J Appl Phycol (2014) 26:763-768
DOI 10.1007/s10811-013-0210-5

Effects of a commercial extract of the brown alga Ascophyllum
nodosum on the biomass production of Kappaphycus alvarezii
(Doty) Doty ex P. C. Silva and its carrageenan yield and gel

quality cultivated in Brazil

Rafael Rodrigues Loureiro - Renata Perpetuo Reis -
Flavia Diniz Berrogain + Alan T. Critchley

Received: 5 May 2013 /Revised and accepted: 17 November 2013 /Published online: 24 December 2013

© Springer Science+Business Media Dordrecht 2013

Abstract Despite of its success, the carrageenan industry has
had to cope with difficulties due to epiphyte infestations and
diseases known as ice-ice. Some promising results in respect
of biomass production, carrageenan yield, and protection epi-
phytes were obtained using a powdered extract of the brown
alga Ascophyllum nodosum in Kappaphycus alvarezii seed-
ling production. This study focused on the effects of the 4.
nodosum extract on the treatment of K. alvarezii cultivated on
commercial floating rafts not only to evaluate improvements
demonstrated in vitro but also the effects on the quality of the
carrageenan. The seedlings were treated in an A. nodosum
extract solution and placed alongside their controls on com-
mercial floating rafts using the tubular net technique. Daily
growth rate, carrageenan yield, gel strength, and gel viscosity
were obtained over 20 and/or 40 days. After 20 days, daily
growth rates showed no significant difference (p =0.44), while
the carrageenan yield was higher in samples that were treated
with the 4. nodosum solution (p <0.001). After 40 days, both
daily growth rate (»p =000.7) and carrageenan yield (p =0.009)
were higher in treated samples; however, gel strength was
higher in control samples (p=0.03) as viscosity was also
highest in the samples which had not been treated (p <
0.001). The use of the 4. nodosum extract treatment on the
cultivation in situ of K. alvarezii was positive since after
40 days when the daily growth rate and carrageenan yield
increased. In spite of the negative effect on the quality of the
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semi-refined carrageenan, the values were within commercial
standards.
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Introduction

Eucheumatoid is a general name for certain species that pro-
duce carrageenans which includes species of the genera
Betaphycus Doty in Silva, Basson, Kappaphycus Doty, and
Moe, and Eucheuma J. Agardh (Doty 1988, 1995). The last
two species are valuable cultivated commodities for the hy-
drocolloid industry and collectively contribute to as much as
88 % of the worldwide production of carrageenan. Among
eucheumatoids, Kappaphycus alvarezii (Doty) Doty ex. P.C.
Silva is the most productive source of raw material for the
industry, as it is farmed in more than twenty countries (Bindu
and Levine 2011).

In spite of its success, K. alvarezii cultivation has endured a
number of agronomically-related issues that are common in
any land crop (i.e., infestations and diseases) and which are a
major concern to seaweed farming. Epiphytism is mainly
caused by a small number of red filamentous macroalga and
other species, e.g., Neosiphonia savatieri (Hariot) M.S. Kim
and LK. Lee, Neosiphonia apiculata (Hollenberg) Masuda
and Kogame, Ceramium sp. Roth, Acanthophora sp. J.V.
Lamouroux, Ulva sp. Linnaeus, and Centroceras sp. Kiitzing.
Its effects alter biomass production once it compromises the
cortical portion of the thalli opening wounds, allowing bacte-
rial infections that cause tissue necrosis (Vairappan 20006;
Vairappan et al. 2008).
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Additional problems, which begin with changing environ-
mental factors that result in a condition called “ice-ice,” indi-
cated by the whitening of the thallus lead to lower biomass
and carrageenan production. Mendoza et al. (2002) also ob-
served a depolymeralization of the carrageenan in the apical
tips of the thalli, decreasing the overall quality of the carra-
geenan (lowering the viscosity and gel strength).

Reports of these occurrences have been more dominant in
the Philippines and Indonesia, with recent accounts in east
Africa, but crop losses appear to be an increasing phenomena,
mainly due to increased epiphytism, on the account of them
being hard to mitigate or manage once they are established
(Vairappan et al. 2008; Hurtado et al. 2009; Schaffer et al.
2011). The complete removal of the cultivars and the destruc-
tion of the seedlings are the currently accepted methods to
quickly address those problems (Mendoza et al. 2002;
Hurtado et al. 2006; Vairappan 2006).

Efforts have been made using a commercial extract from
the brown macroalga Ascophyllum nodosum (Linnaeus) Le
Jolis, named Acadian Marine Plant Extract (AMPEP), in
cultivated K. alvarezii seedlings. AMPEP increases daily
growth rate and carrageenan yield of K. alvarezii as well as
mitigated the damaging effects of epiphytes (Hurtado et al.
2009; Loureiro et al. 2010; Borlongan et al. 2011; Yunque
etal. 2011). The use of AMPEP on K. alvarezii has been very
promising and a “vaccine-like effect” was proposed by
Loureiro et al. (2012) in an attempt to clarify the biochemical
pathways involved in the observed positive responses. How-
ever, none of the in situ and in vitro studies have analyzed the
effects of AMPEP on the quality (theological properties such
as gel strength and gel viscosity) of the carrageenan obtained
from K. alvarezii.

This study evaluated the effect on the daily growth rate,
carrageenan yield, gel strength, and viscosity of K. alvarezii
samples treated with AMPEP in order to clarify its effects on
K. alvarezii samples rheology as well as to test its effectivness
in the sea.

Materials and methods
Study area and experimental design

In Brazil, the species being cultivated is K. alvarezii (Barros-
Barreto et al. 2013). The voucher material was deposited in
the herbarium of Botanical Garden of Rio de Janciro (RB
515835, 515836, 515837). Sampling was conducted from
May 2011 to June 2012. The sampling domain was composed
of three productive commercial farms at Sepetiba Bay, on the
south coast of Rio de Janeiro state, Brazil: Prainha (22°57'17"
S-43°54'31" W), Jardim (22°5625" S—43°55'08" W), and
Praia Leste (22°56'01" S—43°52"20" W) in order to include
different cultivation sites under diverse environmental
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conditions. This bay has a tropical climate (i.e., rainy summers
and dry winters) with higher irradiances in summer and de-
creasing in the winter (Goes and Reis 2011).

The floating rafts used in the experiment were owned by
the commercial farms. They all used the tubular net technique
since it is the main cultivation technology used in Brazilian
farms (Goes and Reis 2011). Each raft was composed of 10 to
15 modules (3 x 5m), where each module was made from two
100-mm (diam) PVC tubes (closed ends) connected to each
other by 6-mm (diam) polypropylene cables.

From all of the commercial floating rafts in each cultivation
site (15-20 floating rafts per site), eight were randomly se-
lected from a grid chart of the location. Four rafts received the
AMPEP treatment, while the others acted as controls. From
each commercial floating raft (composed of 10 to 15 mod-
ules), one module was randomly chosen. Four tubular nets
were placed per module, two to be removed at 20 days, and
two at 40 days. Each tubular net held eight K. alvarezii
seedlings (Fig. 1).

The AMPEP treatment consisted of bathing K. alvarezii
samples (single individuals, 100+10 g each) in a solution of
20 g L' of the extract with seawater for 1 h adapting the
protocol used by Loureiro et al. (2010). To ensure full cover-
age of the thalli, the samples were placed inside hardened
plastic containers with a 60-L capacity with the solution. The
end period of 40 days was chosen since it is similar to the 45-
day production cycle commonly used in Brazil (Goes and Reis
2011, 2012).

Daily growth rate of K. alvarezii

At the end of each cultivation period, the growth of the
samples was estimated as daily growth rate (DGR) and calcu-
lated according to the formula: DGR=100%[(In (M ¢/M;)/t],
where My is the final dry mass and M is the initial dry mass
and ¢ is the time of cultivation (Gdes and Reis 2011, 2012).

Semi-refined carrageenan and carrageenan yield

Twelve samples, for each treatment, were taken to the labora-
tory in order to obtain semi-refined carrageenan from K.
alvarezii by an alkaline transformation with 6 % KOH
solution in a water bath (80 °C) for 2 h with successive
washing with fresh water. The samples were then main-
tained in 0.06 % NaClO solution for 30 min (25 °C) and
washed with fresh water to remove residues. They were
then dried in the oven at 60 °C until constant mass; pH 8.4
was maintained during the procedure (Loureiro et al. 2010;
Goes and Reis 2011, 2012).

The carrageenan yield of K. alvarezii (CY) was expressed
as the percentage of carrageenan relative to the algal dry mass
(Goées and Reis 2011, 2012), derived from the formula:
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Fig. 1 Graphic representation of one floating raft with 15 modules used
in the commercial cultivation of Kappaphycus alvarezii in Brazil and the
experimental design that used seedlings treated with AMPEP (AMPEP)

CY=(M/M)*100, where M, is the carrageenan dry mass
(oven dried at 60 °C to constant mass) and M is the seaweed
dry mass (oven dried at 60 °C to constant mass).

Rheology of K. alvarezii

To prepare gel of the semi-refined carrageenan, each sample
was macerated into a ball mill (Mixer Mill MM 400, Retsch)
and mixed in 100 mL of distilled water to a 1.5 % proportion of
carrageenan (1.5 g of semi-refined carrageenan powder to
98.5 mL of distilled water). This solution was kept for 1 h at
room temperature (25 °C), then heated (80 °C) for 10 min under
constant agitation, and subsequently cooled (7+2 °C) for 24 h.
The gel viscosity was analyzed using a cone Rheometer
DV-III Ultra (Brookfield Engineering Labs, Inc.) at 75 °C
with a CP-40 spindle. The gel strength was measured using
the Texturometer, TexturePro CT (Brookfield Engineering
Labs, Inc.) with a cylindrical probe and a sample flask of
2.5 cm width and 5 cm height. Measurements were made after
40 days, which reflected a full cultivation cycle, allowing the
investigation of any effects of AMPEP on K. alvarezii related
to any possible molecular transformation of the carrageenan.

and seedlings not treated with AMPEP (control) that used one module of
each commercial raft for each sample treatment

Statistical analyses

Data normality (Shapiro—Wilks test) and homogeneity of the
variances (Levene test) were tested to use parametric or non-
parametric analysis of the data. Differences between AMPEP
and control samples at each given cultivation period (daily
growth rate and carrageenan yield at 20 days and gel strength
and gel viscosity) were tested using the Mann—Whitney test
since even after transformation, the data did not meet the
criteria for parametric testing. Daily growth rate and carra-
geenan yield at 40 days were analyzed using Student’s paired ¢
test. Analyses were performed using Statistica 6.0, StatSoft, at
the 95 % confidence level (p <0.05). Data were expressed as
(minimum) mean + standard deviation (maximum) with
twelve replicates for each experiment.

Results

After 20 days of cultivation, no significant differences were
obtained between treatments (p =0.44) of the daily growth
rate; however, the carrageenan yield was higher in samples
treated with AMPEP (p <0.001). At 40 days, both daily
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growth rate and carrageenan yield of samples treated with
AMPEP were higher when compared to their controls (p <
0.009).

The gel strength of the semi-refined carrageenan samples
of K. alvarezii treated with AMPEP was lower than the
control samples (p=0.03), similar to the gel viscosity (p <
0.001) which was also lower in samples which received the
AMPEP treatment. All the results of statistical differences can
be referred in Table 1.

Discussion

Daily growth rates of K. alvarezii cultivated in the sea, under
commercial cultivation during 20 and 40 days, were generally
higher than what is normally expected for Sepetiba Bay. At the
southern portion of Sepetiba Bay, Goes and Reis (2011, 2012)
reported mean growth rates of K. alvarezii of 3.3 and
3.8 % day . The results obtained in this study were within
the range obtained for K. alvarezii cultivated using floating
rafts in Brazil and other countries, ranging between 0.8 to
7.2 % day ' (Ohno et al. 1994; Muiioz et al. 2004; Hayashi
et al. 2007a, b, 2011; Hung et al. 2009).

The results of the daily growth rate of K. alvarezii obtained
in this study and in vitro (5.5 % day ' AMPEP and
2.5 % day 'control samples) by Loureiro et al. (2010) using
the same protocols to treat red algae samples with AMPEP
solution can be considered promising results when compared
to the results obtained by Borlongan et al. (2011). The authors
examined the efficiency of AMPEP on two variants of K.
alvarezii at different depths in the sea using a lower concen-
tration of the extract (0.1 g L' of AMPEP) and exposing the
samples of K. alvarezii to AMPEP in a shorter period of time
(30 min). They also obtained positive results on growth im-
provement (1.3 to 4.1 % day ' in samples treated with
AMPEP and 0.9 to 3.0 % dayf1 in the controls); however,

when their results were compared with the ones obtained by
this study, the growth rate obtained in the Brazilian coast was
higher.

Yokoya et al. (2010) reported the presence of cytokinins in
some red alga and discussed the importance of hormones in
the physiology of the growth of red algae. Higher concentra-
tions of AMPEP led to higher growth rates of K. alvarezii,
which may be linked to stimulatory compounds present in the
extract related to cytokinin synthesis (Khan et al. 2008, 2009)
and the presence of certain betaines (Mackinnon et al. 2009)
as observed in higher plants.

The carrageenan yield of K. alvarezii at 20 and 40 days
(AMPEP and control samples) was within the range consid-
ered ideal by industrial standards, around 30 % (Hayashi et al.
2007a, b; Hung et al. 2009; Goées and Reis 2011, 2012).

Hayashi et al. (2007a), Reis et al. (2008), and Goes and
Reis (2012) discussed the importance of environmental shifts
as stress factors, such as changes in salinity and water move-
ment, in the conformation of carrageenan, which consequently
causes changes in its rheological properties as a preventive
response to these stresses. AMPEP can act as an elicitor to K.
alvarezii responses to stress conditions, prompting its de-
fenses causing a greater production of carrageenan (Loureiro
et al. 2012). This might explain the higher carrageenan yield
results of K. alvarezii samples exposed to AMPEP as early as
20 days of cultivation when compared to the control samples.

However, in the long term, the eliciting factor is not harm-
ful to K. alvarezii as the extract seems to carry a series of
elicitors and protective molecules (specific isoforms of differ-
ent antioxidant enzymes such as superoxide dismutase [Mn-
SOD-1, ~150 kDa], ascorbate peroxidase [APX-4, ~55 kDa],
glutathione peroxidase [GSH-Px-2, ~55 kDa], and glutathione
reductase [GR-1, ~180 kDa] that specifically responded to
AMPEP supplementation) that even under stress and the
exposure to oxidative bursts (as a response to unfavorable
conditions) are able to sustain and protect the samples even

Table 1 Mann—Whitney (Z) and Student’s paired ¢ test (t) results of daily growth rates (DGR), carrageenan yield (CY), gel strength (GS) and gel viscosity
(GV) of semi-refined carrageenan from K. alvarezii between two-field treatments (control and AMPEP) over two cultivation periods (20 and 40 days)

Variable Time Treatment (min) mean + standard deviation (max) Test p value Result
DGR (% day ") 20 Control (3.6) 5.9+2.1 (8.9) Z=-0.79 0.44 C=AMPEP
AMPEP (4.1)6.2+1.0 (7.5)
40 Control (1.9) 5.6+1.8 (7.9) t=-2.84 0.007 C<AMPEP
AMPEP (4.7)7.3+1.7 (10.2)
CY (%) 20 Control (17.5) 31.6+6.2 (46.6) Z=-3.64 <0.001 C<AMPEP
AMPEP (17.0) 38.0+6.7 (48.3)
40 Control (22.1) 35.1+8.9 (50.3) t=-2.74 0.009 C<AMPEP
AMPEP (34.2) 42.0+5.9 (53.8)
GS (g cm™?) 40 Control (255.3) 479.2+150.6 (750.1) 7Z=224 0.03 C>AMPEP
AMPEP (205.8) 369.0+=133.6 (533.5)
GV (cP) 40 Control (610.3) 923.7+211.4 (1,228.9) Z=4.08 <0.001 C>AMPEP
AMPEP (270.3) 527.2+133.6 (879.7)
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after a brief time of exposure (Loureiro et al. 2012; Kumar
et al. 2013).

In addition to improving growth rate and carrageenan yield,
AMPEP seemed to be effective in reducing some epiphytes
(Loureiro et al. 2010). This factor was not tested, but it was
observed in the seedlings that were treated with AMPEP.
Since the experiment was made using floating rafts of com-
mercial cultivations, when the modules of the rafts where the
seedlings were treated with AMPEP were compared with the
modules of the commercial rafts that were not used in the
experiment, apparently the experimental modules had about
20 % less biofouling than the modules that were not used in
the experiment (personal observation).

AMPEP is rich in soluble potassium (17-22 %) in its
composition (Hurtado et al. 2009; Loureiro et al. 2010) and
K. alvarezii in kappa carrageenan (Pereira et al. 2013). Since
kappa carrageenan is known to be sensitive to potassium ions,
the carrageenan extract from the AMPEP-treated samples
should produce more rigid gels. This can be explained by
the changes in the syneresis (spontaneous extrusion of water
through the surface of gel when it is at rest) of the seedlings
that were exposed to aqueous solutions rich in soluble potas-
sium. Higher potassium concentrations would display higher
syneresis resulting in higher gel strength results. However, the
gel strength of K. alvarezii was higher in the control samples
but was within the range obtained by Goes and Reis (2011,
2012) in crops at Sepetiba Bay and in other locations (Ohno
etal. 1994; Hayashi et al. 2007a, b). This leads to the idea that
the potassium available through AMPEP treatment that was
absorbed by K. alvarezii, when the alga was cultivated in the
sea, would not be significant enough to change the molecular
structure of the extracted carrageenan.

Although the gel viscosity of the carrageenan derived from
the K. alvarezii samples treated with AMPEP was lower when
compared to the control samples, these values were similar to
those recorded for Sepetiba Bay (Gées and Reis 2011, 2012).
When evaluating carrageenan yield and quality of K.
alvarezii, Mendoza et al. (2002) found that healthy samples
provided an extract with better gel quality (higher gel strength
and higher viscosity) as compared to stressed samples
exhibiting “ice-ice” symptoms. Samples with “ice-ice”
showed changes in molecular weight, preventing the correct
formation of hydrogen bonds, reflecting directly on the ability
to form the double helix that occurs in the regular gelling
process. Carrageenan compromises alternating units of D-
galactose and 3,6-anhydro-galactose, joined by «-1,3 and
[3-1,4-glycosidic bonds. Higher levels of ester sulfate in the
powdered extract solution can result in lower gel strength and
viscosity due to a change in the molecular weight (Craigie and
Wong 1979; Craigie 1990; Knutsen et al. 2001). The results of
the present study support previous results of Loureiro et al.
(2012), where AMPEP acts as an elicitor to K. alvarezii own
defenses.

In conclusion, the use of AMPEP treatment in the cultiva-
tion in the sea of K. alvarezii is recommended to improve the
growth of K. alvarezii, as after 40 days the daily growth rate
increased and was superior to the numbers already attained at
the Sepetiba Bay region. Furthermore, a higher carrageenan
yield was produced compared to the control samples. In spite
of the negative effect on the quality of the semi-purified
carrageenan, the values were within commercial standards.
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