 
found that the maintenance of K. alvarezii in tanks for 
4 weeks in continuous fertilization with BFT25 at a density 
of 21 g  L−1 is also feasible, and the seaweed did not show 
any damage when transplanted into the sea cultivation.

Based on the results mentioned above, the present work 
aims to establish the nutrient fertilization regime for indoor 
maintenance of K. alvarezii using BFT25 as a fertilizer, 
based on the daily growth rate, carrageenan yield, extraction 
and characterization of carrageenans, light microscopy, 
floridean starch concentration, and photosynthetic pigments 
analyses. We also evaluated the development of these 

seedlings in sea cultivation after indoor nutrient fertilization 
regimes.

Material and methods

Biological material

For indoor maintenance, 3.15 kg of the green tetrasporo‑
phyte of Kappaphycus alvarezii from the Experimental 
Marine Farm of Sambaqui (27°29′19″ S; 48°32′18″ W) of 
Federal University of Santa Catarina (UFSC) were used. 
These seedlings were harvested at the end of March and 
transported to the Seaweed Laboratory (LCM Macroalgas‑
UFSC) in coolers. The samples were washed in seawater and 
cleaned of epiphytes and debris. Then, they were acclimated 
and kept for 25 weeks in the laboratory in plastic boxes filled 
with 50 L of sterilized seawater at a density of 7 g  L−1, 
12 h photoperiod, 165 ± 7 µmol photons  m−2  s−1 irradiance, 
constant aeration, 23 ± 0.5 °C temperature, and 35‰ salin‑
ity (Pedra et al. 2017). During this period, the enrichment 
with biofloc effluent diluted at 25% (Pires et al. 2021) was 
carried out in alternated weeks with sterilized seawater. The 
sterilization of seawater was done by filtration in 25, 10, 
and 5 mm sequence of filters, followed by sterilization with 
ultraviolet (UV) light.

Effluent from shrimp biofloc system

The effluent was collected weekly from a 50  m3 tank of 
marine shrimp Litopenaeus vannamei rearing in a biofloc 
system of the Marine Shrimp Laboratory (LCM‑UFSC). 
Shrimp were fed four times a day with commercial feed 
(35% crude protein), according to the feeding table proposed 
by Van Wyk (1999). After collection, the effluent was fil‑
tered in a 25 µm bag filter to remove the solids and diluted 
with sterilized seawater to a concentration of 25% (Pires 
et al. 2021). From this diluted effluent, the following water 
quality parameters were evaluated: total ammonia nitrogen, 
nitrite, dissolved orthophosphate (Grasshoff et al. 1983), 
total suspended solids, volatile solids, alkalinity (APHA 
2005), and nitrate (HACH method, by cadmium reduction).

Indoor maintenance

Before the nutrient enrichment, the seaweeds were kept 
for 2 weeks just in sterilized seawater at 35‰ salinity and 
23 ± 0.5 °C temperature. During the experimental period, 
seawater or BFT25 were changed once a week.

Three treatments with different nutrient fertilization 
regimes in BFT25 were tested in tanks:
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– Single fertilization (SF): 1  week of cultivation in 
BFT25 followed by 3 weeks of continuous cultivation 
in sterilized seawater;

– Alternating fertilization (AF): 1 week of cultivation 
with BFT25 alternated with 1 week of cultivation in 
sterilized seawater;

– Continuous fertilization (CF): every week of continu‑
ous cultivation with BFT25.

All treatments were in triplicates (n = 3). Each experi‑
mental unit was composed of 74 L plastic boxes (35 cm 
width × 41 cm height × 68 cm length) with a useful volume 
of 50 L. The seaweeds were cultivated for 4 weeks at a 
density of 7 g  L−1, 12 h photoperiod, 165 ± 7 µmol pho‑
tons  m−2  s−1 irradiance, 23 ± 0.5 °C temperature, and 35‰ 
salinity (Pedra et al. 2017), according to each treatment.

Temperature, salinity, pH, and dissolved oxygen were 
monitored twice a week. BFT25 or sterilized seawater was 
renewed weekly, depending on the treatment. At the time, 
boxes were cleaned, and seaweeds were weighed to deter‑
mine the growth rates, according to Yong et al. (2013):

where DGR = daily growth rate; FB = final biomass; 
IB = initial biomass, and t = cultivation time. After the cul‑
tivation period, samples of each treatment were selected for 
carrageenan yield, extraction and characterization of car‑
rageenans, light microscopy, floridean starch concentration, 
and photosynthetic pigments analyses, as described below.

Sea cultivation

After the indoor cultivation period, seedlings were trans‑
ferred into the Experimental Marine Farm and cultivated 
for 34 days, between October 2018 and November 2018. 
Samples of 100 g were taken from each experimental unit 
in the laboratory and placed in tubular nets 22 ± 1 cm long. 
The tubular nets were randomly distributed in the cultiva‑
tion raft and a fishing net was placed below the raft to 
prevent herbivory by fish. Seaweeds were weighed in the 
first, fourth, and fifth weeks during sea cultivation, where 
the daily growth rates were calculated according to Yong 
et al. (2013). The temperature was recorded daily with an 
Optic StowAway Tidbit Data Logger at 30 cm from the 
surface. After the sea cultivation period, samples of each 
treatment were separated for carrageenan yield, extraction 
and characterization of carrageenans, light microscopy, 
floridean starch concentration, and photosynthetic pig‑
ments analyses.

DGR = ((
FB

IB
)
1

t − 1) × 100

Carrageenan yield

Samples of fresh seaweed were dried in an oven at 35 °C 
for 24 h and then at 60 °C for another 24 h. For the car‑
rageenan extraction, 5 g of dry seaweed was treated in a 
6% KOH solution and placed in a water bath at 80 °C with 
stirring for 2 h. After this period, the solution was filtered 
and washed for 20 h under running water. Then, the alkali‑
treated seaweed was kept in distilled water with constant 
agitation for 4 h at 60 °C. The filtration was carried out 
with a low‑pressure pump and the resulting carrageenan 
was gelified with 0.2% KCl. The resulting carrageenan 
was frozen and thawed at least twice and dried at 60 °C. 
The carrageenan yield was calculated by the percentage of 
extracted carrageenan in relation to the dry weight of the 
seaweed (Hayashi et al. 2007a).

Characterization of carrageenans

In order to evaluate the characterization of the carrageen‑
ans extracted and eventual alterations in their chemical 
structures resulting from the treatments, samples were 
submitted to medium infrared spectroscopy. FTIR spectra 
were recorded on a Bruker IFS‑55 spectrometer (Model 
Opus 5.0, Bruker Biospin, Germany) equipped with a 
DGTS detector and single reflection system (45° angle 
of incidence) with total ATR reflectance attenuation 
accessory. Spectra of 3 replicates per sample were col‑
lected in a spectral window of 4000–600   cm−1, with a 
resolution of 4  cm−1. The spectra were further processed 
using the Essential FTIR software (v.1.50.282), consider‑
ing the definition of the spectral window of interest (i.e., 
4000–600  cm−1) baseline correction, normalization, and 
optimization of the signal‑to‑noise (smoothing) relation. 
The identification of the bands was performed by anal‑
ogy with other FTIR reports in similar conditions (Pereira 
2006; Gómez‑Ordóñez and Rupérez 2011).

Light microscopy

Samples of fresh seaweeds with approximately 5 mm were 
fixed in a 2.5% glutaraldehyde solution in 0.1 M sodium 
phosphate buffer, pH 7.2, for 12 h, at the temperature of 
4 °C. Then, the material was washed three times with 
0.1 M sodium phosphate buffer and dehydrated in grow‑
ing ethanol solutions at 30, 50, 70, 90, and 100% (Bouzon 
et al. 2006). The pre‑infiltration and the infiltration of the 
samples were made in glycolmethacrylate historesin and 
the blocks were mounted in the same historesin adding a 
hardener. Sections of 4 µm were prepared with a Leica RM 
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2125 microtome with a tungsten razor and were placed 
on slides for the application of histochemical techniques.

Toluidine Blue (AT‑O) (Gordon and McCandless 1973): 
this technique was used to identify acidic polysaccharides 
through the metachromasia reaction, corresponding mainly 
to carrageenan. The slides with the sections were stained 
for about 60 s, washed in running water, and dried at room 
temperature. Subsequently, the blades were assembled in 
Canadian balsam.

Schiff’s Periodic Acid (PAS) (Gahan 1984): this tech‑
nique was used to identify the presence of neutral polysac‑
charides, mainly floridian starch grains. The slides with the 
sections were immersed in a 1% aqueous periodic acid solu‑
tion for 15 min. Then, they were washed in running water for 
15 min and the Schiff’s reagent was applied for 20 min in the 
dark. Then, the sections were rewashed under running water 
for 15 min, air‑dried, and mounted with Canadian balsam.

Floridean starch concentration

For extraction and quantification of floridean starch, 50 mg 
of dried K. alvarezii (n = 3) were ground in liquid nitro‑
gen and macerated in methanol:chloroform: water solution 
(MCW, 12:5:3 v/v/v). The MCW extracts were subjected to 
reactions, as described by Umbreit and Burris (1964), with 
modifications. For this, 2 mL of anthrone reagent (200 mg 
of anthrone in 100 mL of concentrated  H2SO4) was added 
in 1 mL aliquots and the final solution was vortexed and 
heated for 3 min at 100 °C. The solid phase resulting from 
the extraction was subjected to a 30% perchloric acid reac‑
tion (1 mL) and anthrone 2% in  H2SO4 (2 mL) following 
the heating and reading procedures in a spectrophotometer 
at 630 nm (UV‑2000A spectrophotometer, Instrutherm, 
Brazil). The starch content was calculated from an external 
calibration curve in concentrations of 10 to 500 μg  mL−1 
(y = 0.0075x;  r2 = 0.997).

Photosynthetic pigments

For the extraction photosynthetic pigments (chlorophyll a, 
total carotenoids, and phycobiliproteins), 1 g samples of 
fresh seaweed were stored at − 20 °C. Chlorophyll a and 
carotenoids were extracted in 1.5 mL of dimethyl sulfoxide 
(DMSO) at 40 °C for 40 min and quantified according to 
Hiscox and Israelstam (1979). The phycobiliprotein content 
was determined by grinding the material to a powder with 
liquid nitrogen and extraction in 0.05 M phosphate buffer, 
pH 6.4, at 4 °C in the dark. The levels of phycobiliproteins 
(phycoerythrin (PE), phycocyanin (PC), and allophycocya‑
nin (APC)) were determined by spectrometry and calculated 
using the equations of Kursar et al. (1983).

Statistical analysis

Homoscedasticity and normality were tested using Levene 
and Shapiro–Wilk, respectively. The data were subjected to 
analysis of variance (ANOVA) unifactorial, followed by the 
Tukey test to compare means between treatments in the same 
period of cultivation (indoor or sea). Different periods of 
cultivation (indoor or sea) inside the same treatment were 
compared by Student’s t‑test. All statistical analyses were 
performed with a significance level of 5% (p < 0.05).

Results

The BFT25 water quality parameters collected weekly used 
in the indoor maintenance are shown in Table 1. Tempera‑
ture, salinity, pH, and dissolved oxygen were stable during 
the indoor maintenance period (Table 2). Seaweeds cul‑
tivated in SF and AF treatments did not show significant 

Table 1  Water quality parameters of BFT inoculum analyzed weekly, 
according to each treatment (single fertilization, alternating fertiliza‑
tion, and continuous fertilization) in K. alvarezii cultivated indoor

Parameter (BFT25) Weeks

1 2 3 4

Total ammonia nitrogen—N (mg  L−1) 0.10 0.55 0.35 0.11
Nitrite (mg N‑NO2

−  L−1) 0.02 0.01 0.04 0.10
Nitrate (mg N‑NO3

−  L−1) 3.00 2.40 7.80 1.90
Dissolved orthophosphate (mg P‑PO4

3−  L−1) 1.05 0.60 0.53 0.64
Total suspended solids (mg  L−1) 144 124 112 117
Volatile solids (mg  L−1) 30 28 22 33
Alkalinity (mg  L−1) 128 112 124 140

Table 2  Temperature (°C), salinity (‰), pH, and dissolved oxy‑
gen (mg  L−1): mean, minimum (min), and maximum (max) during 
4  weeks in indoor maintenance of K. alvarezii. Values presented in 
mean ± confidence interval (n = 18, p < 0.05)

Temperature (°C) Salinity (‰)
Weeks Mean Min–Max Mean Min–Max
1 23.59 ± 0.53 21.20–25.70 34.00 ± 0.00 34
2 23.40 ± 0.28 22.10–24.50 34.30 ± 0.22 34.00–35.00
3 23.67 ± 0.43 22.10–24.80 35.00 ± 0.00 35
4 23.41 ± 0.15 22.90–24.30 34.33 ± 0.22 34.00–35.00

pH Dissolved oxygen (mg  L−1)
Weeks Mean Min–Max Mean Min–Max
1 7.79 ± 0.04 7.63–7.96 6.14 ± 0.12 5.40–6.60
2 8.08 ± 0.19 7.64–8.52 6.82 ± 0.20 6.00–7.31
3 8.26 ± 0.03 8.16–8.34 6.19 ± 0.09 5.90–6.80
4 8.09 ± 0.09 7.82–8.34 6.07 ± 0.14 5.50–6.50
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differences in daily growth rates (0.67 ± 0.15%  day−1 and 
0.74 ± 0.04%  day−1, respectively) and were significantly 
higher than CF (0.44 ± 0.07%  day−1) (p < 0.05) (Fig. 1a). 
No significant differences were observed in the carra‑
geenan yield of seaweeds from SF, AF, and CF treatments 
(22.45 ± 1.06%, 22.71 ± 0.45%, and 21.33 ± 0.32%, respec‑
tively) (p < 0.05) (Fig. 1b).

Parameters of temperature in sea cultivation period were 
also stable during the period analyzed (Table 3). In this 
case, seaweeds from AF and CF treatments showed similar 
daily growth rates (4.16 ± 0.19%  day−1 and 4.01 ± 0.06% 
 day−1, respectively) and significantly higher in relation to 
SF treatment (3.46 ± 0.18%  day−1) (p < 0.05) (Fig. 1a). No 
significant differences were observed in carrageenan yield of 
seaweeds from SF, AF, and CF treatments (21.63 ± 2.24%, 
20.53 ± 1.24%, and 19.91 ± 0.32%, respectively) (p < 0.05) 
(Fig. 1b).

The carrageenans FTIR spectroscopic profiles (Fig. 2) 
showed a series of bands typically found in kappa and iota 
carrageenans (Table 4). The spectra of kappa and iota car‑
rageenans extracted from samples produced indoor revealed 
peaks with higher intensity patterns for the SF treatment, 
followed by the AF and CF treatments. Contrarily, seaweed 
from sea cultivation showed relatively higher amounts of 
those carrageenan types under CF treatment, with smaller 
amounts for the AF and SF ones (Fig. 2).

Kappaphycus alvarezii samples observed under light 
microscopy showed a strong metachromatic reaction to 
staining with Toluidine Blue (AT‑O) (Fig. 3). All treat‑
ments presented similar AT‑O reactions, showing the 
presence of carrageenan in the cortical and subcorti‑
cal cells. An intense reaction to Schiff’s Periodic Acid 
(PAS) was also observed under light microscopy (Fig. 4) 
in samples cultivated indoor, evidencing the presence 
of floridean starch grains in the cortical and subcorti‑
cal cells in all treatments (Fig. 4a, c, and e) and in the 
medullary cells in SF and CF treatments (Fig. 4b and f). 
Samples from SF treatment (11.89 ± 2.35 mg  g−1) showed 
significantly higher amounts of floridean starch grains at 
the end of indoor cultivation  (Ti) compared to AF treat‑
ment (6.88 ± 1.57 mg  g−1) and similar to CF treatment 
(8.28 ± 0.81 mg  g−1) (p < 0.05) (Table 5). After the sea 
cultivation period, samples from SF treatment (Fig. 5a) 
showed a higher presence of floridean starch grains in 
cortical cells and subcortical cells in relation to the other 
treatments (Fig. 5c and e). In the medullary cells, few 
floridean starch grains were observed in SF and AF treat‑
ments (Fig. 5b and d) and none in CF treatment (Fig. 5f). 
However, when the floridean starch grains were quanti‑
fied, no significant differences were observed between 
treatments (p < 0.05). Only samples from CF treatment 
showed a significant reduction in the floridean starch con‑
centration when indoor and sea conditions were compared 
(8.28 ± 0.81 to 5.05 ± 0.23 mg  g−1) (p < 0.05) (Table 5).

After the indoor period, a visual variation in the seedlings 
color was observed according to the treatment. CF treat‑
ment showed intense coloration followed by AF and SF 

Fig. 1  Kappaphycus alvarezii cultivated under three different nutrient 
fertilization regimes: single fertilization (SF); alternating fertilization 
(AF), and continuous fertililization (CF), for 4 weeks in indoor main‑
tenance and 34 days in sea cultivation. a Daily growth rate (%  day−1) 
and b carrageenan yield (%). Values presented in mean ± confidence 
interval (n = 3). Different letters indicate significant differences 
between treatments (p < 0.05)

Table 3  Mean, minimum, and maximum temperature (°C) collected 
during 34 days in sea cultivation. Values presented in mean ± confi‑
dence interval (n = 168, p < 0.05)

Weeks Temperature (°C)

Mean Minimum Maximum

1 21.75 ± 0.08 20.63 22.86
2 22.33 ± 0.04 21.71 23.30
3 22.11 ± 0.08 21.53 24.54
4 22.54 ± 0.09 21.56 24.54
5 24.20 ± 0.18 22.32 26.51
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treatments, respectively. As the frequency of nutrient ferti‑
lization increased, the darker the pigmentation of the thallus 
became. Nevertheless, the concentration of pigments (chlo‑
rophyll a, carotenoids, and phycobiliproteins) was similar 

between the treatments at the end of the indoor period  (Ti). 
After sea cultivation, despite the seaweeds showing the same 
color independent of the treatment, a significant difference 
in phycocyanin content was observed between treatments. 

Fig. 2  FTIR spectrum carra‑
geenan extracted from samples 
treated with single fertilization 
(SF), alternating fertilization 
(AF), and continuous fertiliza‑
tion (CF) in a indoor mainte‑
nance and b sea cultivation

Table 4  Identification of 
carrageenans extracted from 
Kappaphycus alvarezii biomass 
produced in southern Brazil*

* Adapted from Pereira (2006) and Pereira et al. (2009)

Wavenumber  (cm−1) Bond(s), group Carrageenan types

kappa iota lambda

1242–1262 S = O, sulfate esters  +  +  +  +  +  + 
1068 C–O, 3, 6‑anhydrogalactose  +  + ‑
968 Galactose  +  + ‑
930–932 C–O, 3, 6‑anhydrogalactose  +  + ‑
905 C–O–SO3 on C2, 3, 6‑anhydrogalactose ‑  + ‑
867 C–O–SO3 on C6, galactose ‑ ‑  + 
846 C–O–SO3 on C4, galactose  +  + ‑
827–833 C–O–SO3 on C2, galactose ‑ ‑  + 
815–820 C–O–SO3 on C6, galactose ‑ ‑  + 
805 C–O–SO3 on C2, 3, 6‑anhydrogalactose ‑  + ‑
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Samples of SF treatment had a significantly higher phyco‑
cyanin content (7.97 ± 1.72 µg  g−1) compared to CF treat‑
ment (3.90 ± 1.33 µg  g−1) (p < 0.05).

When the treatments were compared between indoor 
maintenance and sea cultivation, seedlings from AF and 
CF treatments showed a significant reduction of carot‑
enoids (1.06 ± 0.18 to 0.56 ± 0.13 µg  g−1 and 0.95 ± 0.11 

Fig. 3  Light microscopy 
of transverse sections of K. 
alvarezii stained with Toluidine 
Blue (AT‑O). The metachro‑
matic reaction to AT‑O in 
the cell wall of the cortical 
cell (cc) and subcortical cells 
(sc) indicates the presence of 
carrageenan. a to c samples cul‑
tivated in indoor maintenance; 
d to f samples cultivated in sea 
cultivation. a and d SF treat‑
ment; b and e AF treatment; 
c and f CF treatment. Scale: 
50 µm
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to 0.63 ± 0.10 µg   g−1, respectively) (p < 0.05). Samples 
of CF and SF treatments also showed a significant reduc‑
tion in the phycoerythrin concentration (6.37 ± 1.45 to 
2.31 ± 0.25 µg  g−1 and 5.31 ± 1.80 to 1.51 ± 0.49 µg  g−1, 
respectively) (p < 0.05). Plants cultivated in SF treatment 
also presented a significant increase in the phycocyanin con‑
centration (4.73 ± 1.00 to 7.97 ± 1.72 µg  g−1) considering 
the beginning and the end of the sea cultivation (Table 6) 
(p < 0.05).

Discussion

The results showed that Kappaphycus alvarezii could be 
maintained indoor by using BFT25 and the nutrient ferti‑
lization regimes used did not affect the development of the 
seaweeds after transplantation into sea cultivation. Light, 
temperature, salinity, and pH parameters were within the 
optimal conditions for its development during the indoor 
period (Trono and Ohno 1989; Granbom et al. 2001; Hayashi 

Fig. 4  Light microscopy of 
transverse sections of K. alva-
rezii cultivated in indoor main‑
tenance, stained with Schiff’s 
Periodic Acid (PAS). Arrows 
point PAS positive floridean 
starch grains present in the 
cortical cells (cc), subcortical 
cells (sc), and some medullary 
cells (mc). cw, cell wall. a and 
b SF treatment; c and d AF 
treatment; e and f CF treatment. 
Scale: 50 µm
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et al. 2011b; Araujo et al. 2014; Tee et al. 2015; Borlongan 
et al. 2016). Seaweeds, in general, use mainly nitrogen and 
phosphorus as the primary nutrients for their development 
(Harrison and Hurd 2001) and these were present in the 
BFT25 in sufficient quantity for their development.

According to Pires et al. (2021), BFT25 can be used to 
replace the 50% von Stosch solution, a nutrient enrichment 
solution commonly used to maintain the species in the 
laboratory. The daily growth rates of SF and AF treatments 
(0.67 ± 0.15%  day−1 and 0.74 ± 0.04%  day−1, respectively) 
were higher than CF treatment (0.44 ± 0.07%  day−1) 
during the indoor period. These results corroborate with 
those from Paula et al. (2001), with K. alvarezii cultivated 
in  vitro in different regimens of seawater enrichment 
media. According to these last authors, the high 
concentrations of nutrients from continuous enrichment 
can hinder seaweed growth. Furthermore, these rates were 
lower than those observed by Pedra et al. (2017) and Pires 
et al. (2021) (1.56 ± 0.14%  day−1 in CF and 1.19 ± 0.04% 
 day−1 in SF, respectively) in seedlings grown for 5 weeks 
with BFT25 and higher than those observed by Berchof 
(2018) (0.29 ± 0.04%  day−1 in CF) in seedlings grown 
for 4  weeks with BFT25. Nevertheless, the nutrient 
concentrations of the BFT25 inoculum used by Pedra et al. 
(2017) and Pires et al. (2021) before dilution were higher, 
which could explain the difference in the daily growth 
rates. Despite this, the seedlings probably accumulated 
the inorganic nutrients available in BFT25, reflected in 
the growth rates and changes in the color intensity, as 
observed by Hayashi et al. (2008) and Pires et al. (2021).

During sea cultivation seedlings did not show any 
damage or signals of “ice‑ice” disease. Curiously, the daily 
growth rates of AF and CF treatments (4.16 ± 0.19%  day−1 
and 4.01 ± 0.06%  day−1, respectively) were higher than SF 
treatment (3.46 ± 0.18%  day−1), a different pattern of that 

observed in indoor conditions. These values were higher 
than those observed by Hayashi et al. (2011a) in the same 
season and location, suggesting that previous BFT25 
enrichment in indoor conditions may have an important 
effect on crops after transplantation into sea condition. The 
increase in the nutrient fertilization regime indoor can be 
related to higher daily growth rates in sea conditions. These 
results corroborate the results of Nelson et al. (2001), Nagler 
et al. (2003), and Hayashi et al. (2008).

No significant differences were found in carrageenan 
yield between indoor maintenance and sea cultivation 
treatments, indicating that the nutrient fertilization regimes 
did not influence carrageenan yield. In this case, the concept 
of “Neish Effect,” plants that grow in unenriched seawater 
have a higher carrageenan content than those grown in 
N‑enriched seawater, was not observed (Chopin et  al. 
1990). Light microscopy also evidenced this result, where 
the thickening of the cell walls was similar in both periods of 
cultivation. The carrageenan yield observed in this present 
work were similar to those observed by Hayashi et  al. 
(2008) (21.50 ± 0.50%) in K. alvarezii cultivated with fish 
effluent in the sea and similar to K. alvarezii cultivated in 
Santa Catarina (22.93 ± 0.20%) and São Paulo (21.84% and 
20–32%) (Brazil) in sea cultivation (Hayashi et al. 2007a; 
b; Hayashi 2011a), but lower than those observed by Pires 
et al. (2021) (29.90 ± 1.35%) in seedlings fertilized in BFT25 
and cultivated in laboratory. The carrageenan analysis in 
seedlings cultivated indoor was made just as a comparison 
parameter, with no intention by authors to develop tank 
cultivation for the carrageenan industry. The fact that 
there is no change in carrageenan yield between indoor 
maintenance and sea cultivation was an interesting result and 
indicates that the BFT25 has no effect on the production of 
carrageenan at the beginning of the production cycle at sea.

Mid‑infrared vibrational spectroscopy (IR) has been 
frequently used for the study of the chemical composition 
of phycocolloids, requiring minimum amounts of sample 
(milligrams) and providing spectra with reliable accuracy 
(Pereira et  al. 2009). In the present work, carrageenan 
FTIR spectra revealed a predominance of kappa and iota 
carrageenan peaks, and no bands for the lambda type 
have been detected. For instance, two bands at 846  cm−1 
and 805  cm−1 were observed, assigned to D‑galactose‑4‑
sulfate and D‑galactose‑2‑sulfate, respectively, typical of 
kappa and iota carrageenan (Pereira 2006). Bands around 
1150  cm−1 and 1010  cm−1 were found and related to CO 
and CC’s stretching vibrations of the pyranose ring typical 
to those polysaccharides (Gómez‑Ordóñez and Rupérez 
2011). Besides, the characteristic bands at 1068   cm−1 
(C–O, 3, 6‑anhydrogalactose) have been attributed to kappa 
and iota carrageenans, respectively (Pereira 2006; Pereira 
et  al. 2009, 2013; Gómez‑Ordóñez and Rupérez 2011). 
In fact, the FTIR spectra of kappa and iota carrageenans 

Table 5  Concentration of floridean starch (mg  g−1) of K. alvarezii from 
sea cultivation in the initial  (Ti) and final  (Tf) period of cultivation. Val‑
ues presented in mean ± confidence interval (n = 3, p < 0.05)

The lowercase letters represent the significant differences between 
treatments in the same cultivation period, and the uppercase letters 
represent the significant differences between the different cultivation 
periods in the same treatment (p < 0.05)

Treatment Time initial  (Ti)
SF AF CF

Floridean starch 
concentration 
(mg  g−1)

11.89 ± 2.35a 6.88 ± 1.57b 8.28 ± 0.81abA

Treatment Time final  (Tf)
SF AF CF

Floridean starch 
concentration 
(mg  g−1)

7.72 ± 2.92 7.08 ± 2.40 5.05 ± 0.23B
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extracted from samples indicate a clear effect of the indoor 
and sea conditions concerning the types and proportion of 
carrageenans produced.

According to the treatment and cultivation condition, the 
location of floridean starch grains changed, as observed in 
light microscopy. The floridean starch grains are produced 
by the Calvin cycle biosynthetic pathway when nutrients 
are present, mainly in active photosynthetic cortical cells, 
which have several chloroplasts. This accumulation begins in 
the cortical cells and extends to the medullary cells through 
the pit connections (Mayanglambam and Sahoo 2015), as 

observed in seedlings cultivated in laboratory conditions 
in the present work. However, the concentration reduc‑
tion was confirmed only in CF treatment (8.28 ± 0.81 to 
5.05 ± 0.23 mg  g−1) after transplantation from indoor into 
sea conditions. Probably, seedlings from this treatment 
used the reserve of floridean starch grains to grow in the 
sea conditions. Floridean starch grains are responsible for 
the energy and carbon reserves of red seaweeds for several 
cellular processes (e.g., growth) and protection from stress 
factors (Vitova et al. 2015). This could explain why at the 
end of the nutrient fertilization period (Ti), the SF treatment 

Fig. 5  Light microscopy 
of transverse sections of K. 
alvarezii cultivated in sea 
cultivation, stained with Schiff’s 
Periodic Acid (PAS). Arrows 
point PAS positive floridean 
starch grains present in the 
cortical cells (cc), subcortical 
cells (sc), and some medullary 
cells (mc). cw, cell wall. a and 
b SF treatment; c and d AF 
treatment; e and f CF treatment. 
Scale: 50 µm
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showed a higher floridean starch grains concentration. Since 
this treatment has a lower nutrient fertilization frequency, 
the seaweed accumulated the floridean starch grains as 
a reserve, but this was insufficient to improve its growth 
after transplantation into the sea cultivation. Previous stud‑
ies have shown that stress factors such as nutrient limita‑
tion and salinity variations can increase florid starch grains 
reserves in cell structures as a protection strategy (Hayashi 
et al. 2011b; Prabhu et al. 2019). A decrease in starch grains 
is due to possible degradation pathway activation. According 
to Pereira et al. (2018), the degradation pathway can be used 
to activate the biosynthesis of defense compounds, such as 
the production of cell wall components, the thickening of 
cell walls, and the consequent production of new cells.

During indoor maintenance, the pigment concentration 
(chlorophyll a, total carotenoids, and phycobiliproteins) 
remained stable, with no significant differences. However, 
after transplantation into sea cultivation, a reduction in 
photosynthetic pigments was observed in all treatments. 
The nitrogen available in cultivation environment influences 
the production of photosynthetic pigments, mycosporins, 
and seaweed growth, contributing to acclimation and 
photoprotection (Davison et al. 2007; Barufi et al. 2011). 
Although this reduction was considered significant 
for carotenoids (AF treatment) and phycoerythrin 

(CF treatment), it did not compromise the seaweed’s 
photosynthetic capacity, as observed in their respective the 
daily growth rates.

The present work results are important for defining 
strategies and protocols for the maintenance of K. alvarezii 
in indoor conditions. AF and CF treatment showed 
interesting results considering the response to sea cultivation 
after nutrients enrichment. Both treatments showed no 
signs of stress when transferring from indoor maintenance 
into this environment, and both the daily growth rates and 
carrageenan yields were similar. CF treatment showed 
significantly lower daily growth rates indoor, which can 
be interesting if considering the maintenance costs. The 
increase in biomass means increased maintenance costs in 
indoor conditions, especially in pumps and air blowers. CF 
treatment could also be considered in integrated multitrophic 
cultivation in biofloc systems since the effluent could 
continuously circulate within the system.

The CF treatment is indicated for maintaining seaweeds 
in indoor cultivation fertilized with BFT25. This treatment 
helps the seedlings acclimation and protection after 
transplantation into the sea cultivation and improves their 
daily growth rate without affecting the carrageenan yield 
and quality.
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