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Abstract: The cell walls of green, red and brown seaweeds are dominated by the presence of sulfated polysaccharides. The recent genomic 
analyses of Chondrus crispus (Rhodophyta) and Ectocarpus siliculosus (Phaeophyceae) have revealed carbohydrate-active enzymes likely 
implicated in the biosynthesis of these polymers. The closest homologues of many of these algal enzymes are found in animals and are 
involved in the biosynthesis of sulfated glycosaminoglycans, indicating a shared ancestral pathway between animals, red and brown algae. 
Here, we review the structures of these algal sulfated polysaccharides and the current state of knowledge on the enzymes involved in their 
biosynthesis and remodeling. Based on the experimental and genomic data available, biosynthetic pathways for these essential cell wall 
polysaccharides are presented.
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Introduction

The Archeaplastida phylum, which includes the Glaucophyta, 
the red algae (Rhodophyta), the green algae (Chlorophyta and 
Charophyta) and land plants, evolved after an ancient eukary-
otic ancestor engulfed a photosynthetic cyanobacterium in a 
primary endosymbiotic event about 1500 million years ago 
(Yoon et al. 2004; Baldauf 2008). The Stramenopile phylum 
(which includes the Phaeophyceae or brown algae) evolved 
about 1000 million years ago after a secondary endosymbio-
sis event of a unicellular red alga ancestor by an ancestral 
protist (Yoon et al. 2004; Reyes-Prieto et al. 2007; Baldauf 
2008). Thus, though the Archaeplastida and Stramenopiles 
phyla are non-monophyletic, they partly share a complex 
evolutionary history. In both phyla several algal lineages have 
independently developed complex multicellularity,  giving 
rise to the green, red and brown marine macroalgae (or sea-
weeds). One important step in the development of multicellu-
larity for these organisms is the evolution of the extracellular 
matrix, or cell wall (CW), which provides a basis for cell-
to-cell communication, cooperation and self- recognition 
(Brownlee 2002). The CW of plants and macro algae is com-
posed mainly of carbohydrates (Popper et al. 2011) and is 
essential for mechanical support, providing a physical bar-
rier against osmotic pressure and pathogens. The CWs of 
marine macroalgae differ from those of land plants by the 

prevalence of matrix components rather than crystalline com-
ponents, such as cellulose, and by the abundance of acidic 
(mainly sulfated) polysaccharides. The major known matrix 
sulfated polysaccharides produced by macroalgae are the 
red algal galactans (agars, carrageenans and porphyrans), 
the brown algal fucose-containing sulfated polysaccharides 
(FCSPs) and the green algal ulvans, galactans and arabinoga-
lactans (Popper et al. 2011). The anionic matrix components 
lend unique properties to the marine macroalgae (Kloareg & 
Quatrano 1988), in particular, sulfated polysaccharides pro-
vide a heavily hydrated surface which may help prevent des-
iccation during low tide conditions. Moreover, the gel like 
properties of these polysaccharides provide flexibility to the 
macroalgae which likely help the organisms to cope with the 
extreme physical forces exerted on them by the strong ocean 
currents. It has also been suggested that the sulfated algal CW 
protects against salinity variation (osmotic stress) (Deniaud-
Bouet et al. 2014), heavy metal toxicity (Andrade et al. 2010), 
pH and temperature extremes (Ucko et al. 1989) and con-
fers anti-oxidant properties (Tannin-Spitz et al. 2005; Arad & 
Levy-Ontman 2010; Chen et al. 2010).

Understanding the biosynthesis and remodeling of sul-
fated algal polysaccharides has been hampered by the lack 
of genomic sequences for seaweeds. To date, no genome 
sequence for a green macroalga has been published, thus 
limiting the amount of information available. However, the 
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recent genome sequencing of the red macroalga Chondrus 
crispus (Irish moss) (Collen et al. 2013) and of the brown 
alga Ectocarpus siliculosus (Cock et al. 2010) has revealed 
gene sequences encoding enzymes predicted to be active on 
the sulfated CW polysaccharides. After presenting the struc-
tures of the main sulfated polysaccharides of macroalgae we 
will review the recent advances on the metabolic pathways 
for these crucial algal polymers. Table 1 illustrates some 
of the enzyme functions which are expected to be required 
for sulfated polysaccharide biosynthesis and remodeling. 
Glycosyl transferases (GTs), which transfer a monosaccha-
ride from an activated sugar molecule to an acceptor moiety, 
and glycoside hydrolases (GHs), which hydrolyze the gly-
cosidic bond between a sugar molecule and another  moiety, 
have been categorized into amino acid sequence based 
CAZyme (Carbohydrate Active Enzyme) families (Cantarel 
et al. 2008). The GTs are expected to be the main players 
in the biosynthetic pathways, while GHs are more likely 
involved in CW remodeling and recycling. There are addi-
tional enzymes which modify carbohydrate moieties, such 
as carbohydrate sulfotransferases (STs), which add a sulfo 
group from a donor molecule (often 3’phosphoadenosine-
5’phosphosulfate, PAPS), and sulfatases, which remove a 
sulfate group. We will also discuss a class of enzymes unique 
to red macroalgae: galactose-6-sulfurylases, which catalyze 
the formation of the 3,6-anhydrogalactose moiety through 
the removal of the C6 sulfate group in sulfated galactans. 
There are also other carbohydrate modifying enzymes (such 

as methyltransferases, acetyltransferases and epimerases) 
which are beyond the scope of this review. To date, most of 
the experimental knowledge on enzymes specific for algal 
sulfated polysaccharides has been obtained from marine bac-
teria which use these polymers as carbon sources. Several 
reviews have discussed different aspects of this topic (Michel 
et al. 2006; Hehemann et al. 2014; Martin et al. 2014) and 
we will not detail these marine bacterial enzymes here. 
Nevertheless, examination into the sequenced algal genomes 
reveals few candidate proteins related to these bacterial 
enzymes (Supplementary Table 1). Moreover, these proteins 
are already precious tools for characterizing the structure of 
algal sulfated polysaccharides (Greer & Yaphe 1984; Colin 
et al. 2006; Correc et al. 2011; Silchenko et al. 2013) and 
will surely be essential in the near future in order to provide 
oligosaccharide substrates for assaying the candidate algal 
enzymes discussed in this review.

Green algae
Within the Chlorophyta green algae the marine class 
Ulvophyceae synthesizes complex sulfated branched 
 polysaccharides. The genera Ulva, Monostroma, Gayralia, 
and Acetabularia synthesize the highly anionic ulvan 
 polysaccharides (sulfated glucuronorhamnoxyloglycans) 

Table 1. Enzyme functions required for sulfated polysaccharide 
biosynthesis and remodeling

Enzyme Function

Galactosyl 
 transferases (GTs)

use (for the most part) nucleotide- 
activated sugars as donors and catalyse 
the transfer of the activated donor 
glycoside to an acceptor moiety to 
synthesize the glycan chain

Sulfotransferases 
(STs)

act by adding a sulfo groups from a donor 
molecule, often 3’phosphoadenosine-
5’phosphosulfate (PAPS), to a glycoside 
receptor

Glycoside 
Hydrolases (GHs)

cleave the glycosidic bond through the 
addition of water molecule

Sulfatases catalyse the hydrolysis of sulfate esters

Galactose-6-
sulfurylases

catalyse the formation of the unusual 
bicyclic sugar 3,6-anhydrogalactose 
through removal of the C6 sulfate group 
from galactose. These enzymes are 
unique to red algae

Other enzymes which are beyond the scope of this 
review, including methyltransferases, 
acetyltransferases, epimerases, etc. . .

Fig. 1. Structures of the major disaccharide units found in ulvan.
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(Domozych et al. 2012). The complex ulvan polysaccharides 
consist of D-glucuronic acid, L-iduronic acid, L-rhamnose, 
D-glucose and a lesser amount of D-xylose residues 
(Brading et al. 1954; Percival & Wold 1963; Lahaye et al. 
1999; Cassolato et al. 2008). Sulfurylations on the 2 position 
of D-xylose have been detected; however, most ulvan sulfu-
rylations occur as L-rhamnose-3-sulfate within the polysac-
charide chain (Lahaye 1998; Lahaye et al. 1999; Lahaye & 
Robic 2007). Lahaye et al. investigated the structure of ulvan 
from different Ulva species and identified two major disac-
charide types (Lahaye et al. 1999). The first is ulvanobiuronic 
acid 3-sulfate A (Fig. 1) with the α-1,4-linked repeating unit 
D-glucuronic acid-β-1,4-L-rhamnose-3-sulfate. The second 
is ulvanobiuronic acid 3-sulfate B (Fig. 1) with the α-1,4-
linked repeating unit L-iduronic acid-α-1,4-L-rhamnose-
3-sulfate. Analysis of ulvan from Ulva rigida revealed 
L-rhamnose residues with branching O2 D-glucuronic acid 
residues (Lahaye & Ray 1996).

The genera Caulerpa, Codium and Bryopsis synthesize 
sulfated polysaccharides with limiting amounts of uronic 
acid residues (Domozych et al. 2012) and with the chief 
 monosaccharide components galactose, arabinose and some-

times xylose (Bilan et al. 2007; Chattopadhyay et al. 2007; 
Ciancia et al. 2012; Fernandez et al. 2014). Codium species 
produce three distinct structures of these uronic acid-poor 
sulfated polysaccharides. The first is a sulfated proteogly-
can, isolated from Codium pugniformis, composed mainly of 
glucose but with minor amounts of galactose and arabinose 
(Matsubara et al. 2000). Strains of Codium also produce a 
pyruvated, sulfated and heavily branched galactan (Bilan 
et al. 2006; Bilan et al. 2007; Farias et al. 2008). In Codium 
yezoense this consists of 3-, 6- and 3,6-linked β-D-galactose 
residues with two branch points and two non-reducing termini 
for every seven galactose residues. Sulfurylations were found 
primarily on O4 and in lesser amounts on O6 of galactose. 
Pyruvations form mainly five-membered cyclic ketals with O3 
and O4 and six-membered cyclic ketals in lesser amounts with 
O4 and O6 of galactose (Bilan et al. 2007). Finally, Codium 
also produces sulfated arabinans and/or arabinogalactan 
polysaccharides (Love & Percival 1964; Uehara et al. 1992; 
Ciancia et al. 2007; Fernandez et al. 2013). Structural analysis 
on the pyruvated arabinogalactan sulfate from Codium fragile 
revealed sulfurylations on the O2 and/or O4 of 3-linked β-L-
arabinopyranose residues and O4 and/or O6 of the 3-linked 

Fig. 2. Proposed activities involved in the ulvan biosynthesis pathway. Two suggested biosynthetic pathways are shown based on 
the schema initially proposed by Lahaye and Robic (Lahaye & Robic 2007); however, none of the enzyme activities shown in the 
figure have been described experimentally in ulvan producing green algae. Abbreviations are as follows: UDP, uridine 5’-diphosphate; 
dTDP, thymidine 5’-diphosphate.
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β-D-galactose residues (Estevez et al. 2009). The terminal 
β-D-galactose moieties were mainly pyruvated on O3 and O4 
forming five-membered cyclic ketal rings and branches were 
found on O6 of some of the 3-linked β-D-galactose moieties.

Little is known on the enzymatic systems produced by 
green algae for sulfated polysaccharide biosynthesis and 
remodeling, though Lahaye & Robic propose a pathway for 
the biosynthesis of ulvan and predicted cell localization of the 
enzyme activities (Lahaye & Robic 2007). Only two ulvan 
lyases (produced by marine bacteria) have been described in 
the literature (Lahaye et al. 1997; Collen et al. 2014). This 
reflects the limited knowledge available without an anno-
tated genome sequence with which to identify interesting 
enzyme targets leading to functional/biochemical analyses. 
Without a genome we are left to predict enzyme activities 
that would be expected to be produced by green algae for 
sulfated polysaccharide biosynthesis (Fig. 2). For ulvan 
these activities would include α-1,4-rhamnosyltransferase, 
β-1,4-glucuronyltransferase, glucosyltransferase, xylosyl-
transferase, glucuronyl C5-epimerase and carbohydrate ST 
activity. Finally, based on the evolutionary relationship of the 
red and brown algal enzymes involved in sulfated polysac-
charide biosynthesis to animal enzymes (Michel et al. 2010), 
we might anticipate that many of the green algal CAZymes 
active on sulfated polysaccharides share this interesting phy-
logenetic history as well.

Red algae
Sulfated galactans are common to the CW of red algae. 
These polysaccharides consist of a linear backbone of galac-
tose residues linked by alternating β-1,4 and α-1,3 glyco-
sidic bonds. The red algal seaweeds have been subdivided 
into either agarophyte or carrageenophyte algae based 
on the stereochemistry of the remarkable bicyclic α-3,6-
anhydrogalactose moiety in their galactan chain, which is in 
the L-configuration in agars and in the D-configuration in 
carrageenans (Rees 1969).

The regular structure of the agar backbones is often 
masked by various chemical modifications, such as ester 
sulfate groups, methyl groups, or pyruvic acid acetal groups 
(Lahaye et al. 1989; van de Velde et al. 2002). The main 
agar repeating moiety is agarobiose (Fig. 3): D-galactose-
β-1,4-(3,6)-anhydro-L-galactose, referred to as G-LA in 
Knutsen’s nomenclature (Knutsen et al. 1994). Another 
frequent  modification is the sulfurylation on the O6 of the 
L-galactose residues resulting in α-L-galactose-6-sulfate 
(L6S). This L6S monomer is twice more abundant than LA 
in the agar extracted from Porphyra species (Anderson & 
Rees 1965). This agar is commonly named porphyran and 
its main repeating unit is porphyranobiose (G-L6S) (Fig. 3). 
G-L6S units are found in various amounts in the agars of 
most agarophytes, including Gracilaria and Gelidium spp. 
(Hehemann et al. 2010). In agars, porphyranobiose units are 
commonly regarded as the precursors of agarobiose units. 

The structure of porphyran is further complicated by the 
frequent methylation of the O6 in the β-D-galactopyranose 
monomer (Lahaye et al. 1989; Correc et al. 2011).

As agars, carrageenans have very complex chemical struc-
tures depending on the algal source, life stage, and extraction 
procedure (Craigie 1990; van de Velde 2008). Carrageenans 
are classified according to the number and the position of sul-
fate esters (S) and by the occurrence of 3,6-anhydro-bridges 
in the 4-linked α-D-galactose residues (DA unit) found in 
gelling carrageenans. The main disaccharide repeating units 
of the three most industrially exploited carrageenans, are 
the kappa-carrabiose (G4S-DA), the iota-carrabiose (G4S-
DA2S) and the lambda-carrabiose (G2S-D2S6S) (Knutsen 
et al. 1994) (Fig. 4). These processed polymers are mainly 
composed of one type of repeating unit and are commonly 
referred to kappa-, iota- and lambda-carrageenans, respec-
tively. In contrast, native carrageenans have hybrid struc-
tures, with varying ratios of carrabiose motifs (Greer & 
Yaphe 1984; Guibet et al. 2008). Unprocessed carrageenans 
also contain mu-carrabiose (G4S-D6S) and nu-carrabiose 
(G4S-D2S6S) units (Fig. 4), which are considered as the 
biosynthetic precursors of kappa- and iota-carrabiose-units, 
respectively (van de Velde et al. 2002).

Fig. 3. Structures of the base disaccharide units of agars, agaro-
biose and porphyranobiose.
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As with land plants, the amorphous red algal matrix polysac-
charides are expected to be interconnected by crystalline pol-
ysaccharides. Yet they represent a small portion of the wall, 
and very little is known on the nature of these polysaccha-
rides. Cellulose fibrils are the most commonly found poly-
mer, but additional hemicellulosic components have been 
described. In the carrageenophyte red alga Kappaphycus 

alvarezii,  glucomannans and O6 sulfated mixed-linked glu-
cans have been characterized (Lechat et al. 2000). In some 
agarophytes the gametophytic phase lacks cellulose, which 
is substituted by crystalline β-1,4-D-mannans or β-1,3-D-
xylans (Kloareg & Quatrano 1988; Craigie 1990). Palmaria 
palmata is a peculiar case within the red algae in having 
CWs almost exclusively composed of mixed-linked xylans 
(Deniaud et al. 2003; Lahaye et al. 2003). Mixed-linked 
xylans were also found in the order Nemaliales (Viana 
et al. 2011) and sulfated xylomannans were found in the red 
seaweed Sebdenia polydactyla (Ghosh et al. 2009). These 
analyses reveal apparent differences in CW structure even 
between closely related organisms. As an additional layer of 
complexity in the structures of red algal galactans, the car-
rageenophyte seaweeds, belonging to the Gigartinaceae and 
Phyllophoraceae families, have minor to significant amounts 
of sulfated agars and/or sulfated DL-galactan hybrids 
(Ciancia et al. 1993; Ciancia et al. 1997; Stortz et al. 1997; 
Estevez et al. 2001; Estevez et al. 2004). Furthermore, some 
agarophyte seaweeds also have small amounts of DL-hybrid 
structures (Takano et al. 1999; Errea & Matulewicz 2003; 
Navarro & Stortz 2003; Takano et al. 2003). Finally, 
 monosaccharide composition analysis revealed the two main 
monosaccharides present in carrageenan and agar are galac-
tose and 3,6-anhydrogalactose but that xylose, glucose and 
uronic acids may also be present in significant amounts (Jol 
et al. 1999; Bouhlal et al. 2011).

While marine bacterial enzymes have been character-
ized that degrade agars and carrageenans (Supplementary 
Table 1) (Michel et al. 2006; Hehemann et al. 2014; Martin 
et al. 2014), experimental knowledge on algal biosynthetic 
enzymes remains very limited. In 1961, Rees isolated an 
enzyme from Porphyra umbilicalis which removes the sul-
fate substituent from L-galactose-6-sulfate in porphyran and 
subsequently forms the anhydro bridge between C3 and C6 
(Rees 1961). These enzymes are referred to as galactose-
6-sulfurylases and have also been identified in other red 
algae (Lawson & Rees 1970; Zinoun et al. 1997). Notably, 
C. crispus contains a galactose-6-sulfurylase catalyzing the 
formation of 3,6-anhydro-D-galactose residues in the kappa 
family of carrageenans (Craigie & Wong 1978; Wong & 
Craigie 1978) and two different galactose-2,6-sulfurylases 
which specifically catalyze the conversion of nu-carrageenan 
into iota-carrageenan (Fig. 5) (Genicot-Joncour et al. 2009).

C. crispus, which has been pivotal for the characteriza-
tion of the galactose-6-sulfurylase, is an abundant carra-
geenophyte red macroalga found in the northern Atlantic 
Ocean. It can grow up to 15 cm in length and is a major 
source of commercial carrageenan. The ecologic and eco-
nomic interests of this species explain the abundance of sci-
entific literature on C. crispus and the recent effort to obtain 
the genomic sequence (Collen et al. 2013). Gametophytes 
are composed primarily of kappa- and iota-carrageenan 
(~70% and 20%) and the biological precursors mu- and nu- 
carrageenan (~8% and 2%) whereas tetrasporophytes have a 

Fig. 4. Structures of the repeating disaccharide units in 
carrageenans.
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majority of lambda-carrageenan in their CWs (Chopin et al. 
1987; Tasende et al. 2012). These different carrageenans 
lend different rheological properties to the CW of C. crispus 
(Carrington et al. 2001). Industry exploits kappa- and iota-
carrageenan for their gel forming properties, while lambda-
carrageenan is used mainly as a thickening agent (Campo 
et al. 2009).

While a biosynthesis pathway for the carrageenan poly-
saccharide has been proposed by Craigie and elaborated on 
by Collen et al. (Craigie & Wong 1978; Collén et al. 2014), 
it remains mainly hypothetical. The carrageenan matrix 
polysaccharides are thought to be produced by the secretory 
pathway of the cell, in the Golgi apparatus, where GTs form 
the linear alternating α-1,3 and β-1,4 linkages of the neutral 
galactan. After polymerization of the polysaccharide chain, 
sulfurylation is proposed to occur in the Golgi apparatus by 
specific STs. This carrageenan precursor is then believed 
to be transported to the CW. Here, it is further modified to 
form the 3,6-anhydro-D-galactose molecule by galactose-6- 
sulfurylases (Wong & Craigie 1978; Genicot-Joncour et al. 
2009). This remains the only step in algal carrageenan bio-
synthesis that has been biochemically demonstrated to date.

Alternating β-1,4 and α-1,3-linkages make up the poly-
mer backbone of carrageenan and this suggests a coordi-
nated activity of at least two GTs. While a neutral galactan 
is proposed to be the initial precursor for carrageenan, there 
is no evidence that this polysaccharide exists in red algae. 
Strikingly, all the galactans isolated from red algae contain 
either α-1,3-linked 3,6-anhydrogalactose or α-1,3-linked 
galactose-6-sulfate (the precursor for 3,6- anhydrogalactose). 
This suggests that the presence of a 6-sulfate group on the 
α-1,3-linked galactose residues is systematic in the pre-
cursor galactan chain (before the action of the galactose-
6-sulfurylases). Such a systematic sulfurylation of the O6 
position seems unlikely in the scenario of the synthesis of a 
neutral precursor galactan which would require later sulfu-
rylations by endo-, random-acting sulfotransferases (origi-
nal Wong and Craigie scenario). While neutral β-1,4-linked 
galactose has been identified in carrageenan (Greer & Yaphe 
1984; Chiovitti et al. 2008) there has been no experimental 
 substantiation for the presence of the neutral α-1,3-linked 
galactose molecule. Based on this (lack of) evidence we pro-
pose here two alternative pathways for carrageenan biosyn-
thesis. The first scenario is, rather than initially producing a 
neutral galactan polymer, a 6-sulfated polysaccharide forms 
the precursor galactan chain (Fig. 5, pathway 1). Thus, an 
activated D-galactose-6-sulfate molecule is linked α-1,3 into 
the growing mixed-link galactan chain by a specific GT. The 
alternating β-1,4-linked D-galactose residue is incorporated 
by a different GT. The second scenario (Figure 5, pathway 2) 
is a revised version of the pathway proposed by Craigie & 
Wong: a neutral galactan chain is synthesized by specific 
α-1,3/β-1,4 GTs and, simultaneously, a highly processive ST 
adds the C6-sulfate group to form D-galactose-6-sulfate.

Interestingly, the genome of C. crispus contains several 
genes encoding proteins which share sequence homology to 
animal GT7s involved in the biosynthesis of chondroitin sul-
fate, a glycosaminoglycan (GAG). The animal GT7s form 
the β-1,4-linkage between N-acetyl-D-galactosamine and 
D-glucuronic acid during chondroitin sulfate synthesis (Yada 
et al. 2003). GT14, GT47, and GT64 members have likewise 
been identified as being closely related to animal GTs which 
are implicated in the synthesis of the GAG heparan sulfate 
(Collen et al. 2013). Animal GT64 members form the α-1,4 
linkages with N-acetyl-D-glucosamine on the growing hep-
aran chain (Pedersen et al. 2003). C. crispus also possesses 
two GT8 enzymes more closely related to GTs involved in 
hemicellulose and pectin biosynthesis in plants. The rela-
tionship to sulfated GAG biosynthesis in animals and CW 
biosynthesis in plants strongly suggests these GTs from C. 
crispus are involved in the synthesis of the sulfated car-
rageenan polymer (Collen et al. 2013). Furthermore, nine 
genes encoding carbohydrate STs were identified that are 
related to vertebrate STs involved in sulfurylation of protein- 
and lipid-linked oligosaccharides (Ong et al. 1998), N- and 
O-linked glycans (Hiraoka et al. 2001), the glycoprotein 
carbonic anhydrase VI (Kang et al. 2001) and the matrix 
GAGs (Evers et al. 2001; Mikami et al. 2003). This fascinat-
ing relationship between sulfated algal CW polysaccharide 
biosynthesis and the synthesis of sulfated animal sugars, in 
particular the GAGs, suggests an ancient eukaryotic origin 
for these pathways.

C. crispus possesses 12 genes encoding galactose-
6-sulfurylases (Collen et al. 2013). CHC_T00008516001 
and CHC_T00009416001 are identical to the genes of the 
D-galactose-2,6-sulfurylases I and II previously charac-
terized by Genicot and coworkers (Genicot-Joncour et al. 
2009). While there is only one D-galactose-2,6-sulfurylase I, 
C. crispus contains 11 paralogous genes encoding 
D-galactose-2,6-sulfurylases II (with sequence identities 
ranging from 55% to 99%, using CHC_T00009416001 as 
a reference sequence). These genes represent a rare case of 
a multigenic family found in the C. crispus genome. The 
enzyme responsible for the conversion of precursor mu-
carrabiose to kappa-carrabiose, which was detected by 
Wong and Craigie (Wong & Craigie 1978), is expected to 
be encoded by one of these paralogous D-galactose-2,6-
sulfurylases II (Collen et al. 2013). Furthermore, one of the 
as yet uncharacterized D-galactose-6-sulfurylases is likely 
responsible for the conversion of lambda carrageenan to 
theta carrageenan (Fig. 5).

Unexpectedly, no sulfatases, predicted to be neces-
sary for CW remodeling, were identified in the C. crispus 
genome. However, C. crispus produces three GHs related to 
bacterial kappa-carrageenases (GH16s) (Michel et al. 2001). 
These enzymes are excellent candidates for involvement in 
CW remodeling (Supplementary Table 1).
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Fig. 5. Proposed carrageenan biosynthesis pathways. Pathway 1. D-galactose-6-sulfate-UDP is first synthesized from D-galactose-
UDP. D-galactose-6-sulfate and D-galactose are incorporated into the growing carrageenan precursor in alternating α-1,3 and α-1,4-
linkages by specific GTs. Pathway 2. D-galactose is incorporated into the growing carrageenan precursor in alternating α-1,3 and 
α-1,4-linkages by specific GTs. A highly processive ST follows forming the D-galactose-6-sulfate moiety. All further steps in the path-
way are as previously described (Wong & Craigie 1978; Collén et al. 2014). The enzymes highlighted in red have been characterized 
experimentally (Craigie & Wong 1978; Wong & Craigie 1978; Genicot-Joncour et al. 2009).



58 E. Ficko-Blean, C. Hervé & M. Gurvan

Brown algae
The brown algal CW is composed mainly of the anionic 
polysaccharides alginate and FCSPs, though cellulose is pre-
sent in lesser amounts (Kloareg & Quatrano 1988; Michel 
et al. 2010; Popper et al. 2011). A revised model of the CWs 
of Fucales has been recently proposed which highlights the 
interactions of these different polymers (Deniaud-Bouet 
et al. 2014). Moreover, brown algae can synthesize differ-
ent sets of FCSPs depending on the species and life-stage 
(Anastyuk et al. 2012a). Homopolymeric sulfated fucans 
have repeating units of α-L-fucose moieties linked either 
α-1,3 or alternating α-1,3/α-1,4 (Berteau & Mulloy 2003; 
Chattopadhyay et al. 2010; Jiao et al. 2011) and the polymers 
may be branched with galactose (Rocha et al. 2005; Bilan 
et al. 2013; Anastyuk et al. 2014), xylose (Bilan et al. 2014) 
or fucose residues (Chevolot et al. 1999; Pereira et al. 1999; 
Pomin & Mourao 2008). Sulfurylations may be found on the 
O4 or O2 and less often on the O3 position of fucose depend-
ing on the brown alga (Ale et al. 2011) and acetylations may 
also be present (Chizhov et al. 1999; Pomin & Mourao 
2008). Fucan structures with both α-1,3/α-1,4-linkages are 
found in Fucus vesiculosus, Pelvetia canaliculata (Colin 
et al. 2006; Descamps et al. 2006) and Silvetia  babingtonii 
(Anastyuk et al. 2012b), while linear α-1,3-linkages are 
found in Chorda filum and Himanthalia elongata (Fig. 6) 
(Nishino et al. 1991; Chevolot et al. 1999; Chizhov et al. 
1999; Pereira et al. 1999; Pomin & Mourao 2008; Deniaud-
Bouet et al. 2014). Although F. vesiculosus and H. elongata 
are both Fucales, they do not share the same fucan backbone 
structure.

FCSPs cover a broader range of complex fucose-rich poly-
saccharides other than those having a homofucan back-
bone only; these are the heteropolymeric FCSPs (formerly 
fucoidan). The chemical structures currently described 
include polymers having a uronic acid backbone, most com-
monly designated as mannuronic acid (initially ascophyllans 
or sulfated xylofucoglucuronan) (Medcalf & Larsen 1977; 
Kloareg et al. 1986; Kloareg & Quatrano 1988; Leite et al. 
1998; Queiroz et al. 2008), a galactan backbone (sulfated 
fucogalactans, initially sargassans or glycuronofucoglycans) 
(Duarte et al. 2001; Bilan et al. 2010; Ale et al. 2011), a 
backbone made of alternating mannose and glucuronic acid 
residues (sulfated fucoglucuronomannan) (Bilan et al. 2010; 
Croci et al. 2011) or of galactose and mannose residues 
(Duarte et al. 2001; Bilan et al. 2010). It is evident that addi-
tional structures may be present but are so far undescribed. 
Thus, while at times the literature on brown algal FCSPs is 
challenging to interpret, it is clear that there is no consistent 
basic structure of the FCSPs and that they are highly hetero-
geneous and structurally variable polymers which may differ 
greatly even between species of brown algae.

The genome sequencing of the marine filamentous brown 
alga E. siliculosus has provided insight into sulfated carbo-
hydrate metabolism of brown algae (Cock et al. 2010; Michel 
et al. 2010). No fucan modifying enzymes from brown algae 
have been functionally characterized to date; however, it is 
hypothesized that the sulfated homofucans are polymerized 
as neutral polysaccharides by one or more fucosyltransferases 
followed by sulfurylation by specific STs (Fig. 7). With 
analogy to plants, animals and most bacteria, GDP-fucose 
is likely produced de novo from fucose and GDP-mannose. 
Predicted enzymes, which are highly similar in amino acid 
sequence to animal and fungal enzymes, have been identi-
fied from the genome sequence as likely being involved in 
the production of GDP-fucose de novo (Michel et al. 2010), 
particularly GDP-mannose 4,6-dehydratase, GDP-L-fucose 
synthetase (a bifunctional epimerase/reductase), and via an 
alternative salvage pathway with the enzymes L-fucokinase 
and L-GDP-fucose pyrophosphorylase. (Becker & Lowe 
2003; Michel et al. 2010). The incorporation of GDP-fucose 
into a neutral fucan polysaccharide precursor is speculative, 
though neutral fucose residues have been identified in the 
brown algal FCSPs. Thus, a neutral fucan chain may be syn-
thesized by an α-1,3-fucosyltransferase alone or using both 
an α-1,3-fucosyltransferase and an α-1,4-fucosyltransferase. 
Following chain synthesis, sulfate groups are likely incor-
porated by specific STs. Several fucosyltransferase GTs 
from families GT10, GT23 and GT65 were identified which 
may be implicated in elongation of the fucan chain, though 
in other eukaryotes these enzymes are characterized as 
being involved in protein glycosylation. Of course this is an 
extremely simplified view of FCSP biosynthesis as the het-
eropolymer is extraordinarily complex. A key finding is the 
presence of seven carbohydrate ST genes in the E.  siliculosus 
genome (Michel et al. 2010). These  carbohydrate STs are 

Fig. 6. Examples of two homo-fucan motifs. The first is the α-1,3-
linked L-fucose moiety such as found in C. filum (Laminariales) 
and H. elongata (Fucales). The second, such as found in 
F. vesiculosus (Fucales), is α-1,3/α-1,4-linked L-fucose which 
also has neutral fucose branch points.
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homologous to the animal STs involved in the biosynthesis 
of the GAG heparan sulfate and are thus excellent candidates 
for CW sulfating enzymes. Their paralogous nature may 
reflect positional differences in enzyme specificity along the 
fucan backbone.

Up to now only one fucanase gene has been cloned, from 
the marine bacterium Mariniflexile fucanivorans (Colin et al. 
2006), defining family 107 of the GHs. However, no GH107 
gene has been found in the E. siliculosus genome (Michel 
et al. 2010) and the involvement of such enzymatic activ-
ity in the modification or recycling of FCSP is uncertain in 
brown algae. Nonetheless, nine sulfatases related to animal 
GAG sulfatases have been also identified in the E.  siliculosus 
genome. These sulfatases are probably implicated in the 
remodeling of the sulfated CW fucans and are dependent on 
a catalytic Cα-formylglycine residue (Schmidt et al. 1995). 
Additionally, two proteins were identified that are similar 
to human formylglycine-generating enzymes (Dierks et al. 
2003) which are essential for post-translationally modifying 
the catalytic cysteine of the formylglycine-sulfatases.

Conclusion

All marine seaweeds display sulfated polysaccharides as CW 
components. In contrast land plants do not produce sulfated 
polysaccharides. The genomic analyses of the carbohydrate 
metabolism of the brown alga E. siliculosus (Michel et al. 
2010) and of the red alga C. crispus (Collen et al. 2013) have 
revealed that animals and both red and brown algae pos-
sess homologous carbohydrate STs which are involved in 
the biosynthesis of sulfated polysaccharides. This indicates 
that the synthesis of sulfated polysaccharides is an ancient 
eukaryotic capacity. The genome sequencing of green sea-
weed would be essential to determine if their carbohydrate 
STs are also conserved. In contrast, available genomes of 
land plants do not include carbohydrate STs and sulfatases. 
Sulfate ions are abundant in seawater but rare in terrestrial 
environment. Thus, land plants have most likely lost these 
genes as an adaptation to terrestrial constraints (Michel 
et al. 2010; Collen et al. 2013). Fascinatingly, marine angio-
sperms, which have returned to the ocean by diverging from 

Fig. 7. Proposed homofucan biosynthesis pathway.
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a terrestrial plant ancestor, also contain sulfated polysaccha-
rides in their CWs (Maeda et al. 1966; Aquino et al. 2005; 
Aquino et al. 2011). This suggests that the sulfurylation of 
CW polysaccharides was a needed step for angiosperms to 
readapt to the marine environment. The mechanism of this 
regain of function remains an evolutionary mystery and the 
genome sequencing of a marine angiosperm is also a much 
awaited event.

Although the genome sequencing of E. siliculosus and of 
C. crispus have provided much needed molecular insights 
into the biosynthesis of sulfated polysaccharides in macroal-
gae this is only the beginning of the story. Indeed, a tremen-
dous amount of work is now in front of us to experimentally 
validate and complete the metabolic pathways presented 
herein.
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Supplementary Table 1.  Characterized enzymes active on sulfated algal polysaccharides.  Bacterial names are coloured in blue, the red algaChondrus crispus in red and the brown alga Ectocarpus siliculosus  in brown. 
While the bacterial enzymes have been characterized experimentally, the anticipated algal enzyme activities are based on the predicted gene products from the genomic sequences
Unfortunately, there is no green algal genome available publicly for comparative purposes.



A. Enzymes active on red algal polysaccharides 
β-agarases α-agarases β-porphyranases κ-carrageenase ι-carrageenase λ-carrageenase



Organism GH16 GH50 GH86 GH118 GH96 GH117 GH16 GH86 GH16 GH82 GHnc
Alteromonas fortis  ATCC 43554 Af CgiA 



CAC07801.1  pdb 
1H80



Bacteroides plebeius  DSM 17135 Bp GH86A 
EDY95427.1  pdb 
4AW7



Pseudoalteromonas atlantica T6c AgrA 
ABG40858.1



Pseudoaltermonas carrageenovora  ATCC 43555 Pc CgkA 
CAA50624.1 pdb 
1DYP



Pc CglA  
CAL37005.1



Saccharophagus degradans 2-40 AgaD 
ABD81904.1 
4BQ2



AgaC 
ABD81910.1



Sd NABH 
ABD81917.1 
3R4Y



Vibrio  sp PO-303
AgaC BAF03590.1



Zobellia galactanivorans Dsij Zg AgaA 
CAZ98338.1   pdb 
1O4Y



Zg AhgA 
CBM41465.1 pdb 
3P2N



Zg PorA 
CBM41182.1 pdb 
3ILF



Zg CgkA 
CAZ94309.1 



Zg CgiA1 
CAC07822.1



*Chondrus crispus N/A N/A N/A N/A N/A N/A N/A N/A Cc GH16-1, 
Cc GH16-2, 
Cc GH16-3



N/A N/A



B. Enzymes active on brown algal polysaccharides
Fucoidanases



Organism GH107
Marineflexile fucanivorans SW5 Mf FcnA 



CAI47003.1
*Ectocarpus siliculosus N/A



C. Enzymes active on green algal polysaccharides
unsaturated β-
glucuronyl 
hydrolase Ulvan lyase



Organism GH105 PLnc
Nonlabens ulvanivorans Nu _GH105 



AFQ98272.1 pdb 
4CE7 AEN28574.1



*No green algal genome available for comparison N/A N/A
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