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Abstract Kappaphycus alvarezii was cultured in vitro
under salinities ranging from 15 to 55 psu for 35 days to
determine the differential effect on growth rate, carrageenan
yield, and cellular structure. Plants kept in 15 psu died after
3 days, while plants cultured in 55 psu presented low
growth rates during the entire experimental period (0.28%
day™"). Plants cultured in 25, 35, and 45 psu showed
growth rates normally associated with this species (between
3% and 4% day ') and similar cellular morphology.
Carrageenan yield was significantly higher in plants
cultured in 25 psu in relation to the other treatments. As
observed by light microscopy, plants cultured in 15 psu
showed cellular turgidity and increased cell wall thickness,
both consequences of hyposalinity. Chloroplasts and other
membranous organelles underwent rupture and consider-
able disorganization in ultrastructure. Although branches
from the 55 psu samples showed plasmolysis, cells were
able to maintain chloroplast integrity, despite their rudi-
mentary features. In high salinities, great concentrations of
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floridean starch grains were observed in subcortical cells,
indicating their probable participation in osmoregulation.
Based on these results, we defined the range of 25 to 45 psu
as the limits of saline tolerance for K. alvarezii. While new
field studies are required to confirm these results, it can be
concluded that new sites, such as inactive or abandoned
shrimp tanks with salinities up to 25 psu, could be
considered for commercial farming.

Keywords In vitro culture - Kappaphycus alvarezii -
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Introduction

Kappaphycus alvarezii (Doty) Doty ex P. Silva is an
important commercial seaweed species because it is the
main source of kappa carrageenan, a phycocolloid widely
used in the food, pharmaceutical and cosmetic industries,
among others, as a thickener and stabilizing agent. The
production of this species is totally based on commercial
farms, and cultivation is normally made in off-bottom
systems or in floating rafts kept at depths ranging from 0.5
to 1.0 m. However, these cultivation methods can be
influenced by tides, exposing the seedlings to desiccation
or rapid decreases in salinity during tropical downpours
(Ask and Azanza 2002). Studies reporting on the physi-
ology, cultivation, and commercial importance of K.
alvarezii can easily be found (Li et al. 1990; Areces
1995; Largo et al. 1995; Paula et al. 2001; Ask and
Azanza 2002; Hayashi et al. 2007a, b, 2008a, b), but
works related to cultivation under different salinities are
rare. Similarly, while several authors (Yokoya and Oliveira
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1992; Katz et al. 2000; Conitz et al. 2001; Kakinuma et al.
2006) have reported on the salinity tolerance of several
species, studies showing the effects of salinity on cellular
structure are uncommon.

It has been suggested that seaweeds can regulate their
cellular volume by modifying the internal water potential in
response to the change of salinity (Yu and Pedersén 1990;
Ekman et al. 1991; Goulard et al. 2001; Eggert et al. 2007,
Bondu et al. 2009). According to Kirst (1989), osmotic
acclimation is a fundamental mechanism of salinity
tolerance, preserving intracellular stability (homeostasis),
which is essential to the maintenance and efficient function
of the cells. Generally, under hypersaline conditions, the
accumulation of osmotically active substances by caption
and biosynthesis can be observed. In contrast, excretion and
degradation are observed under hyposaline conditions
(Kirst 1989). Kakinuma et al. (2006) suggest that the
maintenance of constant cell turgor with the change of
osmotic potential, which is created by alterations in the
concentrations of inorganic ions and organic osmolytes, is a
mechanism typical of seaweeds.

In this work, K. alvarezii was cultured in vitro under
salinities ranging from 15 to 55 psu for 35 days to
determine the differential effect on growth rate, carrageen-
an yield and cellular structure, with the aim of establishing
the limits of saline tolerance to provide a basis for
selecting the most suitable locations to establish commer-
cial farming.

Material and methods

Branches of green tetrasporophyte of K. alvarezii having a
total weight of 1 g were maintained in unialgal culture at
the Laboratério de Algas Marinhas (LAMAR) of the
Universidade Federal de Santa Catarina and were cultured
in 500 mL sterilized seawater enriched with 50% von
Stosch solution (according to McLachlan 1973). Cultures
were grown in a 12 h photoperiod with temperature at 25+
1°C, photon flux density of 200+10 umol photons m s~
and constant aeration.

Five treatments were tested: (a) 15, (b) 25, (c) 35
(considered as control), (d) 45, and (e) 55 psu. Low salinities
were obtained with the addition of distilled water, while high
salinities were obtained through gradual freezing and thawing
of seawater until the final concentration was reached. For each
treatment, three replicates were made (n=3). Plants were
cultured for 35 days, and culture media were renewed
weekly, at which time seaweeds were weighed for growth
rate analyses (GR), according to Lignell and Pedersén
(1989): GR(% day™') = |(w,/w;)"/" — ILX 100, where
W,=initial wet weight and W,=wet weight after ¢ days. After
the experimental period, each treatment produced fragments
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from which 1 cm of the main thallus under the first
ramification were removed and fixed to light and electron
microscopy analyses. The remains were oven-dried for
carrageenan extraction.

Carrageenan extraction

Samples of each treatment (n=3) were digested in distilled
water for 4 h at 60°C, according to Hayashi et al. (2007Db),
following the proportion 1:100 (w/v). The digestion product
was filtered under low pressure and precipitated in a
solution of isopropyl alcohol (85%) and KCI (0.2%). The
carrageenan fibers were recovered and oven-dried at 60°C
for approximately 12 h.

Light microscopy

Fragments of all treatments were fixed in 2.5% parafor-
maldehyde in 0.1 M sodium phosphate buffer overnight.
Afterwards, samples were dehydrated in increasing con-
centrations series of ethanol aqueous solutions, according to
Bouzon et al. (2000). Pre-infiltration and infiltration of
samples were made in glycol methacrylate Historesin
(modified by Arnold et al. 1975). Sections of 4-5 pm were
stained according to the following histochemical techni-
ques: toluidine blue (AT-O) to identify acidic polysacchar-
ides by metachromatic reaction (Gordon and McCandless
1973) and periodic acid—Schiff (PAS) to identify the
presence of neutral polysaccharides (Gahan 1984). All
stained material was analyzed using a Leica DM 500 with
image capture. Since plants cultured, in 25, 35, and 45 psu
showed similar patterns, we present only the results of 15,
35, and 55 psu treatments.

Transmission electron microscopy

Fragments cultured in extreme salinities (15 and 55 psu)
and control treatment (35 psu) were fixed in a solution
composed by 2.5% glutaraldehyde, 2% sucrose, 0.05%
calcium chloride, and 2% paraformaldehyde in 0.1 M
sodium cacodylate buffer, for 12 h at 4°C. Afterwards,
washes were performed in 0.1 M sodium cacodylate buffer
with reduced concentrations series of sucrose. The material
was post-fixed in 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer for 12 h and dehydrated in increasing
concentrations of acetone. Infiltration was performed in
increasing concentrations series of Spurr Resin (modified
from Pueschel 1979), and ultrathin sections were obtained.
Sections were post-stained with aqueous uranyl acetate
followed by lead citrate. Sections were observed using a
JEM 2100 transmission electron microscope at the Central
Laboratory of Microscopy (Laboratorio Central de Micro-
scopia) of the Universidade Federal de Santa Catarina.
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Statistical analyses

Statistical analyses were determined using unifactorial
ANOVA and Fisher’s a posteriori test. All statistical
analyses were performed in Statistica™ (Release 6.0) at
the p<0.05 level.

Results
Growth rates and carrageenan yield

Branches cultured in 15 psu died after 3 days. During the
first culture day, thalli presented loss of pigmentation and
the first symptoms of “ice-ice” disease (Fig. 1a). In control
(35 psu), 25 and 45 psu treatments, the species presented
similar growth patterns; however, those from the 45 psu
treatment showed more ramifications (Fig. 1b—d). Plants

Fig. 1 Branches of K. alvarezii
green tetrasporophyte cultured
for 35 days in sterilized seawater
enriched with VS50 solution in
different salinities: a 15 psu
(died after 3 days); b 25 psu;

¢ 35 psu (control); d 45 psu;
and e 55 psu

cultured in high salinities (55 psu) presented no growth
during the experimental period (Fig. 1¢).

Higher growth rates were observed in branches cultured
in control and 45 psu treatment (4.48% day ' and 4.16%
day ™", respectively). Significant differences were observed
in plants cultured in 55 psu, when compared with the other
treatments (Fig. 2a).

Native carrageenan yield varied from 25.4% (45 psu) to
35.3% (25 psu). Significant differences were only observed
in the carrageenan yield of the 25 psu treatment when
compared with the others (Fig. 2b). It was not possible to
extract carrageenan from plants cultured in 15 psu.

Light and transmission electron microscopy
Cross-sections of K. alvarezii cultured in normal conditions

(35 psu) showed two distinct regions: (1) a cortical region
composed of one outermost layer of small cells slightly

b
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a ;. Cross-sections of branches cultured in 15 psu for 3 days
a a presented cortical cells from the outermost layer less
5 I { elongated than those observed in the 35 psu treatment,
—4 l showing a turgidity process (Fig. 3d—f). These cells also
'_§- % l showed a deposition of dome-shaped concentric layers in
23] T the cell wall in the outer surface of the thallus; however, the
% 2| thin layer of mucilage observed in plants from the control
(35 psu) was not observed in this treatment (Fig. 3f). When
11 stained with PAS, cortical and subcortical cells presented
o ,—ll—l a large amount of floridean starch grains uniformly
distributed in the cytoplasm. In the lower layers of
b45 1 subcortical cells, the vacuole acquired large proportions
_ 401 3 because of the turgidity, dislocating the floridean starch
§ 851 b . grains to the periphery. Cellulose in the cell walls was also
g 22 1 b observed (Fig. 3d). The presence of carrageenan was
§ 20 revealed as a metachromatic reaction to TB-O (Fig. 3e).
%157 Profound changes caused by osmotic shock could be
§ 10 4 observed in the ultrastructural organization of cortical and
5 subcortical cells, resulting in a full cellular disorganization
0 (Fig. 4c—d). Chloroplasts and other organelles underwent

25 35 45 55

Salinity (psu)

Fig. 2 K. alvarezii green tetrasporophyte cultured for 35 days in
different salinities. a Growth rates (% day™'); b native carrageenan
yield (%). Values presented as average (n=3). Vertical bars represent
confidence intervals, and the /letters represent significant differences
among the treatments, according to Fisher’s a posteriori test,
considering p<0.05

elongated and two or more layers of cells less elongated and
(2) a subcortical region composed of vacuolated cells with
gradually increasing size toward the medullar region (Fig. 3a—
c¢). Using transmission electron microscopy (TEM), it was
possible confirm the elongated format of the cortical small
cells (Fig. 4a) and observe the cytoplasm of subcortical cells
with variously sized vacuoles, elongated chloroplasts and
floridean starch grains well distributed. Still, pit connections
were noted between two subcortical cells (Fig. 4b).

Samples stained with PAS exhibited strong reaction
mainly in the cytoplasm of cortical and subcortical cells
(35 psu), showing the presence of floridean starch grains.
The reaction also occurred in the cell wall, suggesting
the presence of cellulosic compounds (Fig. 3a). Toluidine
blue (TB-O) staining revealed a metachromatic reaction in
the cell wall, indicating the presence of carrageenan
(Fig 3b). Cortical cells showed wall thickening at the
outer surface of the thallus, with a thin layer of mucilage
weakly positive to AT-O (Fig. 3¢). As observed by TEM,
the cell wall was composed of concentric cellulose
microfibrils with different electron-densities. These cellu-
lose microfibrils were embedded in an amorphous matrix
consisting mainly of carrageenan, as observed by light
microscopy (Fig 4b).
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membrane disruption, losing their characteristic conforma-
tion. Remaining chloroplasts were observed in the form of
thylakoid traces; however, floridean starch grains and
plastoglobuli kept the typical organization of red seaweeds
(Fig. 4c—d).

Cross-sections of branches cultured in 55 psu stained
with PAS showed high amounts of floridean starch grains,
mainly in subcortical cells, when compared to other
treatments. The distribution pattern of these grains in the
cytoplasm of subcortical cells indicated vacuole retraction
as a consequence of plasmolysis (Fig. 3g), which was also
evident when observed with TB-O staining (Fig. 3j). Both

Fig. 3 Light microscopy of the cross-sections of K. alvarezii cultured p
for 35 days in salinities of 35 psu (a—¢), 15 psu (d—f), and 55 psu (g—j).
a Section stained with PAS. PAS-positive floridean starch grains in
cortical and subcortical cells and cellulose in the cell wall. b Section
stained with TB-O. Metachromatic reaction of the cell wall, indicating
the presence of carrageenan. ¢ Detail of cortical cells showing cell wall
thickening at the outer surface of the thallus (arrows) and a thin layer of
mucilage (arrowhead). d Section stained with PAS. PAS-positive
floridean starch grains uniformly distributed in cortical and first layers
of subcortical cells; in the lower layers of subcortical cells, floridean
starch grains were dislocated to the periphery by turgid vacuole.
Presence of cellulose in cell wall. e Section stained with TB-O.
Metachromatic reaction of the cell wall, indicating the presence of
carrageenan and small cortical cells with round form. f Detail of the
cortical cells showing dome-shaped cell wall thickening at the outer
surface of the thallus (arrows). g Section stained with PAS. PAS-
positive floridean starch grains in the subcortical cells and presence of
pit connections (arrowheads). h Section stained with TB-O. Metachro-
matic reaction of the cell wall, indicating the presence of carrageenan
and dissociation process of subcortical cells (arrow). i Detail of cortical
cells showing dome-shaped cell wall thickening at the outer surface of
the thallus (arrow). j Detail of two subcortical cells showing
plasmolysis process. CC cortical cells, SC subcortical cells
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cell wall and mucilage layer in the outer surface of the
thallus presented weak reaction to PAS (Fig 3g). TB-O
staining confirmed the presence of carrageenan in this
treatment and a slight dissociation process of subcortical
cells (Fig. 3h). Cortical cells presented a dome-shaped cell
wall thickening at the outer surface of the thallus, similar to
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..‘ ..’ .
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samples receiving 15 psu treatment (Fig. 3i). Changes in
the ultrastructural organization of cortical and subcortical
cells were also observed as a consequence of hypersalinity
(Fig. 4e—f). Cortical cells became isodiametric, losing their
elongated shape, similar to samples receiving 35 psu
treatment. Reduced vacuoles and chloroplast rudiments
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Fig. 4 Transmission electron
micrographs of cortical and
subcortical cells of K. alvarezii
cultured in 35 psu a-b, 15 psu
c—d and 55 psu e—f for 35 days. a
Detail of cortical cells with elon-
gated form. b Detail of subcorti-
cal cells with large vacuoles, rich
in floridean starch grains and
chloroplasts, and pit connection
(arrow). S starch, C chloroplast.
¢ Detail of cortical cells showing
total cellular disorganization,
with remaining thylakoids
(arrows). d Detail of subcortical
cells with remaining chloroplasts
(arrowheads) and numerous
plastoglobuli (arrows). e Detail
of isodiametric cortical cell with
reduced vacuole, chloroplast
rudiments and large number of
plastoglobuli (arrows). CW cell
wall. f Detail of subcortical cells
in plasmolysis process with
floridean starch grains scattered
in the cytoplasm (arrow)
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with a large number of plastoglobuli were observed
(Fig. 4e). As a result of plasmolysis, subcortical cells
presented considerable vacuole reduction (Fig. 4f).

Discussion

Branches cultured in salinities from 25 to 45 psu presented
growth rates (between 3 and 4% day ') as expected for this
species cultured in vitro (Paula et al. 1999; Paula et al.
2001; Bulboa and Paula 2005; Bulboa et al. 2007). These
results agree with those from Yokoya and Oliveira (1992)
in Gracilaria verrucosa (Hudson) Papenfuss, Gracilaria
sp., Pterocladiella capillacea (Gmelin) Santelices and
Hommersand, Hypnea musciformis (Wulfen) Lamouroux,
Meristiella echinocarpum (J.E. Areschoug) Cheney and
Gabrielson and Hypnea cornuta (Kiitzing) J. Agardh, which
presented maximum growth in species cultured between 25
and 40 psu.

Low tolerance to 15 psu salinity could be related to the
environment where this species normally occurs or is
cultivated. Plants under this treatment showed bleaching
and died after 3 days, similar to the observations of Dawes
et al. (1999) in Gracilaria cornea J. Agardh. Yokoya and
Oliveira (1992) also observed that species they studied
became white and died after a few days under hyposaline
conditions (below 15 psu), while Kumar et al. (2010)
observed that Gracilaria corticata (J. Agardh) J. Agardh
grown at 15 psu showed the loss of thallus rigidity and
pigmentation after 9 days of exposure. On the other hand,
Gelidium coulteri Harvey cultured in 15 psu or above
presented gradual increase of growth rates over 5 weeks
toward control values (35 psu), but salinities of 10 psu or
below were lethal (Macler 1988). This last author observed
that chlorophyll and phycobiliprotein levels decreased with
decreasing salinity for plants at salinities below 30 psu,
with values approaching zero at salinities of 10 psu and
below. In the present work, the bleaching could also be
explain by total disorganization in the cell ultrastructure and
the chloroplast disruptions of turgid cells, even though
floridean starch grains maintained their integrity, as
observed in TEM. These results agree with those observed
by Tropin et al. (2003) in cells of Fucus and Ascophyllum
cultured in 10 psu. According to them, in this salinity,
degradation of chloroplasts and mitochondria, as well as a
decreased number of contacts between the organelles,
indicated inhibition of the energy exchange process.

Carrageenan yield of K. alvarezii treated in 35 psu was
similar to that normally obtained for the species (Azanza-
Corrales and Sa-a 1990; Ohno et al. 1996; Hayashi et al.
2007a, b). Branches cultured in 25 psu presented signifi-
cantly higher yield when compared to the other treatments.
These results agree with those of Hurtado-Ponce and

Pondevida (1997), who studied agar extracted from
Gracilariopsis bailiniae (Zhang and Xia) Zhang and Xia
cultured in different salinities, and those of Daugherty and
Bird (1988) in G. verrucosa. According to these last
authors, under long-term low salinity, the deposition of
phycocolloid in the cell wall should provide additional
structural support for turgid cells, increasing the yield.

Kappaphycus alvarezii treated in 55 psu presented low
growth rates during the entire experimental period, as did
most of the species studied by Yokoya and Oliveira (1992)
cultured in higher salinities (between 45 and 60 psu).
According to Kirst (1989), growth can be sacrificed near
the salinity limits of tolerance in order to maintain osmotic
adjustment, which can guarantee survival for short
periods. The growth reduction can also be a consequence
of the cumulative effects of enzymes and reduced turgor
pressure that inhibits cell division (Lobban and Harrison
1994). Plasmolysis was well evidenced in this treatment
(55 psu) as verified under light microscopy and TEM. A
higher quantity of floridean starch grains was observed in
subcortical cells, suggesting a possible transference from
cortical to subcortical cells, which have larger size and,
consequently, a larger surface area of water loss. Accord-
ing to Reed (1990), starch grains are the visible portion of
reserve carbohydrate and can be the source of osmotically
active low molecular weight solute production, which,
together with ions, can be either accumulated or degraded
in response to changes in salinity, thus contributing to
osmoregulation. In rhodophyceans the main solutes iden-
tified were florideoside and digeneaside (Kirst 1989).
Despite being a source for florideoside synthesis, the
amount of floridean starch did not seem to decrease with
the likely increased production of florideosides at high
salinity, as observed here in cross-sections of branches
cultured in 55 psu and stained with PAS. In fact, Goulard
et al. (2001) observed in Solieria chordalis (C. Agardh) J.
Agardh cultured in hypersaline condition that the content
of floridean starch grains, in contrast to the florideoside
level, was not affected. These authors observed that
florideoside is normally located in the cytoplasm, suggest-
ing that this component could have an osmolytic effect,
protecting enzyme activity. In the present work, this
hypothesis can be confirmed, mainly by the integrity of
these grains observed in branches cultured in 55 psu and
analyzed by TEM. The cell wall thickening of these
samples could also be a protecting reaction of hypersaline
conditions. Different from that observed in 15 psu, it
seems that at high salinity, the thickening could mean
extra protection to minimize water loss, since the
carrageenans are potentially hydrophilic colloids (Stanley
1987) and, as such, would assist in water retention.

The present results showed that the tolerance limits to
different salinities of K. alvarezii range between 25 and
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45 psu when cultured for 35 days. In salinities lower than
15 psu or higher than 55 psu, there are profound cellular
alterations, causing death of the species in the first case, or
the damage of the cellular organization, affecting the
growth, as observed in the second case. Floridean starch
grains can also have a fundamental role in osmoregulation
of the species, possibly as a carbon source for osmolyte
biosynthesis, such as florideosides. While new field studies
are required to confirm these results, it can be concluded
that new sites, such as inactive or abandoned shrimp tanks
with salinities up to 25 psu, could be considered for
commercial farming.
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