
PART OF A SPECIAL ISSUE ON PLANT CELL WALLS

Chemical and enzymatic fractionation of cell walls from Fucales: insights
into the structure of the extracellular matrix of brown algae
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† Background and Aims Brown algae are photosynthetic multicellular marine organisms evolutionarily distant
from land plants, with a distinctive cell wall. They feature carbohydrates shared with plants (cellulose), animals
(fucose-containing sulfated polysaccharides, FCSPs) or bacteria (alginates). How these components are organized
into a three-dimensional extracellular matrix (ECM) still remains unclear. Recent molecular analysis of the corre-
sponding biosynthetic routes points toward a complex evolutionary history that shaped the ECM structure in
brown algae.
† Methods Exhaustive sequential extractions and composition analyses of cell wall material from various brown
algae of the order Fucales were performed. Dedicated enzymatic degradations were used to release and identify
cell wall partners. This approach was complemented by systematic chromatographic analysis to study polymer inter-
links further. An additional structural assessment of the sulfated fucan extracted from Himanthalia elongata was
made.
† Key Results The data indicate that FCSPs are tightly associated with proteins and cellulose within the walls.
Alginates are associated with most phenolic compounds. The sulfated fucans from H. elongata were shown to
have a regular a-(1�3) backbone structure, while an alternating a-(1�3), (1�4) structure has been described
in some brown algae from the order Fucales.
† Conclusions The data provide a global snapshot of the cell wall architecture in brown algae, and contribute to the
understanding of the structure–function relationships of the main cell wall components. Enzymatic cross-linking of
alginates by phenols may regulate the strengthening of the wall, and sulfated polysaccharides may play a key role in
the adaptation to osmotic stress. The emergence and evolution of ECM components is further discussed in relation to
the evolution of multicellularity in brown algae.

Key words: Brown algae, Fucales, cell wall architecture, sequential extractions, sulfated fucan, fucose-containing
sulfated polysacharides, FCSP, extracellular matrix, ECM, Himanthalia elongata, plant cell wall evolution.

INTRODUCTION

Land plants and macroalgae share convergent evolutionary
traits, such as multicellularity and a polysaccharide-rich cell
wall surrounding their cells. These two features are intrinsically
interlinked as the development of an adherent extracellular
matrix (ECM) probably allowed the transition from cellular au-
tonomy to cellular co-operation, and therefore set the bases
that constitute functional multicellular organisms (Popper
et al., 2011). For land plants we have an extensive understanding
of the structures and functions of the ECM. The cell wall contri-
butes to cell adhesion and is therefore crucial in maintaining the
physical integrity of the tissues. The ECM also exerts significant
control over signalling and cell–cell communication. Positional
information involves reporting to the ECM which is further inte-
grated and used to specify growth axes and cell differentiation,
thus conditioning the development of a plant. The ECM also
plays a crucial role in the control of innate immunity, another

common characteristic of multicellular eukaryotes. For
example, pectic oligosaccharides released from the wall during
wounding or pathogen attack are the best-characterized wall-
derived elicitors that can lead to a defence response in land
plants (Hematy et al., 2009).

Brown algae (Phaeophyceae) are a class of photoautotrophic
marine macroalgae ubiquitously found on rocky intertidal
shores. These organisms belong to the Stramenopiles, a phylum
that comprises photosynthetic as well as non-photosynthetic
members, including various protists and diatoms, but also oomy-
cetes, a group of pseudo-fungi, many of which are notorious
plant parasites such as Phytophtora (Andersen, 2004). This
phylum arose about 1000 million years ago after a secondaryendo-
symbiotic event, by which a unicellular red algawas captured byan
ancestral protist (Berneyand Pawlowski, 2006). Thus, brown algae
evolved complex multicellularity and plant-like structures inde-
pendently from the Archaeplastida phylum, which includes the
red algae, green algae and land plants (Reyes-Prieto et al., 2007).
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The appearance of brownalgae is thought tobe a rather recent event
dated to about 200–300 million years ago (Brown and Sorhannus,
2010; Silberfeld et al., 2010). Variations of the ECM content
between land plants and brown algae are therefore evident on a
phylogenetic basis, with brown algal cell walls sharing polysac-
charides with both plant (cellulose) and animal (sulfated fucans)
ECMs, but also with some bacteria (alginates) (Michel et al.,
2010). Sulfated fucans and alginates encompass the main portion
of the wall in brown algae (up to 45 % of algal dry weight),
while cellulose only accounts for a small fraction (1–8 % of
algal dry weight). Proteins (Quatrano and Stevens, 1976), haloge-
nated and/or sulfated phenolic compounds known as phlorotannins
(Vreeland et al., 1998; Schoenwaelder and Wiencke, 2000) and
halide compounds as iodide (Verhaeghe et al., 2008) are additional
components in brown algal cel walls.

Sulfated fucans are sulfated polysaccharides containing
a-L-fucosyl residues. They may be present in the form of homo-
polymers, called homofucans or fucans, or as heteropolymers,
termed fucoidans or, more appropriately, heterofucans. The
term fucose-containing sulfated polysaccharides (FCSPs) is
used as a more collective term for these polysaccharides (Sakai
et al., 2003; Ale et al., 2011). Sulfated fucans occur in brown
algae, but also in the body wall of sea cucumbers and in the
egg jelly coat of sea urchins. While echinoderm fucans have
regular structures composed of linear and repetitive sequences
of one, two or four residues (Pereira et al., 1999), the brown
algal FCSPs encompass a continuous spectrum of highly
branched polysaccharides, ranging from high-uronic acid,
low-sulfate-containing polymers with significant proportions
of xylose, galactose and mannose, to highly sulfated homofucan
molecules (Mabeau et al., 1990). Species-dependent structural
variations have also been observed: most of the sulfated fucans
described from Fucales contain long stretches of alternating
a-(1�3) and a-(1�4) L-fucose residues bearing one and two
sulfate groups, respectively (Pereira et al., 1999; Chevolot
et al., 2001; Bilan et al., 2006; Colin et al., 2006), while the sul-
fated fucans from Laminariales (Nishino et al., 1991; Chizhov
et al., 1999; Anastyuk et al., 2010) and Ectocarpales (Nagaoka
et al., 1999; Ponce et al., 2003; Sakai et al., 2003) display a
basic structure resembling those of marine invertebrates and
based on a-(1�3) linked L-fucose residues bearing one
sulfate group in C4.

Alginates are linear polymers made of two epimers,
b-(1�4)-D-mannuronate (M) and a-(1�4)-L-guluronate (G),
arranged in blocks along the polysaccharide chain. While M
block-rich alginate does not gel in the presence of divalent
cations, G block-rich alginate will form ‘egg-box’ junctions
with calcium, bridging two antiparallel chains and therefore in-
creasing the mechanical strength of the gel (Draget et al.,
2005). The epimerization of the M into G residues is mediated
by mannuronan C5-epimerases acting directly on the polymer
chain (Haug et al., 1974; Nyvall et al., 2003). As such, alginates
and mannuronan C5-epimerases are likely to determine the wall
porosityand texture, and may therefore be seen as functional ana-
logues to pectins and pectin methylesterases in land plants, re-
spectively.

The inherent nature of the different components of the wall
points toward a complex evolutionary history that shaped the
ECM structure in brown algae. Ectocarpus is a genetic and
genomic model for brown algae, and the in-depth analysis of

its genome sequence allowed the origin and evolution of the
main cell wall components of brown algae to be resolved
(Cock et al., 2010; Michel et al., 2010; Meslet-Cladière et al.,
2013). Molecular evidence indicate that the biosynthetic path-
ways for both cellulose and sulfated fucans are ancient.
Cellulose biosynthesis was initially proposed to have been
gained from the red algal endosymbiont during the secondary
endosymbiotic event that occurred about 1200 million years
ago and that gave rise to Stramenopiles (Michel et al., 2010).
However, the first genome analysis of a red macroalga
(Chondrus crispus) has recently refined the phylogeny of cellu-
lose synthases (CESAs) (Collén et al., 2013). Although the red
algal origin of the CESAs from oomycetes was confirmed, the
CESAs from brown algae and Eustigmatophyceae (related uni-
cellular algae) constituted an independent clade (Collén et al.,
2013), indicating that cellulose biosynthesis in brown algae has
an ancient but distinct origin. The biosynthetic route for sulfated
fucans in Ectocarpus involves enzymes similar to their animal
counterparts for the synthesis of fucose and for the sulfation of
carbohydrates, indicating an ancestral eukaryotic pathway
(Michel et al., 2010). The biosynthetic routes for alginates and
phlorotannins evolved more recently in brown algae. They
both found their roots in a massive horizontal gene transfer
(HGT) event with an ancestral actinobacterium, which occurred
after the divergence of the ancestor of brown algae from diatoms
and oomycetes, about 200–300 million years ago (Michel et al.,
2010; Meslet-Cladière et al., 2013). The acquisition of these new
biosynthetic pathways in brown algae is likely to have played a
key role toward the acquisition of complex multicellularity
(Michel et al., 2010).

As for land plants, cell walls of brown algae are involved in a
number of essential biological functions. The zygotes of Fucales
species have long served as practical models to study cell polar-
ization and asymmetrical cell division, pointing towards the role
of the cell wall and targeted secretions in early morphogenesis in
plant systems (Berger et al., 1994; Belanger and Quatrano, 2000;
Paciorek and Bergmann, 2010). The cell wall was shown to be a
source of position-dependent information required for polariza-
tion in the Fucus zygote (Kropf et al., 1988) and in cell fate de-
termination in the two-celled embryo (Berger et al., 1994;
Bouget et al., 1998). In the brown algal model Ectocarpus silicu-
losus, the cell wall is involved in maintaining the life cycle gen-
eration stage when the developmental programme has been
engaged (Arun et al., 2013). Finally, cell wall components are
thought to be involved in controlling cell differentiation in the
sporophytic phase of E. siliculosus (Le Bail et al., 2011).

The cell wall was also shown to mediate innate immunity in
brown algae. In Laminaria digitata, oligoalginates released
from the wall elicit an oxidative burst and activation of defence
responses (Kupper et al., 2001). The oxidative stress is often
associated with a massive production of volatile halogenated
organic compounds. Their release is catalysed by haloperoxi-
dases, which oxidize the halide compounds present in the wall
(i.e. iodide, bromide and chloride), leading to the halogenation
of various organic substrates (Leblanc et al., 2006).

Polyanionic wall components in brown algae might also be
major players in ionic and hydric regulation. Differences in the
cation selectivity of alginate and sulfated fucans, combined with
their distinct in situ localization, are likely to result in gradients
of cation distribution throughout the wall (Kloareg et al., 1986).
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Although the molecular mechanisms involved are unknown, such
gradients might confer an adaptive advantage to resist desiccation
or osmotic shocks at low tides. The sulfate content of the cell wall
polysaccharides in brown algaewas also seen as a driving force for
species zonation (Mabeau and Kloareg, 1987). In the genus
Ectocarpus, one strain isolated from a genuine freshwaterenviron-
ment was shown to have retained its ability to grow in normal sea-
water (Dittami et al., 2012). The transition between high and low
salinities is reversible, yet it is accompanied by profound morpho-
logical, transcriptomic and metabolic changes. Interestingly,
drastic changes in gene expression were observed regarding me-
tabolism of cell wall polysaccharides and phlorotannins
(Dittami et al., 2012; Meslet-Cladière et al., 2013).

It is noteworthy also that fucans or FSCPs display a variety of
biological activities in different mammalian systems, such as
antithrombic and anticoagulant (Nishino and Nagumo, 1991;
Albuquerque et al., 2004; Zhu et al., 2010; Camara et al.,
2011), antitumour (Yamasaki-Miyamoto et al., 2009; Ale
et al., 2011), antivirus (Baba et al., 1988; Ponce et al., 2003),
contraceptive (Mahony et al., 1993) and antioxidant (Camara
et al., 2011) properties, among others. These potent activities
probably reside in the ability of the FCSPs to mimic the structure
of the carbohydrate moieties of mammalian glycosaminogly-
cans (Nishino et al., 1991; Albuquerque et al., 2004; Anastyuk
et al., 2010).

Here we describe the comprehensive analysis of the cell wall
composition of five species of Fucales. Our data provide a
global snapshot of the cell wall architecture in brown algae.
We suggest that the FCSPs are interlocking the cellulosic scaf-
fold while the alginate–phenol linkages are key players in regu-
lating the rigidity of the wall. The core fucan backbone in
Himanthalia elongata differs in its structure from that of other
Fucales. We speculate that this variation might be related to
osmotic regulation and species zonation. The emergence of

ECM components is discussed in relation to the evolution of
multicellularity in brown algae.

MATERIALS AND METHODS

Materials

Pelvetia canaliculata, Ascophyllum nodosum, Fucus serratus,
Fucus vesiculosus and Himanthalia elongata were collected in
Roscoff (Brittany, France; corresponding co-ordinates 48843′N,
3859′W) and used for the sequential extraction procedures.
Before extractions, algae were cleaned from epiphytes and
rinsed with seawater.

Chemical sequential extractions

Five hundred grams of fresh algal tissues were milled and
homogenized using a tissue lyser. Five extraction conditions
were used (Fig. 1A): (1) two serial incubations of 45 min at
room temperature in deionized water containing 0.1 % Na2SO5

as an antioxidant agent; (2) incubation of 2 h 30 min at room tem-
perature in 1 M NaCl containing 0.1 % Na2SO5; (3) incubation of
2 h 30 min at room temperature in 4 M NaCl containing 0.1 %
Na2SO5; (4) incubation of 2 h 30 min at 40 8C in deionized
water containing 0.1 % Na2SO5; and (5) a final incubation of
5 h at room temperature in 1 M urea. The rationale for this was
to sequentially extract polysaccharides bound to other cell
wall polymers through linkages of increasing force, namely
unbound compounds (1), ionically interacting compounds
(2 and 3) and hydrogen-bound compounds (4, 5). Each extraction
was performed in approx. 1 L of solvent and with magnetic stir-
ring. Soluble materials were isolated by filtration, and alginates
were precipitated in all extracts by the addition of calcium chlor-
ide (4 % as a final concentration). The respective supernatants

BA Milled seaweed

1 M NaCl, 0.1% Na2SO5
2h30, RT

H2O, 0.1% Na2SO5
1h30, RT

4 M NaCl, 0.1% Na2SO5
2h30, RT

H2O,  0.1% Na2SO5
2h30, 40°C

1 M urea
5h, RT

W1

S1

S2

W2

U

Residue

Milled seaweed

Alginate lyase
70h, RT

AIR

Protease
24h, 60°C

Cellulase
48h, 40°C

A

P

C

Residue

Himanthalia elongata

Autohydrolysis on
Amberlite IR77

Cellulase
24h, 40°C

Water elution

NaCl elution

AmbW AmbS

75 mM H2SO4, 3h, 60°C

AmbWH AmbSH

C

Ca

Ca

Ca

Ca

Ca

Ca

FI G. 1. Extraction and fractionation of the cell wall content from algal biomass. (A) Chemical sequential extraction procedure. The final extracts were obtained after
elimination of the alginate content from the solubilized materials by a calcium chloride precipitation. (B) Enzymatic sequential extraction procedure. An
alcohol-insoluble residue is used as a starting material. (C) Partial hydrolytic extraction procedure used to study fucan structures from Himanthalia elongata. The

alginate content is removed by a calcium chloride precipitation.
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(W1, S1, S2, W2 and U) were dialysed against deionized water
and freeze-dried (Fig. 1A). The names given refer to the extrac-
tants used: water (W), salts (S) and urea (U), respectively.

Enzymatic sequential extractions

The fresh algal tissues were milled and homogenized using a
tissue lyser, in a volume of boiling ethanol solution brought up to
a final ethanol concentration of 70 %, taking into account the
water content of the tissues. The insoluble material was repeated-
ly washed until colourless with 70 % ethanol, then 96 % ethanol,
then acetone, and finally dried in a ventilated oven. The final
residue was referred to as the alcohol-insoluble residue (AIR).
Approximately 1 g of AIR was sequentially extracted by
enzymes using their corresponding buffers as the resuspending
solutions (Fig. 1B): (1) 2.5 U of alginate lyase (A) purified
from Haliotis tuberculata digestive glands (Heyraud et al.,
1996), in 100 mL of 10 mM Tris–MES pH 7, 100 mM NaCl,
20 mM MgCl2, for 70 h at room temperature; (2) 230 U of
papain (P) (Sigma), in 100 mL of 100 mM sodium acetate pH
6, 5 mM EDTA, 5 mM cysteine, for 24 h at 608C; and (3) cellulase
(C; dilution 1/13, Gist Brocades) added twice at 0 h and 24 h of
incubation, respectively, in 50 mL of 0.2 % sodium azide solu-
tion, for 48 h at 40 8C. The reactions were stopped by boiling
and the soluble materials were recovered by filtration. The re-
spective extracts (A, P and C) were dialysed against deionized
water and freeze-dried (Fig. 1B).

Extraction and acid hydrolysis of sulfated fucans from
Himanthalia elongata

Approximately 40 g of fresh algal tissue were milled and
homogenized using a tissue lyser in 50 mM sodium acetate
buffer pH 5.0 containing 0.2 % sodium azide. The suspension
was incubated at 40 8C and cellulase (800 mg, Gist Brocades)
was added successively at 0 and 24 h (Fig. 1C). The reactions
were stopped by boiling and the soluble materials were recovered
by filtration. Alginates were precipitated by the addition of
calcium chloride (2 % final concentration). The CaCl2-soluble
fraction was recovered by filtration and applied on an Amberlite
IR-77 resin using H+ as a counterion (Sigma). The AmbW and
AmbS extracts were recovered by water and 2 M NaCl, respective-
ly. Extracts were neutralized with NaOH and dialysed against
deionized water, and then freeze-dried. They were further hydro-
lysed (0.5 % final concentration) in 75 mM H2SO4 for 3 h at 60 8C.
The respective extracts (AmbWH and AmbSH) were dialysed
against deionized water and freeze-dried (Fig. 1C). The names
given refer to the extracts hydrolysed onto the Amberlite resin
(Amb) and eluted by water (AmbW) or salts (AmbS) and
further hydrolysed by strong acid (AmbWH and AmbSH).

Chemical characterization

Uronic acid and fucose contents were assayed using the
m-hydroxydiphenyl method (Knutson and Jeanes, 1968) and
the cysteine–H2SO4 method (Dische and Shettles, 1948), re-
spectively. Sulfate content was assayed using the Azure A
method (Jaques et al., 1968). The fucan content was determined
by summation of the fucose and sulfate contents. The protein and
polyphenol contents were determined by the Bradford method

(Bradford, 1976) and the Folin–Ciocalteu method (Singleton
et al., 1999), respectively.

Size exclusion chromatography

Extracts were resuspended in water (0.5–1 %, w/v) and sub-
jected to chromatography with 50 mM ammonium carbonate
using a Superdex 200 column (Amersham Biosciences)
equipped with a refractometric detector. A similar procedure
was used for the AmbW, AmbS, AmbWH and AmbSH extracts
using a Superdex 30 column (Amersham Biosciences).

Anion-exchange chromatography

Extracts were further fractionated on a DEAE–Sepharose CL
6B column (Amersham Biosciences, total volume 100 mL, flow
rate 1.3 mL min– 1, 20 8C) equilibrated with a 50 mM sodium
acetate buffer pH 5. They were resuspended in the same buffer
(0.5–1 %, w/v) and applied on the column. Unbound materials
were first collected and anionic polymers were eluted with
buffers of increasing NaCl concentrations. Hydrogen-bound
compounds were released during regeneration of the column
by 1 M NaOH. All eluted fractions were dialysed against deio-
nized water before freeze-drying and chemical characterization.

Carbohydrate-polyacrylamide gel electrophoresis (C-PAGE)
analyses

The oligosaccharidic patterns obtained after acidic hydrolyses
of the sulfated polysaccharides from H. elongata were monitored
by a C-PAGE assay (Zablackis and Perez, 1990). Briefly the cor-
responding fractions were electrophoresed through 6 % (w/v)
stacking and 27 % running, 1 mm thick polyacrylamide gels in
50 mM Tris–HCl pH 8.7, 2 mM EDTA, and stained with Alcian
Blue followed by silver nitrate (Min and Cowman, 1986).
Anionic oligosaccharide bands were detected in the bottom
part of the running gel.

Nuclear magnetic resonance (NMR) spectroscopy

All samples were dissolved in D2O and exchanged twice.
1H-NMR spectra were recorded at 25 8C on a Bruker Avance
500 spectrometer equipped with an indirect 5 mm triple resonance
probeheadTBI 1H/{BB}/13Cusingstandardpulse sequences avail-
able in the Bruker software (NMR facility, University Bretagne
Occidentale, Brest, France). Two-dimensional 1H-COSY spectra
were recorded at 60 8C. Double-quantum filtered 1H–1H corre-
lated spectroscopy (DQF COSY) was performed according to
standard pulse sequences to assign 1H and 13C resonances.
Chemical shifts are expressed in ppm by reference to an external
standard based on the methyl signal of TSP (trimethylsilylpropio-
nic acid).

RESULTS

Enzymatic treatments significantly increase cell wall
extraction yields

In order to study interactions between cell wall polymers, FCSPs
were extracted sequentially from five Fucales brown algae by two
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independent procedures summarized in Fig. 1A and B. In brief,
the first procedure used treatments based on ionic solutions and
urea on fresh milled algae, while the second procedure used en-
zymatic incubations of alcohol-insoluble residues. Yields of
extracted material are given in Table 1. The overall yields
showed that the enzymatic sequential extraction procedure
recovered about five times more cell wall material compared
with the chemical sequential extraction procedure, with yields
of 35–54 % and 6–9 % of the total algal dry weight, respective-
ly. Except for H. elongata, the protease and the cellulase treat-
ments both led to the release of large amounts of compounds
(16–19 % and 16–32 % of the total algal dry weight, respective-
ly), probably indicating that they cleaved important interlinks
within the walls. In comparison, the alginate lyase digestion,
while degrading a main compartment of the wall, produced the
release of only a small amount of additional compounds
(between 1 and 3 % of the total algal dry weight). The situation
is slightly different with H. elongata where the alginate lyase
treatment extracted twice as much material compared with the
protease treatment, albeit in a limited range (10 and 5 % of the
total algal dry weight, respectively). In the case of the chemical
sequential extraction procedure, despite the low extraction
yields, the profiles show that most compounds were extracted
in the W1 and S1 samples, so hence were released by solutions
of low ionic strengths. These results support the idea that
FCSPs are tightly associated with proteins and cellulose in
brown algal cell walls but not with alginates. Those interlinks
limit the extractability of FCSPs, and the polymers extracted
by the chemical sequential extraction procedure represent only
a limited fraction of the wall.

Associations of cell wall components

The chemical characterization revealed that most extracts can
be referred to as FCSP-containing fractions, since theyare mostly
composed of sulfated fucans. This was confirmed by the
1H-NMR spectra which were systematically determined on all
extracts discussed herein (data not shown), and which displayed
the characteristic chemical shifts of fucans from Fucales
observed in earlier works (Chevolot et al., 2001; Bilan et al.,
2006; Colin et al., 2006). The 1H-NMR spectra discussed in
more detail in Figure 6 were those obtained for the specific

case of H. elongata. The resolution of the spectra was directly
related to the degree of contamination of the samples byaddition-
al components. Indeed, a pure fucan fraction was never observed
since as well as fucose and sulfate residues, substantial amounts
of uronic acids, phenols and proteins were always observed
(Fig. 2). These co-extractions were particularly pronounced in
the chemical extraction sequential procedure, while the enzym-
atic treatments led to better purified fucan fractions. Uronic acids
represented regular contaminants, and similar observations were
previously reported in other studies (Kloareg and Quatrano,
1988; Ponce et al., 2003; Camara et al., 2011). Whether these ori-
ginated as constitutive residues of the FSCPs or contaminating
alginate blocks has not yet been determined. Phenols were
mostly co-extracted during the chemical procedure where they
can represent a significant portion of the extract (e.g. the W1
extract in A. nodosum contains 15 % of fucans and 31 % of
phenols). Their associations with other compounds were
further investigated in representative W1 and U extracts by an
additional alginate lyase treatment which released most
phenols (Table 2). These results support the idea of some
CaCl2-soluble alginates being present in the samples and
which are associated with most of the phenols from these frac-
tions. In all extracts, proteins were observed at lower levels.
This is virtually masked in the enzymatic procedure by the use
of a protease treatment, which cleaved most proteins and
helped the release of abundant fucan fractions.

The different extracts were further fractionated by anion-
exchange chromatography (AEC). All of the 23 extracts were
individually loaded on the column and eluted in five AEC fractions
by an NaCl gradient followed by a regenerating NaOH treatment.
The resulting115fractionswere furtheranalysedfor theirchemical
composition in terms of sulfated fucans, uronic acids, phenols and
proteins. For each compound within an extract, a total value of
100 % was assigned, and the corresponding signals in the eluted
fractions were adjusted accordingly. This helps to focus on the
elution profiles for each component within an extract. In order to
visualize this complex data set, results are shown as a heatmap in
which the grey scale is proportional to the numerical values
(Fig.3).The fourcomponents analysed were consistentlyobserved
in most of the sub-fractions, meaning that it was difficult to design
dedicated extraction conditions. As expected, fucans were mostly
eluted by saline conditions, but with a delay in the elution profile

TABLE 1. Yields of sequential extraction procedures

Extract
Extraction yields (% algal d. wt)

P. caniculata H. elongata A. nodosum F. vesiculosus F. serratus

Chemical sequential extraction procedure
W1 2.2 4.4 2.8
S1 0.9 2.5 1.5 – –
S2 0.3 0.5 0.7 – –
W2 0.3 0.8 0.8 – –
U 2.0 0.4 0.5 – –
Total 5.7 8.6 6.3 – –
Enzymatic sequential extraction procedure
A 1.6 9.9 1.4 2.9 3.2
P 17.4 4.9 18.5 15.6 19.4
C 15.6 21.9 19.2 21.4 31.7
Total 34.6 36.7 39.1 39.9 54.3
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towards higher saline solutions in the chemical sequential extrac-
tion procedurewhen compared with the enzymaticprocedure (2–5
and 0.5–2 M NaCl. respectively). The remaining components had
a similar elution profile between the two extraction procedures.

Uronic acids were mostly eluted in the 0.5 and 2 M NaCl AEC frac-
tions. Proteins and phenols have very similar profiles, and in each
case two distinct populations were observed: a first population of
componentswaselutedwith0.5–2 M NaClwhile the secondpopu-
lation was only released after an NaOH treatment. These last
NaOH sub-fractions were particularly brown in colour, probably
reflecting their high phenol contents.

In summary, the AEC elution profiles of the cell-wall extracts
are particularly similar between all the algal species analysed,
and independently of the extraction procedure used beforehand.
Inall extracts, a substantialportionofcellwallmaterial isobserved
in the NaOH sub-fractions, meaning that covalent links may exist
between these components previously co-extracted. This is par-
ticularly true for a population of phenols and proteins. Fucans
are mainly eluted by salt solutions, albeit that a population of
more anionic fucans is released during the chemical extraction.

Algae

E
xtract

Chemical composition (% extract)

F
ucans

U
ronic

ac.

P
roteins

P
henols

Total

P. canaliculata
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TABLE 2. Phenol composition (%) and loss observed after an
alginate lyase treatment

Extract

Alginate lyase
treatment

Corresponding loss (%)
– +

P. canaliculata (W1) 15.0 5.7 62.0
A. nodosum (U) 46.7 14.1 69.8
H. elongata (W1) 16.6 1.7 89.8
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Fucans are frequently co-eluted with uronic acids, with some
populations also enriched in proteins and phenols.

Fucan populations differ in their polymeric size

All extracts from the two extraction procedures were individu-
ally applied on a size exclusion chromatography column. From

the elution profiles represented in Fig. 4, it can be seen that the
two separation methods extracted different populations of poly-
mers, which differed in their size. Polymers of high molecular
mass were mostly extracted by the enzymatic sequential extrac-
tion procedure, and more specifically by the protease treatment.
The cellulase treatment recovered polymers of various sizes.
Two distinct populations of polymers of low and high molecular
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masses were observed in the chemical sequential extraction
procedure, with the first solutions (W1, S1) extracting mostly
oligomeric compounds. A typical elution profile of the AEC frac-
tions of a P extract is shown in Supplementary Data Fig. S1. Most
fucans are eluted by 0.5 and 2 M NaCl and have large sizes, and
this was expected considering the observations made from Figs 3
and 4. The profile additionally showed that the 0 M NaCl solution
only eluted oligomeric compounds, while there was a switch
from the 0.5 M to the 2 M NaCl AEC fractions towards large poly-
mers. Considering the heterogeneity of the fractions, it was not
possible to assign specific molecular masses.

Fucans from Himanthalia elongata contain highly regular repeating
structures

Mabeau and Kloareg (1987) previously reported the variation
of the cell wall composition with species zonation. Among all of
the brown algal Fucales analysed in the present study,
H. elongata is peculiar as it is found in a habitat where
Laminariales are usually present and not Fucales. Therefore, one
might speculate that H. elongata cell walls are different in terms
of composition and/or structure compared with those of the
other Fucales under study. The preliminary 1H-NMR spectrum
of the FCSP fractions from this species suggested an unusual
regular structure. In order to gain more insights into the chemical
structure of the constitutive fucans of H. elongata, a dedicated ex-
tractionwas implemented followingthe procedure summarizedon

Fig. 1C.Briefly, afteracellulase treatment, theCaCl2-soluble frac-
tion was applied on an Amberlite IR-77 resin to depolymerize the
sulfated polysaccharides by very mild acid hydrolysis (referred to
as autohydrolysis; see Anastyuk et al., 2010). The AmbW and
AmbS extracts were successively recovered by elution with
water and 2 M NaCl. The samples were applied on a size exclusion
chromatography column and their elution profiles show that
despite the mild acid treatment, the samples still contained high
molecular weight polymers (Fig. 5A) which therefore cannot be
resolved by C-PAGE analysis (Fig. 5B). The extracts were
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further depolymerized by stronger acid hydrolysis, and the result-
ing samples,namedAmbWHandAmbSH, respectively, showed a
drastic size reduction (Fig. 5). Based on the multiple sharp bands
observed in the C-PAGE profiles, well-defined molecular size oli-
gosaccharides were released during the acidic treatment (Fig. 5B).
This is an indication that the constitutive sulfated polysaccharides
may be of a regular structure defined by specific patterns. The two
samples AmbWH and AmbSH gave similar profiles, probably in-
dicating that the same oligosaccharides were produced.

Himanthalia elongata contains unique variants of
a-(1�3)-L-fucans

Sulfated fucans from brown algal Fucales usually give
complex NMR spectra, and extensive purification steps are there-
fore needed to gain structural information. Figure 6 shows the 1H
spectra for the four H. elongata fucan fractions. Although some
broad signals are observed as expected for carbohydrates of high
molecular mass, it is clear that several individual signals can
easily be resolved. The acid hydrolysis did not alter the structural
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features. The four 1H-NMR spectra were all highly similar, al-
though with an increased resolution after the strong acidic treat-
ment (Fig. 6). This shows that the well-defined oligosaccharides
obtained have different molecular weights but the same chemical
structure, representative of the parent polymer itself. For all the
four fucans, the 1H-NMR spectrum displayed characteristic
anomeric signals at 5.00–5.50 ppm consistent with the presence
of a-linked L-fucopyranosyl units (Fig. 6). After the acidic treat-
ment, the anomeric signal at 5.13 ppm (H1a) increased, indicat-
ing that the residue became a reducing terminus and that the
polymer was partially hydrolysed. A feature at 4.64 ppm also
increased with the acidic treatment, which may be assigned to
H1b. Methyl signals are centred at 1.27 ppm, indicative of an
a-(1�3)-linked L-fucose. An envelope of acetyl signals
centred at 2.14 ppm in the AmbW and AmbS spectrum was
strongly reduced after acidic hydrolysis, while a sharp singlet
arose at 1.95 ppm. These results may be ascribable to the
removal of acetyl groups from the fucans. Finally, a feature at
4.75 ppm can tentatively be assigned to H4 of 4-sulfated fucose.

The proton assignment in the 1H spectrum of the fucans was
achievedbyanalysisofadouble-quantumfilteredCOSYspectrum,
as exemplified for AmbWH (Supplementary Data Fig. S2). The
protons of the fucose rings were assigned using the anomeric
protons as the starting point. The H1–H2 and H5–H6 correlation
systems were clear and are indicated in Supplementary Data Fig.
S2. The chemical shifts observed (i.e. H1, 5.13 ppm; H2,
3.88 ppm; H3, 4.06 ppm; H4, 4.75 ppm; H5, 4.48 ppm; H6,
1.27 ppm) were similar to those previously recorded for
a-(1�3)-linked L-fucans with 4-O-sulfated residues, as encoun-
tered in marine echinoderms and brown algal Laminariales.
Additional correlations can be traced for another spin system in
the acid-treated samples only (i.e. H1′, 5.26 ppm; H2′, 3.95 ppm;
H3′, 4.02 ppm; H4′, 4.62 ppm; H5′, 4.20 ppm; H6′, 1.22 ppm),
indicating that such correlations were probably masked by an

acid-labile structure in the native fucan. The 1H-COSY spectrum
confirmed that no signal can be assigned to sulfation at the O-2
and O-3 positions, and that the fucan is entirely sulfated at the
O-4 position. The sulfation pattern was also not impacted by the
acidic treatments. Altogether, these results are consistent with
the sulfated fucan from H. elongata having a regular repeating
sequence of residues as follows: [�3]-a-L-Fuc-4(SO3

–)-(1)n.

DISCUSSION

Novel insights into the structure of the extracellular matrix
of brown algae

With the aim of investigating the various chemical interactions
between the main cell wall components of brown algae, a se-
quence of chemical and enzymatic fractionations combined
with extensive chromatographic analyses was applied to five
species of the order of Fucales. All fractions comprised a wide
continuum of FCSPs. Variations consisted of the size of FCSPs
and the chemical nature of the co-released components. In
spite of this apparent complexity, the elution profiles were strict-
ly conserved between the algae, suggesting a common cell wall
organization in all of the five species under investigation.

The enzyme treatments revealed that a portion of the FCSPs is
tightly associated with cellulose microfibrils. These observa-
tions suggest that FCSPs act as major cross-linking glycans in
brown algal cell walls, interlocking the cellulosic scaffold
(Fig. 7). Considering the charge densities of these polysacchar-
ides, polyanionic and neutral, respectively, the exact nature of
the bonds between the sulfated polymers and the cellulose
chains still remains elusive. We hypothesize that short-chained
hemicellulose molecules might act as intermediaries that
would simultaneously interact with the cellulose microfibrils
through hydrophobic bonds and bridge the FCSPs (Fig. 7).

Cellulose microfibril

Alginate, with:

Fucose-containing
sulfated
polysaccharides

Protein
Phenol

Iodide

Ca2+-linked region 
(G-rich)

M-rich region

50 nm

Hemicellulose

FI G. 7. Cell wall model for brown algae from the order Fucales. Cellulose microfibrils are sparse and with a ribbon shape. Alginates and fucose-containing sulfated
polysaccharides (FCSPs; including sulfated fucans) form the greater part of cell wall polymers, the latter acting as cross-linkers between cellulose microfibrils.
Considering their respective charge densities, putative short-chained hemicellulose molecules might act as intermediates between the cellulose microfibrils and
the FCSPs. Phenols are likely to be associated with alginates and proteins. Large amounts of iodide are also found in the wall, but its association with other polymers

remains elusive.
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While the fine structure of the proteins of brown algal cell
walls has received little attention so far, they have frequently
been reported to be present in substantial amounts. Mabeau
and Kloareg (1987) mentioned that cell wall proteins accounted
for 5–9 % of the total algal dry weight in Fucales and
Laminariales brown algae, but contaminations by cytosolic pro-
teins could not be totally excluded. In subsequent studies, the
same authors mentioned that purified sulfated fucan fractions
were always associated with significant amounts of proteins
(Mabeau et al., 1990). Nishino et al. (1994) reported that proteins
can account for up to 5 % of the total content in purified FCSP
fractions from Fucus vesiculosus. These proteins are likely to
be of structural importance, and the present profiles from the en-
zymatic extraction sequences indicate that they are tightly asso-
ciated with FCSPs (Fig. 7). The AEC profiles also suggest that the
proteins found in the FCSP fractions are covalently attached to
phenol compounds, although the latter are more frequently asso-
ciated with alginate blocks (see below).

As the most abundant gel-forming molecule in brown algal
cell walls, alginate is considered as the main cell wall component
for the control of ECM rigidity. The regulation of gel strength in
alginate gels is based on the frequency of polyguluronate blocks
in the polymeric chains through the enzymatic conversion of
b-(1�4)-D-mannuronate (M) into a-(1�4)-L-guluronate (G)
(Haug et al., 1974). The large number of mannuronan
C5-epimerase genes in Ectocarpus siliculosus (Michel et al.,
2010) or in Laminaria digitata (Roeder et al., 2005; Tonon
et al., 2008) shows that the fine-tuning of alginate structure is
an essential trait in brown algae.

Alginate lyase treatment released only a minor fraction of
FCSPs, indicating that the cellulose–FCSP network is embed-
ded within the alginate network, with only few, if any, covalent
bonds between these two networks. In contrast, significant
amounts of polyphenols were always released from the enzymat-
ic degradation of the alginate fractions. Alginates were shown to
be able to form high-molecular weight complexes with phenolic
substances upon oxidation with haloperoxidases (Bitton et al.,
2006; Salgado et al., 2009). Bromo- and/or iodo-peroxidases
are known to be present in the apoplasm of a variety of brown
algae (Colin et al., 2005; Leblanc et al., 2006; Verhaeghe
et al., 2008), where they catalyse the peroxidation of halide
ions (Verhaeghe et al., 2008). Our findings confirm that algin-
ate–phenol linkages play an essential role in the brown algal
cell wall structure (Vreeland et al., 1998; Schoenwaelder and
Wiencke, 2000). Oxidative cross-linking of alginate by polyphe-
nols upon the action of haloperoxidase is thus likely to constitute
another mechanism for regulating the rigidity of brown algal cell
walls.

Himanthalia elongata features atypical fucans in the
order Fucales

The FCSPsare knowntobeacomplex fractionof the cellwall in
brown algae, encompassing naturally diverse structures. Sulfated
homofucans are one of the main FCSPs. Two backbone motifs are
reported. One motif has been described in the orders Laminariales
and Ectocarpales, exclusively composed of a-(1�3)-L-fucose
residues. The sulfate groups are found at positions O-4 and/
or O-2 (Nishino and Nagumo, 1991; Chizhov et al., 1999;
Nagaoka et al., 1999; Ponce et al., 2003; Sakai et al., 2003;

Anastyuk et al., 2010; Bilan et al., 2010). The second motif con-
sistsofanalternationofa-(1�3) anda-(1�4)-L-fucoseresidues
usually bearing two or three sulfate groups per disaccharidic unit.
This regular structure, which was isolated in A. nodosum and
Fucus species, is frequent in algae in the order Fucales. The
sulfate groups occupy positions O-2 and/or O-3 (Pereira et al.,
1999; Chevolot et al., 2001; Bilan et al., 2002, 2006; Colin
et al., 2006), and a minor part can be located at position O-4
(Marais and Joseleau, 2001; Bilan et al., 2006). In both cases,
the core backbones can be further masked by more or less frequent
acetylation orbranched structures essentially composed of fucosyl
residues.

Our results reveal that the homofucan motif isolated from
H. elongata differs from the alternating structure frequently
described in the order Fucales. It resembles what has been
already observed in Laminariales and Ectocarpales in that it con-
tains a-(1�3)-linked fucose residues only.

Plasticity of cell wall composition in relation to habitat

Due to the tidal cycles, the intertidal zone is a dynamic envir-
onment which undergoes rapid changes of large amplitude in its
physical and chemical environmental parameters. The amounts
of sulfated fucans of Fucales brown algae and kelps were
shown to be directly correlated to species position in the shore,
suggesting that the contents of highly sulfated FCSP structures
may confer an adaptive advantage to those species frequently
exposed to immersion (Mabeau and Kloareg, 1987). Fucans
with a high content of sulfate substituents are highly hygroscopic
polyanions and, reminiscent of the sulfated carbohydrate moi-
eties of mammalian glycosaminoglycans, it is thought that they
contribute to regulate water potential at the outer cell membrane
level (Kloareg, 1981; Kloareg and Quatrano, 1988).

The molecular bases underlying such adaptations can now be
investigated by more informative approaches. One Ectocarpus
strain isolated from a genuine freshwater environment was
shown to have retained its ability to grow in normal (undiluted,
100 %) seawater (Dittami et al., 2012). The transition between
normal and low (20-fold dilution of normal seawater, 5 %) salinity
is reversible, yet it is accompanied by profound morphological,
transcriptomic and metabolic changes. In particular, the
re-acclimation from diluted to undiluted seawater involves the
upregulation of carbohydrate sulfotransferase genes, of several
mannuronan C5-epimerases as well as of a bromoperoxidase
(Dittami et al., 2012). We recently confirmed that sulfated
fucans are overproduced upon acclimation to 100 % seawater
(unpubl. res.). Phloroglucinol accumulation and a 200-fold in-
crease in the gene expression of the related type III polyketide syn-
thase (PSK III) were also observed in the freshwater strain of
Ectocarpus incubated in normal seawater (Meslet-Cladière
et al., 2013).

The overexpression of the mannuronan C5-epimerases, PSK III
and bromoperoxidase genes upon acclimation to normal seawater
is likely to result in the reinforcement of polyphenol–alginate
complexes. This would consolidate cell wall architecture, a
biochemical response to the disruption of ionic linkages by high
salinity. Since the cellulose–FCSP network is not, or only
loosely, interconnected to the alginate–phenol complexes
(Fig. 7), they may not be involved in reinforcing cell wall structure.
The increase in the density of sulfate groups in the ECM would,
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however, significantly affect the ion composition and activity,
through Donnan exclusion and/or polyelectrolytic condensation
effects (Kloareg et al., 1986, 1987). This response may also regu-
late water potential in the vicinity of cell membranes.

The ECM structure and the evolution of brown algae

The putative metabolic pathways of the main polysaccharides
of brown algal cell walls were reconstructed from the genome se-
quence of the brown algal model E. siliculosus (Michel et al.,
2010). Ectocarpus fucosyl-transferases and sulfotransferases
(involved in the substitution of sulfate groups on the glycan back-
bone) as well as sulfatases (involved in cell wall remodelling) are
conserved with animals, indicating that sulfated fucans are of an
ancestral origin in eukaryotes, probably pre-dating the divergence
between animals and plants. The origin of cellulose biosynthesis
in Stramenopiles is more complex. Phylogenetic analyses includ-
ing the recent genomic sequences of brown and red seaweeds con-
firmed that the CESAs from oomycetes originate from the red
algal endosymbiont (Michel et al., 2010; Collén et al., 2013).
However, brown algae appear to have lost this ancestral ‘red algae-
like’ CESA and instead possess a distinct type of CESA shared
with the Eustigmatophyceae microalgae (Collén et al., 2013).
The exact origin of brown algal CESA is nonetheless elusive. A
possible scenario may involve a duplication of the ‘red algae-like’
CESAfollowedbya divergence of the duplicated gene. Consistent
with the observed CESA phylogeny (Collén et al., 2013), brown
algae and Eustigmatophyceae have probably conserved the diver-
gent CESA gene, while they have lost the gene acquired from the
red algal endosymbiont. In the case of alginates, the enzymes re-
sponsible for the three last specific stepsof itsbiosynthesis, includ-
ing mannuronan C5-epimerase, are closely related to enzymes
from Actinobacteria (Michel et al., 2010). The PSK IIIs which
catalyse the synthesis of phoroglucinol, the constitutive
monomer of brown algal polyphenols, were also shown to be of
actinobacterian origin (Meslet-Cladière et al., 2013). Taken to-
gether, this indicates that while the routes for the assembly of cel-
lulose and FCSPs are ancient pathways, the metabolic machinery
for the biosynthesis of alginates and phlorotannins was acquired
much later, by HGT from an ancestral actinobacterium (Michel
et al., 2010). This massive HGT event occurred rather recently
in the scale of evolution, 200–300 million years ago, after the di-
vergence of brown algae and diatoms (which do not feature actino-
bacterial genes in their genomes).

Based on our current understanding on the molecular organiza-
tion of the cell walls of extant brown algae (Fig. 7) as well as of the
structure–function relationships of their ECM components, we
propose that the anatomical organization of brown algae was
shaped by recruitment of ECM material as follows (Fig. 8). The
ECM of the last eukaryotic common ancestor possibly consisted
of a loose, amorphous network of mucilaginous components
made of proteins, b-(1�3)-glycans and sulfated fucans (Michel
et al., 2010), which probably could not support the building of
complex pluricellularity. In Stramenopiles, endosymbiosis with
a unicellular red alga brought the capacity to synthesize cellulose,
which probably led to the emergence of a denser ECM, consisting
of cellulose microfibrils embedded within a soft gel of proteic and
FCSPmucilages,allowing the shapingofmorecomplex,filament-
ous organisms such as the extant oomycetes. About 200–300
million years ago, a massive HGT from an actinobacterium

resulted in the acquisition of alginate and of polyphenols. This
allowed for the evolution of an extensive ECM, consisting of
more tightly assembled cellulose microfibrils within alginate
gels strengthened by oxidative cross-linking. We believe that the
possibility of regulating the ECM rigidity through the control of
alginate fine structure and polyphenol cross-linking brought the
capacity to build more complex multicellular organisms, includ-
ing semi-upright forms with the required plasticity to sustain the
physical constraints of the intertidal environment, such as resisting
wave action (Fig. 8).

In this scenario, and based on the molecular bases of the accli-
mation of the freshwater strain of Ectocarpus to incubation in
normal seawater, we see the fucose-containing sulfated polysac-
charides as more involved in screening brown algal cells from
salinity and chemical stress. The evolution in the brown algae
from the order Fucales of specific fucans with a higher sulfate
density, known as fucoidans, may have been instrumental in
the colonization of the higher intertidal zone, which required
adaptation to higher osmotic stress.
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Supplementary data are available online at www.aob.oxford
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chromatography profiles of the sub-fractions of the Pextract from
P. canaliculata. Fig. S2: COSY-DQF spectra of the AmbWH
fucan fraction from H. elongata.
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