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Abstract

Features of an intertidal population of Chondracanthus teedei var. lusitanicus, which occurs in sandy basins on
rocky shores of part of the Portuguese coast (Buarcos, Figueira da Foz), were studied over one year. Biomass and
plant size showed a small increase in early spring (April), a marked increase in early summer (June/July) and were
at a minimum in late summer. There was generally more tetrasporophytes (4-32.5%) than female gametophytes (3—
29%), which contrasts with other geographical regions where C. teedei populations have been studied, such as Brazil
and France. However, non-fructified thalli predominated throughout the year. Phycocolloid extracts were compared
for the various stages using spectroscopic methods (FTIR, FT-Raman, 'H- and '*C-NMR). These showed a hybrid
carrageenan belonging to the lambda family in the tetrasporophyte and a hybrid kappa-iota-mu-nu carrageenan in
the female gametophyte and non-fructified thalli. The average phycocolloid content was 34.9% dry weight, with
a maximum of 43.6% in July. The combination of high available biomass and phycocolloid content makes this
species a potentially important source of kappa/iota hybrid carrageenan in Portugal additional to the traditionally

harvested carrageenophytes.

Introduction

The selection of species or strains with high, good
quality carrageenan content, together with biological,
ecophysiological and biochemical study is a valuable
contribution particularly considering the increasing in-
dustrial importance of these phycocolloids. In this con-
text, a research was conducted on a population of
Chondracanthus teedei var. lusitanicus (Rodrigues)
Barbara and Cremades in Buarcos Bay (Figueira da
Foz, Portugal). Other population studies on this species
have been made in Brazil (Braga, 1985, 1990) and
France (Zinoun, 1993).

Hommersand et al. (1993) transferred this species
to the genus Chondracanthus; C. teedei (Mertens ex
Roth) Kiitzing (basionym: Ceramium teedei Mertens
ex Roth; synonym: Gigartina teedei (Mertens ex Roth)
J.V. Lamouroux), originally described from Portugal
(Guiry, 1984), is widespread in the northeastern At-
lantic, Mediterranean and the Black Sea (Ardré, 1970;

Orfandis, 1993). It has also been reported from Japan
(Mikami, 1965), the Indian Ocean (Silva et al., 1996)
and Brazil (Ugadim, 1975). In France, Spain and Portu-
gal, the species is frequent in the lower intertidal zone
on sheltered habitats. Rodrigues (1958) described it
as new variety, C. feedei var. lusitanicus (Rodrigues)
Bérbara and Cremades (basionym: Gigartina teedei
(Roth) J.V. Lamouroux var. lusitanica Rodrigues).
Ardré (1970) and Barbara and Cremades (1996) re-
ported this variety in several Portuguese localities and
the North West coast of Spain (Ria de A Coruiia), re-
spectively.

C. teedei has an alternation of isomorphic game-
tophytes and tetrasporophytes. The life cycle and the
reproductive morphology were described by Guiry
(1984) and Braga (1985, 1990) and, according the latter
author, there always seems to be a higher proportion of
gametophytes than tetrasporophytes. However, a popu-
lation of C. teedei from Buarcos Bay (Figueira da Foz,
Portugal) has shown to have a larger percentage of
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fertile tetrasporophytes than fertile female gameto-
phytes (Pereira and Mesquita, 1994; Pereira, 1996).

Carrageenans are sulphated polysaccharides present
in the cell walls of members of the Gigartinales, which
have been used extensively as gels and thickeners in
food and industrial preparations. There are about 15
idealized carrageenan structures identified by Greek
letters (Chopin et al., 1999). However, a more ver-
satile binomial version, incorporating the substitution
pattern of each sugar unit, was developed by Knutsen
et al. (1994). Chemical differences are known to exist
among carrageenans from different generations of the
life cycle of some carrageenophytes. The tetrasporo-
phyte thalli of members of the Gigartinaceae produce
lambda-family carrageenan and the gametophyte thalli
produce a kappa or kappa/iota-hybrid type of car-
rageenan (Craigie, 1990; Chopin et al., 1999; Van de
Velde et al., 2001). In commerce, kappa/iota hybrid
carrageenan, known as “kappa-2” carrageenan (Bixler,
1996) or “weak-gelling” kappa (Falshaw et al., 2001,
2003), is extracted primarily from gametophytes of
Gigartina and Chondracanthus species (Chopin et al.,
1999; Bixler et al., 2001). Copolymers of kappa and
iota carrageenan produce gels under certain conditions
(Falshaw et al., 2001, 2003). The precursor (mu and
nu) carrageenans both contain a sulphate ester group
at position-6 of a 4-linked «-D-galactose unit. This
type of structure reduces the ability of the carrageenan
to form a gel by interrupting the sequences of carra-
biose repeat units that form double helical structures
during gel phase. Most of these 6-sulphated units are
converted to the corresponding 3,6-anhydride during
alkaline, industrial extraction (Ca(OH), or NaOH) of
carrageenans (Falshaw et al., 2001, 2003). The rheo-
logical implication of the hybridization is the weak-
ening of the hard, brittle gel of kappa carrageenan
by the soft, elastic gel character of iota carrageenan.
Kappa-2, while weaker in water gelling properties
than kappa, retains reasonably high milk reactiv-
ity as required for dairy applications (Bixler et al.,
2001).

The purpose of this study was to compaer native and
alkaline-extracted carrageenan from different genera-
tions of the life history of C. teedei var. lusitanicus
(tetrasporophyte, female gametophyte and non-
fructified thalli) using FTIR, FT-Raman, 'H- and 13C-
NMR. The comparison was planned such that no ex-
traction was involved. Carrageenans present in an alga
can be identified rapidly by FTIR (Chopin and Whalen,
1997; Chopin et al., 1999) and FT-Raman directly on
only a few milligrams of ground dried seaweed. NMR

spectroscopy (Van de Velde et al., 2002a) was included
in order to quantify the different carrageenan fractions.

Materials and methods
Ecological studies

A representative population of C. feedei var. lusitani-
cus situated at Buarcos Bay, central west coast of Por-
tugal, was studied for about one year. The plants were
growing on both a rock substratum and in sand basins,
where C. teedei var. lusitanicus can be prolific. All
samples were collected from an area of 100 x 100 m
of the rocky shore. For determination of length, life
cycle phase and biomass of the thalli, eight quadrates
(10 x 10 cm) where randomly positioned in the exten-
sive beds of C. teedei and destructively sampled (Braga,
1990; Chopin, 1997). At each sampling time, air tem-
perature, surface water temperature, salinity and pH
were recorded in situ. In laboratory the samples were
washed in filtered seawater and the plant measured be-
fore drying (60°C, 48 h) for the biomass calculation.
The separation of the female gametophytes, tetrasporo-
phytes and non-fructified thalli was made with a stere-
omicroscope.

Seasonal variation in phycocolloid content

For evaluation of dry weight and carrageenan content
a minimum of 100 plants, greater than 3 cm in length,
were collected randomly each month. The material was
divided into three lots following examination under
a stereomicroscope: tetrasporophytes, female gameto-
phytes bearing cystocarps and non-fructified thalli. The
samples were rinsed in distillated freshwater to elimi-
nate salt and debris from the surface and dried to con-
stant weight at 60 °C. The dried seaweed was ground
in order to render the samples uniform.

With the objective to evaluate the potential of this
seaweed as source of copolymers of kappa and iota
carrageenan, with increasing importance in the food
industry (Falshaw et al., 2001; Van de Velde and De
Ruiter, 2002; Pereira and Mesquita, 2003), the selected
method was the alkali-extraction (which resembles the
industrial carrageenan extraction).

Phycocolloid extraction methods

Before extraction, the ground dry material was rehy-
drated and subsequently treated with a moisture of



methanol 100% and acetone 100% (V/V) to eliminate
the organosoluble fraction (Zinoun and Cosson, 1996).

For extraction of native carrageenan the sea-
weed samples were placed in bi-distillated water
(50 mL g~ '), pH 7 at 85°C for 3 h.

For alkaline-extraction (industrial method), the
samples were placed in a solution (150 mLg~!) of
NaOH (1 M) at 80°C for 3 h, according to Pereira
et al. (2003) and neutralised to pH 8 with HCI (0.3 M).

In both cases, the solutions were filtered hot, under
suction, twice, through cloth and glass fibre filter. The
extract was evaporated in a vacuum to one-third of the
initial volume. The carrageenans were precipitated by
adding the warm solution to twice its volume of ethanol
(96%). Coagula were dried in an oven for 48 h at 60 °C,
and then weighed to determine the carrageenan content
(% of dry weight).

Carrageenan analysis by FTIR and FT-Raman

Samples of ground, dried algal material were anal-
ysed by FTIR (Chopin and Whalen, 1993; Chopin
et al., 1999) and FT-Raman for determination of nat-
ural phycocolloids composition. The FTIR spectra of
ground dried seaweed, native and alkali-modified car-
rageenan, were recorded on an IFS 55 spectrome-
ter, using a Golden Gate single reflection diamond
ATR system. All spectra were the average of two
counts, with 128 scans each and a resolution of
2 cm™'. The room temperature FT-Raman spectra were
recorded on a RFS-100 Bruker FT-spectrometer using a
Nd:YAG laser with excitation wavelength of 1064 nm.
Each spectrum was the average of two repeated mea-
surements of 150 scans each and a resolution of
2cm™.

Carrageenan analysis by 'H and '> C-NMR

'"H-NMR spectra were made on a Bruker AMX600
spectrometer operating at 500.13 MHz at 65 C. Typi-
cally 64 scans were recorded with an interpulse delay of
5 s (T values for the resonance of the anomeric protons
of k- and (-carrageenan are shorter than 1.5 s). Sam-
ple preparation for the 'H-NMR experiments involved
dissolving the carrageenan sample (5 mg mL™') at
80°C in D, O containing 1 mM TSP (3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid sodium salt) and 20 mM
Na,;HPO4, followed by sonication for three periods of
1 hin a sonicator bath (Branson 2510). Chemical shifts
(8) are referred to internal TSP standard (6 = O ppm for
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'H) according to Knutsen and Grasdalen (1987). As-
signments of the 'H-NMR spectra were based on the
chemical shift data summarised by Van de Velde et al.
(2002a).

13C-NMR spectra of female gametophytes and non-
fructified thalli alkaline-extracted carrageenans were
recorded on a Varian Unity 500 spectrometer at 125.69
MHz. Samples (15/20 mg mL~") were dissolved in
D,0 and spectra recorded at 80 °C, 10.000 accumu-
lations, pulse 15 us, acquisition time 3 s and relax-
ation delay 5 s. '3C-NMR spectra of tetrasporic car-
rageenans were recorded on a Bruker AMX500 spec-
trometer operating at 125.76 MHz essentially as de-
scribed in literature (Van de Velde et al., 2002a, b).
The sample preparation was as follows: a solution of 5
mg mL~! carrageenan in H,O was prepared at 80°C.
This solution was sonicated for three periods of 30 min
in melting ice (Heat Systems XL 2020 sonicator, 12
mm tip, power 475 W, frequency 20 kHz); the solu-
tion was centrifuged at elevated temperature to remove
insoluble material. The sonicated material was dial-
ysed against phosphate buffer (20 mM Na,HPOy; 3
times 2 L), water (1 time 2 L) and lyophilised. The
material was dissolved at a concentration of 70-100
mg mL~! in D,O containing 20 mM Na,HPO, and
30 mM TSP. Chemical shifts (§) were referred to an
external TSP/DMSO standard (8pyso = 39.45 ppm for
13C) according to Usov et al. (1980). Assignments of
the '3C-NMR spectra were based on the chemical shift
data summarised by Van de Velde et al. (2002a).

Results
Physical-chemical data

Air and water temperatures, salinity and pH were taken
from June 2000 to August 2001 (Figures 1A and 1B).
The water temperature varied from 11.9°C (January
2001) to 22 °C (June 2001). The air temperature oscil-
lated between 10.2 °C (January 2001) and 23 °C (Au-
gust 2000 and June 2001). The salinity ranged from 26
to 34%o. The maximum pH value was 8.5 (June 2000)
and the minimum 7.6 (August 2000).

Plant size and biomass

The length measurements (Figure 1C) were made from
June 2000 to August 2001. The maximum average
thalli length was 7.74+0.4 cm (n = 100) and the
minimum 2.9 £ 0.2 cm (n = 100). The average biomass
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Figure 1. (A) Air and water temperature and (B) salinity and pH in Buarcos Bay. (C) Changes in thallus length (mean £ SE, n =100) and

biomass (mean =+ SE, n = 8) of C. teedei var. lusitanicus.

data (dry weight) are shown in Figure 1C. These
values varied between 110+1.9 g m~2 (n=8) and
5944 10.5 g m~2 (n = 8). The biomass and plant size
had low values in autumn and winter; a small increase
occurred in early spring (April 2001) and the great-
est values of these parameters were recorded in early
summer (June/July 2001).

Life history phase

The percentage of individuals of each generation is
represented in Figure 2. Non-fructified thalli were
dominant in all samples, its percentage changed from
439% (September 2001) to 82.5% (July 2001). Female
gametophytes were found in all samples, from 3%
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Figure 2. Structure of the population studied.

(November 2000) to 29% (September 2001). Thalli
with tetrasporocystes (fertile tetrasporophytes) were
also found in all samples, with a maximum percentage
of 32.5% (October 2001) and minimum of 4% (July
2001). As compared to fructified thalli, namely the fe-
male gametophytes bearing cystocarps, the tetrasporo-
phytes are, generally, more abundant.

Variation in dry weight and carrageenan content

Monthly carrageenan content (% dry weight) of female
gametophytes, tetrasporophytes and non-fructified
thalli are represented in Figure 3A. The maximum car-
rageenan content was found in a tetrasporophyte sam-
ple, with 58% dry mater in July 2001. The minimum
content was found in a non-fructified sample, with 23%
in February 2000.

The annual average of the content in carrageenan
was of 34.9+1.0% (n=15), with an average of
379+ 1.5% (n=15) in the female gametophytes,
354£2.1% (n=15) in the tetrasporophytes and
31.4 £4.4% in the non-fructified thalli.

Dry matter (Figure 3B), expressed as percentage
fresh weight, varied between 12.1 &+ 1.5% (n=3)
in November 2001 and 17.5 £ 0.8% (n=3) in
December 2000; overall phycocolloid content, ex-
pressed as percentage dry weight, was minimum
(26.4 £2.5%,n =3) in December 2001 and maximum
(43.6 £12.5%, n =3) in July 2001.

Monthly total carrageenan content and percentage
dry weight were negatively correlated (r = —0.5589)

throughout the year (Figure 3B). The phycocolloid
yield was low in autumn and winter; a small increase
occurred in early spring (April 2001); the greatest val-
ues of carrageenan content were registered in summer
(July 2001).

Carrageenan analysis by FTIR and FT-Raman

Figure 4 shows the FTIR and FT-Raman spectra of
ground seaweed samples (A, D), native carrageenan (B,
E) and alkali-extracted carrageenan (C, F) of C. teedei
var. lusitanicus female gametophytes. All spectra show
aband at 845 cm™!, which s assigned to D-galactose-4-
sulphate (G4S) and aband at 805 cm~!, which indicates
the presence of 3,6-anhydro-D-gactose-2-sulphate
(DA2S). The presence of a strong band a 930 cm™! in
the FTIR spectra, weak in FT-Raman spectra, indicates
the presence of 3,6-anhydo-D-galactose (DA) in all
samples (Chopin et al., 1999; Pereira et al., 2003). The
broad signal in FTIR, between 1210 and 1260 cm™!
was characteristic of sulphate esters in general (Chopin
et al., 1999). Additional peaks at 867 cm™! (Galac-
tose and D-galactose-6-sulfate = G/D6S), 825 cm™!
(Galactose and D-galactose-2-sulphate = G/D2S) and
820 cm~! (G/D6S), with little intensity, they corre-
spond to the presence of carrageenan precursors (mu
and nu) in the samples of ground seaweed (A) and na-
tive carrageenan (B) (Chopin etal., 1999). The presence
of bands at 825 and 867 cm ™!, corresponding to the ex-
istence of precursors, is more evident in the FT-Raman
spectra (D, E).
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Figure 3. (A) Monthly changes in carrageenan content of different life-stages of C. teedei var. lusitanicus. (B) Changes in dry weight and overall

carrageenan content (mean & SE, n =3).

Figure 5 shows the FTIR and FT-Raman spectra of
ground seaweed samples (A, D), native carrageenan
(B, E) and alkali-extracted carrageenan (C, F), from
the non-fructified thalli. These spectra are very similar
to the ones presented for female gametophytes, which
showed a strong absorbance at 1240 cm™! for sulphate
esters and three other bands at 805 cm™! (DA2S), at
845 cm~! (G4S) and 930 cm™! (DA). The ground sea-
weed (G) and native carrageenan (H) showed additional
peaks at 820 cm™! (G/D6S), 825 cm~! (G/D2S) and
867 cm™! (G/D6S), the last ones, more evident in the
FT-Raman spectra (D, E), corresponded to the precur-
sors.

The ratio between 805 and 845 cm™' absorption
bands in FTIR spectra was calculated (Correa-Diaz
et al.,, 1990) and used as a parameter to determine
the degree of the iota/kappa hybridisation (Figures 4

and 5). The ground seaweed and native carrageenan
presented a similar ratio 805/845, with values between
0.69 and 0.87 (Figures 4A, 4B, 5A and 5B). The in-
crement in the ratio 805/845 in the alkali-treated car-
rageenan (Figures 4C and 5C) corresponded to an in-
crement of the iota fraction relatively to kappa fraction.

The FTIR and FT-Raman spectra of tetrasporo-
phytes samples of C. teedei var. lusitanicus are shown
in Figure 6: ground samples (A and D), native car-
rageenan (B and E) and alkali-extracted carrageenan
(C and F). The infrared spectra of all samples showed
a strong absorbance at 1240 cm™' for sulphate esters
and a narrow peak between 825 and 830 cm™! (G/D2S).
In addition to these signals of larger intensity, appear in
all the FTIR spectra three shoulder peaks at 905 cm™!
(DA2S), 930 cm~! (DA) and 1070 cm™! (DA), related
to the presence of tetha-carrageenan.
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Figure 4. FTIR and FT-Raman spectra of ground seaweed samples (A, D), native carrageenan (B, E) and alkali-extracted carrageenan (C, F) of

C. teedei var. lusitanicus female gametophytes.

All Raman spectra (Figures 6D—6F) present strong
absorbance at 1070 cm~!, which corresponds to C-O
of 3,6-anhydrogalactose (DA), and three other close-
lying bands in the spectral region of 815-850 cm™!,
related with the high sulphate contents (Pereira et al.,
2003). The presence of 815 and 850 cm™! peaks
(Figures 6D—-6F) allows us to conclude that the main
constituent fraction is a ksi-carrageenan (Pereira et al.,
2003). The 825 cm~! and 905 cm™~! peak, present in

all Raman spectra (Figures 6D—6F), correspond to the
presence of tetha-carrageenan.

Carrageenan analysis by ' H- and '3 C-NMR
spectroscopy

The 'H-NMR spectra of native and alkali-modified car-
rageenans from C. teedei var. lusitanicus female ga-
metophytes and non-fructified thalli revealed, in the
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Figure 5. FTIR and FT-Raman spectra of ground seaweed samples (A, D), native carrageenan (B, E) and alkali-extracted carrageenan (C, F) of

C. teedei var. lusitanicus non-fructified thalli.

anomeric protons zone, two major signals at 5.11
ppm and 5.32 ppm (Figures 8c and 8d). These sig-
nals correspond to the anomeric protons of the 3,6-
anhydro-a-D-galactose (DA; kappa-carrageenan) and
the 2-sulphated 3,6-anhydro-«-D-galactose (DA2S;
iota-carrageenan), respectively. Minor components

detected in the spectra of the native carrageenans
(Figures 8a and 8b) gave a signal at 5.52 ppm and were
assigned to the anomeric proton of the «-D-galactose-
2,6-disulphate (D2S, 6S; nu-carrageenan) and 5.25,
assigned to the a-D-galactose-6-sulphate (D6S; mu-
carrageenan) (Ciancia et al., 1993; Stortz et al., 1994;
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Figure 6. FTIR and FT-Raman spectra of ground seaweed samples (A, D), native carrageenan (B, E) and alkali-extracted carrageenan (C, F) of

C. teedei var. lusitanicus tetrasporophytes.

Van de Velde et al., 2002a). In addition to the car-
rageenan signals, the spectrum of the alkaline-extracted
female gametophyte sample showed a minor signal
with a chemical shift of 5.37 ppm. This signal is as-

signed to floridean starch, which is a usual and natu-
ral contaminant of carrageenan samples (Knutsen and
Grasdalen, 1987; Van de Velde et al., 2002a, b). The
intensity of the above mentioned resonance is used to
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quantify the composition of the different carrageenans
(Table 1).

The '3C-NMR spectra of the alkaline-extracted
carrageenan (female gametophytes and non-fructified
thalli) present, in the anomeric region, three major
peaks (Figures 7a and 7b): 102.5 ppm, referring
to anomeric carbon of the B-D-galactose-4-sulphate
residues (G4S), common for the kappa- and iota-
carrageenans; 95.3 ppm, correspondent to anomeric
carbon of 3-6-anhydro-galactose (DA) of kappa-
carrageenan and 92.1 ppm relative to anomeric
carbon of anhydro-galactose-2-sulphate (DA2S) of
iota-carrageenan (Usov et al., 1980; Van de Velde et al.,
2002a).

The '*C spectrum of the native and alkaline-
extracted carrageenan of tetrasporophytes (Figures 7c—

7d) showed signals at 103.3 and 92.8 ppm, 100.4
and 95.7 ppm that could be assigned to the anomeric
carbons of ksi and tetha-carrageenan, respectively
(Falshaw and Furneaux, 1994, 1995).

Discussion

There were obvious regular patterns over the experi-
mental periods in most of the population parameters.
Average biomass and length of thalli generally show
a seasonal pattern, with high values in early summer
and low values in late summer, autumn and winter. An
exception was the decline in August 2000, which co-
incided with an abnormal period of high temperature
and low pH (dotted line in Figure 1).



Table 1. Composition of carrageenans based on NMR analysis.
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Carrageenan Kappa - « Tota -t Mu - p Nu-v Floridean
composition (%mol) (%mol) (%mol) (%mol) starch
C. teedei var.
lusitanicus
Female gametophytes
Native 52.7 37.5 4.6 52 -
Alkali-extracted 58.1 41.9 - - +
Non-fructified thalli
Native 47.2 458 0.7 6.3 +
Alkali-extracted 49.7 50.2 -
Ksi-& Tetha-6
(%mol) (%mol)
Tetrasporophytes
Native 67 33
Alkali-extracted 67 33
DA2S
D2S, 6S 1 D6S
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Figure 8. "H-NMR spectra of native (a, b) and alkali-extracted (c, d) carrageenans of C. teedei var. lusitanicus female gametophytes (a, ¢) and
non-fructified thalli (b, d). Letter codes refer to nomenclature of Knutsen et al. (1994).

In this population there was a predominance of n=17), as compared to fertilized female gameto-
non-fructified plants (average =69.4 £2.2%, n = 17). phytes (average=9.6+1.7%, n=17). This is sur-
In relation to the fructified thalli, tetrasporic prising because in other geographical regions where

plants were predominant (total average =21.0 £ 1.7%, Chondracanthus teedei populations have been studied,
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the situation has shown to be the reverse, i.e., the
tetrasporophyte appears as a very rare generation
(0.5-2%, in Brazil) (Braga 1985, 1990) or, apparently,
it does not exist, as is the case of French coast (Zinoun
et al., 1993). The presence of female gametophytes in
spring/summer and tetrasporophytes in autumn/winter
is related to the temperature and day length. In contrast
to the description of Braga (1990), the formation of
cystocarps is probably conditioned by high temperature
and long day length, an opposing correlation existing
in development of the tetrasporocysts.

The dry weight and carrageenan content in tetra-
sporophytes, female gametophytes and non-fructi-
fied plants of C. teedei var. lusitanicus (Figure 3B)
were slightly different. Cystocarpic plants had the high-
est yield, and non-fructified plants the lowest. Overall,
the spatial patterns were similar for each of the repro-
ductive phases. The maximum content in carrageenan
(see Figure 3A) was found in a tetrasporophyte sam-
ple (58% dry mater, July 2001) and the total average
carrageenan content in this species was 34.9 + 1.0%
(n = 15) dry matter. These values, although raised, are
below reports for samples harvested in Brazil (76%,
Saito and Oliveira, 1990) and France (70%, Zinoun,
1993; Zinoun et al., 1993a, b).

The factors responsible for seasonal patterns of phy-
cocolloid content in carrageenophytes include pho-
toperiod, life history phases, growth stage, air and water
physical-chemical parameters, nutrients, and, as they
are interrelated, their effects are difficult to separate
(Chopin, 1986; Bolton and Joska, 1993). However it is
possible that the low colloid content (see Figure 3A
and 3B) in December and the high colloid content
in July 2001 can be related to high and low nutrient
content of the water, respectively. Buarcos Bay is sub-
jected to a considerable seasonal variation in water nu-
trients due to the permanent discharges of the Mondego
River, which annually discharges 8.5 x 10 m® yr~!
of water, 120 tonnes of nitrogen and 15 tonnes of
phosphorus into the bay (Flindt et al., 1997). How-
ever, great variations in dissolved inorganic nitrogen,
with high values in the winter and low values in the
summer, are present in the discharged water (Flindt
et al., 1997; Martins et al., 2001). In effect, the inverse
correlation between carrageenan yields and nitrogen
concentration was demonstrated in the culture experi-
ments with the C. teedei (Zinoun, 1993; Zinoun et al.,
1993a).

Relative to the phycocolloid nature, our spectro-
scopic analysis showed that the two phases in the
life history of C. teedei var. lusitanicus seem to

present a variation similar to that existing in other
species of Chondracanthus genus (see Chopin et al.,
1999): the gametophyte stages produce carrageenans
of the kappa family (hybrid kappa/iota/mu/nu car-
rageenan), while the tetrasporophyte stages produce
carrageenans of the lambda family (hybrid ksi/tetha-
carrageenan). The alkaline-extracted carrageenan from
female gametophytes showed lower sulphate con-
tent and a decrease in a galactose to the benefit
of 3,6-anhydrogalactose. The presence of some 4-
linked galactose 6-sulphate in native samples was
converted to anhydro-galactose upon alkali-treatment,
in sequence of the precursors conversion in kappa
and iota carrageenan. Within the experimental error
of the '"H-NMR analysis the precursor units are sto-
iciometrically transformed to the gelling carrageenans
(Table 1).

The C. teedei var. lusitanicus non-fructified thalli
appeared to contain a similar phycocolloid to the
female gametophytes, on the basis that the FTIR,
FT-Raman, 'H- and '*C-NMR spectra of their car-
rageenans were identical. However, although both
thalli produced a kappa/iota/mu/nu hybrid carrageenan
(Table 1), the non-fructified thalli possessed identical
amounts of kappa and iota-fraction, while in female ga-
metophytes the kappa-fraction was slightly dominant
(in alkaline extraction).

Our results, in respect to the female gametophytes
and non-fructified thalli alkaline-extracted carrage-
nanas, are in accordance with those presented for
Zinoun (1993) and Zinoun et al. (1993b). However
these authors reported that C. feedei, which pro-
duced kappa/iota hybrid carrageenan, contains only
nu-carrageenan as the biological precursor in native
extract. The analysis of the FTIR, FT-Raman and Iy
NMR spectra allowed us to conclude that the na-
tive carrageenan presents both precursors: mu and
nu. Since the mu-carrageenan is only 4.6% mol (see
Table 1) and repeating units with a concentration above
5%mol shoed resonance above the noise within '3C
spectra, '3C-NMR will not give additional informa-
tion. Moreover, mu and nu-carrageenan show com-
parable chemical shifts within the anomeric region
(Van de Velde et al., 2002a). However, the studies
made by Zinoun (1993) and Zinoun et al. (1993b)
were based on *C-NMR spectra and, therefore, prob-
ably the presence of mu-carrageenan in the samples
of native carrageenan was not detectable. But, to con-
firm such hypothesis it would be necessary to ana-
lyze samples of C. teedei obtained from the French
coast.



The FTIR spectra of tetrasporic samples of C. teedei
show sharper peaks at 830 cm™', but little absorp-
tion at 820 cm~!, which indicates the presence of ksi
carrageenan (Figures 6A—6C). The presence of 815
and 850 cm~! peaks in FT-Raman spectra confirmed
the presence of the mentioned carrageenan (Pereira
and Mesquita, 2003). For beyond this main fraction,
the tetrasporic colloid presents tetha-carrageenan in
both native and alkaline-extracted samples. Despite
'H-NMR spectra not to be conclusive (results not
presented), the 3C-NMR spectra confirmed the pres-
ence of a hybrid ksi/tetha-carrageenan. Integration of
the anomeric carbon resonances revealed a ksi/tetha-
ratio of 68% mol ksi-carrageenan and 32% mol tetha-
carrageenan.

The presence of tetha carrageenan in native ex-
tracts has been found in other tetrasporic Chondracan-
thus and Gigartina species (see Chopin et al., 1999).
Tetha-carrageenan is also formed by alkaline treatment
of lambda-carrageenan (Falshaw and Furneaux, 1994;
Falshaw et al., 2003).

In respect to the methodology used in this study,
the Raman spectroscopy is considered a complemen-
tary technique of the IR spectroscopy by some au-
thors, presenting similar spectra to the ones of in-
frared. However, certain bands of weak intensity in
FTIR appear clear in FI-Raman, what increases the
information and allows the correct interpretation of
the vibrational spectra. In comparative studies of car-
rageenan types, the FTIR spectra provide enough in-
formation. However, FT-Raman allows an accurate
identification of diverse colloids, with particular ref-
erence to the variants of the lambda-family (Pereira
et al. 2003) and to the carrageenan precursors (mu
and nu). Important characteristic bands, such those
at 825 and 867 cm™!, necessary to the identification
of the precursors (mu and nu), are more easily ob-
served in the FT-Raman. Nevertheless, in the infrared
(Figures 4 and 5) the absorption of these bands is ex-
tremely weak. Discrimination between kappa and iota
carrageenan is based in the 805 cm™! peak, which has
a stronger signal in FT-Raman spectra than in FTIR
(Pereira et al., 2003). The FT-Raman spectra have an
815-900 cm™! band with additional information to dis-
tinguish the lambda-family carrageenan variants when
compared with FTIR spectra. The Raman spectra show
typical peaks at 815 and 859 cm™! for ksi-variant
(Pereira et al., 2003) and 825 cm™' for tetha-variant
(Figure 6). Relative to infrared spectra, laser Raman
spectroscopy provides, in certain bands, an improved
resolution.
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However, the FTIR and the FT-Raman are habitually
used in the qualitative determination of phycocolloids,
without quantification. For this purpose proton NMR
spectroscopy is the technique currently used (Van de
Velde et al., 2002a). This technique can be used, in
general, for two different purposes: for fast analysis
of small samples (only 5 mg of sample is necessary)
and for quantification of different carrageenan types.
Quantitative determination of the composition of dif-
ferent carrageenan repeating units is based on the in-
tensity of the resonance of the anomeric protons (Van
de Velde et al., 2002a). The resonance of kappa, iota,
nu, mu and lambda carrageenans are well resolved in
the anomeric region, however some overlap may occur
when ksi or tetha-carrageenan is present. In the case
of such overlaps, additional '>C-NMR spectroscopy is
necessary to identify the different carrageenan repeat-
ing units present.

In conclusion, the combination of readily available
biomass and colloid content of this seaweed makes it
a potentially important source of co-polymer of kappa
and iota-carrageenan, in addition to the traditionally
harvested Portuguese carrageenophytes (Santos and
Duarte, 1991; Pereira and Mesquita, 2003) Chondrus
crispus and Mastocarpus stellatus. However, collection
of seaweeds from the rocky shore has its limitations,
always contains the risk of over-collection and subse-
quent loss of the population. With respect to farming
C. teedei as a source of carrageenan, Zinoun (1993)
and Zinoun et al. (1993a) showed that it is possible
to manipulate the metabolism of this species in way to
produce high carrageenan yields. We think that the next
step will be to develop studies in order to introduce this
species in to aquaculture integrated systems, combin-
ing fish and seaweed aquaculture for water bioremedi-
ation in intensive fish farming.

Acknowledgements

The authors are grateful to Drs Paulo J.A. Ribeiro-
Claro (Department of Chemistry, University of Aveiro,
CICECO) and Ana M. Amado (Department of Chem-
istry, University of Coimbra ) for help in vibrational
spectroscopic analysis. We thank Dr Ir. Fred van de
Velde (NIZO food research B.V. and Wageningen Cen-
tre for Food Sciences, The Netherlands) for help in
NMR spectroscopy analysis and pertinent comments.
We thank especially Dr Alan T. Critchley (Degussa
Food Ingredients, Baupte, France) for critical reading
of the manuscript.



382

References

Ardré F (1970) Contribution a I’ étude des algues marines du Portugal.
1. La flore. Port. Acta Biol. (B) 10: 137-560.

Barbara I, Cremades J (1996) Seaweeds of the Ria de A Corufia (NW
Iberian Peninsula, Spain). Bot. Mar. 39: 371-388.

Bixler HJ (1996) Recent developments in manufacturing and mar-
keting carrageenan. Hydobiologia 326/327: 35-37.

Bixler HJ, Johndro K, Falshaw R (2001) Kappa-2 carrageenan: struc-
ture and performance of commercial extracts. II. Performance in
two simulated dairy applications. Food Hydrocoll. 15: 619-630.

Bolton JJ, Joska MAP (1993) Population studies on a South African
carrageenophyte: Iridaea capensis (Gigartinaceae, Rhodophyta).
Hydrobiologia 260/261: 191-195.

Braga MRA (1985) Taxonomia e biologia de Gigartina teedii (Roth)
Lamouroux (Rhodophyta, Gigartinales) no litoral do estado de
Sao Paulo. MSc. Thesis. Dep. de Botanica, Univ. Sdo Paulo, 161
pp-

Braga MRA (1990) Reproductive characteristics of Gigartina teedii
(Roth) Lamouroux (Rhodophyta, Gigartinales), a turf-forming
species: Field and laboratory culture studies. Bot. Mar. 33: 401—
409.

Chopin T (1986) The red alga Chondrus crispus Stackhouse (Irish
moss) and carrageenans — a review. Can. Tech. Fish. Aquat. Sci.
1514: 69 pp.

Chopin T, Whalen E (1993) A new and rapid method for carrageenan
identification by FTIR diffuse reflectance spectroscopy directly
on dried, ground algal material. Carbohydr. Res. 246 : 51-59.

Chopin T (1997) Marine biodiversity monitoring. Protocol for moni-
toring of seaweeds. Environment Canada, Ecological Monitoring
and Assessment Network, Ottawa, 40 pp.

Chopin T, Kerin BF, Mazerolle R (1999) Phycocolloid chem-
istry as a taxonomic indicator of phylogeny in Gigartinales,
Rhodophyceae: a review and current developments using Fourier
transform infrared diffuse reflectance spectroscopy. Phycol. Res.
47:167-188.

Ciancia M, Matulewicz MC, Finch P, Cerezo AS (1993) Determina-
tion of the structures os cystocarpic carrageenans from Gigartina
skottsbergii by methylation analysis and NMR spectroscopy. Car-
bohydr. Res. 238: 241-248.

Correa-Diaz F, Aguilar-Rosas R, Aguilar-Rosas LE (1990) In-
frared analysis of eleven carrageenophytes from Baja California,
Mexico. Hydrobiologia 204/205: 609-614.

Craigie JS (1990) Sulfated Galactans. In Cole KM, Sheath RG (eds),
Biology of the Red Algae. Cambridge U. P., Cambridge, pp.
226-236.

Falshaw R, Bixler HJ, Johndro K (2001) Structure and performance
of commercial kappa-2 carrageenan extracts. I. Structure analy-
sis. Food Hydrocoll. 15: 441-452.

Falshaw R, Bixler HJ, Johondro K (2003) Structure and performance
of commercial kappa-2 carrageenan extracts. III. Structure anal-
ysis and performance in two dairy applications of extracts from
the New Zealand red seaweed, Gigartina atropurpurea. Food
Hydrocoll. 17: 129-139.

Falshaw R, Furneaux RH (1994) Carrageenan from the tetrasporic
stage of Gigartina decipiens (Gigartinaceae, Rhodophyta). Car-
bohydr. Res. 252: 171-182.

Falshaw R, Furneaux RH (1995) Carrageenans from the tetrasporic
stages of Gigartina clavifera and Gigartina alveata (Gigarti-
naceae, Rhodophyta). Carbohydr. Res. 276: 155-165.

Flindt MR, Kamp-Nielsen L, Marques JC, Pardal MA, Bocci M,
Bendoricchio G, Salomonsen J, Nielsen SN, Jorgensen SC
(1997). Description of the three shallow estuaries: Mondego
River (Portugal), Roskilde Fjord (Denmark) and the Lagoon of
Venice (Italy). Ecol. Model. 102: 17-31.

Guiry MD (1984) Structure, life-history and hybridization of atlantic
Gigartina teedii (Rhodophyta) in culture. Br. Phycol. J. 19: 37—
55.

Hommersand MH, Guiry MD, Frederick S, Leister GL (1993) New
perspectives in the taxonomy of the Gigartinaceae (Gigartinales,
Rhodophyta). Hydrobiologia 260/261: 105-120.

Knutsen SH, Grasdalen H (1987) Characterization of water-
extractable polysaccharides from Norwegian Furcellaria lumbri-
calis (Huds) L. (Gigartinales, Rhodophyceae) by IR and NMR
spectroscopy. Bot. Mar. 30: 497-505.

Knutsen SH, Myslabodski DE, Larsen B, Usov AI (1994) A modified
system of nomenclature for red algal galactans. Bot. Mar. 37(2):
163-169.

Martins I, Pardal MA, Lillebo Al, Flindt MR, Marques JC (2001)
Hydrodynamics as a major factor controlling the occurrence of
green macroalgae blooms in a eutrophic estuary: A case study on
the influence of precipitation and river management. Estuarine
Coastal Shelf Sci. 52: 165-177.

Mikami H (1965) A systematic study of the Phyllophoraceae and Gi-
gartinaceae from Japan and its vicinity. Scient. Paps. Inst. Algol.
Res. Hokkaido Univ. 5: 181-185.

Orfanidis S (1993) Temperature responses and distribution of sev-
eral Mediterranean macroalgae belonging to different distribu-
tion groups. Bot. Mar. 36: 359-370.

PereiraL (1996) Aspectos da biologia, taxonomia e biotecnologia das
Gigartinaceae (Rhdodphyceae). MSc. Thesis equiv. Department
of Botany, FCTUC, Coimbra, pp. 128-129.

Pereira L, Mesquita JF (1994) Biology of red algae Gigartina teedii
(Roth) Lamour. var. lusitanica (Rodrigues): Ultrastructural and
ecophysiological aspects. Abstracts of 29th SPME-BC Reunion,
FCTUC, Coimbra, pp. 76.

Pereira L, Mesquita JF (2003) Carrageenophytes of occidental Por-
tuguese coast: 1 — spectroscopic analysis in eight carrageeno-
phytes from Buarcos bay. Biomol. Eng. 20 (4-6): 217-222.

PereiralL, Sousa A, Coelho H, Amado AM, Ribeiro-Claro PJA (2003)
Use of FTIR, FT-Raman and '3 C-NMR spectroscopy for identi-
fication of some seaweed phycocolloids. Biomol. Eng. 20 (4-6):
223-228.

Rodrigues JEM (1958) A new variety of Gigartina teedii (Roth)
Lamouroux. Bol. Soc. Brot. (2) 32: 91-94.

Saito RM, Oliveira EC (1990) Chemical screening of Brazilian ma-
rine algae producing carrageenans. Hydrobiologia 204/205: 585—
588.

Santos R, Duarte P (1991) Marine plant harvested in Portugal. J.
Appl. Phycol. 3: 11-18.

Silva PC, Basson PW, Moe RL (1996) Catalogue of the Benthic
Marine Algae of the Indian Ocean. University of California Pub-
lications, Berkeley, Vol. 79 pp. 1-1259.

Stortz CA, Bacon BE, Cherniak R, Cerezo AS (1994) High field
NMR spectroscopy of cystocarpic and tetrasporic carrageenans
from Iridaea undulosa. Carbohydr. Res. 261: 317-326.

Ugadim Y (1975) Algas marinhas bent6nicas do litoral sul do es-
tado de Sdo Paulo e do litoral do estado do Parand. III. divisdo
Rhodophyta (2): Cryptonemiales, Gigartinales e Rhodymeniales.
Bolm. Botinica, Univ. S. Paulo 3: 115-163.



Usov Al, Yarotsky SV, Shashkov A (1980) '3C NMR spectroscopy
of red algal galactans. Biopolymers 19: 977-990.

Van de Velde F, De Ruiter GA (2002) Carrageenan. In Steinbiichel
A, De Baets S, Van Damme EJ (eds), Biopolymers Vol. 6:
Polysaccharides II: Polysaccharides from Eukaryotes. Wiley-
VCH, Weinheim, pp. 245-274.

Van de Velde F, Knutsen SH, Usov Al, Rollema HS, Cerezo AS
(2002a) 'H and '3C high resolution NMR spectroscopy of car-
rageenans: application in research and industry. Trends Food Sci.
Technol. 13: 73-92.

Van de Velde F, Rollema HS, Grinberg NV, Burova TV, Grinberg
VY, Tromp RH (2002b) Coil-helix transition of iota-carrageenan
as a function of chain regularity. Biopolymers 65: 299-
312.

Van de Velde F, Peppelman HA, Rollema HS, Tromp RH (2001) On
the structure of kappa/iota-hybrid carrageenans. Carbohydr. Res.
331:271-283.

383

Zinoun M (1993) Etudes biochimiques des polysaccharides parietaux
produits par deux Gigartinales (Rhodophycées) des c * tes de la
Manche, in situ et en cultures controlées: Calliblepharis jubata
et Gigartina teedii. Doctoral Thesis. Univ. Techn. Compiegne,
219 pp.

Zinoun M, Cosson J, Deslandes E (1993a) Influence of culture con-
ditions on growth physicochemical properties of carrageenans in
Gigartina teedii (Rhodophyceae — Gigartinales). Bot. Mar. 36:
131-136.

Zinoun M, Cosson J, Deslandes E (1993b) Physicochemical char-
acterization of water extractale polysaccharides from Gigartina
teedii (Roth) Lamouroux (Gigartinales — Rhodophyceae). J.
Appl. Phycol. 5: 23-28.

Zinoun M, Cosson J (1996) Seasonal variation in growth and
carrageenan content of Calliblepharis jubata (Rhodophyceae,
Gigartinales) from the Normandy coast, France. J. Appl. Phycol.
8:29-34.



