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Structures and functions of algal glycans shape their
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Abstract
Algae synthesise structurally complex glycans to build a pro-
tective barrier, the extracellular matrix. One function of matrix
glycans is to slow down microorganisms that try to enzymati-
cally enter living algae and degrade and convert their organic
carbon back to carbon dioxide. We propose that matrix glycans
lock up carbon in the ocean by controlling degradation of
organic carbon by bacteria and other microbes not only while
algae are alive, but also after death. Data revised in this review
shows accumulation of algal glycans in the ocean under-
scoring the challenge bacteria and other microbes face to
breach the glycan barrier with carbohydrate active enzymes.
Briefly we also update on methods required to certify the un-
certain magnitude and unknown molecular causes of glycan-
controlled carbon sequestration in a changing ocean.

Addresses
1 Max Planck Institute for Marine Microbiology, Bremen, Germany
2 University of Bremen, MARUM Centre for Marine Environmental
Sciences Bremen, Germany

Corresponding author: Hehemann, Jan-Hendrik (jhhehemann@
marum.de)
Current Opinion in Chemical Biology 2022, 71:102204

This review comes from a themed issue on Carbohydrate
Bioploymers

Edited by Martina Delbianco and Peter H. Seeberger

For a complete overview see the Issue and the Editorial

Available online xxx

https://doi.org/10.1016/j.cbpa.2022.102204

1367-5931/© 2022 The Author(s). Published by Elsevier Ltd. This is an
open access ar ticle under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords
Algal glycans, Marine carbon cycle, Polysaccharides, Carbohydrates,
Microalgae, Phytoplankton, Fucoidan.
Abbreviations
FCSP, fucose-containing sulphated polysaccharide; HMWDOC, high
molecular weight dissolved organic carbon; PUL, polysaccharide
utilisation locus; CAZyme, carbohydrate-active enzyme.

Introduction
Glycan photosynthesis
Algae annually fix w50 gigatonnes of inorganic carbon
[1] via photosynthesis into glucose, the primary
www.sciencedirect.com
building block for glycans. For perspective, the com-
bustion of fossil fuels annually adds w10 gigatonnes to
the w900 gigatonnes of atmospheric carbon [2].
Depending on life stage, nutrient status and season,
algae invest up to 80% of their organic carbon into

glycans [**3]. Glycan locations and functions roughly
split into three major categories. Intracellular glycans
(e.g., laminarin and starch) provide rapid energy storage
and release. Cell wall glycans (e.g., cellulose and
hemicelluloses) confer stability and defence. Other
secreted glycans (e.g., alginate and fucose-containing
sulfated polysaccharides, FCSPs) form the extracel-
lular matrix around and at the algae cell surface [4].
Among other functions matrix glycans modulate cation
and water exchange and provide defence (as reviewed
in [5]). While convenient, these categories do not

capture the biology, complexity and dynamism of glycan
distributions or solubility states. For example, alginate
is composed of two building blocks, mannuronic acid
(M) and guluronic acid (G) in a variable ratio. Only G
units form cation bridges that promote gelling. There is
significant overlap between the complex glycans in the
cell wall and the extracellular matrix that are arranged
along a solubility continuum from crystalline, via gel, to
dissolved. Actively secreted glycans including FCSPs
remain attached to the cell surface but are also detected
in dissolved organic matter and so the physical and

biochemical sphere of the matrix remains diffuse.
Glycan structural complexity, in terms of linkage,
configuration and diversity of building blocks, follows
function. Intracellular storage glycans are structurally
simple while extracellular matrix glycans including
mammalian mucins are among the most complex [4].
This trend holds across algae, plants, animals, fungi and
bacteria [6]. Glycan synthesis by algae rarely consumes
nitrogen, phosphate or other limiting nutrients; glycans
continue to be produced and secreted under nutrient
limitation, resulting in increasing carbon-to-nitrogen

ratios of organic matter during algal blooms [7]. This
deviation from the Redfield ratio (C:N:P; 106:16:1)
implies photosynthesis can be higher than estimated by
models [8] that rely on this parameter. By secreting
glycans, when alive and releasing glycans upon death,
algae contribute to the oceanic pool of dissolved organic
molecules [**9], which rivals in size the amount of
carbon in the atmosphere [10].
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2 Carbohydrate Bioploymers
Dissolved glycans store carbon dioxide in the ocean
Dissolved glycans account for a substantial amount of
the standing stock of organic carbon in the ocean. There
are w700 gigatonnes of carbon in dissolved organic
molecules, 200-fold more than in living marine biomass
[2]. Glycans account for w15e50% of the dissolved
organic carbon [11e16]. Algae and cyanobacteria, the
only organisms besides terrestrial plants that currently
can access enough energy (sunlight) to reduce carbon
dioxide on a planetary scale, are the primary source of
glycans in the ocean [1,*17e19]. Diatoms, responsible

forw40% of marine carbon fixation [1], secrete as much
as w50% of their primary production as dissolved
organic molecules [20]. Up to w80e90% of these
secreted molecules of diatoms and other microalgae are
glycans [18]. Phaeocystis spp. in particular secrete large
amounts of extracellular matrix glycans, which hold cells
of colonies together [21]. An extracellular matrix glycan
recently identified as FCSP and secreted by diatoms
contributes to the dissolved glycan pool [**9]. As long as
synthesis of glycans outpaces their digestion by bacteria
or other organisms, glycans sequester carbon (Figure 1).

This sequestration becomes apparent when considering
the w1e3 years average age of glycans in the surface
ocean that contain w10.5 gigatonnes of carbon [**22].
Figure 1

Algal glycans sequester carbon in the glyco-carbon cycle. a) Algae fix ~50
gigatonnes of inorganic carbon per year. A substantial fraction (up to
~80%) of this fixed carbon is converted into glycans [24]. b) Heterotrophic
bacteria degrade glycans to CO2. c) Glycans sequester carbon if they
persist in dissolved form in the surface ocean or reach the deep ocean
through vertical mixing and particle sinking. As long as synthesis of
glycans by algae is faster than digestion by bacteria or other organisms,
glycans sequester carbon in the ocean.

Current Opinion in Chemical Biology 2022, 71:102204
Older molecules of unknown structure with radiocarbon
ages of w4000e16,000 years, which also contribute to
carbon storage, have been discussed elsewhere [23].
The size and age of the standing stock of dissolved
glycans is surprising given removal processes such as
microbial remineralisation and aggregation into sinking
particles. Extracellular matrix glycans are often anionic,
drawing particular interest among dissolved glycans as

this chemistry promotes assembly which in turn pro-
motes aggregation and carbon export as part of the
biological carbon pump.

Particulate glycans export carbon dioxide into the
deep ocean
Anionic glycans assemble into gels that promote aggre-
gation of dissolved and particulate organic matter
contributing to transfer of carbon from the sunlit surface
ocean to depth. This biological carbon pump accounts
forw70% of the annual global carbon export to the deep
ocean [25]. Depending on concentration dissolved
sulfated and carboxylated glycans assemble into micro-
gels [*26]. These gels coagulate and trap cells, minerals,

and organic or inorganic molecules to form larger parti-
cles [**9,**27]], connecting the dissolved and partic-
ulate organic carbon pools. Glycans constitutew8e10%
of suspended and w3e30% of sinking particulate
organic matter [28e30]. Export to depth is relevant for
long-term carbon sequestration because deeper remi-
neralisation of organic matter by microorganisms delays
return of carbon dioxide to the atmosphere. Carbon di-
oxide becomes trapped in the water depth layer where
degradation takes place. The deeper remineralisation
occurs, the later the water mass will equilibrate with the

atmosphere. For example, sequestration of carbon for
more than 100 years, considered long-term [31], is
achieved by export of carbon to below 1000 m on average
[32]. Up to 30% of sediment organic carbon is in the
form of glycans [33], including FCSP and others [34],
showing some algal glycans are resistant long enough to
bacterial degradation to export carbon into the deep sea
and to the ocean floor.
Bacterial degradation of glycans
With extensive glycan synthesis by algae comes extensive
potential for glycan degradation by bacteria and other
microbes. Hundreds of carbohydrate-active enzymes
(CAZymes) [35,36] are encoded within the genomes of
bacteria that thrive during microalgae blooms [e.g., the
studies by Avcı et al., Kappelmann et al. [37,38]].

Bacteroidetes, Alphaproteobacteria, Gammaproteobac-
teria and Verrucomicrobia are common responders to algal
blooms [**9,39]. These phyla contain genes for glycan
degradation uptake and metabolism within poly-
saccharide utilisation loci (PULs) [*40,41]. Sets of
expressed endo- (mid-chain cut) and exo-acting (end-
chain cut) CAZymes within PULs enact stepwise cas-
cades of glycan depolymerisation. Recent examples of
www.sciencedirect.com
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Extracellular matrix glycans protect carbon Bligh et al. 3
algal glycans targeted by PULs are laminarin [42], agar
[*43], alginate [44,45], ulvan [46], carrageenan [47] and
porphyran [*48]. PULs targeting storage glycans are
common in heterotrophs. Laminarin and starch PULs for
these energy glycans encode at least one enzyme for the
same chemical bond plus proteins to sense, bind and
import the glycan oligosaccharides [49]. More enzymes
are required for degradation and catabolic utilization of

structural glycans such as xylans and mannans [37]. The
degradation potential for structural glycans is less
frequent in microorganisms compared to energy glycans.
Extracellular matrix such as FCSP, rhamnogalacturonan II
(plants), agars and aforementioned cell wall glycans shape
bacterial niches [37,38]. Degradation of FCSPs is
confined to specialist bacteria with hundreds of expressed
enzyme genes required to degrade variants of FCSPs from
different algae [**50]. To completely degrade a glycan,
bacteria must have at least one unique enzyme for each
unique chemical bond between the building blocks. This

requirement leads to complicated glycan-degrading cas-
cades, where the number of enzymes scales with target
glycan structural complexity (Figure 2).

The abundance of glycan-degrading enzymes results
from the specificity of CAZymes in glycan binding and
chemical bond cleavage. This specificity is reflected in
Figure 2

The number of carbohydrate-active enzymes (CAZymes) required by bacteria
Estimated numbers of unique linkages (i.e., unique disaccharide units) in glyc
elucidated pathways for laminarin [51], agarose [*43], alpha–glucan [52], algin
porphyran–agarose hybrid [*48], porphyran [54] and rhamnogalacturonan II [
calculated number of unique linkages may not accurately reflect the number
R2 = 0.89; P = <0.001) between the minimum number of unique linkages and
confidence interval.

www.sciencedirect.com
the conservation of active site residues involved in glycan
recognition and catalysis [54]. For example, the endo-
acting, porphyran-degrading GH86 hydrolase from
Bacteroides plebeius binds to and cleaves a distinct mono-
mer sequence in porphyran (Figure 3a). A change in the
glycan structure, such as the addition or removal of a
sulfate group, blocks binding of glycoside hydrolases
(Figure 3b). Thus, binding is strongly influenced by

sulfate and other modifications, which are targeted by
specific accessory enzymes (e.g., sulfatases, esterases,
glycosidases .) [*56]. Another example illustrating the
sensitivity of CAZymes to their substrate comes from the
red algae epibiont Zobellia galactanivorans. The presence of
a sulfate group on C6 of the L-galactose, which is
enriched in porphyran compared to other agars, selected
for a Z. galactanivorans with four agarases plus five
porphyranases of family GH16 [57]. Similarly, the addi-
tion of a methyl group on the C6 of the D-galactose in
agars inhibits binding in the �1 subsite of some GH16

porphyranases [58]. These methyl groups are removed in
an energy consuming reaction by oxidative P450 deme-
thylases [59]. Metabolism of monosaccharides which
contain methyl groups, including fucose, generates toxic
aldehyde intermediates [**50,59]. Methylated and
deoxy carbohydrates accumulate enough to become
detectable in seawater [60], indicating methyl groups are
for degradation of glycans scales linearly with structural complexity.
ans and minimum numbers of enzymes required for degradation based on
ate [44,45], galactoxyloglucan, arabinogalactoxyloglucan [53], ulvan [46],
*55]. Note that enzymes can recognise epitopes of >2 monomers so the
of unique recognised epitopes. The linear correlation (y = 0.87 + 0.83x;
required enzymes is shown in yellow. The grey area represents the 95%
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Figure 3

Carbohydrate-active enzymes (CAZymes) specifically fit glycan substrates, which renders enzymes inactive when glycan structures change. a) Crystal
structure of GH86 porphyranase from Bacteroides plebeius in complex with a sulfated hybrid galactan from its substrate porphyran (PDB ID: 4AW7). The
image was generated with VMD [61]. b) Substrate specificity shown for three GH16 enzymes (AgaB, AgaD, PorA) from Zobellia galactanivorans. Each
enzyme creates, akin to a restriction enzyme, a distinct oligosaccharide fragment pattern when degrading the structurally related extracellular matrix
galactans agar from Gracilaria spp. and porphyran from Porphyra spp. The three enzymes have different selectivity for the presence of the C6 sulfate
group in the −2 subsite of their active sites. AgaD is specific for non-sulfated parts, AgaB can accept sulfation on the non-reducing end of the galactan,
and PorA requires the galactan to be sulfated. This high substrate specificity for sulfated/non-sulfated regions enables their use as bioanalytic tools for
quantitative and qualitative measurements of glycans in algae and the environment. The oligosaccharide fragments created by the enzymes were labelled
with a fluorophore and separated by polyacrylamide gel electrophoresis. Their quantity shown above the gel was measured using a reducing sugar assay
(Hehemann, unpublished results). D-galactose and 6-methyl-D-galactose monomers are beta-1,4-linked to the next monomer. L-galactose-6-sulfate and
3,6-anhydro-galactose are alpha-1,3-linked.
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protective in and outside of the test tube. Applying this
knowledge to glycans as variable and complex in structure

as FCSPs explains why few specialised bacteria carry
hundreds of genes for FCSP degradation [**50].

Resource- and energy-limitation constrain the amount
of CAZymes encoded within the genomes of hetero-
trophic microorganisms and the levels of enzyme
expression. The more enzyme homologues a bacterium
encodes and expresses to target the linkages within a
glycan, the faster it degrades that glycan. The inverse is
also true [62]. Possession of CAZymes for various glycan
substrates broadens the niche of a bacterium. Thus, in

the absence of constraining factors, the optimal strategy
for bacteria would be to express high levels of many
CAZymes for high rates of glycan degradation and a
broad substrate range. However, expansion of CAZyme
repertoires increases energy, nitrogen and phosphorus
demand for genome duplication. Moreover, CAZyme
expression requires energy and CAZyme secretion for
glycan degradation consumes nitrogen and reduces
growth rate in the absence of the glycan [63]. Even in
Current Opinion in Chemical Biology 2022, 71:102204
the absence of the glycan a baseline expression and
secretion of CAZymes is required for detection of the

glycan [64]. Bacteria must balance the nutrient and
energy demands for possession and expression of
CAZymes with the energy they provide. Ecological
constraints manifest as strategies where some bacteria
tether enzymes to their surface or internalise digestion
[65], while others increase the amount of secreted, free
enzymes [62]. In a resource limited world ecology,
energy, nutrients, and other unknown factors shape the
repertoire, cellular location and expression levels of
bacterial CAZymes.

Extracellular matrix glycans as
antimicrobials
The structure and complexity of extracellular matrix
glycans confer resistance against enzyme-catalysed in-
vasion. Extracellular matrix glycans on cell surfaces in
contact with microbiomes form a barrier against bacteria,
fungi and viruses [5]. Despite independent evolution in
separate algal phyla and structural variation across spe-
cies and seasons, matrix glycans share common features
www.sciencedirect.com
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that offer protection [5,66]. Matrix glycans physically
protect cells, for example, through cation bridging be-
tween carboxyl groups which form a gel that controls the
diffusion of proteins including proteases or other en-
zymes [67,68]. The cations trapped by carboxyl groups
include iron and copper [69], which depending on
concentration can be crucial trace elements or antimi-
crobials [70]. The chemical complexity of matrix glycans

requires invaders to express a multitude of CAZymes
(Bacterial degradation of glycans, Figure 2), slowing
their growth rate. By integrating monosaccharides that
contain methyl groups (e.g., fucose, rhamnose, 6-O-
methyl-galactose) extracellular matrix glycans become
less favourable substrates. Adding sulfate groups in-
terferes with protein binding and therefore requires
degraders to carry and express genes for additional en-
zymes that remove sulfate groups or accommodate sul-
fate in the active site [57]. In fact, sulfate groups mask
almost all hydroxyl groups in Laminaria hyperborea FCSP
fucoidan [71]. FCSP fucoidan is a broad-acting antimi-
crobial with activity against bacteria, viruses, and human
cancer cells [72]. Importantly, FCSP fucoidan structures
change. This structural change makes them challenging
to degrade for microbes, to resolve their structures, to
assign names to the molecules, to uncover their antag-
onistic reaction mechanisms and to certify them as drugs
for humans. This ‘unruly’ disorder is no mistake, it is a
feature. Akin to increased mucus synthesis during
infection of the nasal and lung airways, algae secrete
extracellular matrix glycans in the presence of bacteria

and viruses [73,74].

Glycan synthesis does not adhere to the central dogma
(DNAeRNAeprotein). Instead, the structures of gly-
cans are made by and encoded in enzymes, enabling
combinatorial change of structural diversity and
complexity theoretically exceeding other organic mole-
cules in nature [75]. The glycan ‘alphabet’ of mono-
saccharides is, unlike the genetic code, not universal
[*76]. Bacteria adapt to changes in algal glycan struc-
tures by birth, duplication, transfer and loss of CAZyme
genes [62] that assemble complicated glycan-degrading

pathways. A question relevant for carbon sequestration
is: Who will be faster in this arms race? Products of
defensive glycans released during degradation upregu-
late expression of virulence factors in pathogenic bac-
teria [**77]. Degradation of algal cells by bacteria
invokes defence reactions of algae which induce a stress
response in bacteria [**78]. Horizontal gene transfer,
which appears pervasive in nature, provides bacteria
with CAZymes [79]. Eukaryotes control the virulence of
bacteria and the transfer of PULs that are directed
against their defensive glycans. Mucin glycans, secreted

by mammalian epithelial cells exposed to microbiomes,
interact with the protein machineries involved in the
transfer of genes among microbes [**80] and can
attenuate the virulence of potential pathogens [**81].
www.sciencedirect.com
Thus, the same glycan that shields against invasion may
simultaneously limit the flow of genes involved in its
own degradation. Structural glycan diversity combined
with unknown antimicrobial mechanisms may enable
algae to stay ahead in this arms race. The evolution of
extracellular matrix glycans protects organic carbon from
bacterial degradation in and beyond algal cells.
Outlook
Uncertainties in residence time [**22] and proportion of
dissolved and particulate organic carbon in form of glycans
[11e15,30] remain intriguing. Due to the scale of carbon
cycling in the ocean, even seemingly small uncertainties in
measurements propagate to significantly different in-
terpretations of impact [82]. Quantifying specific glycans
separately, elucidating their (algal) sources and tracing
their fate is key [**9]. This glyco-carbon accounting will
require a combination of methods (Figure 4). Monoclonal
antibody-based approaches, especially in combinationwith

fluorescent imaging, can track specific glycans from algae
to dissolved and particulate organic matter and even
sediment in a semi-quantitativemanner [**9,34].Nuclear
magnetic resonance [83] and mass spectrometry of oligo-
saccharides derived from glycans can achieve molecular-
level resolution of glycan structures [*84]. Quantification
of the total hydrolysable carbohydrate carbon [30] and
glycan-specific quantification with enzymatic assays
[**3,52] will inform on mass balances and relative impor-
tance of different glycans in terms of carbon sequestration.
Theavailablewealth of genomic andproteomic data canbe

used to design future enzyme assays quantifying ecologi-
cally significant glycans. Finally, compound-specific radio-
carbon ages will constrain timescales of glycan cycling and
potential for carbon sequestration [**22].

Constraining biological roles of algal glycans and their
contribution to carbon sequestration in the ocean will
require study from algal, microbial, zoological, and
biogeochemical perspectives. This effort includes
structural elucidation and quantification of glycans,
algal, and bacterial community composition and abun-

dance, and transcriptomics and proteomics of glycan
producers and degraders. Laboratory biochemical and
microbiological experiments are central to uncover the
molecular mechanisms of carbon sequestration that
make sense of biogeochemical and ecological observa-
tions in the environment. Once biochemically and
ecologically relevant glycans are detected and quanti-
fied, uncovering molecular mechanisms of their biology
will be facilitated with new tools: genetic engineering of
bacteria [64] and algae [85], enzyme inhibitors [86] and
fluorescent [87,88] and defined synthesised model

glycans [89]. Only combined approaches from molecular
to ocean basin scales can expose if and why the synthesis
of matrix glycans and their ability to sequester carbon is
changing in the Anthropocene.
Current Opinion in Chemical Biology 2022, 71:102204
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Figure 4

Multiple methods are needed for detection, quantification and structural characterisation of glycans. Glycans can be measured either as a bulk mixture
extracted from marine samples or individually after purification with, for example, anion-exchange chromatography (AEX). Mock results are shown for
both glycan mixtures and a fucose-containing sulfated polysaccharide (FCSP). a) Monosaccharide quantification is achieved by acid hydrolysis and high-
performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD). b) Specific glycans can be quantified by quantification
of monosaccharides (e.g., with reducing sugar assays as per [**3]) released by enzyme digestion. FCSP quantification is represented here. Note that the
mixture and pure glycan theoretically give the same result unlike in A. c) Specific glycans in samples are profiled in a semi-quantitative manner with
monoclonal antibodies (mAbs) on carbohydrate microarrays [**9] or in plate-based assays (enzyme-linked immunosorbent assay, ELISA, not shown).
Colours of boxes indicate signal intensity after detection with an enzyme-conjugated secondary antibody (viridis colour scale). d) Nuclear magnetic
resonance (NMR) quantifies functional groups characteristic of glycans in mixtures and also elucidates structures of pure glycans. In the ‘mixture’
spectrum, each peak represents a functional group (e.g., COOH). In the ‘pure’ spectrum, each peak represents a specific carbon (e.g., reducing end C1).
Mass spectrometry can be used for structural characterisation [*84].
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