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Andrés Mansilla d,e, Betty Matsuhiro f, Héctor J. Prado g,h,*, María C. Matulewicz a,i,** 

a CONICET-Universidad de Buenos Aires, Centro de Investigación de Hidratos de Carbono (CIHIDECAR), Ciudad Universitaria-Pabellón 2, C1428EGA Buenos Aires, 
Argentina 
b Universidad de Buenos Aires, Facultad de Agronomía, Departamento de Biología Aplicada y Alimentos, Cátedra de Química de Biomoléculas, Av. San Martín 4453, 
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A B S T R A C T   

The polysaccharide systems from cystocarpic and tetrasporic phases of the Sub-Antarctic algae Iridaea cordata 
were studied. Cystocarpic plant polysaccharides are mainly composed by carrageenans of the κ–family. However, 
agaran structures were also detected in the fraction soluble in 2.00 M KCl, after fractionation with increasing 
potassium chloride solutions. The presence of β-D-galactose-α-L-galactose 3-sulfate, β-D-galactose-α-L-galactose 6- 
sufate, β-D-galactose 6-sulfate-α-L-galactose 6-sufate, and of β-D-galactose 4-sulfate-α-L-galactose 2,3-disulfate 
diads was confirmed by means of methylation and NMR spectroscopy analyses; the latter diad has been 
scarcely reported. The first extracts from tetrasporic plants rendered a pure λ-carrageenan with considerable 
yield, which confers this species promising commercial applications. In some cystocarpic and tetrasporic extracts 
α-glucose was also found and assigned to floridean starch by 1H-13C HSQC NMR spectroscopy.   

1. Introduction 

It has been previously reported that seaweeds of the genus Iridaea 
biosynthesize carrageenans some of which are widely used as food hy-
drocolloids. Several studies were carried out using unsorted samples 
from diverse Iridaea species [1–8]. In the case of unsorted Iridaea cordata 
collected in Antarctica, extraction with dilute acid at room temperature 
and precipitation with ethanol afforded a galactan with high sulfate 
content (40%); the low resolution of the IR spectrum of the sample was 

consistent with the presence of carrageenans of the κ-family but no 
signals corresponding to λ-carrageenan-type polysaccharides were 
observed [9]. 

It has been reported that carrageenans from gamethophyte and 
sporophyte stages from Iridaea cordata yielded different carrageenans; 
κ-carrageenan was present in the gamethophytes and λ-carrageenan in 
the tetrasporophytes [10,11]. It was shown that specific anti-κ-carra-
geenan serum was precipitated by carrageenans from gamethophytic 
but not by tetrasporic plants of Iridaea cordata [12]. 
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When the polysaccharides from cystocarpic Iridaea ciliata and Iridaea 
membranacea were studied it was found that both species biosynthesized 
heterogeneous mixtures with very similar composition, as shown by 
fractionation with potassium chloride. Each of them gave only one ho-
mogeneous fraction, consistent with a κ-carrageenan structure. On the 
other hand, polysaccharides from tetrasporic plants, did not show a 
λ-carrageenan structure; however, no GLC-MS analysis was carried out 
to confirm the identity of the monosaccharides derived from methyl-
ation of the polysaccharides [13]. 

Characterization of carrageenans from cystocarpic and tetrasporic 
stages from Iridaea undulosa was also carried out [14,15]. Fractionation 
with potassium chloride of the carrageenans from cystocarpic plants 
indicated that no classic κ-fraction (precipitating below 0.125 M KCl) 
appeared, but instead four fractions precipitating above this potassium 
chloride concentration were isolated (upper limit of KCl concentration: 
2.0 M); of the two major fractions one precipitated at 0.5–0.7 M KCl (C1) 
and the other was soluble in 2.0 M KCl (C4). Chemical analysis of 
fractions showed that 3,6-anhydrogalactose content decreased with 
higher KCl concentrations and that galactose:sulfate molar ratio was 
close to one. In addition, all fractions contained 4-linked 6-sulfated/2,6- 
disulfated galactose units. Fractionation of tetrasporic plants yielded a 
major fraction precipitating at 1.0–1.2 M KCl (T1) with a galactose:3,6- 
anhydrogalactose:sulfate molar ratio of 1.00:0.00:1.17 and a significant 
content of 4-linked 2,6-disulfated galactose residues. Methylation 
analysis of the two major fractions C1 and C4 indicated κ/ι- and partially 
cyclized μ/ν-carrageenan structures, respectively. For T1 fraction a 
λ-carrageenan structure was determined [14]. These fractions were 
studied by high-field 13C and 1H NMR spectroscopy, and the proportion 
of different carrageenans from the κ-family in cystocarpic samples was 
calculated. 13C NMR spectrum of T1 fraction showed twelve signals of 
approximately equal intensity, consistent with a “nearly” perfect 
λ-structure. This was the first report of NMR spectroscopy of non- 
hydrolyzed λ-carrageenans [15]. 

On the other hand, cistocarpic and tetrasporic Iridaea undulosa were 
extracted by different industrial processes and the resulting extracts 
were separated into gelling and non-gelling fractions by leaching with 
2.5% M KCl. Cystocarpic extracts afforded κ- and ι-carrageenans (and 
also μ-and ν-carrageenans, depending on the extraction conditions 
used). The tetrasporic extracts contained λ-carrageenans (and also 
θ-carrageenan, depending on the extraction conditions used). Fraction-
ation of the unsorted seaweed yielded gelling carrageenans quite similar 
to those from the cystocarpic extract but the soluble non-gelling frac-
tions were not the same as the corresponding tetrasporic extracts [16]. 

Likewise, aqueous extraction of tetrasporic, cystocarpic, and vege-
tative Mazzaella laminarioides collected in Magellan region, Southern 
Chile, produced sulfated galactans. It was found that tetrasporic plants 
biosynthesize λ-type carrageenan, whereas κ/μ - and ι/ν-carrageenans 
were found in the extracts from cystocarpic and vegetative individuals. 
Chemical and spectroscopic analysis of alkali-treated cystocarpic poly-
saccharide indicated cyclization of precursor carrageenans and forma-
tion of κ- and ι-carrageenan structures; it can be pointed out that atomic 
force microscopy (AFM) imaging showed a long-range double-stranded 
helical structure with homogeneous constitution [17]. 

This paper describes, as part of a program intended to gather infor-
mation of phycocolloids from red seaweeds of Magellan region (Chile), 
the characterization, and structural analysis of the polysaccharides 
extracted from cystocarpic and tetrasporic plants of Iridaea cordata. 

2. Materials and methods 

2.1. Algal samples 

The Sub-Antarctic macroalgae Iridaea cordata (Turner) Bory Saint- 
Vincent (Gigartinaceae) was collected in Buque Quemado, Chile, 
located in the eastern side of the Magellan Strait facing the Island of 
Tierra del Fuego (52◦ 28′ S, 69◦ 33′ W) in March of 2012, carefully hand 

sorted and dried in the open (Fig. 1). Voucher specimens of cystocarpic 
and tetrasporic plants are deposited in LEMAS Herbarium: LMS0000034 
and LMS0000035, respectively (Universidad de Magallanes, Punta 
Arenas, Chile). 

2.2. Extraction of the polysaccharides 

Cystocarpic and tetrasporic plants (45 g), previously separated, were 
milled and extracted with water (1.5 L) with mechanical stirring for 16 h 
at room temperature. The residue was removed by centrifugation and 
the supernatant was dialyzed (see General methods), concentrated and 
freeze-dried to give C1RT and T1RT, respectively. The residue of the 
cystocarpic material was further extracted twice, at room temperature, 
to give C2RT-C3RT and thrice at 80 ◦C rendering extracts C1T80-C3T80. 
Meanwhile, the first residue of the tetrasporic plants was re-extracted 
thrice at room temperature to give T2RT-T4RT and also thrice at 
80 ◦C (T1T80-T3T80). 

2.3. Fractionation with potassium chloride 

The native polysaccharides C2RT and C1T80 (3.0 g) were dissolved 
in water (1.0 L). Solid, finely divided KCl was added in small portions 
with constant and vigorous mechanical agitation so that the concen-
tration was increased by 0.05–1.00 M each time. After each addition, 
stirring continued for 5–16 h to ensure equilibration of the system fol-
lowed by centrifugation; the upper limit of potassium chloride concen-
tration was 2.00 M. The precipitates, as well as the residual solution, 
were dialyzed, concentrated and freeze-dried. 

2.4. General methods 

The total sugar content was analyzed by phenol–H2SO4 method [18]. 
Sulfate was determined turbidimetrically [19] or ion chromatography 
with conductimetric detection was used. For the latter method, samples 
were hydrolyzed in 2 M TFA at 121 ◦C for 2 h, evaporated to dryness 
under nitrogen and redissolved in high purity water from a Milli-Q 
system. A DIONEX DX-100 ion chromatography system (Sunnyvale 
CA, USA) was used with an AS4A column (4 × 250 mm), an AMMS-II 
micromembrane suppressor and a conductivity detector (eluent: 1.8 
mM Na2CO3/1.7 mM NaHCO3, flow rate: 2 mL min− 1). The protein 
content was determined by the method of Lowry, Rosenbrough, Farr, 
and Randall [20]. Dialyses of the extracts and fractions obtained by 
precipitation with potassium chloride were carried out with tubing of 

Fig. 1. Subaquatic photograph of Iridaea cordata in its natural environment 
where the iridescence of the species can be appreciated. 
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molecular weight cutoff of 6000–8000 Da; methylated samples were 
dialyzed with tubing of molecular weight cutoff of 3500 Da. 

Reductive hydrolysis of the native and methylated samples and 
acetylation of the sugar mixtures was performed according to Stevenson 
and Furneaux [21]. 

GLC of the alditol acetates as well as those of the partially methylated 
alditol acetates was carried out on a Hewlett Packard 5890A gas-liquid 
chromatograph (Avondale PA, USA) equipped with a flame ionization 
detector and fitted with a fused-silica column (0.25 mm i.d. × 30 m) 
WCOT-coated with a 0.20 μm film of SP-2330 (Supelco, Bellefonte PA, 
USA). Chromatography was performed at: (a) 220 ◦C isothermally for 
alditol acetates; (b) from 160 ◦C to 210 ◦C at 2 ◦C min− 1, then from 
210 ◦C to 240 ◦C at 5◦ min− 1 followed by a 30-min hold [22] for partially 
methylated alditol acetates. N2 was used as the carrier gas at a flow rate 
of 1 mL min− 1 and the split ratio was 80:1. The injector and detector 
temperature was 240 ◦C. 

GLC–MS of the partially methylated alditol acetates was performed 
on a Shimadzu GC-17A gas-liquid chromatograph equipped with the SP- 
2330 capillary column interfaced to a GCMSQP 5050A mass spectrom-
eter (Kyoto, Japan) working at 70 eV. Chromatography was performed 
using the temperature program (b). The total flow rate was 7 mL min− 1 

and the injector temperature was 240 ◦C. Mass spectra were recorded 
over a mass range of 30–500 amu. 

The D:L-galactose ratio was estimated through their diastereomeric 
acetylated 1-deoxy-1-(2-hydroxypropylamino)alditols [23]. The 2,6-di- 
O-methyl-L:2,6-di-O-methyl-D-galactose ratio was determined on the 
permethylated polysaccharide by conversion of the monosaccharides, 
obtained by hydrolysis of the sample to the diastereomeric acetylated 1- 
deoxy-1-(1-phenylethylamino)alditols [24]. 

Several analytical alkaline treatments of T1T80 were performed in 
order to find optimal time conditions [25,26]; thus, the solution was 
allowed to react at 80 ◦C during 18 h. The preparative treatment of 
T1T80 (100 mg) was carried out by the same procedure; yield of the 
alkali-treated carrageenan, 62 mg. 

2.5. Infrared spectroscopy 

Infrared spectra of the samples were recorded with a Thermo Sci-
entific Nicolet IS50 FTIR spectrophotometer (Waltham MA, USA), 
equipped with an ATR accessory, at 4000–500 cm− 1; 32 scans were 
performed with a resolution of 4 cm− 1. 

2.6. Methylation analysis 

The polysaccharide (10–30 mg) was converted into the corre-
sponding triethylammonium salt [21] and methylated according to 
Ciucanu and Kerek method [27] using finely powdered NaOH as base; 
the procedure was repeated to ensure permethylation. The methylated 
derivatives were recovered by dialysis and freeze-drying. Yields of 
permethylated samples: 50–70%. 

2.7. NMR spectroscopy 

Samples (10–20 mg), previously exchanged with deuterium oxide by 
repeated solubilization in D2O and freeze-drying, were dissolved in D2O 
(0.5 mL) and 5 mm tubes were used for the experiment. 1H NMR spectra 
were obtained on a Bruker Avance II 500 spectrometer (Karlsruhe, 
Germany) provided with a 5 mm probe, at room temperature, using ca. 
20 mg polysaccharide in 0.4 mL of D2O. The parameters were: an 
acquisition time of 4.4 s, a pulse angle of 30◦, a pulse delay of 1 s, a 
spectral width of 7.50 kHz, and 16–40 scans. The 1H-13C HSQC tech-
nique was supplied by the spectrometer manufacturer; spectra were 
recorded at room temperature and were obtained at a base frequency of 
500 MHz for 1H and 125 MHz for 13C. Acetone was added as internal 
standard (referred to Me4Si by calibrating acetone methyl group to 31.1 
ppm in 13C and 2.21 ppm in 1H). 

The 1H-13C HSQC NMR spectrum of alkali treated T1T80 (20 mg), 
also previously exchanged with deuterium oxide and dissolved in D2O 
(0.5 mL), was determined at 70 ◦C using a Bruker DRX400 spectrometer 
(Karlsruhe, Germany). 

2.8. Determination of viscosimetric molecular weight 

Solutions (0.03–0.15% w/v) of native C1RT, C1T80 and T1RT were 
prepared dissolving the samples in 0.1 M NaCl at 80 ◦C. Viscosimetric 
molecular weights were determined with a Ostwald modified Cannon- 
Fenske viscosimeter N◦100 at 25 ◦C and calculated using the Mark- 
Houwink-Sakurada equation for κ-carrageenan [η] = 0.0088 M0.86and 
[η] = 0.3070 M0.60 for λ-carrageenan (K coefficients are expressed in 
cm3 g− 1) [28]. 

3. Results and discussion 

3.1. Analysis and characterization of the cystocarpic polysaccharides 

Cystocarpic plants from Iridaea cordata were extracted thrice with 
water at room temperature to give extracts C1RT-C3RT and then thrice 
with water at 80 ◦C to afford extracts C1T80-C3T80. Yields and analysis 
of the extracts are shown in Table 1. The total yields of the extracts 
obtained at room temperature and at 80 ◦C were similar, 26.8 and 
24.9%, respectively. The main difference observed was that the room- 
temperature extracts (C1RT-C3RT) contained similar and important 
amounts of 3,6-anhydrogalactose (mol %, 26.6–33.7), while for extracts 
obtained at 80 ◦C (C1T80-C3T80) only a high percentage was found in 
C1T80 (41.3%). 

It is noteworthy that native extracts C1RT-C3RT were coloured due 
to the presence of water-soluble pigments. C2RT (yield, 11.4%), which 
was less coloured than C1RT (yield, 11.5%), was chosen for further 
studies. When C2RT was dissolved in water (0.3 w/v %) an insoluble 
residue (C2RT-1) was separated in low yield (4.0%) and, as it presented 
high protein content (31.3%), it was not further studied. The solution 
was subjected to preparative fractionation with potassium chloride 
yielding three fractions which precipitated in the range 0− 0.125 M KCl 
(C2RT-2), 0.30–0.50 M KCl (C2RT-3) and 1.20–1.40 M KCl (C2RT-4) 
and a fraction soluble in 2.00 M KCl (C2RT-5). The yields and analysis of 
the fractions are given in Table 2. The total recovery after fractionation 
was 76.8%. 

C1T80, the major extract isolated with water at 80 ◦C, was also 
fractionated with potassium chloride giving a separation pattern with a 
higher total recovery (90.6%); four fractions were obtained and the 
ranges of precipitation, yields and analyses are also shown in Table 2. 

Fractions C2RT-2-C2RT-4 formed gels in a narrow range of potas-
sium chloride concentration while C1T80 was arbitrarily fractionated 
into four fractions: C1T80-2 - C1T80-5. For both fractionations a 
decrease in 3,6-anhydrogalactose content was found, with an increase 
potassium chloride concentration and it was more pronounced in the 
fractionation of C1T80. As expected, a considerable quantity of glucose 
was found in the fraction soluble in 2.00 M KCl (C1T80-5), probably due 
to the presence of floridean starch (see later). In addition, important 
amounts of L-galactose were found in both soluble fractions: C2RT-5 
(mol %, 17.9) and C1T80-5 (mol %, 14.6). 

The native extracts C2RT and C1T80 and fractions C2RT-2, C2RT-5 
and C1T80-5 were analyzed by infrared spectroscopy. In all the spectra a 
sharp band at 844–855 cm− 1 due to sulfate groups at 4-position of β-D- 
galactose residue and another signal at 927–933 cm− 1 typical of the 
presence of 3,6-anhydrogalactose were observed. In the native extracts, 
and in fractions C2RT-2 and C2RT-5 a small signal at 804–807 cm− 1 was 
also detected and was assigned to sulfate at 2-position of 3,6-anhydroga-
lactose. In C1T80-5 a broad absorption at 816 cm− 1 indicated sulfation 
in 6-position of α-galactose units; this signal might overlap the band at 
804–807 cm− 1 mentioned above [29,30]. 

1H NMR spectra of native C2RT and C2RT-2, C2RT-5 fractions 
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presented anomeric resonances corresponding to 3,6-anhydro-α-D- 
galactose, α-D-galactose 6-sulfate, 3,6-anhydro-α-D-galactose 2-sulfate 
and α-D-galactose 2,6-disulfate [14,31,32]. Table 3 shows the assign-
ments and the areas of anomeric protons of α-units linked to β-D-galac-
tose (G/G4S) [nomenclature in ref. [33]]. 1H NMR spectrum of C2RT 
gave four anomeric signals at 5.10, 5.24, 5.32 and 5.52 ppm which 
correspond to 3,6-anhydro-α-D-galactose (DA, area % 33), α-D-galactose 
6-sulfate (D6S, area % 4), 3,6-anhydro-α-D-galactose 2-sulfate (DA2S, 
area % 9), and α-D-galactose 2,6-disulfate (D2S,6S, area % 4), respec-
tively. In the spectrum of C2RT-2 similar chemical shifts were found. 
Fraction soluble in 2.00 M KCl C2RT-5, in addition to the aforemen-
tioned signals, showed a resonance at 5.35 ppm (5%), tentatively 
assigned to the anomeric signal of α-L-galactose 3-sulfate (L3S) [34]. 
Table 3 depicts the relative areas of 4-linked units which correspond to 
50 mol% of residues of the polysaccharide chain. 

1H-13C HSQC NMR spectrum of C2RT-2 fraction gave typical corre-
lations for κ-,ι-, μ-, and ν-diads (Table 1S) [34,35]. Table 4 indicates the 
spectral correlations of C2RT-5 fraction. It is noteworthy the presence of 

β-D-galactose linked to α-L-galactose 3-sulfate (G-L3S) [34]. Results of 
methylation analysis of both fractions are shown in Table 5 and are 
consistent with HSQC NMR results. In fact, in fraction C2RT-5, L3S is 
detected as 2,6-Me2 L-Gal (11.1%); in addition, the presence of L2S,3S 
(6-Me Gal, 5.9%) is suggested. The presence of agaran type structures in 
carrageenophyte red seaweeds is well known; however, G-L3S diads 
were seldom reported in κ–family carrageenans [34,36–38]. The lower 

Table 1 
Yields and analyses of the water extracts obtained from cystocarpic Iridaea cordata at room temperature and at 80 ◦C.  

Extract Yielda Sulfate Protein Gal:3,6-AnGal:sulfate Monosaccharide composition (mol %) 

(%) (% as SO3Na) (%) (Molar ratio) D-Gal L-Gal 3,6-AnGal Glc 

C1RT  11.5  26.4  13.4 1.00:0.42:1.33  67.0  3.5  29.5 – 
C2RT  11.4  21.5  7.2 1.00:0.51:0.87  63.1  3.2  33.7 – 
C3RT  3.9  28.6  7.2 1.00:0.37:0.87  67.7  4.5  26.6 1.2 
C1T80  18.0  31.7  6.7 1.00:0.73:1.62  54.1  2.2  41.3 2.4 
C2T80  4.4  27.7  6.0 1.00:0.21:0.98  71.0  3.2  15.6 10.1 
C3T80  2.5  29.7  9.3 1.00:0.23:1.20  69.9  2.8  16.6 10.7  

a Yields are given per 100 g of dry seaweed. 

Table 2 
Yields and analysis of the fractions isolated from C2RT and C1T80 by precipitation with potassium chloride.  

Fraction Range of precipitation Yielda Sulfate Protein Gal:AnGal:sulfate Monosaccharide composition (mol %) 

(M KCl) (%) (% as NaSO3) (%) (Molar ratio) D-Gal L-Gal 3,6-AnGal Xyl Glc 

C2RT 
C2RT-1 –  4.0  14.6  31.3 1.00:0.39: 1.00  64.1 4.8  27.0 – 4.1 
C2RT-2 0–0.125  37.7  28.2  4.9 1.00:0.70:1.09  58.8 –  41.2 – – 
C2RT-3 0.30–0.50  18.9  33.6  4.6 1.00:0.44:1.18  69.2 –  30.8 – – 
C2RT-4 1.20–1.40  30.8  37.5  3.2 1.00:0.34:1.34  74.5 –  25.5 – – 
C2RT-5 2.00b  8.6  29.0  10.3 1.00:0.57:1.36  42.2 17.9  34.4 2.5 3.0  

C1T80 
C1T80-1 –  3.5  27.9  38.2 1.00:0.28:0.90  69.3 4.0  20.4 – 6.3 
C1T80-2 0.125–1.00  52.5  27.4  9.9 1.00:0.59:1.60  62.9 –  37.1 – – 
C1T80-3 1.00–1.50  11.1  35.0  7.1 1.00:0.36:1.23  73.6 –  26.4 – – 
C1T80-4 1.50–1.80  20.5  24.1  4.7 1.00:0.09:0.62  91.8 –  8.2 – – 
C1T80-5 2.00b  12.4  35.0  7.1 1.00:0.10:1.75  63.6 14.6  7.8 trc 13.9  

a Yields are given as percentages of the recovered for C2RT (76.8%) and C1T80 (90.6%). 
b Soluble in 2.00 M KCl. 
c Percentages lower than 1% are considered as traces (tr). 

Table 3 
1H NMR spectral areas of anomeric α-units linked to β-D-galactose (4-sulfate) 
units of C2RT and C1T80 and fractions isolated from them by precipitation with 
potassium chloride.a  

Sample DA D6S L6S L2S,3S DA2S L3S D2S,6S 

Area % 
C2RT  33 4 – – 9   4 
C2RT-2  35 4 – – 8   3 
C2RT-5  26 4 – – 7  5  8 
C1T80  21 3 – – 15  5  6 
C1T80-5  10 – ← 20b →  10  10  

a Nomenclature according to ref. [33]. 
b The resonances corresponding to L6S, L2S,3S and DA2S were not enough 

separated as to inform individual values. 

Table 4 
1H-13C HSQC NMR correlation signal assignments (ppm) of C2RT-5 from Iridaea 
cordata.  

Structural 
unita 

C-1/H-1 C-2/H- 
2 

C-3/H- 
3 

C-4/H- 
4 

C-5/H- 
5 

C-6/ 
H6,6′

κ-diad 
G4S 102.5/ 

4.61 
69.7/ 
3.60 

78.7/ 
4.00 

74.2/ 
4.85 

74.8/ 
3.79 

61.4/ 
3.86 

DA 95.3/ 
5.08 

69.9/ 
4.14 

79.2/ 
4.51 

78.3/ 
4.69 

77.2/ 
4.59 

69.9/ 
4.10, 
4.15  

ι-diad 
G4S 102.5/ 

4.61 
69.7/ 
3.60 

76.7/ 
4.01 

72.1/ 
4.92 

74.8/ 
3.78 

61.4/ 
3.83 

DA2S 92.3/ 
5.34 

75.1/ 
4.69 

77.5/ 
4.87 

78.6/ 
4.71 

77.3/ 
4.69 

69.9/ 
4.10, 
4.15  

ν-diad 
G4S 104.9/ 

4.62 
71.5/ 
3.75 

80.0/ 
3.90 

76.3/ 
4.90 

74.8/ 
3.79 

61.4/ 
3.83 

D2S,6S 98.3/ 
5.50 

76.8/ 
4.52 

67.9/ 
4.35 

80.0/ 
4.30 

70.1/ 
4.47 

68.2/ 
4.30 

G 103.6/ 
4.46 

70.6/ 
3.70 

80.3/ 
3.92 

67.7/ 
4.26 

75.6/ 
3.70 

61.9/ 
3.77 

L3S 100.8/ 
5.37 

67.6/ 
4.01 

81.5/ 
4.42 

76.9/ 
4.56 

71.8/ 
4.27 

61.9/ 
3.77  

a Nomenclature according to ref. [33]. 
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3,6-anydrogalactose (DA + DA2S) content (26.2%) detected in this 
permethylated fraction, in comparison with that of the native poly-
saccharide (Table 2, 34.4%), could be due to the loss of low molecular 
weight material during the dialysis step of the methylation procedure. 

As C1T80 did not give a sharp fractionation pattern with potassium 
chloride, only this extract and the fraction, soluble in 2.00 M KCl 
(C1T80-5) were analyzed by 1H NMR spectroscopy. The spectrum of 
C1T80 gave the same four resonances observed for C2RT together with a 
small signal at 5.35 ppm (L3S); the corresponding areas are shown in 
Table 3. However, the spectrum of C1T80-5 was complex giving in 
addition to peaks at 5.10 (DA), 5.35 (L3S resonance) and 5.52 (D2S,6S) 
ppm, a broad signal (range 5.25–5.32 ppm) which comprises the 
anomeric protons of DA2S, L2S,3S and L6S (see below). 

Only C1T80–5 was selected for further studies by 1H-13C HSQC NMR 
spectroscopy and methylation analysis. A complex but clear spectrum 
was obtained for this fraction where κ-, ι-, and ν-diads appeared, 
together with the unusual G-L6S, G6S-L6S and G-L3S diads (Table 6, 
Fig. 2). It is noteworthy, the absence of signals due to D6S and the 
presence of the G4S-L2S,3S diad (Fig. 2) as suggested from the anomeric 
correlations at 104.1/4.41, 99.3/5.29 ppm; in fact, it has been reported 
that in the 13C NMR spectrum of the polysaccharide from the red 
seaweed Myriogramme denticulata (Ceramiales) anomeric signals of G4S 
and L2S,3S appeared at 104.1 and 98.9 ppm, respectively [39]. 

In the bidimensional spectrum, the proton signal at 5.29 ppm which 
correlates with a 99.3 ppm 13C signal, is included in a broad peak in the 
monodimensional 1H NMR spectrum of this fraction. The resonances due 
to floridean starch were also assigned and are consistent with the high 
glucose content of this fraction (Table 2; mol %, 13.9) [32,40]. In the 
methylation analysis of C1T80-5 (Table 5), similarly to what was 
observed for C2RT-5, considerable amounts of 2,6-Me2 L-Gal (mol %, 
13.8) and 6-Me Gal (mol%, 10.2) were detected, supporting the presence 
of L3S and L2S,3S in the polysaccharide chain. It is important to note 
that the total content of 3,6-anhydrogalactose (DA + DA2S) in the 
methylated fraction (mol %, 19.6) is higher than in the native fraction 
(Table 2, 7.8%) and this is due to cyclization of α-galactose 6-sulfate and 
2,6-disulfate residues during methylation. 

The molecular weights of cystocarpic native extracts C1RT and 
C1T80, calculated by means of the Mark-Houwink-Sakurada equation, 
were 96,400 and 162,600 Da, respectively. These samples comprise a 
mixture of polysaccharides belonging to κ-family (κ-, ι-, μ- and ν-carra-
geenans) and their molecular weights are rather smaller than those re-
ported for κ-carrageenans [41]. 

3.2. Analysis and characterization of the tetrasporic polysaccharides 

The yields and analysis of tetrasporic Iridaea cordata sequentially 
extracted with water at room temperature (T1RT-T4RT) and at 80 ◦C 
(T1T80-T3T80) are shown in Table 7. The total yield at room temper-
ature was 40.9%, while at 80 ◦C a considerably lower value of 6.5% was 
achieved. Monosaccharide analysis of T1RT and T2RT extracts indicated 
only the presence of galactose, but in the rest of the extracts glucose was 
also detected (mol %, 14.5–28.5); in T3T80, an extract with a very low 
yield (0.1%), only 1.1 mol% of glucose was found. As it was observed for 
cystocarpic extracts obtained at room temperature, the extracts 
T1RT–T4RT were coloured due to the presence of water-soluble pig-
ments. Thus, T2RT (yield, 10.9%), which was less coloured than T1RT 
and did not contain glucose was chosen for infrared spectroscopy 
analysis. In the spectrum a broad band at 832 cm− 1, consistent with 
sulfation at the 2-position of the polysaccharide chain, was found; this 
signal could overlap the band at 820 cm− 1 due to sulfation at 6-position 
[29,30]. Due to the scarce solubility of T1T80 (colourless extract) in 
water not only at room temperature but also at 70 ◦C, alkaline treatment 
of this sample was carried out before NMR analysis. It is important to 
point out that the galactose:sulfate molar ratio of native T1T80 of 
1.00:1.54 was consistent with the presence of major amounts of Gal2S- 
D2S,6S. Table 8 shows 1H-13C HSQC NMR spectral correlations of 
alkaline-treated T1T80 [32,42,43]. As expected, the main resonances 
observed were those due to G2S-DA2S (θ-diad). As this extract also 
contained considerable amounts of glucose, resonances due to floridean 
starch were detected [32,40]. 

The molecular weight of T1RT determined using the Mark-Houwink- 
Sakurada equation is rather low (169,400 Da), but similar to that re-
ported for λ-carrageenan from Chondrus armatus (185,000 Da) [41]. 

Table 5 
Composition (mol %) of monosaccharides produced by permethylation and 
hydrolysis of the galactans from Iridaea cordata.  

Monosaccharide Structural unita C2RT-2 C2RT-5 C1T80-5 

2-Me AnGalb DA 34.1 19.5 9.0b 

2,4,6-Me3 Gal G 12.5 7.7 9.7 
2,3,6-Me3 Gal D/L 3.8 2.7 6.1 
2,6-Me2 D-Galc G4S/D3S 38.2 35.3 22.2 
2,6-Me2 L-Galc L3S – 11.1 13.8 
AnGal DA2S 8.0 6.7 10.6b 

6-Me Gal L2S,3Sd – 5.9 10.2 
2,3-Me2 Gal D6S/L6S – 1.5 – 
2,4-Me2 Gal D6S – 5.5 8.3 
2-Me Gal  2.4 4.1 6.9 
3-Me Gal/4-Me Gal  1.0 – 3.2  

a Nomenclature according to ref. [33]. 
b According to Table 2, cyclization of galactose 6-sulfate and 2,6-disulfate 

units occurred during methylation. 
c Determined according to ref. [24]. 
d The 1H-13C HSQC NMR spectrum of C1T80-5 suggests the presence of the 

G4S-L2S,3S diad. 

Table 6 
1H-13C HSQC NMR correlation assignments (ppm) of C1T80-5 from Iridaea 
cordata.  

Structural 
unita,b 

C-1/H-1 C-2/H- 
2 

C-3/H- 
3 

C-4/H- 
4 

C-5/H- 
5 

C-6/ 
H6,6′

κ-diad 
G4S 102.7/ 

4.64 
69.8/ 
3.60 

78.5/ 
4.00 

74.1/ 
4.84 

75.3/ 
3.80 

61.5/ 
3.81 

DA 95.1/ 
5.09 

69.6/ 
4.12 

78.8/ 
4.59 

78.8/ 
4.60 

77.1/ 
4.67 

68.6/ 
4.19, 
4.28  

ι-diad 
G4S 102.6/ 

4.73 
69.7/ 
3.62 

77.5/ 
4.03 

72.5/ 
4.91 

75.2/ 
3.82 

61.5/ 
3.81 

DA2S 92.5/ 
5.27 

75.3/ 
4.68 

78.0/ 
4.83 

78.3/ 
4.77 

77.2/ 
4.66 

71.0/ 
4.14  

ν-diad 
G4S 105.1/ 

4.66 
71.2/ 
3.69 

80.4/ 
3.91 

76.7/ 
4.92 

75.2/ 
3.80 

61.5/ 
3.81 

D2S,6S 98.6/ 
5.51 

77.0/ 
4.52 

68.1/ 
4.35 

80.3/ 
4.33 

70.4/ 
4.48 

68.3/ 
4.35  

Agaran diads 
G 104.0/ 

4.41 
69.7/ 
3.74 

80.7/ 
3.80 

69.7/ 
4.12 

75.7/ 
3.70 

61.5/ 
3.81 

G6S    67.3/ 
4.25 

74.2/ 
3.95 

68.4/ 
4.20 

L6S 101.7/ 
5.28 

69.9/ 
3.90 

69.7/ 
4.12 

78.7/ 
4.27 

70.1/ 
3.60 

68.6/ 
4.25 

G 104.0/ 
4.41 

69.7/ 
3.74 

80.5/ 
3.82 

67.6/ 
4.28 

75.7/ 
3.70 

61.5/ 
3.81 

L3S 101.6/ 
5.30 

67.5/ 
4.05 

81.1/ 
4.41 

77.2/ 
4.50 

72.3/ 
4.25 

61.5/ 
3.81 

Floridean 
starch 

100.4/ 
5.38 

72.4/ 
3.60 

74.2/ 
3.95 

77.7/ 
3.54 

72.1/ 
3.84 

61.4/ 
3.82  

a Nomenclature according to ref. [33]. 
b Anomeric signals corresponding to the G4S-L2S,3S (104.1/4.41 and 99.3/ 

5.29 ppm) were detected. 
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4. Conclusions 

Characterization of the polysaccharide systems from cystocarpic and 
tetrasporic plants of Iridaea cordata indicated that individuals in 
different stages of the life cycle biosynthesized completely distinct types 
of carrageenans. 

The galactan system from cystocarpic plants is mainly composed by 
carrageenans of the κ–family. However, after fractionation with solu-
tions of increasing potassium chloride concentrations, agaran structures 
were also detected in the fractions soluble in 2.00 M KCl. Methylation 
analysis and NMR spectroscopy are consistent with the presence of G- 
L3S, G4S-L2S,3S, G-L6S and G6S-L6S diads. The G4S-L2S,3S diad was 
only previously reported as main repeating unit in the polysaccharide 
from Myriogramme denticulata (Ceramiales) [39]; however, L2S,3S was 

also detected in galactans from Kappaphycus alvarezii (Solieriaceae, 
Gigartinales) [44]. The other structural units were found in other sea-
weeds belonging to the Solieriaceae, Phyllophoraceae and other Giga-
rtinaceae (Gigartinales) [34]. 

The first two extracts obtained at room temperature from tetrasporic 
plants rendered λ-carrageenan of high purity comprised mainly by G2S- 
D2S,6S diads (37%). Neither 3,6-anhydrogalactose or L-galactose were 
detected in the native extracts. The α-glucose signals in the 1H-13C HSQC 
NMR spectra of C1T80-5 and alkali-treated T1T80 are indicative of the 
presence of floridean starch. 

A source of high yield and purity of λ-carrageenan is of economic 
interest as commercial samples and even carrageenan commercial 
standards are reported to contain significant amounts of other carra-
geenans [45,46]. 

Funding 

This work was funded by grants from the University of Buenos Aires 
(UBA) [UBACYT 2014-2017 GC20020130100216BA and UBACYT 
2018-2021 GC20020170100292BA] and the National Research Council 
of Argentina (CONICET) [PIP 112-2015 01-00510, P-UE-2016, CIHI-
DECAR], and the National Research Council of Brazil (CNPq, Universal 
Call: 462414/2014-0 and PQ: 306568/2018-7). 

CRediT authorship contribution statement 

Provision of the study materials and photographs: AM. 
Conception and design: MDN, BM, HJP, MCM. 
Analysis and interpretation of the data: TB, RARS, MDN, BM., HJP, 

MCM. 
Drafting of the article: HJP, MCM. 
Critical revision of the article: MDN, BM, HJP, MCM. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

HJP and MCM are Research members of the National Research 
Council of Argentina (CONICET). MDN is Research member of the Na-
tional Research Council of Brazil (CNPq). RARS is a doctoral fellow of 
CONICET. The authors acknowledge the UFPR-NMR Center for NMR 

Fig. 2. Agaran diads detected in fraction C1T80-5.  

Table 7 
Yields and analyses of the water extracts obtained from tetrasporic Iridaea cor-
data at room temperature and 80 ◦C.  

Extract Yielda Sulfate Protein Gal:sulfate Monosaccharide 
comp. (mol %) 

(%) (% as SO3Na) (%) (Molar ratio) Gal Glc 

T1RT  26.3 33.0  11.9 1.00:1.12  100 – 
T2RT  10.9 37.2  9.0 1.00:1.27  100 – 
T3RT  2.9 34,1  9.6 1.00:1.57  75.8 24.2 
T4RT  0.8 33.8  11.2 1.00:1.46  76.2 23.8 
T1T80  5.8 37.7  12.3 1.00:1.54  85.5 14.5 
T2T80  0.6 30.0  18.1 1.00:1.68  71.5 28.5 
T3T80  0.1 24.5  26.1 1.00:1.14  98.9 1.1  

a Yields are given per 100 g of dry seaweed. 

Table 8 
1H-13C HSQC NMR correlation assignments (ppm) of cyclized T1T80.  

Structural 
unita 

C-1/H-1 C-2/H- 
2 

C-3/H-3 C-4/H-4 C-5/H- 
5 

C-6/ 
H6,6́

θ-diad 
G2S 100.9/ 

4.73 
77.9/ 
4.35 

79.9b/ 
3.90 

67.5/ 
4.18 

74.8/ 
3.70 

61.6/ 
3.76 

DA2S 95.9/ 
5.27 

74.9/ 
4.59 

77.2/ 
4.73 

77.8b/ 
4.70 

77.7/ 
4.61 

68.3/ 
4.01  

Floridean starch 
G 100.8/ 

5.32 
72.5/ 
3.61 

73.9/ 
3.94 

78.3/ 
3.62 

72.1/ 
3.83 

61.4/ 
3.78  

a Nomenclature according ref. [33]. 
b Assignments are interchanged in refs. [32,42]. 
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analyses. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2021.102503. 
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