J- Phycol. 48, 326-335 (2012)
© 2012 Phycological Society of America
DOI: 10.1111/j.1529-8817.2012.01131.x

CHARACTERIZATION OF CELL WALL POLYSACCHARIDES OF THE COENCOCYTIC
GREEN SEAWEED BRYOPSIS PLUMOSA (BRYOPSIDACEAE, CHLOROPHYTA) FROM
THE ARGENTINE COAST!
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Bryopsis sp. from a restricted area of the rocky seaweeds of the genus Codium (Bryopsidales, Chloro-
shore of Mar del Plata (Argentina) on the Atlantic phyta), but some important differences were also
coast was identified as Bryopsis plumosa (Hudson) found. This is the first report about the structure of
C. Agardh (Bryopsidales, Chlorophyta) based on mor- the water-soluble polysaccharides biosynthesized by
phological characters and rbcl. and fufA DNA bar- seaweeds of the genus Bryopsis. These sulfated galac-

codes. To analyze the cell wall polysaccharides of this tans and rhamnans were in situ localized mostly in
seaweed, the major room temperature (B1) and 90°C two layers, one close to the plasma membrane and the
(X1) water extracts were studied. By linkage analysis other close to the apoplast, leaving a middle amor-
and NMR spectroscopy, the structure of a sulfated phous, unstained cell wall zone. In addition, fibrillar
galactan was determined, and putative sulfated rham- polysaccharides, comprising (1 — 3)-f-p-xylans and
nan structures and furanosidic nonsulfated arabinan cellulose, were obtained by treatment of the residue
structures were also found. By anion exchange from the water extractions with an LiCl/DMSO solu-
chromatography of X1, a fraction (F4), comprising a tion at high temperature. These polymers were also
sulfated galactan as major structure was isolated. localized in a bilayer arrangement.

Structural analysis showed a linear backbone consti-
tuted of 3-linked B-p-galactose units, partially sulfated
on C-6 and partially substituted with pyruvic acid
forming an acetal linked to 0-4 and 0-6. This galactan
has common structural features with those of green Abbreviations: Ara, arabinose; CB, Coomasie Blue;
CW, Calcofluor White; Fuc, focose; Gal, galactose;

Glc, glucose; IEC, ion exchange chromatography;
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Green seaweeds biosynthesize matrix sulfated
polysaccharides with a great variety of chemical
structures. They have been classified into two main
groups (Percival and McDowell 1981): (i) sulfated
glucuronoxylorhamnans and glucuronoxylorhamno-
galactans, with negative optical rotation, and (ii) sul-
fated xyloarabinogalactans, which have positive
optical rotation. As example of the first group, the
major acidic polysaccharide structure of Ulva and
Entoromorpha species (Ulvales) is a linear sulfated
polymer comprising alternating 4-linked B-n-glucu-
ronic acid and o-L-thamnose units (Lahaye and
Robic 2007). On the other hand, seaweeds belong-
ing to the Bryopsidales (Chlorophyta) are supposed
to belong to the second group, and only small to
trace amounts of uronic acids were detected in
some of these samples. The genus Bryopsis, as well as
Codium, belongs to the suborder Bryopsidineae,
comprising species generally occurring in temper-
ate, tropical, and subtropical marine waters (Lamb
and Zechman 2006, Guiry and Guiry 2011). There
is very little information about these polysaccha-
rides. Moreover, only the sulfated polysaccharides
from some species of the genus Codium (Love and
Percival 1964a, Bilan et al. 2007, Ciancia et al. 2007,
Farias et al. 2008, Estevez et al. 2009, Ohta et al.
2009) have been studied in detail. It has been
shown that Codium species biosynthesize sulfated
galactans constituted by 3-linked B-p-galactopyranose
(B-p-Gal) residues partially sulfated on C-4 and/or
C-6, with ramifications on C-6 and important
amounts of pyruvate forming mainly five-membered
cyclic acetals (S configuration) with O-3 and 04 of
nonreducing terminal B-p-Gal residues. A minor
part of pyruvate forms six-membered cyclic acetals
with 04 and O-6 (R configuration) (Bilan et al.
2006). The relative amount of these structural units
in the galactan varies with the species and also for
different fractions of the same species (Bilan et al.
2007, Farias et al. 2008, Estevez et al. 2009). Besides,
a highly sulfated pyranosic arabinan was detected in
C. dwarkense (Siddhanta et al. 1999) and also in
C. fragile and C. vermilara and characterized (Ciancia
et al. 2007, Estevez et al. 2009). Its structure is now
under study. In addition, hydroxyproline-rich glyco-
proteins (HRGPs) have been detected in minor
quantities (Estevez etal. 2009, Fernandez et al.
2010). A small fraction from C. fragile showed a neu-
tral arabinan composed of 3-linked and 5-linked
o-L-arabinofuranose residues; it has been suggested
that this structure could be part of the carbohydrate
moiety of the HRGPs (Estevez et al. 2009).

The temporal scale of cell wall variability of sev-
eral green, red, and brown seaweeds, in most of the
cases, was linked to complex environmental exoge-
nous factors as well as endogenous changes in the
organisms (e.g., growth and development, morpho-
logical change, reproduction, etc.). In addition, the
importance of the variability displayed in the struc-
ture of cell wall polysaccharides from C. vermilara

and their relative amounts in relation to different
geographic locations and seasons has been
addressed recently in our group (Fernandez et al.
2011). Briefly, samples from three different popula-
tions from the Argentine coast showed: (i) an
important variation in the relative content of sul-
fated arabinans, which increases from north to
south, and (ii) a measurable degree of cell wall vari-
ability in the sulfate distribution between the differ-
ent sulfated polysaccharides, independently of the
amount of each polysaccharide present and of total
sulfate content. Overall, these results suggested that
C. vermilara has developed a mechanism to adjust
the total level of cell wall sulfation by modulating
the molar ratio of the individual polymers and also
by adjusting the sulfation level in each type of poly-
mer, whereas nonsulfated polymers, as the main
structural polysaccharides, did not change signifi-
cantly over the time or growing stage.

Only a recent reference has appeared concerning
characterization of the acidic polysaccharides from
Bryopsis (Song et al. 2010). The hot water extract of
Bryopsis plumosa, as well as the acidic and alkaline
extracts were obtained from culture samples from
Qingdao (China). The acidic extract gave glucose as
major monosaccharide component. The alkaline
and hot water extracts were quite similar, mainly
composed of carbohydrates, but also sulfate and
proteins. The major sugar components were galac-
tose (Gal), followed by arabinose (Ara), also minor
amounts of glucose (Glc), mannose (Man), rham-
nose (Rha), and fucose (Fuc) were detected. The
only structural feature informed was sulfation on a
primary carbon atom, inferred from the infrared
spectrum. The best in vitro antioxidant activity was
found for the acidic extract (Song et al. 2010).

On the other hand, more information is available
about the fibrillar components of the cell walls of
the Bryopsidales. These seaweeds lack cellulose, or
at least this polymer is not the major fibrillar com-
ponent of the cell wall, and have B-(1 — 4)-mann-
ans (Love and Percival 1964b, Mackie 1969, Huizing
and Rietema 1975, Chanzy et al. 1984, Kaihou et al.
1993, Ciancia etal. 2007) or f-(1 — 3)-=xylans
(Mackie and Percival 1959, Mackie 1969, Fukushi
et al. 1988, Maeda et al. 1990, Yamagaki et al. 1997)
instead. In addition, it has been shown that the
major fibrillar component of the cell wall can vary
in the different life stages (Huizing and Rietema
1975, Wutz and Zetsche 1976, Huizing et al. 1979).
Thus, gametophyte microthalli of Derbesia spp. bio-
synthesize xylans, whereas sporophyte macrothalli of
the same genus produce mannans. Similarly, game-
tophyte macrothalli from the genus Bryopsis biosyn-
thesize xylans, wheresas sporophyte microthalli
produce mannans. However, considerable amounts
of a glucan were detected in some cases (Wutz and
Zetsche 1976, Huizing et al. 1979). Moreover, cellu-
lose was found to comprise <10% (w/w) of the
fibrillar material of the cell walls from Bryopsis
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maxima, being present in an amorphous state,
in contrast to the trihelical arrangement of the
B-(1 = 3)xylan (Fukushi et al. 1988, Maeda et al.
1990).

In this work, we carried out the morphological
and phylogenetic characterization of Bryopsis plumosa
from Mar del Plata (Buenos Aires, Argentina).
Besides, its cell wall polysaccharides were studied,
and we were able to isolate and determine the struc-
ture of a highly pyruvylated galactan sulfate. Its
structure is compared with that of seaweeds from
the genus Codium.

MATERIALS AND METHODS

Algal sample. Thalli of B. plumosa were collected in Mar del
Plata, Province of Buenos Aires, Argentina, in December 2008.
A voucher material was deposited in the herbarium of the
Museo Bernardino Rivadavia, Buenos Aires, Argentina (collec-
tion number N° BA47428). Gametophyte thalli of B. plumosa
were washed with filtered seawater and analyzed for epiphytic
and epizoic contaminants in a Nikon AFX-II macroscope
(Nikon, Tokyo, Japan). Sporophytic microthalli were not
found.

DNA sequencing and clustering. A dry sample of the Mar del
Plata population was preserved in silica-gel for molecular
analyses. DNA extraction followed Verbruggen et al. (2007).
The rbcl. gene was sequenced as described by Verbruggen et al.
(20092) and the fufA gene as described by Verbruggen et al.
(2009b). Both sequences were submitted to GenBank (rbcL:
JQ755422; tufA: JQ755423). The rbcl. sequence was combined
with sequences available in GenBank (list of GenBank acces-
sion numbers in Fig. 2) and aligned by eye. The alignment was
submitted to UPGMA clustering analysis in PAUP, with 100
bootstrap replicates.

LM and histochemistry. For LM semithin sections (~10 pm)
were mounted on glass slides and then observed with a Carl
Zeiss Axiolab microscope (Carl Zeiss, Jena, Germany). The
staining procedures used in LM histochemical characterization
based on Krishnamurthy (1999) were carried out on fixed
tissues described before and included (i) Toluidine Blue O
(TBO; 0.05% w/v) in 0.1 M HCI at pH 1.0 that stains sulfated
polysaccharides (red-purple, y metachromasia), (ii) Ruthe-
nium Red (RR; 0.0001%) in aqueous solution (Luft 1971) for
acidic polysaccharides (red), (iii) Calcofluor White (CW; 0.1%
w/v) in aqueous solution for detection of B-(1 — 3)- and
B-(1 — 4)-polysaccharides, and (iv) Coomasie Blue (CB; 0.1%
w/v) in methanol: water: acetic acid (25:73:2 v/v) that stains
proteins. The residues RX2 and DR from the sequential
extractions were stained with Lugol’s (iodine in 0.5% IK) for
a-glycans (brown).

Extraction of the polysaccharides. Thalli of B. plumosa were
washed with filtered seawater and analyzed for epiphytic and
epizoic contaminants in a Nikon AFX-II macroscope.

The selected plants were dried, milled (100 g), and then
extracted with EtOH 96% (1,000 mL) for 3 h at room
temperature. The residue was separated from the supernatant
by centrifugation in a Sigma 4K15 (Niedersachsen, Germany)
refrigerated centrifuge (8000g, 10°C) and dried by solvent
exchange and finally in vacuo. This treatment was carried out
once more. The residue from the ethanol extraction was
extracted with HyO (20 g - L") at room temperature for 18 h
and centrifuged. The supernatant was dyalized and freeze-
dried, obtaining B1. The residue from the first HoO extraction
was extracted one more time in similar conditions, giving B2.
The residue from the second room-temperature water extrac-
tion was extracted twice for 3 h with water at 90°C, giving two

extracts. The first one was treated with a-amylase (Knutsen and
Grasdalen 1987) to give a purified sample, X1. The residue
RX2 (1 g) from the water extraction was extracted with an
8.4% LiCl solution in DMSO (200 mL) at 106°C for 5 h (Flores
et al. 2000). The mixture was cooled to room temperature and
centrifuged obtaining residue RD and a supernatant SD. Both
were dialyzed (molecular weight cut-off 6.0-8.0 kDa) and
freeze-dried. DS was treated with o-amylase (Knutsen and
Grasdalen 1987).

lon exchange chromatography (IEC). X1 was chromatographed
on DEAE-Sephadex A-25. The sample (100 mg) was dissolved
in water and centrifuged, and the supernatant was applied to a
column (90 X 1.5 cm i.d.), previously stabilized in HyO. The
first elution solvent was water, and then it was NaCl solutions of
increasing concentration of up to 4 M. Fractions of 4 mL were
collected. Finally, the phase was boiled in 4 M NaCl solution.
The presence of carbohydrates in the samples was detected by
the phenol sulfuric acid method (Dubois et al. 1956); after
obtaining blank readings, the eluant was replaced by another
with higher concentration of NaCl. The products obtained
were dialyzed (molecular weight cutoff 3,500) and freeze dried.

Chemical analysis. The total sugar content was analyzed by
PhOH-HsSO4 method (Dubois et al. 1956). Sulfate was deter-
mined turbidimetrically (Dodgson and Price 1962). The
protein content was determined by the method of Lowry et al.
(1951). The pyruvic acid content was determined by the
method of Koepsell and Sharpe (1952), whereas the percent-
age of uronic acids was determined according to Filisetti-Cozzi
and Carpita (1991). The total carbohydrate content of RX2,
DS, and DR was analyzed by a phenol-sulfuric acid method
adapted for insoluble material (Ahmed and Labavitch 1977).
To determine their monosaccharide composition, the samples
(1-3 mg) were dissolved in 100% trifluoroacetic acid (TFA;
37°C, 1 h), followed by dilution of the acid to 80%, heating at
100°C for 1 h, and further dilution to 2M to achieve the regular
hydrolysis conditions, reduction with NaBHy, and acetylation
(Morrison 1988). For these same samples, total nitrogen and
sulfur were estimated, after total degradation, by conversion to
Ny and SOg, respectively. The mixtures of gases were separated
by gas chromatography with a porapac column in Carbo Erba
EA 1108 chromatograph (Milan, Italy), using a thermic
detector; the total protein content was expressed using a factor
of 5.13 (Lourenco et al. 2002).

Methylation analysis. The polysaccharide (5-10 mg) was
converted into the corresponding triethylammonium salt
(Stevenson and Furneaux 1991) and methylated according to
Ciucanu and Kerek (1984). The sample was dissolved in
dimethylsulfoxyde; finely powdered NaOH was used as base.
For SD, an 8.4% LiCl solution in DMSO was used, and the
reaction was carried out at 55°C; the mixture was sonicated
before addition of NaOH. Iodomethane was used as methyl-
ation agent. The methylated samples were derivatized to the
alditol acetates in the same way as the parent polysaccharides.

Gas chromatography (GC). GC of the alditol acetates were
carried out on a Hewlett Packard 5890A gas-liquid chromatog-
raphy (Avondale, PA, USA) equipped with a flame ionization
detector and fitted with a fused silica wall coated open tubular
column (0.25 mm i.d. X 30 m) with a 0.20 pm film of SP-2330
(Supelco, Bellefonte PA, USA). Chromatoglraphy was per-
formed: from 200°C to 230°C at 1°C - min ', followed by a
30 min hold for alditol acetates. For the partially methylated
alditol acetates, the initial temp. was 160°C, which was
increased at 1°C - min™' to 210°C and then at 2°C - min~' to
230°C. Ny was used as the carrier gas at a flow rate of
I mL - min ', and the split ratio was 80:1. The injector and
detector temperature was 240°C.

GC—mass spectrometry (MS). GC-MS of the methylated aldi-
tol acetates was performed on a Shimadzu GC-17A gas-liquid
chromatography equipped the SP-2330 interfaced to a
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GCMSQP 5050A mass spectrometer (Kyoto, Japan) working at
70 V. He total flow rate was 7 mL - min™', and the injector
temperature was 240°C. Mass spectra were recorded over a
mass range of 30-500 amu.

NMR spectroscopy. The 500 MHz 'H NMR, proton decou-
pled 125 MHz '*C NMR spectra, and two-dimensional NMR
experiments [heteronuclear multiple quantum coherence
(HMQC) and correlation spectroscopy] were recorded on a
Bruker AM500 at room temperature, with external reference of
TMS. Samples were exchanged in 99.9% DoO (0.5 mL) four
times. Chemical shifts were referenced to internal acetone (S
2.175, dcus 31.1). Two-dimensional NMR experiments were
recorded in DMSO for DS.

RESULTS AND DISCUSSION

Samples of Bryopsis sp. were collected in a
restricted area of the rocky shore of Mar del Plata
located at 38°00” S, 57° 33" W, on the Atlantic coast
of Argentina. In the area, this seaweed is usually
found in sheltered habitats or in habitats with low
wave action. It is distributed from the lowermost
part of the midlittoral zone to the few upper meters
of the subtidal (Olivier et al. 1970, Sar et al. 1984).
It is also observed in deep tide pools at the upper
midlittoral, forming a characteristic fringe between
30 and 80 cm depth. The species is epilithic grow-
ing on both hard rocky and sedimentary slit sub-
strates. Less commonly, it is epiphytic on coralline
rhodophytes (Corallina officinalis, Jania sp.) and epi-
zoic on mussels (Brachydontes rodriguezi). The tempo-
ral distribution of the species covers all the annual
cycle, showing a seasonal variation with two periods
of maximum abundance, one in early summer and
another in autumn. During these periods, it is com-
mon to observe an extension in its zonal distribu-
tion to the middle levels of the intertidal in not
much exposed areas (H. Benavides, pers. comm.).

Boraso de Zaixso (2004) reviewed the species of
Bryopsis recorded for the Argentine coast. Papenfuss
(1964) reported the presence of B. plumosa for the
Atlantic littoral from the coast of Uruguay to Tierra
del Fuego. However, no study about species of this
genus particularly in the coast of Buenos Aires prov-
ince, north of the Argentine Atlantic littoral has
been reported. There is only a reference to the
genus, as Bryopsis, in this area in a technical survey
(Parma et al. 1987), so studies of the phylogeny and
morphology of this seaweed for this particular loca-
tion have not been published before. Morphological
characters of the sample collected in Mar del Plata
(Argentina) are identical to those corresponding to
Bryopsis plumosa (Agardh 1823, Harvey 1858, Setchell
and Gardner 1920, Collins 1928, Feldmann 1937,
Taylor 1937, Koster 1941, Fritsch 1956, Yale Dawson
et al. 1964, Coll Cunillera 1976, Medlin 1984) com-
prising dark to mid-green thalli forming dense tufts,
from 3.5 to 10 cm in length (Fig. 1a). Gametophyte
thallus is wuniaxial, with delicate feather-like
branches or pinnas decreasing gradually towards the
apex beginning from a rhizoidal holdfast. The main

axis is rarely dichotomous, of 0.4 mm in diameter,
with first-order branches located at the upper 1/3-
2/3 portion, and irregularly branched rhizoids at
the lower end. All branches are regularly and dis-
tichously arranged in two rows on opposite sides of
the central filament (Fig. 1b). Each pinna is con-
stricted; it shows symmetrically rounded margins at
the base and has an obtuse to rounded apex
(Fig. 1c). However, because morphological identi-
fication of morphologically simple algae can be
misleading, we have also generated rbcl. and tufA
barcodes to characterize the Argentine taxon.
A UPGMA dendrogram of the 7bd. alignment
showed that the sequence from the Argentine taxon
is identical to that of two sequences of B. plumosa
from France and Australia, and a sequence of B. vesti-
ta from New Zealand (Fig. 1d, BV = 99). The analysis
also showed that the species B. plumosa, as morpho-
logically defined, is polyphyletic (arrows in Fig. 1d).
Therefore, our 7bc. and tufA DNA barcodes will

4
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Bryopsis plumosa AF212145 France
Bryopsis plumosa AY004771 Australia
Bryopsis vestita EU380521 New Zealand
Bryopsis sp. FJ715718
Bryopsis plumosa FJ432637 France ~ <€——
\— Bryopsis sp. HQ603484 Rhode Island
92 Bryopsis corticulans HQ603483 Pacific Canada

Bryopsis i HQ603482 Pacific Canada
Bryopsis corticulans AY942163 California
Bryopsis plumosa AB038480 Japan <«
Bryopsis maxima X55877 Japan
65! Bryopsis hypnoides AY566304

Bryopsis hypnoides GQ892829

Bryopsis plumosa DQ469327 Florida ~<€——
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— 100
96

Bryopsis ides AY942169 California

L1 ‘ Bryopsis AY942165 California
36 Bryopsis pennata DQ537227 Florida
—100(: Bryopsis pennata DQ469323 Florida

InG. 1. (a) General aspect of the thallus of Bryopsis plumose.
Scale bar = 1 cm. (b) Gametophyte thallus is uniaxial with deli-
cate featherlike branches or pinnas decreasing gradually toward
the apex. Scale bar = 1 mm. (c) Coencocytic structure of a single
utricle cell. Scale bar = 200 um. (d) A UPGMA dendrogram of
the rbcl. alignment showed that the sequence from the Argentine
taxon is identical to that of two B. plumosa sequences from France
and Australia and a B. vestita sequence from New Zealand. The
species B. plumosa, as morphologically defined, is polyphyletic
(arrows). UPGMA, unweighted pair group method with arithmetic
mean.
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continue characterizing the strain we have used in
the light of future taxonomic changes that may be
carried through to resolve this taxonomic conun-
drum. Only the 7bcl. alignment was analyzed in this
study, because a larger set of reference sequences is
presently available for this gene in GenBank. How-
ever, a tufA barcode was also generated because this
gene has recently been proposed as the most suit-
able barcoding gene for Ulvophyceae (Saunders
and Kucera 2010) and data availability for this gene
can be anticipated to grow drastically over the coming
years.

At the cell wall level, two fibrillar layers (fl) and
one amorphous layer (al) can be distinguished
(Fig. 2a). To show the in situ localization of fibrillar
polysaccharides in the cell walls of B. plumosa, Calco-
fluor White (CW) staining (Krishnamurthy 1999)
was used and two distinct layers were detected
(Fig. 2b). Besides, the presence of negatively
charged sulfate groups was revealed with TBO at
pH =1 (Fig. 2c) (Krishnamurthy 1999) and RR
(Fig. 2d) stainings, showing two external layers, one
close to the apoplast and the other, to the cyto-
plasm. This arrangement of fibrillar and sulfated
polysaccharides in the cell wall seems partially differ-
ent to that found in Codium spp. (Estevez et al.
2009, Fernandez et al. 2010), in which the fibrillar

Fic. 2. In situ distribution of cell wall polymers. (a) Double
two fibrillar (F1) and amorphous (Al) cell wall layers of the utricle
in longitudinal section observed with light-directed and phase
contrast (PC) microscopy. (b) Distribution of (1 — 3)-B-p-xylans
and cellulose in cell walls of Bryopsis plumosa by Calcofluor White
(CW) staining. Scale bar = 10 pm. Absence of labeling is denoted
by an asterisk (¥). (c) Localization of sulfated polymers in the cell
wall from B. plumosa assessed by histochemistry. Negatively
charged sulfate groups present in the sulfated polysaccharides
were labeled with Toluidine Blue O (TBO) at pH = 1. Scale
bar = 10 pm. (d) Negatively charged polymers location (sulfated
and pyruvylated polymers) with Ruthenium Red (RR). Absence of
labeling is denoted by an asterisk (¥). (e) Cell wall proteins visu-
alized with Coomasie Blue (CB). Scale bar = 10 um. Absence of
labeling is denoted by an asterisk (¥).

domain was divided in two layers, while sulfated
polysaccharides formed a middle amorphous layer.
Cell wall proteins were visualized in the amorphous
layer and in the upper fibrillar layer (Fig. 2e).

To study the cell wall of B. plumosa, water-soluble
polysaccharides were isolated (Fig. S1 in the supple-
mentary material) giving two major fractions, one at
room temperature (Bl) and another one at 90°C,
both of them in low yields (Table 1). Analysis of the
major room temperature water extract, Bl, showed
similar quantities of carbohydrates and proteins,
and also considerable amounts of sulfate. The major
monosaccharide constituent was Gal, followed by
Ara, and small amounts of other sugars together
with a significant amount of pyruvic acid. On the
other hand, the major hot water extract contained
Glc as main carbohydrate component. By treatment
with a-amylase a purified product, X1, was isolated,
which contained Gal and Ara in important quanti-
ties, but also Rha, and minor amounts of other sug-
ars (Table 1). In addition, X1 was fractionated by
anion exchange chromatography giving 10 fractions
(F1I-F10, Table S1 in the supplementary material)
with increasing sulfate content. An incipient separa-
tion according to the monosaccharide composition
was also observed. F1 is enriched in Rha, F3 in Ara,
whereas in F4-F10, Gal is the major monosaccha-
ride component. Yields of these fractions were very
low, with the exception of fraction F4.

Methylation analysis of Bl gave mainly Gal and
Ara partially methylated monosaccharides (Table 2).
The galactose derivatives showed a pattern very simi-
lar to that found by methylation analysis of galac-
tans from Codium (Ciancia et al. 2007, Estevez et al.
2009). The '*C NMR spectrum of Bl was complex
(Fig. 3a). In the anomeric region, two main signals
were present at 104.6 and 103.7 ppm, which could
correspond to C-1 of B-n-Gal units. No signals were
detected at lower fields suggesting the absence of
a-Ara in the furanosic form. A peak at 26.0 ppm,
which correlated with the signal at 1.41 ppm in the
HMQC spectrum (not shown), as well as the peak at
101.7 ppm, which appeared only in the '’C NMR
spectrum (C-2 of the pyruvic acetal in R configura-
tion), confirmed the presence of pyruvylated units
forming a 6-membered cycle with 04 and 06 of
the B-p-Gal units (Bilan et al. 2006), giving a ratio
Gal:pyruvate of 3:1 (Table 3). Thus, 1/3 of the
galactose units in the galactan backbone were
pyruvylated. On the other hand, the methylation
pattern showed that at least most of the sulfate was
also substituting the galactose units, indicating the
presence of galactose sulfated on C-4 or C-6, or
both positions. However, a certain degree of substi-
tution with side chains could be ruled out. Besides,
~14% of the 3-linked Gal units was not substituted
(Table 2). These data showed that the galactan in
B1 has structural features similar to those found in
Codium extracts, the most important difference is
the presence in Bl from B. plumosa of the 3-linked
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TasLe 1. Yields and analyses of the cell wall fractions isolated from Bryopsis plumosa.

Yield® % Total carbohydr. % Sulfate (SO3Na) %

Monosaccharide composition (mols %)

Water-soluble cell wall fractions

B1¢ 0.8 33.9 12.5

X1 1.3 21.4 4.7

F4 0.2 nd 9.1
Fibrillar cell wall fractions

RX2 62.3 40.0 7.7

DS 29.5 56.9 1.6

DR 29.7 8.1 5.8

Proteins® % Rha Fuc Xyl Ara Man Gal Glc
3.6 1.9 4.7 14.8 5.9 63.8 5.4

17.4 4.1 6.5 28.3 6.9 24.0 9.8

86 45 172 136 58 427" 7.7

- - 46.8 3.5 tr. 3.8 45.9

- - 65.8 2.8 tr. 1.8 29.6

- - 26.9 11.7 2.0 11.8 47.7

Ara, arabinose; Fuc, focose; Gal, galactose; Glc, glucose; Man, mannose; Rha, rhamnose; Xyl, xylose.

“Per 100% of milled seaweed.
bNitrogen x 5.13 (Lourenco et al. 2002).

“Small amounts of pyruvic (3.7%) and uronic (2.5%) acids were detected.

99.3% of pyruvic acid and 5.6% of uronic acids were found.

TasLe 2. Methylation analysis of cell wall fractions isolated
from Bryopsis plumosa.

Monosaccharide® BI®  X1¢ F4>* DS Major structural units

2,3,4-Rha - 1 - - Rhap(l —»

3,4-Rha - 4 - - — 2)Rhap(l —»

2,4-Rha 2 3 8 - — 3)Rhap(l —

2-Rha - 5 - - - 34)Rhap(l -

Rha - 3 - - —234)Rhap(l -

2-Fuc - 1 - -

2,3,4-Xyl - 5 2 - Xylp(l —

2,4-Xyl 4 3 - 41° - 3)poXylp(1 —

Xyl - 1 - 8

2,3,5-Ara 5 4 - 3 Araf(l —»

3,5-Ara 16 17 2 10 — 2)Araf(l —

2,3-Ara - 3 - - - b)Araf(l1 >

3-Ara 4 - 3 - —25)Araf(l —

2,3,4,6-Man - 4 - -

2,3,6-Man - 2 -

3-Man+Man - 2 - -

2,3,4,6-Gal - 1 - -

2,4,6-Gal 8 2 36° 1 — 3)BpGalp(l -

2,3,4-Gal - 1 - -

2,6-Gal 10 6 3 3 —3)ppGalp4S(d —

3,6-Gal 2 - - 4

2,3-Gal - 2 - -

2,4-Gal 9 5 29° - — 3)Bp-Galp6S(1l —

6-Gal 1 2 - -

2-Gal 27 9° 16 - — 3)Bbp-Galp 4,6 Pyr(l —
— 3)B-p-Galp 4,6 S(1 —

Gal - 3 - -

2,3,6-Glc 3 5 - 30° - 4)Glep(l —

Glc 11 4 - -

Ara, arabinose; Fuc, focose; Gal, galactose; Glc, glucose;
Man, mannose; Rha, rhamnose; Xyl, xylose.

“Methylated at the positions indicated.

PMols %.

“Traces (<1%) of 2,3,4-Xyl; 2,3,4,6-Gal; 6-Gal; 2,3,4,6-Man;
2.,3,6-Man; Rha were detected in Bl.

4Small amounts of monomethylated sugars were detected.

“Percentages significant for the structure of the sample are
shown by bold.

4,6-0-(1-(R)-carboxy) ethylidene--p-galactopyranose
(4,6-Pyr-p-np-Gal) units in the galactan chain, instead
of 3,4-0-(1"-(S)-carboxy)ethylidene-B-p-galactose ter-
minal units, which predominated in the former

galactans (Bilan etal. 2007, Ciancia etal. 2007,
Farias et al. 2008, Estevez et al. 2009, Ohta et al.
2009). It is important to note that this difference
could have great consequences in the galactan struc-
ture and conformation, as that of Codium is a highly
ramified structure, whereas there is no evidence of
ramification, at least with Gal units in B1.

An important peak in the gasliquid chromato-
gram of methylated Bl was identified by GC-MS
as 2,4,6-tri-O-acetyl-3,5-di-O-methylarabitol (Table 2).
However, no peaks were detected in the anomeric
region of the '’C NMR spectrum corresponding to
those reported for o-L-arabinofuranosyl residues.
Whether this was due to the fact that this structure
comprises [-L-arabinofuranose residues (anomeric
signals at ~103 ppm, Bock and Pedersen 1983) or
the anomeric signal of the o-L-arabinofuranose resi-
dues was shifted down-field by the influence of the
C-2 substitution, or both, is under study. These facts
could make the anomeric signal of these units
appear in the same region of the spectrum as those
of the galactan. Nevertheless, it is clear that the
arabinan moiety was mostly composed by nonsulfat-
ed units. It is not known yet if this arabinan struc-
ture formed an arabinogalactan, constituting side
chains of the galactan backbone described before,
or if they are two independent polysaccharides.

Methylation analysis of X1 showed a great diver-
sity of structural units (Table 2). However, it is clear
that the galactan and the arabinan moieties have
structures similar to those described for Bl. Besides,
the different rhamnose derivatives in this product
suggest the presence of a sulfated rhamnan struc-
ture. Sulfated rhamnans have been previously iso-
lated from some species of the green seaweeds
Monostroma, M. nitidum, and M. latissinum Wittrock
(Ulotrichales, Chlorophyta) (Mao et al. 2008, 2009,
Zhang etal. 2008) and from Gayralia oxysperma
(Ulvales, Chlorophyta) (Cassolato etal. 2008).
These polysaccharides have mainly 2-linked, but also
3-linked and 4-linked o-1-Rha units partially sulfated;
besides, they have single stubs of uronic acid
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Fic. 8. Spectroscopic analysis. (a) NMR 'C spectrum of BI.
(b) Bidimensional HMQC spectrum of F4 [G1-G6, signals corre-
sponding to 3-linked PB-p-galactose units; GS1-GS6, signals corre-
sponding to 3-linked P-n-galactose 6-sulfate units; and GPI1-GP6,
signals corresponding to 3-linked 4,6-O-(1-(R)-carboxy)ethylid-
ene-f-p-galactopyranose  units]  (c¢)  Bidimensional HMQC
spectrum of DS showing the signals of (1 — 3)-B-pxylose units
(X1-X5/5"). HMQC, heteronuclear multiple quantum coherence.

residues as side chains. The methylation pattern of
Rha units in X1 suggests a similar rhamnan struc-
ture; moreover, 5.6% of uronic acid was also
detected in this sample. If this structure is con-
firmed, it will be interesting to analyze the taxo-
nomic significance of the presence in Bryopsis

plumosa of small quantities of a rhamnan similar to
the predominant sulfated polysaccharides in species
of Monostroma and Gayralia. On the other hand, the
important amount of terminal xylose (Xyl) units
suggest that they constitute single stubs linked to
one of the polysaccharide structures of this fraction.

Methylation analysis of F4 showed major amounts
of 3-linked PB-p-Gal units, partially substituted on
C-6, possibly with sulfate, although a certain degree
of substitution with side chains could not be ruled
out. Small amounts of arabinan and rhamnan struc-
tures were detected (Table 2). The '*C NMR spec-
trum of F4 (not shown) showed three signals in the
anomeric region at 104.9, 103.6, and 101.7 ppm
(Table 3). The latter signal, as well as that at
26.0 ppm indicated the presence of pyruvic acid
acetals, as found for B1. HMQC spectrum (Table 3)
showed the presence of two major units, namely,
3-linked B-p-Gal and B-p-Gal sulfated on C-6. All the
signals corresponding to the nonsulfated units are
very clear in the spectrum and are in agreement
with previous assignments (Bilan et al. 2007). It was
previously shown that sulfation of C-6 of a Gal unit
produces a shift of the carbon signal of around
6 ppm to lower fields, and that of H-6 in 0.5 ppm,
whereas that of G5 is shifted around 1.5 ppm
upfield (Ruiz Contreras et al. 1988). Signals of
C-5/H-5 and C-6/H-6 of the 6-sulfated units were
assigned based on these data; the remaining signals
of these units would give similar displacements to
those of the nonsulfated units. Smaller signals corre-
sponding to C-5/H-5 and C-6/H-6 of 3-linked 4,6-
Pyr-B-p-Gal residues were also detected (Chiovitti
et al. 1997) (Fig. 3b). It is worth noting that the ga-
lactan structures present in Bl, X1, and F4 have
similar structural units, but in different amounts,
which could be related to their solubility behavior.
Comparison of data from Bl and F4 allowed us to
speculate that the signals at 103.6/4.46, 80.8/4.26,
and 61.0/3.41 present in the spectra of both sam-
ples (Fig. 3) correspond to C-1/H-1, C-4/H-4, and
C-5/H-5 of 2-linked B-1-arabinofuranose units (Bock
and Pedersen 1983).

F2 (~60% Ara) was also subjected to methylation
analysis; however, the small amount of sample just
allowed to identify 3,5-di-O-methylarabinose as the
only Ara derivative, confirming that a 2-linked fura-
nosidic non-sulfated arabinan is part of the system
of polysaccharides biosynthesized by this seaweed.
The only other peaks detected in the chromatogram
corresponded to nonmethylated Xyl and Gal deriva-
tives, indicating that these structures were not
methylated under the usual conditions. No nonme-
thylated Ara was present.

The residue obtained after the sequential water
extraction (RX2) still contains an important amount
of carbohydrates, mainly Xyl and Glc, which should
be part of the fibrillar moiety of the cell wall and
represents 62% w/w of the milled seaweed
(Table 1). A strongly chaotropic medium (8.4% LiCl/
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TasLe 3. NMR signal assignments (ppm) of the cell wall polysaccharides isolated from Bryopsis plumosa.

Structural unit C-1/H-1 C-2/H-2 C-3/H-3 C-4/H-4 C-5/H-5,5 C-6/H6,6'
3-linked B-n-Gal 104.9/4.65 70.7/3.63 83.1/3.80 69.4/4.17 75.5/3.67 61.8/3.69
3-linked B-p-Gal 6S 74.1/3.86 67.8/4.22
3linked B-p-Gal 4,6-Pyr* 66.5/3.67 65.9/3.86
2-linked [3-L—Arafb 103.6/4.46 80.8/4.26 61.0/3.41

3-linked B-p-Xyl 105.1/4.63 74.5/3.44 86.9/3.55 68.7/3.62 66.3/3.28, 3.93

Ara, arabinose; Gal, galactose; Xyl, xylose.

“Signals corresponding to the acetal: C-1:177.0, C-2:101.7, and C-3:26.0/H-3:1.41 (R configuration).

PSpeculative assignments.

DMSO) at high temperature, which was reported to
solubilize cellulose (Flores et al. 2000) was used for
further extraction of RX2, giving the final residue
DR, which still remained insoluble, and DS, soluble
in these conditions (Table 1). This procedure
extracted most of the remaining carbohydrates, DR
had only 8% of carbohydrates, but major amounts
of protein. On the other hand, DS was constituted
by ~57% of carbohydrates, mainly Xyl and Glec.
Methylation analysis of DS (Table 2) showed that
3-linked xylans and 4-linked glucans were the two
major components of this cell wall extract. The
small amount of nonmethylated Xyl was attributed
to low solubility of the sample in the methylation
reaction medium, although this reaction was carried
out at 55°C; harder conditions resulted in degrada-
tion of the sample (results not shown). HMQC spec-
trum of DS in DMSO (Fig. 3c) showed only the
signals due to the 3-linked xylan, assigned based on
data from Yamagaki etal. (1997) (Table 3). This
was interpreted to be due to low solubility of cellu-
lose in the solvent. In addition, although some
a-glucans could still be present in RX2, no Lugol
staining (for o-glucans as storage polysaccharide)
was found in DS (Fig. S2 in the supplementary
material), indicating that in this sample, Glc arises
mostly from cellulose. Moreover, treatment of DS
with o-amylase did not change significantly its
monosaccharide composition (results not shown).

CONCLUSION

The seaweed of the genus Bryopsis present in Mar
del Plata (Buenos Aires, Argentina) is B. plumosa.
The fibrillar as well as the acidic polysaccharides
showed a bilayer arrangement in the cell wall. These
fibrillar polysaccharides are a (1 — 3)-B-p-xylan and
cellulose, as previously found for another species of
this genus. B. plumosa showed a mixed xylan/cellu-
lose cell wall closer to that of Caulerpa species,
whereas other phylogenetically closer seaweeds, like
Codium and Acetabularia species, have mannan-rich,
cellulose-devoid cell walls (Chanzy et al. 1984, Mae-
da et al. 1990, Dunn et al. 2007). The acidic polysac-
charides, soluble in water, have a great structural
heterogeneity. However, it was possible to detect
putative sulfated rhamnan structure and furanosidic
2-linked arabinan structure, and to determine the

structure of a linear galactan highly pyruvylated and
also partially sulfated mainly on C-6 of the 3-linked
B-p-Gal units. All the coencocytic organisms studied
until now have developed distinct cell walls based
on a great diversity of polysaccharides.

These results contribute to the present knowl-
edge about cell walls from green seaweeds of the
Bryopsidales, which is quite scarce, taking into
account the wide variety and geographical distribu-
tion of these seaweeds.
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