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a b s t r a c t

Eight carrageenophytes from the Centre and North coast of Portugal, representing seven genera and three
families of Gigartinales, were studied in 15 different coastal stations in a geographic study, from Baleal
(Peniche), in the central zone, to Moledo, in the northern zone.

In order to characterize the different carrageenan types, 1H NMR spectroscopy was used to identify and
quantify the different carrageenan fractions in the extracted phycocolloids (both water and alkali extrac-
tions). Thereby, detailed information concerning the properties and structure of these polysaccharides
at molecular level was revealed.

Based on the results of the analysis of the carrageenan types, the following conclusions were made:
female gametophytes and non-fertile thalli of Chondrus crispus, Mastocarpus stellatus, Chondracanthus
eaweed
ortugal
arrageenan
H NMR

teedei var. lusitanicus, Gigartina pistillata, Chondracanthus acicularis and Gymnogongrus crenulatus, pre-
sented a varying degrees of kappa–iota hybrid carrageenan (co-polymers of kappa–iota carrageenan).
The kappa/iota ratio ranged from 0 to 2.2. The carrageenans extracted from Ahnfeltiopsis devoniensis
were mainly iota-carrageenan, but some geographic variations in the composition of carrageenans were
found. Calliblepharis jubata contained carrageenans of iota-type in all reproductive stages. Lambda-family

in te
ta), C
carrageenans were found
lusitanicus (hybrid xi–the

. Introduction

The coast of mainland Portugal is approximately 830 km long,
ith rocky regions separated by sandy beaches, which are often

arge in size. Most of the beaches are very exposed (after Lewis,
964) and intertidal algae are mainly found closest to the low
ide level (Múrias, 1994). With regard to seaweed biogeography,
ortugal is situated in the warm temperate Mediterranean-Atlantic
egion: continental Portugal falls in the Lusitania Province.

Today, the main references on Portuguese algae are the publica-
ions of Palminha (1951, 1971), Santos and Duarte (1991) and Melo
1998), which are mainly concerned with the agarophytes Gelid-
um corneum (formerly G. sesquipedale) and Pterocladiella capillacea
formerly Pterocladia capillacea) which are commercially harvested

or the agar industry. Ardré (1970, 1971), studied the Portuguese
lgal flora of the mainland and Araújo et al. (2009), updated the
enthic marine macroalgal checklist of the north coast of Portugal.

∗ Corresponding author. Tel.: +351 239855241; fax: +351 23985511.
E-mail address: leonel@bot.uc.pt (L. Pereira).
URLs: http://macoi.ci.uc.pt/ (L. Pereira), http://www.nizo.com (F. van de Velde).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.12.036
trasporophytes of C. cripus (lambda), M. stellatus (lambda), C. teedei var.
. acicularis (hybrid xi–theta) and G. pistillata (hybrid xi–lambda).

© 2010 Elsevier Ltd. All rights reserved.

The centre/northern shores are dominated by seaweed species
such as Himanthalia elongata, Gelidium corneum, Bifurcaria bifur-
cata, Chondrus crispus, Mastocarpus stellatus, Calliblepharis jubata,
Gigartina pistillata, Chondracanthus acicularis, Osmundea pinnatifida,
Gelidium pulchellum and Pterosiphonia complanata (Ardré, 1970;
Pereira, Amado, Critchley, van de Velde, & Ribeiro-Claro, 2009;
Sousa-Pinto & Araújo, 2006), many of these are carrageenophyte
species.

Many seaweeds produce hydrocolloids, associated with the
cell wall and intercellular spaces. Members of the red algae
(Rhodophyta) produce galactans (e.g. carrageenans and agars) and
the brown algae (Phaeophyceae) produce uronates (alginates). Car-
rageenans represent one of the major texturising ingredients used
by the food industry. Carrageenans are natural ingredients, which
have been used for decades in food applications and are generally
regarded as safe (GRAS). Agar was the first colloid to be developed
and it has applications as a gelling agent for food and also as an
inert support medium for microbial culture. This polysaccharide is

the dried hydrophilic, colloidal substance extracted commercially
from certain red seaweeds.

The phycocolloid “carrageenan”, as it was first called, was dis-
covered by the British pharmacist Stanford in 1862 who extracted
it from Irish Moss (Chondrus crispus). The name was later changed

dx.doi.org/10.1016/j.carbpol.2010.12.036
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:leonel@bot.uc.pt
dx.doi.org/10.1016/j.carbpol.2010.12.036
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were dried, in a ventilated oven, to constant weight at 60 ◦C, accord-
Fig. 1. Map of the sampling localities, marked with numbers (see Table 1).

o carrageenan so as to comply with the ‘-an’ suffix for the names
f polysaccharides. The modern carrageenan industry dates from
he 1940s, receiving its impetus from the dairy industry where car-
ageenan was found to be the ideal stabilizer for the suspension of
ocoa in chocolate milk. Next to dairy products, carrageenans are
idely used in ice cream, paints, water gels, pharmaceuticals, and

il well drilling.
Commercial carrageenans are normally divided into three struc-

ural types: i.e. kappa, iota and lambda forms. The idealized
isaccharide repeating units of these carrageenans are given in
igs. 1 and 2. Generally, seaweeds do not produce these idealized
nd pure carrageenans, but rather a range of hybrid structures. Sev-
ral other carrageenan repeating units exist: e.g. xi, theta, beta, mu
nd nu (see Fig. 2). The precursors (mu and nu), when exposed to
lkali conditions, are modified into kappa and iota, respectively,
hrough formation of the 3,6-anhydro-galactose bridge (Rudolph,
000).

Different types of carrageenan are obtained from different
pecies of the Gigartinales (Rhodophyta). Kappa-carrageenan is
redominantly obtained by extraction from the cultivated, tropical
eaweed Kappaphycus alvarezii (known in the trade as “cot-
onii). Eucheuma denticulatum (trade name “spinosum”) is the

ain species for the production of iota-carrageenan. Lambda-
arrageenan is obtained from different species from the genera
igartina and Chondrus (trade name “Irish Moss”) (van de Velde & de
uiter, 2002). Other related lambda-type carrageenans include xi
nd theta-carrageenan (Pereira & Mesquita, 2003). Small amounts
f theta-carrageenan have been found in extracts of tetrasporic
igartina and Chondracanthus species. Theta-carrageenan is also

ormed by alkaline treatment of lambda-carrageenan (Falshaw,
ixler, & Johndro, 2003).
Kappa and iota hybrid carrageenans and their biochemical
recursors are found in the gametophytic life phase of various
pecies in the family Gigartinaceae (Rhodophyta). Co-polymers of
appa and iota carrageenan are referred to as “k-2” carrageenan,
te Polymers 84 (2011) 614–623 615

“kappa/iota-hybrids” or “weak-gelling” kappa by the seaweed pro-
cessing industry and all produce gels under certain conditions
(Falshaw et al., 2003; van de Velde, Peppelman, Rollema, & Tromp,
2001; van de Velde et al., 2005). The rheological properties of the
gelling carrageenans (e.g. kappa and iota) are quite distinct: the
kappa-type forms gels that are hard, strong and brittle, whereas
iota-carrageenan forms soft and weak gels. The common feature of
these carrageenans is the anhydro-galactose bridge of the 4-linked
galactose residue, respectively DA and DA2S, which adopts the 1C4-
chair conformation. This conformation is crucial for the formation
of the helical structure and, thereby, for the ability to form a gel.
Lambda-carrageenan and the precursors mu- and nu-carrageenan
lack the 3,6-anhydro bridge and, therefore, the 4-linked residue
adopts the 4C1-chair conformation, which disturbs the helical con-
formation. Thus, lambda-carrageenan acts simply as a thickening
agent.

The aim of the current study was twofold. Firstly, to analyze
the composition of the polysaccharides produced by Portuguese
carrageenophytes, through resonance spectroscopy techniques.1H
NMR spectroscopy is used for the quantitative analysis of the dif-
ferent repeating units of the hybrid carrageenans, extracted from
the studied algae. 1H NMR allows for the identification and quan-
tification of different carrageenan types based on the intensity
and the chemical shift of the resonances of the anomeric pro-
tons (van de Velde, Knutsen, Usov, Rollema, & Cerezo, 2002).
The second objective of the study was to analyze the geographic
distribution of Portuguese carrageenophytes and their phyco-
colloid ecology (life-cycle phases, dry weight and carrageenan
content).

2. Materials and methods

2.1. Algal material

All seaweed studied belonging to the Gigartinales were widely
distributed along the Portuguese coast. In this study eight differ-
ent species, belonging to seven genera and three families, were
studied: Chondrus crispus Stackhouse (Gigartinaceae); Gigartina pis-
tillata (S.G. Gmelin) Stackhouse (Gigartinaceae); Chondracanthus
teedei (Mertens ex Roth) Kützing and Gigartina teedei var. lusitanicus
(J.E. De Mesquita Rodrigues) Bárbara & Cremades (Gigartinaceae);
Chondracanthus acicularis (Roth) Fredericq (Gigartinaceae); Masto-
carpus stellatus (Stackhouse) Guiry (Phyllophoraceae); Ahnfeltiopsis
devoniensis (Greville) P.C. Silva & DeCew (Phyllophoraceae);
Gymnogongrus crenulatus (Turner) J. Agardh (Phyllophoraceae);
Calliblepharis jubata (Goodenough & Woodward) Kützing (Cysto-
cloniaceae).

In order to analyze the geographical distribution of the car-
rageenophytes and the variation of their carrageenan content,
harvests were made during the summer of 2003, at 15 locations,
from the south to the north of the portuguese coast (see Fig. 1 and
Tables 1 and 2).

2.2. Dry weight and carrageenan content

For dry weight and carrageenan evalution, 100 individuals
plants of more than 3 cm length, of each species, were collected ran-
domly at each site. In the laboratory, carrageenophytes were sorted
into their different life-cycle phases, using a stereomicroscope, and
then rinsed in distilled water to eliminate debris and salt. The plants
ing to the process described by Pereira, Sousa, Coelho, Amado, and
Ribeiro-Claro (2003) and Pereira and Mesquita (2004). The results
were presented as average ± standard error (with n = number of
samples used in study).
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Prior to phycocolloid extraction, the ground, dry material was
ehydrated and pre-treated with 100% methanol and 100% ace-
one (1:1) to eliminate the organ-soluble fraction (Zinoun & Cosson,
996).
For extraction of the “native” phycocolloid, the samples were
laced in distilled water (50 mL/g), pH 7 at 85 ◦C for 3 h. For an
lkaline-extraction (closely resembling the industrial extraction),
he samples were placed in a solution (150 mL/g) of NaOH (1 M)
t 80/85 ◦C for 3/4 h, and neutralized to pH 6/8 with HCl (0.3 M),
ain carrageenan types.

according to the method described by Pereira (2006) and Pereira,
Critchley, Amado, and Ribeiro-Claro, (2009).

The solutions were hot filtered, twice, under vacuum, through
cloth and fibreglass filter. The extract was evaporated under

vacuum to one-third of the initial volume. The carrageenan
was precipitated by adding the warm solution to twice its vol-
ume of 96% ethanol. Coagula were dried for 48 h at 60 ◦C,
and then weighed to determine the carrageenan content (%
of dry weight) (Pereira & Mesquita, 2004). Each sample was
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Table 1
Geographic distribution of the carrageenophytes.

Sampling
sites

Carrageenophyte
→ Coordinates

Chondrus
crispus

Gigartina
pistillata

Chondracanthus
teedei

Chondrus
acicularis

Mastocarpus
stellatus

Ahnfeltiopsis
devoniensis

Gymnogongrus
crenulatus

Calliblepharis
jubata

1 – Baleal 39◦22′21.61′′N; 9◦20′27.18′′W � � � � � (1)
2 – S. M. Porto 39◦31′15.00′′N; 9◦ 8′27.37′′W � (1) � � � � (1)
3 – S. P. Moel 39◦45′44.63′′N; 9◦ 1′58.13′′W � � � �

4 – Buarcos 40◦10′6.99′′N; 8◦53′19.56′′W � � � (2) � � � � �

5 – Aguda 41◦ 2′37.03′′N; 8◦39′6.70′′W � � � (2) � (1) � � (1) � �

6 – Miramar 41◦ 4′6.66′′N; 8◦39′30.39′′W � � (1,2) � � � �

7 – Lavadores 41◦ 7′18.35′′N; 8◦40′5.11′′W � � (2) � � (1)
8 – Valadares 41◦ 7′48.83′′N; 8◦40′10.24′′W � � � (2) � � � �

9 – A-Ver-o-Mar 41◦24′16.73′′N; 8◦46′50.59′′W � � � (2) � � �

10 – Aguçadoura 41◦25′58.82′′N; 8◦47′5.34′′W � � � (2) � � � �

11 – Apúlia 41◦29′12.42′′N; 8◦46′55.46′′W � � � (2) � � �

12 – Praia Norte 41◦41′48.38′′N; 8◦51′6.24′′W � � � (2) � � � �

13 – Afife 41◦46′56.99′′N; 8◦52′20.63′′W � � � � �

2)
2)

(

e
t

2

e
t

T
C

T
u
p
c
i

14 – Vila P. Âncora 41◦49′38.71′′N; 8◦52′26.61′′W � � � (
15 – Moledo 41◦50′40.32′′N; 8◦52′15.25′′W � � (

1) Present, but insufficient for sampling; (2) C. teedei var. lusitanicus.

xtracted in quadruplicate for carrageenan yield determina-
ions.
.3. NMR analysis

1H NMR spectra were taken on a Bruker DRX500 spectrom-
ter operating at 500.13 MHz at 65 ◦C. Typically 64 scans were
aken with an inter-pulse delay of 5 s (T1 values for the reso-

able 2
arrageenan composition determined by 1H NMR spectroscopy.

Composition of carrageenan repeating u

Kappa Iota Mu

Carrageenophyte and extraction method (mol%) (mol%) (mol%)

Ahnfeltiopsis devoniensis G
Alkaline 17–35 65–83 –
Caliblepharis jubata FG
Alkaline – 80 –
Caliblepharis jubata NF
Alkaline 0–2 89–100 –
Caliblepharis jubata T
Alkaline 2 80 –
Chondracanthus acicularis FG
Water 59 34 –
Alkaline 60 35 –
Chondracanthus acicularis T
Alkaline 23 – –
Chondracanthus teedei FG
Water 53 37 5
Alkaline 58 42 –
Chondracanthus teedei NF
Water 47–51 39–46 0–2
Alkaline 49–51 49–51 –
Chondracanthus teedei T
Water – – –
Alkaline – – –
Chondrus crispus FG
Alkaline 70 28 –
Chondus crispus T
Alkaline – – –
Gigartina pistillata FG
Alkaline 35–49 45–54 –
Gymnogongrus crenulatus TB
Alkaline 60–64 29–32 2–4
Mastocarpus stellatus G
Alkaline 62 36 –

– tetrasporophytes; FG – female gametophytes; G – gametophytes; NF – non-fructified
nits: defined as the integrated intensity of the corresponding anomeric proton/sum of
yruvated carrageenan). Ranges indicate that for a specific species several samples wer
arrageenan signal at 5.49 ppm/sum of the integrated intensities of all assigned carrag
ntegrated intensity between 5.0 and 5.7 ppm.
� � � � (1)
� � �

nance of the anomeric protons of kappa- and iota-carrageenan are
shorter than 1.5 s). Sample preparation for the 1H NMR experiments
involved dissolving the carrageenan sample (5 mg/mL) at 80 ◦C in

D2O containing 1 mM TSP (3-(trimethylsilyl) propionic-2,2,3,3-d4
acid sodium salt) and 20 mM Na2HPO4, followed by three sonica-
tion, one hour periods (Branson 2510). Aliquots of the sonicated
solutions were transferred to NMR tubes and analyzed, according
to Pereira, van de Velde and Mesquita (2007). Chemical shifts (ı)

nitsa

Nu Lambda Theta Xi Pyruvate Starch

(mol%) (mol%) (mol%) (mol%) (mol%)b (%)c

– – – – – –

20 – – – – –

0–9 – – – – 23–25

20 – – – – –

– – – – 7 –
– – – – 5 7

– – 31 45 – –

5 – – – – –
– – – – – 5

7–9 – – – – 0–3
– – – – – –

– – 33 67 – –
– – 33 67 – –

– – – – – 2–6

– 96–100 – – – 0–4

– – – – 6–11 –

- - - - 5–7 5–13

– – – – 2 7

thalli; TB – tetrasporoblastic thalli. (a) Molar fraction of the carrageenan repeating
the integrated intensities of all assigned carrageenan anomeric protons (including
e analyzed with 1H NMR spectroscopy. (b) Integrated intensity of the pyruvated
eenan anomeric protons. (c) Integrated intensity of the signal at 5.35 ppm/total
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C. acicularis G. crenulatus C. crispus A.
devoni

Fig. 3. Dry weight (% fresh weight) and carrageenan

ere referred to internal TSP standard (ı = 0.017 ppm) relative to
he IUPAC recommended standard DSS for 1H. Assignment of the
H NMR spectra as based on the chemical shift data summarized
y van de Velde and de Ruiter (2002) and van de Velde, Pereira, and
ollema (2004).

.4. Size-exclusion chromatography–multiangle laser light
cattering (SEC–MALLS) analysis

Size-exclusion chromatography was performed at a constant
ow rate of 1 mL min−1 using TSK-gel 6000PW and TSK-gel
000PW columns (Phenomenex) in series with a TSK guard col-
mn (Phenomenex). Detection was done simultaneously with a RI
refractive index) detector (ERC 7510 RI; Erma Optical Works Ltd.),
n optical rotation detector (OR-1590 chiral detector; Jasco), and
multi-angle laser light scattering detector (Dawn DSP-F; Wyatt

echnology Corp.). Data analysis was performed using ASTRA for
indows software (Wyatt Technology Corp.). The columns were

ontrolled thermostatically in a column oven (Waters chromatog-
aphy). A programmable HPLC pump (LC-10AT; Shimadzu) with
n in-line degassing unit (X-Act; Jour Research) was used. An
uto-sampler (Dilutor 401; Gilson) coupled to a waterbath (F3;
aake) was used for injection of the samples. Analysis of the car-

ageenans in the coil conformation was performed with a 0.1 M
iNO3 solution as eluent and a system temperature of 45 ◦C. Sam-
les were prepared by adding MilliQ water (5 mL) to carrageenan
10 mg). After storage overnight at 4 ◦C, the samples were heated
o 80 ◦C for 30 min. Before analysis the samples were diluted
ith a concentrated LiNO3 solution to the concentration of the

luent.

.5. Inductively coupled plasma-atomic emission spectrometry
ICP-AES) analysis

The cation composition of the crude and purified samples was
etermined by inductively coupled plasma-atomic emission spec-
rometry (ICP-AES analysis). Carrageenan (25 mg) was incinerated

nd subsequently dissolved in sulfuric acid (1 mL; 65% wt/wt). After
ilution with double-distilled water (9 mL), the samples were ana-

yzed using a Vista CCD simultaneous axial ICP-AES from Varian.
alibration was done with a multi-element solution containing Ca,
, Mg and Na.
C. jubata G. pistillata M. stellatus C. teedei

ent (% dry weight). Average standard error (n = 15).

3. Results and discussion

3.1. Carrageenophytes distribution and lifecycle phase

The carrageenophytes species selected occur commonly at the
central and northern coast of Portugal and some are even the
dominant species of the algal flora in middle littoral zone. The
geographical distribution is given in Table 1 and shown in Fig. 1.
Regarding the distribution, C. crispus and M. stellatus were found to
be widely distributed, being present at 13 of a total of 15 sites ana-
lyzed. C. teedei (12 sites) and G. pistillata (11 sites) also had a wide
distribution. G. crenulatus, despite having a low coverage (Pereira,
2004), was the only carrageenophyte found to occur at all of the
sites.

C. acicularis, was found to have a large coverage and is consid-
ered a common species in the Portuguese algal flora, forming dense
turfs (Ardré, 1970; Sousa-Pinto, 1998); however, was only present
in 6 collecting sites. One possible explanation for this observation
may be related to the reduced coverage of the alga over summer
(Pereira, 2004).

The average dry weight and carrageenan content of species col-
lected from the different harvesting locations are shown in Fig. 3.
The average dry weight, expressed as percentage of fresh weight,
was the lowest (12.5%) in samples of C. jubata and greatest (28.1%) in
samples of M. stellatus. The average carrageenan content, expressed
as percentage of dry weight, was lowest (7.4%) in samples of A.
devoniensis and greatest (42.3%) in samples of C. acicularis. The
population structure at the different sampling sites is given in the
Figs. 4–8 for C. crispus, G. pistillata, C. teedei, M. stellatus and C. Jubata
respectively.

In general, female gametophytes were found to be present
at coastal stations of warmer waters (situated in south sites);
the tetrasporic thalli were present mainly at the coastal sites
with cooler water, e.g. located in the north (see Table 1,
Figs. 1, 4, 5, 6, 7 and 8). An example of this pattern can be found by
examining the results concerning the structure of populations of
C. crispus from the different coastal sites (Fig. 4). Thus, cystocarpic
thalli were present (and predominantly in some sites) especially

at the coastal sites located at south direction, e.g. Miramar, Buar-
cos, and S.M. Porto, while the tetrasporic thalli were present in
samples collected at sites further north, e.g. Lavadores, Valadares,
A-Ver-o-Mar, Apúlia, Aguçadoura, Praia Norte, Afife, V.P. Âncora
and Moledo. A similar situation was found in populations of G. pis-
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Fig. 4. Population structure of

illata (Fig. 5) and C. teedei var. lusitanicus (Fig. 6), where there was a
redominance of non-fructified thalli at cold water sites, e.g. from
avadores to Moledo; female gametophytes were present at the
armer waters sites, especially at locations south of Buarcos. In

ome sites (e.g. Buarcos, A-Ver-o-Mar and Praia Norte) plants of
. pistillata exhibiting both tetrasporangial sori and cystocarps, i.e.

etraspores and carpospores (heterosporic thalli), were found (see
ig. 5) (Pereira, 2004).

C. crispus and M. stellatus were the carrageenophytes with
ighest cover and biomass (see Fig. 3), with a wide geographic dis-
ribution, being present at 13 of the 15 sites analyzed (Table 1).
. crenulatus was the only study carrageenophyte of those studied
hat was present at all sites (Table 3). However the alga had low
overage, biomass and carrageenan content (see Fig. 3). From all
f the carrageenophytes studied, the A. devoniensis had the lowest
arrageenan content, lowest cover and biomass (Fig. 3).

Fig. 5. Population structure of G. pisti
pus in different sampling sites.

C. teedei is an alga with isomorphic, tri-phasic life-cycle (Guiry,
West, Kim & Masuda, 1984; Pereira and Mesquita, 2004). Its
tetrasporic thalli were present in all of the sites sampled (see Fig. 6).
Samples of C. teedei were dominant from Aguda, Lavadores, Val-
adares, A-Ver-o-Mar, Aguçadoura, Apúlia, Praia Norte and V.P. de
Âncora and ranged from 8.9% (Buarcos) to 100.0% (V.P. de Âncora).
Female gametophytes were present in all samples except in V.P. de
Âncora, with a minimum of 7.5% (Praia Norte) and a maximum of
43.6% (Buarcos). Non-fructified thalli were present, as the female
gametophytes, in all samples except in V.P. de Âncora, with a max-
imum of 47.5% at Buarcos and a minimum of 9.8% at Lavadores. The
weight of plants ranged from 10.5 ± 0.8% (n = 3) in Lavadores and

22.0 ± 0.9% (n = 3) in Apúlia. The maximum carrageenan content
was found in tetrasporic thalli from Aguda, at 68.0%; the non-
fructified fronds from Valadares and female gametophytes from
Lavadores had the lowest at 10.0%.

llata in different sampling sites.
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In conclusion, the combination of greater coverage, biomass
nd colloid content of C. teedei makes it a potential commercial
ource of the kappa/iota-carrageenan co-polymer, in addition to
he traditionally carrageenophytes harvested in northern Portugal
C. crispus and M. stellatus) (Sousa-Pinto & Araújo, 2006). Of
he other algae studied, G. pistillata and C. acicularis, also had
igh carrageenan content, and could be considered as sources of
o-polymers, both kappa/iota and lambda/theta/xi-carrageenans
Pereira, Critchley, et al., 2009).

.2. Carrageenan composition

A summary of the carrageenan composition (determined by

H NMR spectroscopy) obtained from different Portuguese car-
ageenophyte studied is presented in Table 2. 1H NMR spectra
region of the anomeric protons) of selected carrageenans, rep-
esenting the major carrageenan repeating units, are given in
ig. 9. Signals at 5.29 and 5.09 ppm corresponded to the anomeric
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Fig. 7. Population structure of M. stell
dei in different sampling sites.

proton of iota-carrageenan (DA2S) and kappa-carrageenan (DA),
respectively. The presence of the nu (D2S, 6S) and mu-
carrageenan (D6S) precursors was identified by the signals at
5.50 and 5.24 ppm, respectively. The anomeric protons from the
lambda-carrageenan family appeared at 5.55, 5.49 and 5.30 ppm,
for lambda (D2S, 6S), xi (D2S) and theta-carrageenan (DA2S)
respectively. Finally, pyruvate modifications were recognised as
5.49 ppm and the presence of floridean starch was indicated at
5.35 ppm.

1H NMR spectra of alkali extracted carrageenans from the game-
tophytes of A. devoniensis, in the region of anomeric protons,
showed two main signals at 5.29 and 5.09 ppm. These signals
corresponded to the anomeric proton of iota (DA2S) and kappa-

carrageenan (DA), respectively. A minor component detected in the
spectrum revelled in a weak signal at 5.50 ppm which corresponded
to the presence of nu-carrageenan (D2S, 6S). The intensities of the
resonances above were used to quantify each component in the
carrageenan extracted from A. devoniensis (Table 2).

le Gametophytes Non-Fructified Thalli

atus in different sampling sites.



L. Pereira, F. van de Velde / Carbohydrate Polymers 84 (2011) 614–623 621

C. jub

n
5

e
5
a
(
(
i
C
5

p
i
a
r
s
p
p

T
M

T

Fig. 8. Population structure of

All spectra of C. jubata carrageenan showed three main sig-
als: 5.50 ppm (nu-carrageenan), 5.29 ppm (iota-carrageenan) and
.09 ppm (kappa-carrageenan) (Table 2).

The spectrum of C. acicularis (female gametophytes) alkali-
xtracted carrageenan presented two prominent signals at
.29 ppm (iota-carrageenan) and 5.09 ppm (kappa-carrageenan),
nd two weaker signals to 5.49 ppm (pyruvate) and 5.35 ppm
floridean starch). The water-extracted carrageenan spectrum
from female gametophytes) showed the same signals, only miss-
ng the 5.35 ppm peak referring to floridean starch. The spectrum of
. acicularis (tetrasporophytes) displayed signals at 5.49 ppm (xi),
.30 ppm (theta) and 5.09 ppm (kappa).

C. teedei var. lusitanicus (non-fructified and female gameto-
hyte thalli) carrageenan spectra showed two prominent signals:

.e. 5.29 ppm and 5.09 ppm. These signals corresponded to the

nomeric proton of iota (DA2S) and kappa-carrageenan (DA),
espectively. The minor component detected in the spectra,
howed a slight rise at 5.35 ppm, corresponded to anomeric
rotons of floridean starch, a natural contaminant of some sam-
les of carrageenan. Other minor components found in the

able 3
olecular weight and cationic composition of the extracted carrageenans.

Carrageenophyte and extraction method Molecular w

Solid extract

Ahnfeltiopsis devoniensis G alkaline 1020
Chondracanthus acicularis FG water 396
Alkaline 403
C. acicularis T water 725
Chondrus crispus NF water 440
Alkaline 827
C. crispus FG water
Alkaline
C. crispus T water
Chondracanthus teedei var. lusitanicus FG water (by autoclaving) 43
Water
C. teedei var. lusitanicus NF water 542
Alkaline 1148
C. teedei var. lusitanicus T water
Alkaline
Gigartina pistillata T water 519
Gymnogongrus crenulatus TB alkaline
Mastocarpus stellatus G water 491

– tetrasporophytes; FG – female gametophytes; G – gametophytes; NF – non-fructified
ata in different sampling sites.

native carrageenan spectra produced signals at 5.50 ppm (i.e.
mu-carrageenan) and 5.24 ppm (i.e. nu-carrageenan), and corre-
sponded to biological precursors of iota- and kappa-carrageenan,
respectively. 1H NMR spectra showed signals at 5.49 ppm (i.e.
xi-carrageenan) and 5.30 ppm (i.e. theta-carrageenan) in all
tetrasporophyte samples of C. teedei var. lusitanicus.

1H NMR spectra of alkali-extracted carrageenans of M. stel-
latus (gametophytes) and G. crenulatus (tetrasporoblastic thalli)
showed two main signals: i.e. 5.09 ppm (kappa-carrageenan) and
5.29 ppm (iota-carrageenan); two additional signals were present
at 5.35 ppm (i.e. floridean starch) and 5.49 ppm (i.e. pyruvate).

1H NMR spectra of alkali-extracted carrageenans from C.
crispus and G. pistillata (female gametophytes and tetrasporo-
phytes) showed five distinct signals: 5.09 ppm (kappa); 5.29 ppm
(iota); 5.55 ppm (lambda); 5.49 (xi); 5.30 ppm (pyruvate) and 5.35

(floridean starch).

The molecular weights of alkali- and water-extracted car-
rageenans are shown in Table 3. In general, we can conclude that
the hybrid carrageenans extracted from C. crispus (i.e. the seaweed
commonly used by industry) and C. teedei var. lusitanicus have

eight (kDa) Cationic composition (mol %)

Liquid extract Na K Ca Mg

656 90 6 4 0

628 98
536
559
1641

678 47 27 7 19
636 83 11 2 5
719 82 2 8 7

49 27 6 17
951

88 10 2 1

thalli; TB – tetrasporoblastic thalli.
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Fig. 9. 1H NMR spectra of the major carrageenan types (with permission of Else-
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ier adopted from van de Velde, Knutsen, Usov, Rollema and Cerezo, 2002) from
ottom to top: kappa-carrageenan from Kappaphycus alvarezii; iota-carrageenan
rom Eucheuma denticulatum; nu/iota-hybrid carrageenan containing 25% nu-
arrageenan; lambda-carrageenan from Iridaea undulosa.

dentical molecular weights (see Table 3). For the same species,
he lambda family carrageenans (lambda and hybrid xi/theta)
ad molecular weights higher than those of the kappa family
hybrid kappa/iota) (see Table 3); samples from the aqueous extract
howed, in general, a molecular weight lower than the alkali-
xtracted samples.

Native carrageenans are, in most cases, combinations of ide-
lized carrageenan units (see Fig. 2 and Table 2), with variations
n structure, not only between species but also between lifecycle
hases. The structural difference of carrageenans also affects the
hycocolloid physic-chemical properties and consequently, their

ndustrial applications.
The biological precursors (mu and nu) of the gelling car-

ageenans (kappa and iota) contain a sulphate ester group at
osition 6 of �-d-galactose 4-connected (see Fig. 2). This type of
tructure reduces the ability of carrageenan to form a gel, due to
he interruption of sequences of the repeating units responsible
or the formation of the double helix structure typical of gel phase.

ost of the 6-sulphated units are converted into the corresponding
,6-anhydrous form, during a long, highly alkaline (usually 0.1 M
a(OH)2) extraction process. At the industrial level, the extrac-
ion processes are intended to enhance profitability and increase
he gelling power of the carrageenans obtained. Alternatively, a
ower percentage of 6-sulphated precursor units are converted into
he corresponding 3,6-anhydrous form in shorter duration pro-

esses (i.e. 2–4 h) and with a gentle alkaline (0.02–0.1 M NaOH).
his was the method used in this study. In this type of extraction
t is still possible to extract carrageenans with their biological pre-
ursors (see Table 2). The process of moderate alkaline extraction is
sed, at the industrial level, when cold soluble carrageenans and/or
te Polymers 84 (2011) 614–623

with the ability to increase the viscosity are required (Falshaw
et al., 2003). The method of alkaline extraction used in this study
(Pereira et al., 2003; Pereira & Mesquita, 2004) allowed for extrac-
tion of carrageenan types with a low degree of degradation (Ciancia,
Noseda, Matulewicz & Cerezo, 1993) and thus with higher molecu-
lar weights. It has been confirmed that the carrageenan extraction
of kappa family carrageenans, even under “soft” (low pressures and
temperatures), promotes the cyclization of carrageenan precursors.

Besides temperature and duration of extraction, there are other
factors affecting the molecular weight of extracted carrageenan. In
general, it can be concluded that the samples of native carrageenan
from the water-extraction method, exhibited a lower molecular
weight than those resulting from alkali-extraction from the same
material. The results of the study also indicated that the molecu-
lar weights of carrageenans from tetrasporic thalli were generally
higher than those of gametophytic thalli (female gametophytes and
non-fructified thalli). In the first case, an explanation for the dif-
ference is related to a greater or lesser quantity of carrageenan
precursors in samples. As mentioned previously, the presence of
mu and nu in native extractions, with a sulphate ester at position
6 of the unit �-d-galactose 4-connected (see Fig. 2), prevents the
formation of long carrageenan chains promoting the disruption of
sequences of repeating units of carrabiose and hence a lower molec-
ular weight (see aqueous extraction in the autoclave of C. teedei var.
lusitanicus FG in Table 3). Alkaline treatment promoted cyclization
of carrageenans, by elimination of the sulphate from sulphate esters
on C-6 in the precursors. The reaction of cyclization is carried out by
the hydroxide ion (OH−), present in the alkaline solutions of NaOH
and Ca(OH2) acts as a catalyst, promoting the formation of bridges
of 3,6-anhydrous. In nature, the removal of sulphate and subse-
quent cyclization of carrageenan is catalyzed by a sulpho-hydrolase
(Wong and Craigie, 1977, 1978).

In vivo cyclization of the mu and nu precursors is similar to
what occurs in chemical processes involved in the laboratory
and/or industrial alkali-extraction (Ciancia et al., 1993). However,
contrary to that stated by these authors, cycling derivatives of
lambda-carrageenan (e.g. theta-carrageenan) also occurs in native
extracted samples. This implies the existence of a cyclization pro-
cess promoted by appropriate enzymes (see Pereira, Amado, et al.,
2009).

Kappa and lambda family carrageenans differ in the quantity
and distribution of their sulphate groups (Painter, 1983), thus, in
the lambda family, the sulphated esters grouping surrounding the
hydroxyl, in C-3 of � unit, acts as shield against polarization or
ionization, reducing the cyclization reaction ratio. In practice, the
alkaline treatment used is not sufficient to promote transformation
of lambda to theta-carrageenan. Industrially, most of the extracted
carrageenans from Chondrus and Gigartina tetrasporophytes are
mixtures of lambda and theta because, in this case, the cycliza-
tion is incomplete and slower than that which occurred during the
alkali-treatment of the kappa family carrageenans (Ciancia et al.,
1993; Falshaw et al., 2003).
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