UNIVERSITY OF HELSINKI

https://helda.helsinki.fi

Fucoid brown algae inject fucoidan carbon into the ocean

Buck-Wiese, Hagen

2022-12-30

Buck-Wiese , H, Andskog , M, Nguyen, N, Bligh, M, Asmala , E , Vidal-Melgosa , S,
Liebeke , M, Gustafsson , C & Hehemann , J-H 2022 , ' Fucoid brown algae inject fucoidan
carbon into the ocean ', Proceedings of the National Academy of Sciences of the United
States of America , vol. 120, no. 1, e2210561119 . https://doi.org/10.1073/pnas.2210561119

http://hdl.handle.net/10138/352921
https://doi.org/10.1073/pnas.2210561119

cc_by nc_nd
publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



RESEARCH ARTICLE

PNAS

SUSTAINABILITY SCIENCE

Check for
updates

' OPEN ACCESS

Fucoid brown algae inject fucoidan carbon into the ocean

Hagen Buck-Wiese®® @, Mona A. Andskog® (2, Nguyen P. Nguyen®®, Margot Bligh®* (2, Eero Asmala®
Camilla Gustafsson®{, and Jan-Hendrik Hehemann®®!

, Silvia Vidal-Melgosa® (), Manuel Liebeke® (),

Edited by Edward Delong, University of Hawai'i at Manoa, Honolulu, HI; received June 20, 2022; accepted November 2, 2022

Brown algae annually convert gigatons of carbon dioxide into carbohydrates, including
the complex extracellular matrix polysaccharide fucoidan. Due to its persistence in the
environment, fucoidan is potentially a pathway for marine carbon sequestration. Rates of
fucoidan secretion by brown algae remain unknown due to the challenge of identifying
and quantifying complex polysaccharides in seawater. We adapted the techniques of
anion exchange chromatography, enzyme-linked immunosorbent assay, and biocatalytic
enzyme-based assay for detection and quantification of fucoidan. We found the brown
alga Fucus vesiculosus at the Baltic Sea coast of south-west Finland to secrete 0.3% of
their biomass as fucoidan per day. Dissolved fucoidan concentrations in seawater adja-
cent to algae reached up to 0.48 mg L™". Fucoidan accumulated during incubations of
E vesiculosus, significantly more in light than in darkness. Maximum estimation by acid
hydrolysis indicated fucoidan secretion at a rate of 28 to 40 mg C kg™ h™', accounting
for 44 to 50% of all exuded dissolved organic carbon. Composed only of carbon, oxygen,
hydrogen, and sulfur, fucoidan secretion does not consume nutrients enabling carbon
sequestration independent of algal growth. Extrapolated over a year, the algae sequester
more carbon into secreted fucoidan than their biomass. The global utility of fucoidan
secretion is an alternative pathway for carbon dioxide removal by brown algae without
the need to harvest or bury algal biomass.

blue carbon | brown macroalgae | fucoidan | carbon sequestration | marine carbon cycle

Brown algae fix more carbon per area than terrestrial forests (1-4), and brown algal biomass
is considered a potential carbon sink (5-9). However, algae release 14 to 35% of net
primary production as dissolved molecules (10-15). Whether these exudates fuel microbial
remineralization or contribute to carbon sequestration through recalcitrance or export to
the deep sea remains under debate. Dissolved organic carbon concentrations decrease
offshore with distance to kelp forests, but the high molecular weight polysaccharide frac-
tion has shown considerable persistence (12, 16, 17). Remineralization rates of carbohy-
drates depend on the molecular structure (18). There is a need to constrain the molecular

Significance

Combining rapid carbon dioxide
fixation and growth, brown algae
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composition of brown algal exudates to understand their role in the ecosystem and in the
global carbon cycle.

Primary producers, including algae, fix carbon into carbohydrates (19), which serve a
multitude of functions. Brown algae mainly synthesize the polysaccharides laminarin,
cellulose, alginate, and fucoidan: laminarin and cellulose from the immediate photosyn-
thesis product glucose, alginate from uronic acids, and fucoidan from fucose. Fucoidan
can be decorated with additional monosaccharides, as well as acetyl and sulfate groups
giving fucoidan a net negative charge (20-22). While laminarin stores energy within cells
(21), cellulose and alginate fulfill structural functions as cell wall constituents (20).
Fucoidan builds the extracellular matrix or mucilage in brown algae (23, 24), increases in
response to salinity (24, 25), and acts as an antimicrobial agent (26).

Fucoidan is delivered to the extracellular matrix by vesicle cells that secrete fucoidan
into mucilage ducts (25, 27, 28). Thereby, brown algae maintain a mucilage barrier pri-
marily consisting of fucoidan (20, 22, 27). Secretion of carbohydrates is a feature of
epithelia and can mediate substantial carbon flux (29, 30). The high solubility of fucoidan
and its location at the algae—seawater interface suggest that fucoidan has to be constantly
resupplied.

Fucoidan shows considerable recalcitrance and has been found to persist for centuries
in sediments. Dissolved molecules can sequester carbon if they are not degraded due to
recalcitrance or if they are exported to below 1,000-m depth (31, 32), for example after
aggregation (33-35). Dissolved energy storage polysaccharides like laminarin are prefer-
entially targeted by bacteria of different classes (36—38) that need only three enzymes for
complete degradation within hours (37, 39-41). In contrast, fucoidan can only be
degraded by specialized bacteria that require dozens of different enzymes (35, 42).
Fucoidan-targeting antibodies revealed fucose-containing sulfated polysaccharides from
diatoms assemble and form particles (34, 35) that transport carbon to depth. Consistent

contributes to carbon
sequestration through the
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molecules.
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antibody signals along sediment cores indicate that fucoidan per-
sists during transport through the water column and in sediments
for hundreds of years (43, 44). Thus, mucus secretion by brown
algae could mediate carbon sequestration through the recalcitrance
and assembly of fucoidan.

We hypothesized that brown algae secrete fucoidan into seawa-
ter based on reports of high carbohydrate content in dissolved
organic carbon from brown algae (10, 12). Without methods for
dissolved polysaccharide quantification, fucoidan concentrations
in seawater remain unknown (35). We analyzed seawater from
seagrass and brown algae incubations with approaches dedicated
to specific and  quantitative carbohydrate  detection.
Monosaccharide quantification, antibody binding, anion exchange
chromatography, and enzymatic hydrolysis conclusively point
toward the accumulation of dissolved fucoidan during algae incu-
bations. Fucoidan carbon contributed substantially to the alga-re-
leased organic carbon. Our results suggest secreted fucoidan to
sequester carbon at the same rate as carbon is stored in biomass.

Results

Accumulating Dissolved Organic Carbon from Brown Algae.
We incubated subtidal bladderwrack, Fucus vesiculosus, and co-
occurring eelgrass, Zostera marina, during August 2020 in the
coastal Baltic Sea over 5 h in transparent or dark bags (Fig. 14)
and analyzed seawater from incubations. Z. marina served as a
control species that secretes organic carbon, but not fucoidan. We
found differing impacts on seawater chemistry (Fig. 1 B and C
and SI Appendix, Tables S1 and S2). In response to light and
dark treatments (SI Appendix, Fig. S1), oxygen concentrations
in algae incubations surpassed solubility in light and decreased
to ~50 pmol L' in dark (Fig. 1C, first panel). Dissolved organic
carbon (mean + SE) increased from 4.71 + 0.23 mg C L' to
6.32+0.12mg C L' in light incubations of algae and to 6.08 +
0.16 mgC L' in the dark (Fig. 1C, second panel). Concurrently,
total dissolved nitrogen concentrations, humic-like fluorescence
(FDOM), and absorption at 254 nm (CDOM) dissolved
compounds increased (Fig. 1C, third to fifth panel). Dissolved
oxygen, FDOM, and CDOM in light incubations exceeded
dark incubations. The statistical results are summarized in
SI Appendiix, Table S1. In contrast to F vesiculosus, dissolved oxygen
concentrations decreased in both Z. marina incubations. Dissolved
organic carbon concentrations increased slightly in light, while
dissolved nitrogen increased significantly in the light incubations
compared with dark incubations (S Appendix, Table S2). Overall,
the incubations of £ wvesiculosus reproduced previously observed
effects of brown algae on bulk seawater organic chemistry (10-12,
15, 45, 46)

Metabolomics on seawater samples from incubations showed
that small molecules increased in concentration but did not drive
the increase in dissolved organic carbon observed in algae incuba-
tions (Fig. 1£ and SI Appendix, Tables S3 and S4). Signals of deri-
vatized metabolites on a gas chromatography-coupled mass
spectrometer were minimal compared with signals from a standard
chemical mixture at 0.4 mM (S/ Appendix, Table S5). Mannitol
was the only metabolite out of four significantly accumulating
compounds that could be identified by matching to the standard
chemical mixture (Fig. 1Z, first panel). It showed the highest accu-
mulation in algal incubations, with average signal increases of
~1190-fold and ~70-fold after the dark and light incubations,
respectively. Previous studies have described mannitol accumula-
tion up to 400 mg L' during brown algae fragmentation (17) and
mannitol release in response to osmotic shock of up to 6 g kgf1
dry weight within 2 min (47). Mannitol from brown algae is

https://doi.org/10.1073/pnas.2210561119

completely consumed in seawater within days (17). Metabolomics
also detected significant signal increases of an alcohol-like, an
organic acid-like, and an aromatic-like metabolite from ~1.5-fold
to ~10-fold after incubation of algae (Fig. 1£, second to fifth
panel). In seagrass incubations, a benzoic acid-like metabolite accu-
mulated that could not be found in algae incubations (Fig. 1D,
fifth panel). In terms of carbon mass, mannitol and the three uni-
dentified metabolites contributed minor quantities to the increase
in dissolved organic carbon during algae incubations.

Monosaccharide Composition, Antibody Binding, and Enzymatic
Digestion Identify Dissolved Fucoidan. We identified dissolved
fucoidan inambientand incubation seawater via two complementary
approaches, monosaccharide composition and antibody-based
techniques. After acid hydrolysis, the monosaccharides fucose,
glucuronic acid, mannose and xylose, and galactose separated
sample groups of blank samples, ambient seawater, and light
and dark incubations of F wvesiculosus in a principal component
analysis (Fig. 24). These monosaccharides compose £ vesiculosus
fucoidan (42). Additionally, the concentrations of fucose,
glucuronic acid, mannose and xylose, and galactose correlated
with the summed signal intensity of fucoidan-specific antibodies
BAMI1 and BAM2 (24)(analyzed by ELISA) with adjusted R?
~ 0.9 or higher (Fig. 2B). Mannuronic acid in the range of 5 to
20 pg L™ indicated the presence of dissolved alginate, however
~30-fold lower concentrated than fucoidan (SI Appendix, Fig. S2).
Monosaccharide composition and antibody binding supported a
major contribution of fucoidan to carbohydrates in seawater from
algae incubations.

A fucose-dominated fraction from filtered seawater eluted after
application of 5 M NaCl to anion exchange chromatography
(AEX) columns (Fig. 2C). Prior washing with 2 M bicarbonate
eluted a fraction with a lower relative abundance of fucose, and
monosaccharides that are not present in F vesiculosus fucoidan.
(Fig. 2C, striped bars). Binding to the AEX column showed that
70 to 80% of fucose, galactose, and glucuronic acid were con-
tained in anionic polymers (Fig. 2D). As in seawater samples, the
signal from fucoidan-specific antibodies BAM1 and BAM2 (ana-
lyzed by carbohydrate microarrays) correlated with fucose con-
centration in AEX elutions from brown algae incubations and
ambient seawater (SI Appendix, Fig. S3). For comparison, samples
from Z. marina incubations showed no binding of BAM1 and
BAM2 fucoidan-specific antibodies, but in some replicates bind-
ing of BAM7 antibody that recognizes alginate, and has reported
cross-reactivity with pectin and to a lesser extent with fucoidan
(48) (SI Appendix, Fig. S3). BAM7 antibody signal on Z. marina
correlated linearly with galactose (P < 0.001, R? = 0.98), fucose
(P <0.001, R* = 0.91), and xylose (P < 0.001, R* = 0.66). This
correlation may indicate the presence of anionic polysaccharides
of seagrass origin, including sulfated galactans, which also contain
xylose (49), or arabinogalactan-proteins (50). AEX elutions
obtained with 5 M NaCl contained strongly anionic fucoidan,
while the washing step eluted some fucose-containing and other
anionic carbohydrates.

Detection of fucoidan monosaccharides as products of enzy-
matic activities confirmed the presence of F vesiculosus fucoidan
in seawater. Digests were performed with enzymes extracted from
the fucoidan-metabolizing Lentimonas sp. CC4 grown on F vesic-
ulosus fucoidan. Enzymatic digestion of F wesiculosus fucoidan
from standards and environmental samples yielded quantitative
amounts of fucose and galactose (Fig. 2 £ and F). In a Bray—
Curtis dissimilarity analysis, enzymatic hydrolysis of filtered sea-
water and acid hydrolysis of AEX elutions showed higher
specificity than acid hydrolysis of filtered seawater (SI Appendix,

pnas.org
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Fig. 1. Dissolved organic carbon accumulated during brown algae incubations in the Baltic Sea in south-west Finland (A, white arrow in Left panel). Eelgrass,
Zostera marina (A, Top Right panel), and bladderwrack, Fucus vesiculosus (A, Bottom Right panel), were incubated for 5 h in transparent bags with and without
shading. Before and after incubations, filtered seawater oxygen (O,), dissolved organic carbon (DOC), and total dissolved nitrogen (TDN) concentrations along
with humic-like fluorescence (peak c) and chromophoric dissolved organic matter (CDOM) absorption coefficient a;s, were determined for Z. marina (B) and F.
vesiculosus (C). Accumulation of mannitol and four unidentified metabolites (in arbitrary units, a.u.) in incubations could be observed using SeaMet, a derivatization
and gas chromatography-mass spectrometry approach for marine samples (D and E). Asterisks indicate statistical significance (Benjamini-Hochberg adjusted
P < 0.05) according to Conover-Iman test (B and C) and Wilcoxon signed rank test (D and E).

Fig. S4). We used this enzymatic approach for fucoidan-specific
hydrolysis to produce the most specific quantitative assessment
of fucoidan. Enzymatic hydrolysis of filtered and dialyzed seawa-
ter confirmed the accumulation of £ vesiculosus fucoidan during
incubations.

PNAS 2023 Vol.120 No.1 e2210561119

Specific Quantification Reveals the Accumulation of Dissolved
Fucoidan in Brown Algae Incubations. The seawater collected
from the E wvesiculosus incubations after 5 h was enriched in

dissolved fucoidan (Table 1 and S/ Appendix, Table S6). Fucan-

specific monoclonal antibody binding qualitatively verified

https://doi.org/10.1073/pnas.2210561119 3 of 8



Table 1. Combined polysaccharide-specific quantification confirms fucoidan accumulation during brown algae

incubations

Method Blank Initial Dark inc. Light inc. Specific Quantitative
Antibody BAM1 0.07 + 0.00° 0.23+0.01° 0.38+0.01° 0.41 +0.03¢ ++ o)
Antibody BAM2 0.07 £ 0.00° 0.08 + 0.00° 0.28+0.01° 0.27 +0.01° ++ o}

Acid hydrolysis 0.5+0.3° 476 +15.5° 2913 +279°¢ 3755 + 282° o) ++

Acid hydrolysis of 42.6 +8.0° 61.9 + 9.35° 614 +170° 1333 + 94¢ + +

5 M NaCl elution

Enzymatic hydrolysis 136 + 8.9° 154 +19.5° 1135 + 145° 1832 + 182° ++ +

Relative signal intensities (mean + SE) of two fucoidan-binding monoclonal antibodies (BAM1 and BAM2) from ELISA on filtered seawater samples on algae incubations. Calculated concen-
trations (ug L~ 'mean + SE) of dissolved fucoidan in algae incubation samples based on acid hydrolysis, AEX followed by acid hydrolysis and enzymatic hydrolysis. Fucose from hydrolyzed
fucoidan standard was the best quantitative predictor (S/ Appendix, Fig. S6), and used to calculate sample fucoidan concentrations. Superscripted letters indicate significant differences
between groups (blank, initial, dark inc., and light inc.) within each method (S/ Appendix, Tables S6 and S7). How specific and quantitative approaches are is indicated from low (o) to high

(++) by symbols. Abbreviations: incubation (inc.), anion exchange chromatography (AEX).

the presence of fucoidan in all seawater samples, and showed
accumulation during algae incubations compared with control
samples. Quantitative estimates of fucoidan in seawater from algae
incubations range between 1 333 and 3,755 pg L' in light and
between 614 and 2,913 pg L7! in dark. These concentratlons
exceed fucoidan levels prior to incubations (62 to 476 pg L~ h
in ambient seawater. Fucoidan accumulated more under light
conditions compared with dark conditions, a trend that was
consistent across methods.

The employed approaches differed in how specific and how
quantitative polysaccharide detection is achieved (Table 1). Acid
hydrolysis reported the highest values, followed by enzymatic
hydrolysis and finally acid hydrolysis of 5 M NaCl elutions.
Using acid hydrolysis of filtered seawater to estimate dissolved
fucoidan yielded the lowest levels of contamination and fucoidan

hydrolysis of 5 M NaCl elutions produced fucoidan estimates
lower than estimates from direct acid hydrolysis of filtered, dia-
lyzed seawater due to losses during AEX. Yet, selectivity and the
concentration factor associated with this method revealed a sig-
nificant influence of treatment (S/ Appendix, Table S7; light vs.
dark, P = 0.035) on fucoidan estimates. Enzymatic hydrolysis
of filtered, dialyzed seawater produced estimates in-between acid
hydrolysis and AEX values. Specificity and quantitative signal
of enzymatic hydrolysis suggest this to be a potential stand-alone
method for fucoidan quantification. The three quantitative
approaches converge on a clear pattern of fucoidan content in
samples, with comprehendible differences in absolute values.

Fucoidan Secretion Drives Dissolved Carbon Flux. Fucoidan
contributed substantially to the accumulation of dissolved

concentrations in ambient seawater distinct from blanks. Acid organic carbon, but not to the accumulation of dissolved nitrogen
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Fig. 2. Polysaccharide-targeting techniques enabled specific quantification of dissolved fucoidan. (A) Acid hydrolyzed samples from algae incubations are plotted
in a principal component analysis of monosaccharide concentrations with eigenvalue lengths of dominant monosaccharides. (B) Monosaccharide concentrations
after acid hydrolysis are plotted against the summed signal absorbance at 450 nm, measured by ELISA, of two fucoidan-specific antibodies. (C) Washing with
2 M bicarbonate buffer removed considerable amounts of monosaccharides (striped bars) prior to elution with 5 M NaCl (solid bars). (D) Monosaccharide
concentrations in acid hydrolyzed samples (solid bars) exceeded monosaccharides in the flow-through of AEX (striped) several folds. (E) Monosaccharides in
samples, released using enzymes in the soluble cell fraction of fucoidan-metabolizing Lentimonas sp. (F) Calibration curves for monosaccharides from enzymatic
digestion of fucoidan from F. vesiculosus. Abbreviations: incubation (inc.), arbitrary units (a.u.), anion exchange chromatography (AEX), fucose (Fuc), galactose
(Gal), mannose/xylose (Man/Xyl), glucose (Glc), and glucuronic acid (GIcA).
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(Fig. 3A4). Enzyme-confirmed fucoidan quantification accounted
for 25.4 + 3.2% of organic carbon exudation in light incubations
and 18.0 + 4.5% in dark incubations. Based on acid hydrolysis,
fucoidan secretion accounted for 49.5 + 1.8% of the organic
carbon exudation in light, and 43.8 + 4.4% in dark. Carbon
content of fucoidan was based on elemental analysis of pure
E vesiculosus fucoidan. Brown algal fucoidans consisted of 25 to
30% carbon, 5 to 10% sulfur, and 0 to 0.6% nitrogen (Fig. 3B).
Absorbance of fucoidans showed a distinct difference between
crude and pure or AEX-purified standards, with crude standards
showing a higher absorbance of light between 250 and 450 nm in
all cases (ST Appendix, Fig. S5). Molecules associated with fucoidan
such as phlorotannins likely contributed to the increased CDOM
and FDOM signals but may fall short of explaining nitrogen
accumulation (15). Fucoidan explained 18 to 25% or 44 to 50%
of the dissolved organic carbon that accumulated during algae
incubations, based on enzymatic hydrolysis and acid hydrolysis,
respectively.

Secretion rates could be calculated by direct assessment of
dissolved fucoidan. Secretion rates of fucoidan carbon per kg dry
biomass under light conditions amounted to 19.9 + 5.08 mg
C kg*1 h! based on enzyme hydrolysis and 39.2 + 10.37 mg
C kg_1 h™! based on acid hydrolysis. Under dark conditions,
algae secreted 11.5 + 3.46 and 28.3 £ 7.10 mg C kg_I h™! based
on enzyme and acid hydrolysis, respectively. Dry algal thalli
biomass, excluding epibiota, varied between 16.5 and 29.7 g,
while bag volumes ranged between 4.8 and 6.8 L. Rates of
organic carbon exudation of 45.6 to 106.8 mg C kgf1 h™! as
determined here are lower than previously reported rates for £
vesiculosus of 127.2 and 298.8 mg C kg'1 h™!, but within the
range of values reported for brown algae (summarized in ref.
51). There was no significant correlation between fucoidan accu-
mulation and algal biomass or algal surface area. For a day with
15-h daylight, we estimated a rate of fucoidan secreted per dry
biomass at 360 mg C kg_l d™! based on enzymatic hydrolysis
and at 789 mg C kg™' d™' based on acid hydrolysis. This com-
pares with a mean biomass accumulation of 240 mg C kg_1 d!
for a 4-y-old algal stock (52, 53). Carbon removal by fucoidan
secretion is on the same order of magnitude as carbon accumu-
lation in biomass.

Discussion

Brown algae secrete a substantial fraction of fixed carbon as organic
material, of which we found up to 50% to be in the form of
fucoidan. Algae incubations led to an accumulation of dissolved
organic carbon from 4.7 mg L' t0 6.2 mg L. We performed
acid hydrolysis, anion exchange chromatography, enzyme-linked
immunosorbent assay, and a biocatalytic enzyme-based assay on
seawater samples. The combination of methods enabled identifi-
cation and quantification of complex fucoidan, accounting for up
to half of the accumulated organic matter. Despite different ana-
lytical windows, the techniques converged on a consistent pattern
comparing treatments, with higher accumulation in light
(Table 1). The findings reported relieve the major analytical con-
straint that has until now prohibited quantification of rates of
fucoidan release by brown algae. The substantial secretion rates
suggest that fucoidan production and release contribute to carbon
sequestration by brown algae.

A combination of techniques is required to quantify complex
polysaccharides such as fucoidan. We examined three approaches
for fucoidan quantification. 1) Acid hydrolysis combined with
antibody identification showed fucoidan release by £ vesiculosus.
Acid indiscriminately hydrolyzed glycosidic and ester bonds, yield-
ing ~90% of quantifiable monosaccharide constituents (37).
Monoclonal antibodies provided specificity with a semi-quantita-
tive assessment (24, 35, 43). Backed by identification on a struc-
tural level by antibodies, acid hydrolysis provides an upper
boundary of fucoidan concentrations. 2) AEX narrowed the ana-
lytical window by selectively extracting anionic polysaccharides
from seawater. As binding strength increases with fucoidan length,
fucoidan molecules of very high molecular weight may bind irre-
versibly to the AEX resin. AEX underestimated fucoidan as low
molecular weight compounds were washed away (Fig. 2C) and
elution was potentially incomplete. 3) Enzymatic hydrolysis spe-
cifically yielded monosaccharides from F vesiculosus fucoidan, pro-
viding confidence in the molecular identity. The soluble cell fraction
of Lentimonas sp. CC4 grown on F wvesiculosus fucoidan showed
activity on cellulose, alginate, and F vesiculosus fucoidan, and lower
to no activity on galactomannan, pectin, and Laminaria hyperborea
fucoidanin line with previous results (42). Species-specific fucoidan

_ B N(%) S(%) C(%)
100%] __ secreted dissolved F. vesiculosus
organic carbon crude 0 g7 27.5
pure 0 o2 24.5
N AEX 0 95 24.8
C. okamuranus
AEX 0 52 31.1
. ~N~N~—
D potatorum .
_| estimated dissolved crude 050 6.7 27.6
fucoidan carbon AEX 0.4mig.6 29.6
1 L
E. radiata
enzyme- crude 0.4 6.7 27.6
confirmed AEX 0.6mmn72 27.4
strongly .
anionic Laminaria sp.
0% crude 0.5 7.9 27.0

Fig.3. Upto 50% of F. vesiculosus-secreted dissolved organic carbon was fucoidan. (A) Fucoidan obtained via AEX accounted for 13%, enzyme-confirmed fucoidan
for 22% and fucoidan calculated from acid hydrolysis for 47% of secreted DOC. (B) Elemental composition of fucoidans from various brown algae shows carbon
and sulfur content along with near absence of nitrogen. Abbreviations: anion exchange chromatography (AEX), Fucus (F.), Cladosiphon (C.), Durvillea (D.), Ecklonia (E.).

PNAS 2023 Vol.120 No.1 2210561119 https://doi.org/10.1073/pnas.2210561119 5 of 8



6 of 8

quantification is thus theoretically possible with enzymatic tools.
Incomplete hydrolysis of fucoidan and possible conversion of
fucose by downstream enzymes likely decrease the yield of this
method. Lower molecular weight of the fucoidan standard com-
pared with samples may have led to an additional underestimation
of fucoidan concentrations. Technical noise likely caused by
fucoidan substrate remaining in the soluble cell fraction impaired
quantification below 0.1 mg L' fucoidan. It is possible to concen-
trate fucoidan from seawater by AEX and detect fucoidan in
extracts by enzymatic hydrolysis (SI Appendix, Fig. S6). The com-
bination of carbohydrate-targeting techniques affirmed the iden-
tification and quantification of dissolved E vesiculosus fucoidan,
paving the way for fucoidan tracing in marine environments.

The molecular composition of brown algae exudates reported
elsewhere suggests fucoidan secretion to be a common feature.
Brown algae release fucoidan into mucilage ducts, which deliver the
polysaccharide to the thallus surface (23, 24, 28) from where it
dissolves (24, 35, 54). In comparison with alginate, fucoidan under-
goes less bridging with divalent cations and exhibits lower viscosity
(20, 22, 54). Dedicated vesicle cells for fucoidan production and
secretion support the notion of fucoidan loss to the surrounding
seawater (23, 27, 28). Green and red algae lack this dedicated
machinery of fucoidan production (22). In direct comparison,
brown, green, and red algae show similar exudation rates, but widely
different molecular compositions (55). Compared with green and
red algae, brown alga-exuded organics contain four times as much
carbohydrate carbon, of which 40% is in fucose (55). With vesicle
cells and mucilage constituting a widespread feature of brown algae
and reports of carbohydrate-rich, fucose-dominated exudates,
fucoidan secretion appears to occur across this cosmopolitan taxon.

Fucoidan secretion in combination with constrained microbial
degradation indicates sequestration of brown algal exudates in the
ocean. In the laboratory with replete nutrients and no competition
or pathogens, adapted bacteria degrade about 40% of fucoidan
within days (56). In nature under suboptimal conditions, fucoidan
degradation takes more time (57). About 10 to 30% of organic
matter moved and stored in the ocean is glycan and within this
glycan mixture there is about 10% fucose, the major building
block of fucoidan (57). Fucose-containing sulfated polysaccharides
are dissolved, present in particles (34, 58), and exported showing
it is stable enough to reach the deep sea and underlying sediment
(43, 44). How much carbon fucoidan removes becomes measur-
able only with these or other techniques that provide sufficient
molecular resolution. Several studies established resistance of car-
bohydrate-rich brown algal exudates to microbial degradation,
either due to intrinsic recalcitrance or inhibition of microbes.
Bacteria grown on exudates of Turbinaria ornata exhibit lower
growth and growth efficiency than bacteria growing on exudates
of green or red algae from the same habitat (55). In degradation
studies, between 30 and 85% of organic carbon exuded by
Ecklonia cava remained after 30 d (16), while almost 40% of
Saccharina japonica exudates and 78% of Sargassum horneri exu-
dates persisted for 150 d (3, 45).

This study focused on fucoidan secretion of E vesiculosus, and
we acknowledge the limited experimental setting and single sam-
pling location. The dissolved organic carbon exudation rates and
abundant carbohydrates reported here, particularly fucose, are
consistent with previous studies (10, 12, 55). This study only
measured fucoidan secretion for a short interval during one day
in August when exudation rates are lower compared with other
months (10, 12). The incubated algae potentially experienced
stress due to experimental manipulation, but stress also occurs in
nature and neither stress molecules nor indicators of decay were
detected. Our sampling location in the Baltic Sea differs from

https://doi.org/10.1073/pnas.2210561119

most marine environments with a lower salinity of approximately
6 psu, which may have affected the degree of fucoidan sulfation
(22) and secretion rates (14). Fucoidan secretion as a protection
may change with tidal changes, desiccation, and other stressors.
The examined techniques allow quantification of fucoidan secre-
tion rates across the cosmopolitan taxon of brown algae under
different environmental conditions.

Fucoidan secretion by F vesiculosus expands conventional carbon
dioxide removal valuation, which considers algal biomass carbon,
to include secreted molecules. While organic carbon secretion by
brown algae has been known for decades (17, 28, 59), the lack of
analytics for marine samples has constrained molecular quantifi-
cation (35, 37, 39, 60). Natural release of dissolved fucoidan by
brown algae eases the necessity to dump biomass in current
approaches. Farmed algae biomass could supply applications in
agriculture, pharmaceutics, and materials. Harvesting of farmed
algal biomass benefits eutrophied systems but would reduce pri-
mary productivity in oligotrophic waters including most of the
open ocean due to nutrient depletion (61). In turn, brown algae
likely continue to secrete fucoidan despite low nutrient concentra-
tions as long as light and carbon dioxide are available. Secreted
fucoidan contributes to carbon sequestration by brown algae and
does not induce significant nutrient removal (Fig. 3B) (52).

Conclusion

We adapted and compared techniques to quantify dissolved
fucoidan, a complex polysaccharide that is difficult to degrade for
microbes and accumulates in the ocean. Fucoidan quantification
was enabled by combining acid hydrolysis, anion exchange chro-
matography, and enzymatic digestion, and its presence was con-
firmed by monoclonal antibody binding. Fucoidan comprised
18 to 50% of dissolved organic carbon exuded by the brown algae
Fucus vesiculosus. Dissolved fucoidan likely stems from dissipation
of mucilage. Fucoidan does not contain relevant amounts of nitro-
gen nor other growth-limiting elements, enabling nutrient-
independent release of fucoidan carbon. As brown algae secrete 14
to 35% of their net primary production, they inject substantial
amounts of fucoidan carbon into the 660 Gt dissolved organic
carbon pool in the ocean. Fucoidan can accumulate in particles and
could, through the biological carbon pump, reach the deep ocean
where carbon is sequestered. While acknowledging the limited scale
of our experiment, we conclude that dissolved fucoidan secretion
is likely an overlooked contribution of brown algae to carbon diox-
ide removal.

Materials and Methods

Samples were collected in August 2020 at the coastal Angbatsbryggan monitor-
ing site (link, (62-64)) in the Baltic Sea (59° 50" 28.284"" N, 23° 14’ 58.308"’
E). 800 mL ambient seawater from 1- and 3-m depth and from 5-h incubations
of subtidally growing Zostera marina and Fucus vesiculosus was filtered at 0.7
pm. Dissolved organic carbon, total dissolved nitrogen, and CDOM/FDOM were
measured at the Tvdrminne Zoological Station, Hanko, Finland. The experimental
setup had a strong effect on oxygen concentrations in the incubations, beyond
accurate measurability. Therefore, we do not report primary productivity rates. For
the identification of small molecules, water samples were derivatized and ana-
lyzed by gas chromatography-mass spectrometry (GC-MS) following a protocol
for seawater samples (60). Anionic polysaccharides were extracted and purified
from 400 mL of the filtered seawater (ambient and incubations) using anion
exchange chromatography (AEX) and eluted with 5 M NaCl. 5 M NaCl elutions and
remaining filtered seawater were transported frozen to the Max Planck Institute
for Marine Microbiology in Bremen, Germany, for further purifications, mono-
saccharide quantification, GC-MS, antibody binding, and enzymatic digestion.
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Filtered seawater and 5 M NaCl elutions were dialyzed through 1-kDa mem-
branes against MilliQ-water, dried, and resuspended. Monosaccharides were
quantified after acid hydrolysis (1 M HCI, 100 °C, 24 h) using anion exchange
chromatography with pulsed amperometric detection (HPAEC-PAD). Filtered sea-
waterwas analyzed by ELISAadding aliquots into polymer-binding 96-well plates
and measuring antibody binding via spectrophotometric signal, while the 5 M
NaCl elutions were analyzed with carbohydrate microarrays by printing aliquots
onto nitrocellulose membrane and measuring antibody binding via colorimetric
signal (35). Crude and purified fucoidan from seven brown algae species were
subjected to elemental analysis for carbon, nitrogen, and sulfur content. To calcu-
late daily fucoidan exudation rates, five of the daylight hours were considered at
100% light levels (exudation rates from light incubations), nine were considered
to be in the dark (exudation rates from dark incubations), while we estimated 10
h operating at 50% (averaged exudation rates from light and dark incubations)
based on the average relative solar altitude.

Polysaccharide Extraction. Anionic polysaccharides were extracted from seawa-
ter using anion exchange columns.To this end, 100 mLfiltered seawater samples
passed through 5 mLHiTrap ANX (high sub) FF cartridges (Cytiva), which had been
conditioned with 40 mL MilliQ-water, at 4 mLmin~" flow rate. Forwashing, 20 mL
MilliQ-water was applied after the sample and combined with the sample flow
through. To elute weakly bound anionic molecules, 12 mL of a 2:1 mixture of
2 Mammonium bicarbonate and 2 M ammonium carbonate was passed over the
cartridges at 2 mLmin~" and collected in a 15-mL tube. To elute strongly anionic
molecules, 30 mL5 M NaCl was applied and collected in a 50-mLtube.The 15-mL
and 50-mL tubes were frozen at =20 °C until further processing.

Enzymatic Digestion. Enzymes were obtained from a fucoidan-degrading bac-
terial culture. A Lentimonas sp. CC4 culture (42) was grown on 0.2% fucoidan
from Fucus vesiculosus (Merck/SigmaAldrich, Germany) as the only carbon source
in 200 mL MOPS-buffered minimal medium (42). Fourteen days after inocula-
tion, the culture had reached an optical density of 0.714 at 600-nm wavelength.
Cells were pelleted by centrifugation at 30,000 x g for 20 min at 4 °C. After
centrifugation, the supernatant was decanted and the cell pellet stored at —20
°C.The cell pellet was resuspended in lysis buffer composed of a 5-mLBug Buster
protein extraction kit (Merck/Sigma-Aldrich), 0.5 mg mL™" lysozyme from chicken
egg white (Merck/SigmaAldrich), 0.1 mg mL™" DNAse (Merck/SigmaAldrich), and
1 x complete protease inhibitors (Merck/SigmaAldrich). The cell suspension
was incubated for 15 min on ice with pipetting up and down and centrifuged at
24,000 x g for 30 min at4 °Cto remove cell debris. The supernatant containing
the soluble cytosolic proteins was transferred into clean tubes and kept on ice
until digestion assays. The total protein concentration was measured using a
bicinchoninic acid protein assay kit (Merck/SigmaAldrich) following the man-
ufacturer's guidelines.

Dialyzed samples were combined with cell lysate containing catabolic enzymes
specific to sulfated fucan to break down the polysaccharide into quantifiable
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monosaccharides. A 100 pL reaction mixture included 80 pl dialyzed sample,
0.7% sea salt, 10 mM CaCl,, and 10 pg of total proteins. A negative control con-
tained heat-inactivated cell lysate to account for residual monosaccharides endog-
enous to bacterial cells. Samples were incubated for 3 h at 37 °C. The reaction
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down to remove precipitates. Superatant containing digestion products was
collected, frozen, and dried under vacuum. For monosaccharide quantification,
dried samples were dissolved in 80 pL MilliQ-water, vortexed, and centrifuged at
21000 x g for 3 min to remove the insoluble fraction. For HPAEC-PAD analysis,
samples were further diluted 10 times with MilliQ-water.

Fucose was the monosaccharide product of which concentration was signifi-
cantly correlated with fucoidan concentration of the input (Fig. 2F and S/ Appendix,
Fig. S7).Thus, fucose concentration was used to estimate fucoidan concentrations
in samples. Even though galactose and glucuronic acid have strong correlation,
their constitution was low. Thus, galactose and glucuronic acid are less sensitive
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content only.

Further details can be found in the S/ Appendix, Materials and Methods.
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