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Abstract

Massive strandings of the pelagic brown algae Sargassum have occurred in the Caribbean, and to a
lesser extent, in western Africa, almost every year since 2011. These events have major environmental,
health, and economic impacts in the affected countries. Once on the shore, Sargassum is mechanically
harvested and disposed of in landfills. Existing commercial applications of other brown algae indicate
that the pelagic Sargassum could constitute a valuable feedstock for potential valorisation. However,
limited data on the composition of this Sargassum biomass was available to inform on possible
application through pyrolysis or enzymatic fractionation of this feedstock. To fill this gap, we conducted
a detailed comparative biochemical and elemental analysis of three pelagic Sargassum morphotypes
identified so far as forming Atlantic blooms: Sargassum natans 1(Snl), S. fluitans 111 (Sf), and S. natans
VII (SnVIII). Our results showed that SnVIII accumulated a lower quantity of metals and metalloids
compared to Snl and Sf, but it contained higher amounts of phenolics and non-cellulosic
polysaccharides. SnVIII also had more of the carbon storage compound mannitol. No differences in the
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content and composition of the cell wall polysaccharide alginate were identified among the three
morphotypes. In addition, enzymatic saccharification of Snl produced more sugars compared to SnVIII
and Sf. Due to high content of arsenic, the use of pelagic Sargassum is not recommended for nutritional
purposes. In addition, low yields of alginate extracted from this biomass, compared with brown algae
used for industrial production, limit its use as viable source of commercial alginates. Further work is

needed to establish routes for future valorisation of pelagic Sargassum biomass.

Keywords
Sargassum; the Caribbean; western African; composition analysis; biomass valorisation; seaweed

strandings.
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1. Introduction

Sargassum fluitans and S. natans are species of surface dwelling (pelagic) brown seaweeds that
have inundated the shores of the Caribbean, and, to a lesser extent, the western African shoreline, since
2011 (Smetacek and Zingone, 2013; Langin, 2018; Milledge et al., 2020). Large populations of
Sargassum have proliferated almost every year since then, forming what Wang et al. (2019) described
as the “Great Atlantic Sargassum Belt (GASB)”. This GASB was estimated to be 8,850 km long and to
contain over 20 million metric tons of biomass in June 2018. Such massive inundation events are known
as golden tides due to the golden brown colour of Sargassum. These seaweeds threaten coastal
environments because they begin to rot shortly after reaching shallow waters and beaches, removing
oxygen from the surrounding water, killing fish and other marine organisms. Sargassum also raises
human health concerns due to large amounts of toxic gases, including hydrogen sulphide and ammonia,
are produced when the seaweeds start decomposing on the seashore (Resiere et al., 2018). Exposure to
high concentrations of hydrogen sulphide can lead to pulmonary, neurological, and cardiovascular
lesions. In addition, Sargassum has negative impacts on the fishing and tourism industries in the
Caribbean, as well as in western Africa (Adet et al., 2017; Ofori et al. 2020).

Once on the beach, Sargassum is mechanically harvested and brought to a landfill. Sargassum
clean-up costs for the Caribbean region were estimated at USD $210 million for the year 2018 by the
Caribbean Regional Fisheries Mechanism, causing severe impacts on local economies, and highlighting
the need for more information on the massive stranding events. At present, efforts to forecast and
estimate biomass volumes are based mainly on the analysis of satellite data (Ody et al., 2019; Wang et
al., 2019). Seaweeds causing these massive algal blooms in the Atlantic have been identified as being
S. fluitans 111 (Sf), S. natans 1 (Snl), and S. natans VIII (SnVIII) morphotypes (Schell et al., 2015;
Amaral-Zettler et al., 2017; Govindarajan et al., 2019). Recent reports suggest a combination of factors,
including winds, currents and sources of nutrients, to explain the establishment, and recurrence, of
pelagic Sargassum blooms (Putman et al., 2018; Oviatt et al., 2019; Wang et al., 2019; Johns et al.,
2020).

Sargassum seaweeds are very abundant in tropical and subtropical regions, forming large
floating rafts and inhabiting rocky reefs. Because these algae account for large biomass, Gouvéa et al.
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(2020) suggested their contribution is relevant for global carbon stocks and consequently for mitigating
climate change as CO, remover. There is also interest in exploiting the bioremediation potential of
Sargassum sp. to tackle pollution in coastal environments (Saldariagga- Hernandez et al., 2020). Brown
seaweeds are harvested from wild populations or farmed to provide valuable products, including
texturing agents for the food industry, biofuels, fertilisers, animal feed, nutraceuticals, and
cosmeceuticals (Kraan, 2013). A biorefinery approach, valorising different fractions of the biomass,
has been put forward for S. muticum to obtain high value/low volume and high volume/low value
products (Balboa et al., 2015; Milledge et al., 2016; Pérez-Larran et al., 2019). The prospect for
valorisation of S. fluitans and S. natans biomass has not been unnoticed, and Milledge and Harvey
(2016) have reviewed the potential uses and obstacles for exploitation of pelagic Sargassum. In line
with this, Thompson et al. (2020) have recently investigated the feasibility of using this biomass as a
feedstock for the production of fertiliser and electricity in Barbados, one of the Caribbean nations
affected by golden tides. However, considering results obtained by Milledge et al. (2020), exploitation
of pelagic Sargassum biomass alone for the production of biogas may be challenging because of the
limited production of methane from such feedstock.

The exploitation of seaweed biomass and definition of valorisation pathways should be
informed by thorough knowledge of the biomass composition. Previous compositional analysis of
pelagic Sargassum collected outside the Sargasso Sea was conducted on mixtures of S. natans and S.
fluitans. Samples from the Nigerian coast were used to determine crude protein, crude fat, fibre,
moisture, ash, carbohydrate, minerals and phytochemical content (Oyesiku and Egunyomi, 2014).
Biomass harvested along the coast of the western region of Ghana were analysed for nutritional
(nitrogen, phosphate, ammonia, nitrate and potassium) and toxicological (copper, zinc, iron, lead,
cadmium, mercury, arsenic and chloride) parameters (Addico and deGraft-Johnson, 2016). Algae
collected from the Southern North Atlantic were considered for biochemical analysis (C: N ratio, fatty
acids, and stable isotopes) (Baker et al., 2018). Sembera et al. (2018) assessed compost quality of
Sargassum harvested from the shoreline of a Texas beach. Other studies have dealt with individual
morphotypes. Rhein-Knudsen et al. (2017) and Mohammed et al. (2018, 2019) used S. ratans from
Ghana and Trinidad and Tobago respectively, and Rosado-Espinosa et al. (2020) S .fluitans from the
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Yucatan coast (Mexico), for extraction and characterization of the cell wall polysaccharide alginate.
More recently, Rodriguez-Martinez et al. (2020) described variations in the elemental concentrations
between Sf, Snl and SnVIII harvested on the Mexican Caribbean coast. Milledge et al. (2020)
investigated differences in methane potential related to moisture, ash, salt, carbon, hydrogen, nitrogen,
sulphur, phenolic, lipid, amino acid, metal and metalloid contents among the three pelagic morphotypes
collected from the Caribbean islands of Turks and Caicos. However, no information such as pyrolysis
analysis, content of the antioxidant phlorotannins, and quantification of individual monosaccharides
were available to define pathways for valorisation. In addition, data was missing on the potential to
fractionate Sargassum biomass using enzymes.

In this context, the main objectives of our study were to produce an in-depth characterisation
of the pelagic Sargassum morphotypes, and to investigate the influence of enzymes to facilitate biomass
fractionation, to inform pathways for the valorisation of this seaweed biomass and the benefits of
affected countries. To this aim, we report a detailed comparative biochemical and elemental
characterization, and the monosaccharide profiles obtained after enzymatic treatments, of the individual
Sf, Snl, and SnVIII morphotypes, and of a bulk mixture (containing mostly Sf) collected from the south
coast region of Jamaica in February 2019. Our results point to differences between morphotypes and
establish a compositional library that will contribute to define possible valorisation routes for pelagic

Sargassum biomass.

2. Materials and Methods

2.1. Study sites, field collection, and preparation of seaweed samples

Sargassum biomass was collected on the 6" of February 2019 from three different sites in the
vicinity of Port Royal, Jamaica. These sites were labelled for analysis purposes as follows: Site A, Fort
Rocky (17°56'12.0"N 76°49'08.4"W); Site B, Port Royal (17°56'09.2"N 76°50'17.2"W); site C, Lime
Cay (17°55'06.1"N 76°49'12.8"W) (Figure 1A). Wet algae were manually collected fresh from inshore
water, before they reached the shore and begun to dry. After harvesting, algae were bagged and brought
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to the laboratory the same day of collection. After washing with tap water to remove natural solid
contaminants, biomass from each of the three sampling sites was separated into three different
morphotypes according to criteria previously described (Schell et al., 2015; Amaral-Zettler et al., 2017):
S. fluitans 11 (Sf), S. natans 1 (Snl), and S. natans VIII (SnVIII) (Figure 1B). A bulk sample of
unprocessed algae (Sfm), observed to be composed mainly of Sf (estimated by visual observation to be
10 times more than the S. natans biomass), was also considered for the three sites as it represents raw
biomass that could be used for subsequent processing without any prior separation. The resulting twelve
samples were kept for two days in the freezer, before drying at University of the West Indies, Mona
Campus (Jamaica). For this, samples were placed on drying trays, exposed in direct sunlight during the
days for approximately 6-8 hours daily (estimated temperatures of 29 - 31 °C), and frequently rotated
to ensure thorough drying. They were stored at room temperature during the nights of the three days of
the drying for the morphotype samples, and of the seven days for the bulk samples (longer process due
to difference in volume of samples). After drying, approximately half of the dried biomass for each
sample was sent to York (UK), where it was milled for 50 sec at 300 MHz with a tissueLyser I (Qiagen)

using a 20 mm stainless steel grinding ball in a 10 ml grinding jar (Qiagen).

2.2. Thermogravimetric analysis
Seaweed samples and calcium carbonate powder (Sigma) were analysed using a NETZSCH
STA 409 instrument. The heating rate was controlled at 10 °C min™! from 25 to 800 °C. Nitrogen was

used as the carrier gas at a flow rate of 100 ml/min.

2.3. Analysis of elemental composition by inductively coupled plasma mass spectrometry (ICP-MS)
Three technical replicates were prepared for the three morphotypes collected at site A.
Approximately 0.2 g of sample was weighed accurately into a digestion vessel, and 8 ml of concentrated
HNO; and 2 ml of 30% H>O, were added. The digestion vessels were sealed and placed into a
microwave (Milestone Ethos Up). A thermocouple was placed into the first digestion vessel to monitor
the temperature of the liquid inside. The microwave was programmed to heat the contents of the
digestion vessels to 200 °C over a period of 30 min. Once at the desired temperature, contents were
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kept at 200 °C for a period of 15 min. After this, the digestion vessels were cooled down before diluting
to 100 ml with distilled water. Ten ml of each sample were used for subsequent analysis. An
environmental stock calibration fluid (ICP-MS calibration, Agilent part number 5183-4688), with a
known concentration of many common elements found in the environment, was used to produce low
(Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Th, T, U, V, Zn: 10,000 ppb) and high
(Ca, Fe, K, Mg, Na: 1,000,000 ppb) concentration calibration standards. Algal samples and calibration

solutions were run on an Agilent 7700x ICP-MS equipped with a helium collision cell.

2.4. Quantification of phenolic and phlorotannin contents

For each sample, 0.25 g of dried algal powder was loaded into a glass flask. Acetone-H,O
mixture (70% /30 % v/v, 17.5 ml) was added, and the flasks were covered with aluminium foil for
extraction at room temperature in the dark for 24 h. The extracts were centrifuged at 4,000 rpm at 4°C
for 8 min, and the supernatants concentrated by evaporation using a rotary evaporator. The dried extracts
were thereafter re-suspended in 3-4 ml of methanol.

The phenolic content in each sample was determined by the Folin-Ciocalteu (FC) method
(Singleton et al., 1999), using phloroglucinol methanolic solutions (0-0.250 mg/ml) as standards. The
methanolic extract of the brown algae (100 ul) was mixed with 800 ul of the 10% 2N FC reagent, and
800 ul of 1M Na,COs were added. The resulting mixture was incubated at 40 °C for 15 min and then at
room temperature for one hour. Post incubation, the absorbance was read at 650 nm on a Sunrise
microplate reader spectrophotometer (Tecan) and phenolic contents were expressed as phloroglucinol
equivalents (PGE) in mg/g of biomass dried weight (DW).

The phlorotannin content of each fraction was determined by the 2,4-dimethoxybenzaldehyde
(DMBA) assay, which reacts specifically with m-diphenolics (1,3- and 1,3,5-substituted phenols), and
is more specific than the FC reagent that reacts also with mono- and o-diphenolics (Stern et al., 1996).
Phloroglucinol (0-0.06 mg/ml) methanolic solutions were used as standards. An aliquot of the
methanolic solution of the dry extract (50 pl) was mixed in a capped tube with 50 pl of MeOH and 1.5
ml of working solution. This solution was obtained by mixing equal volumes of DMBA (3%, m/v) and
HCI (3%, v/v), both prepared in glacial acetic acid and mixed prior to use. Samples were incubated for
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one hour at room temperature in the dark. The absorbance was read at 515 nm on a visible
spectrophotometer (Varian 50 Bio), and the concentrations of the phlorotannins were expressed as

phloroglucinol equivalents (PGE) in mg/g of algal biomass DW.

2.5. Determination of monosaccharide composition of the non-cellulosic fraction of the biomass
Approximately five mg of each sample were weighed in triplicate in screw capped tubes.
Samples were partially hydrolysed by adding 0.5 ml of 2 M trifluoroacetic acid (TFA). The vials were
flushed with dry argon, mixed and heated at 100 °C for four hours, mixing periodically. The vials were
then cooled to room temperature and dried in a centrifugal evaporator with fume extraction. Five
hundred pl of 2-propanol were added to the samples, and vortexed before drying in centrifugal
evaporator. This was then repeated once. Finally, the samples were resuspended in 200 pl of deionised
water, mixed, centrifuged at 11,600 rpm for 5 min. The supernatant was filtered with 0.45 um PTFE
filters into HPLC vials, and analysed by high-performance anion-exchange chromatography on a
Dionex Carbopac PA-10 column using integrated amperometry detection as described in Jones et al.
(2003). To enable quantification, a standard sugar mixture containing arabinose, fucose, galactose,
glucose, mannose, rhamnose, xylose, galacturonic acid, glucuronic acid, guluronic acid, mannuronic

acid, and mannitol, was prepared and treated as indicated above for algal samples.

2.6. Production of alcohol insoluble residues (AIRs)

Sn I site C, Sf site C, and Sn VIII site B were selected because they represented the samples
with the largest amounts of biomass available for each morphotype. Approximately half of the dried
biomass from each sample was weighed, and the accurate mass recorded to calculate the % of soluble
material). Sargassum powder was mixed with 75% ethanol, placed in boiling bath for 5 min, and span
down for 5 min at room temperature. The supernatants were discarded, and pellets used to repeat wash
with 75% ethanol twice. After this, a fourth wash was done with 96% ethanol under identical conditions.
The resulting pellets were then washed in acetone, dried at 50 °C for 2 days, and weighed. The dried

samples were kept for enzyme digestion analysis.
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2.7. Enzymatic digestion

AlRs were used for enzymatic digestions with enzyme at 1 mg/ml final concentration, or in
absence of enzyme, replaced by buffer, as control. All samples were incubated for 24 hours at the
indicated optimum temperature for each enzyme: (1) 50 mg of biomass were re-suspended in 1.5 ml of
25 mM Na Acetate Buffer pH 4.5, and 215 pl of Cellic2® CTec2 (Novozymes) added before incubation
at 50 °C; (2) 50 mg of biomass were re-suspended in 1.5 ml of 10 mM potassium phosphate buffer, pH
6.5, 1 mM CaCla, 0.05% NaN3, and 150 pl of amyloglucosidase (Sigma) added before incubation at 25
°C; (3) 50 mg of biomass were re-suspended in 1.5 ml of 100 mM potassium phosphate buffer pH 7,
and 100 pl of pronase (Roche) added before incubation at 40 °C; (4) 50 mg of biomass were re-
suspended in 1.5 ml of laminarinase buffer pH 6.2 (HEPES 50 mM, NaCl 25 mM, CaCl; 3.5 mM), and
50 ul of laminarinase (NZY Tech, Portugal) added before incubation at 90 °C; (5) 50 mg of biomass
were re-suspended in 1.5 ml of alginate lyase buffer pH 9 (HEPES 50 mM, NaCl 25mM, CaCl;, 3.5
mM), and 50 ul of alginate lyase (NZYTech, Portugal) added before incubation at 30 °C. After
digestion, samples were centrifuged for five minutes at 13,000 rpm, 100 ul of the supernatant was dried
down, and 0.5 ml of 2 M TFA was added for monosaccharide composition analysis as described in

section 2.5.

2.8. Data analysis

To assess potential differences in the biochemical and elemental composition between the three
pelagic Sargassum morphotypes, statistical analysis was conducted using SigmaPlot version 14.0. For
thermogravimetric analysis, as well as for comparison of monosaccharide composition, and of phenolic
and phlorotannin contents, values for samples corresponding to the same morphotype, or to the bulk,
and harvested at the three sites of collection, were pooled together. However, bulk values were not
considered for the statistical tests to focus on comparison between the three morphotypes. Data were
first tested for normality and homogeneity of variance using the Shapiro-Wilk test and Brown-Forsythe
test, respectively. When these tests were passed, one-way ANOV A was performed, followed by a post-
hoc Holm-Sidak test for all pairwise multiple comparisons. When the normality test (Shapiro-Wilk)
failed, Kruskal-Wallis one-way analysis of variance on ranks was applied, followed by a post hoc Tukey
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test for all pairwise multiple comparisons. In addition, T-test done in Excel was used to assess the
impact of enzymatic treatment on monosaccharide composition of alcohol insoluble residues. The

significance level was set at p-value < 0.05 for all the data analysis.

3. Results and Discussion

3.1. Thermogravimetric (TG) analysis of S. natans and S. fluitans morphotypes

The first weight loss in the TG profiles corresponded to evaporation of water at 100 °C, and the
moisture content represented approximately 7-8 weight % in the three morphotypes and the bulk
sample, with no significant differences between Sf, Snl, and SnVIII (Figure 2, and Supplementary Table
S1). After the start of pyrolysis, i.e. once vaporization of all moisture has happened, the main weight
loss was observed between 200 and 400 °C. Based on previous analysis of different brown algal biomass
(Ross et al., 2009; Bae et al.,, 2011; Kim et al.,, 2012 and 2013), and of polysaccharides and
carbohydrates of these organisms (Anastasakis et al., 2011), this can be attributed to the decomposition
of carbohydrates (between 200-300 °C) and of proteins (300-400 °C). These mass losses ranged
between 28.86 =+ 0.40 (Sf) and 33.73 £ 1.47 (SnVIII) weight %, with significant differences observed
between SnVIII and Sf (p=0.017), and SnVIII and Snl (p =0.015). A third mass loss step was identified
in most of the samples, occurring from 600 °C, and was suggested to be due to calcium carbonate, i.e.
the mineral part of the exoskeleton of encrusting bryozoan. Indeed, variable quantities of white material
in the dried Sargassum samples before analysis were observed, and the occurrence of bryozoans on the
surface of pelagic Sargassum has been previously reported in the literature (Weis, 1968; Taylor and
Monks, 1997). We confirmed the presence of calcium carbonate in the algal samples by analysing in
parallel calcium carbonate standard powder. Calcium carbonate accounted for 6.30 + 0.47 (SnVIII) to
10.75 £ 1.10 (Sf) weight %, with a significant difference only between SnVIII and Sf (p = 0.032).

When thermal decomposition was carried out up to 800 °C to assess pyrolysis of pelagic
Sargassun samples, the content of char ranged between 35.16 = 6.05 (Snl) and 39.63 + 1.34 (Sf) weight
%, without any significant differences between the three morphotypes. It was slightly below (34.12 +
3.46) in the bulk samples (Figure 2). Such values were in the lower range compared to those measured
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by TG analysis of Sargassum sp. from Vietnam (average of 46.17 weight %; Kim et al., 2013) or from
the Red Sea (46.15 weight %; Ali and Bahadar, 2017). One potential use of the char produced by
pyrolysis from pelagic Sargassum could be as soil enhancer, as previously suggested for other seaweeds
(Bird and Benson, 1987), including Sargassum sp. (Roberts et al., 2015). This possible route for
valorisation was discussed in details by Milledge and Harvey (2016), who indicated that the use of solar
drying prior to pyrolysis for biochar production could potentially balance the insufficient energy within
the Sargassum feedstock for drying. However, the high concentration of salt, and the accumulation by
pelagic Sargassum morphotypes of high level of toxic elements, e.g. arsenic, should be considered

cautiously.

3.2. Determination of the elemental composition of pelagic Sargassum morphotypes

For this analysis, samples collected from site A were used, and eighteen elements were
quantified, representing about 10% of the biomass DW (Table 1). The total amounts determined were
similar between Snl and Sf, while being statistically different, and lower, for SnVIII (SnVIII vs. Snl: p
=0.004; SnVIII vs. Sf: p = 0.002; Supplementary Table S2). Significant variations were observed for
the macroelements Na, Mg, and Ca (all p-values < 0.001 for SnVIII vs. Snl and SnVIII vs. Sf). For the
microelements, amounts of Fe and Mn were significantly different among the three morphotypes (all p-
values < 0.05). Among metalloids, arsenic content was significantly higher in Snl (64.91 £ 0.61 pg/g
DW), compared with SnVIII (60.30 + 0.34 ug/g DW; p = 0.031) and Sf (58.32 £2.29 ng/g DW; p =
0.009). These values were in the wide range of levels previously reported for Sargassum species (20—
231 pg/g DW; Milledge et al., 2016). However, they are higher than those determined by Milledge et
al. (2020) from the same three morphotypes collected in Turks and Caicos (Atlantic Ocean) (21-30 pg/g
DW). Arsenic contents measured in Jamaican samples were above the maximum level permitted for
seaweed meal and feed materials derived from seaweed in Europe (40 pg/g DW; Official Journal of the
European Union, 2019), and exceeded limits recommended for agricultural soils in different countries
(15-50 pg/g DW; Rodriguez-Martinez et al., 2020). This has been previously observed in S. fluitans
and S. natans biomass harvested in Nigeria (Oyesiku and Egunyomi, 2014), Ghana (Addico and
deGraft-Johnson, 2016), Dominican Republic (Fernandez et al., 2017), and more recently for the three
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pelagic Sargassum morphotypes collected along the Caribbean coast of Mexico (Rodriguez-Martinez
etal., 2020). In this latter study, it was clearly suggested that the use of pelagic Sargassum for nutritional
purposes should be avoided. In this context, the elemental concentration represents an important
constraint to be taken into account when considering S. fluitans and S. natans for incorporation into
animal feed and/or human diet, as well as for the production of compost and fertiliser. Importantly,
organic and inorganic forms of metals and metalloids, such as for arsenic, are known to have varying
degrees of toxicity (Gong et al. 2002); this underlines the need to investigate the speciation of these

elements in S. fluitans and S. natans biomass before implementing valorisation pathways.

3.3. Determination of phenolic and phlorotannin content

After combining results from samples collected for each morphotype at the different collection
sites, the phenolic content ranged between 1.20 £ 0.43 (Sf) and 3.11 + 0.74 (SnVIII) mg/g of biomass
DW. Phlorotannins are phloroglucinol-based phenolic compounds produced by brown macroalgae, and
have been recognized for their bioactive properties and commercial potential (Ford et al., 2019). Their
contents was comprised between 0.39 = 0.21 (Sf) and 0.91 = 0.32 (SnVIII) mg/g of biomass DW (Table
2). The values determined for the bulk samples were in the same ranges as those for Sf. These phenolic
contents are similar to those determined by Milledge et al. (2020) in pelagic Sargassum collected in
Turks and Caicos. The percentage (w/w) of phenolic compounds in the Jamaican samples ranged
between 0.12-0.43 % of the biomass DW, and between 0.04 and 0.09 % of the biomass DW for the
phlorotannins. These values were lower than those determined by Oyesiku and Egunyomi (2014), i.e.
phenolics representing 0.8% of the biomass DW and tannins 1.22%, using a dried mixture of S. natans
and S. fluitans collected in Nigeria and different analytical approaches.

When comparing the three morphotypes, significant variations in the phenolic content were
observed between SnVIII and Sf (p < 0.001), and SnVIII and Snl (p = 0.01), but not between Snl and
St (Supplementary Table S3). For the phlorotannins, the only statistically supported difference occurred
between SnVIII and Sf (p = 0.002). In line with our results, Milledge et al. (2020), using the FC method,
observed significant variations in the phenolic content between the three Sargassum morphotypes.
These observations, based on seaweeds collected in very distant locations, support the fact that S. natans
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and S. fluitans contains different levels of phenolic compounds. In the context of exploiting pelagic
Sargassum biomass, it will be interesting to assess if there are seasonal changes in their phenolic and
phlorotannin content, since such variations have been previously reported in S. muticum harvested in
the Isle of Wight (Gorham and Lewey, 1984), and in western Brittany (Plouguerné et al., 2006). In
addition, due to the increasingly recognised nutritional and health benefits of brown algal polyphenols
(Fernando et al., 2016), it will be important to explore further the chemical structure and reactivity of
pelagic Sargassum phlorotannins for possible use in nutraceuticals, functional foods, cosmetic, and

pharmaceutical applications.

3.5. Analysis of the non-cellulosic fraction of pelagic Sargassum morphotypes.

The total monosaccharide content across the three morphotypes ranged between 142.76 +32.95
(Sf) and 183.94 +27.46 (SnVIII) ug of monosaccharides per mg biomass DW (Figure 3), and was found
to be slightly higher in the bulk samples (193.98 £ 55.05). Statistical difference was only found between
content in SnVIII and Sf (p = 0.027) (Supplementary Table S4).

The most abundant monosaccharides investigated were mannuronic (M) and guluronic (G)
acids (65-67 % of the total monosaccharides, Table 3). These are the monomers forming alginate, the
main brown algal cell wall polysaccharides, which represented 9-12 % of the morphotype DW. These
values were in the lower range compared to alginate content determined for representative Sargassum
species from different locations (9.3-49.9 % DW; Rosado-Espinosa et al. (2020). Guluronic and
mannuronic acid accounted for 34-35 % and 65-66 % of the alginates respectively, with M/G ratios
ranging from 1.87 + 0.12 (Snl) to 1.97 £ 0.39 (SnVIII). No statistically supported differences were
observed in the alginate content and the M/G ratio between the three morphotypes. Previous analysis
using S. natans (no information given on the morphotype) harvested on the Ghanaian coast in January
2015 shown that alginate represented 30% of the seaweed biomass (Rhein-Knudsen et al., 2017),
contained 53% of G and 32% of M, with an M/G ratio equal to 0.6. Differences in alginate content and
composition observed between previous and current studies can be related to the distinct sites of
collection (Gulf of Guinea and Caribbean Sea), to adaptation to changing growth conditions through
the years, and the use of different experimental procedures. Lower yields of alginate observed in the
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three pelagic Sargassum morphotypes (9-12%), compared to 12-45% from the brown seaweeds used
for industrial production (Peteiro 2018), are likely to limit their use as a viable source of commercial
alginate. This polysaccharide is one of the most versatile polymers, historically used in a wide ranges
of industries (food, feed, textile printing, papermaking and pharmaceutical), and with more recent
applications in the biomedical and bioengineering fields (Peteiro et al. 2018). Interestingly, recent work
using S. natans harvested in the Caribbean suggested that sodium alginate extracted from this species
could be used as an alternative for packaging and encapsulation (Mohammed et al. 2018), and calcium
alginate could be considered as a successful biosorbent of heavy metals ions (Mohammed et al. 2019).
These observations warrant further analysis of the structure and properties of alginates extracted from
pelagic Sargassum.

Two other uronic acids were identified in pelagic Sargassum samples. Very low amounts of
galacturonic acid were quantified, while glucuronic acid content ranged between 6.82 + 2.00 (Sf) and
9.44 £ 1.58 ng/mg of biomass DW (SnVIII). Significant variations were observed only for glucuronic
acid between SnVIII and Sf (p = 0.008) (Supplementary Table S4).

Apart from uronic acids, the most abundant monosaccharide was fucose, accounting for 15.46
+ 1.47 (Sf) to 16.83 £ 0.94 (SnVIII) ug/mg of biomass DW. Variations in its content were statistically
supported only between Sf and SnVIII (p = 0.046). Fucose is the main precursor of the brown algal
sulphated cell wall polysaccharides fucoidans and fucans (Deniaud-Bouét et al., 2014). Galactose
corresponded to the second most abundant sugar quantified in the algal samples, ranging from 10.44 +
2.44 (Sf) to 12.50 £ 0.81 (Snl) pg/mg of biomass DW, and its content did not show significant variation
when comparing the three morphotypes. Similar observations were made for glucose (from 4.25 + 1.53
(Sf) to 4.92 + 0.40 (Snl) pg/mg of biomass DW), and xylose (from 4.19 £ 0.33 (Snl) to 4.61 £+ 0.99
(SnVIID) pg/mg of biomass DW). In contrast, quantities of mannose, from 3.53 + 1.37 (Sf) to 4.82 +
1.10 (SnVIII) pg/mg of biomass DW, were significantly different between SnVIII and Sf (p = 0.04), as
for fucose. Lower quantities of rhamnose (from 1.16 £ 0.0.43 (SnVIII) to 1.48 £ 0.31 (Snl) pg/mg of
biomass DW) and arabinose (from 1.13 + 0.17 (Snl) to 1.19 + 0.16 (Sf) pg/mg of biomass DW) were
determined, without any differences across three morphotypes. Higher content of fucose in Snl, SnVIIL,
and Sf compared to other sugars was not unexpected based on previous reports for S. muticum. Several
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studies have described differential fractionation methods for valorisation of this seaweed, and analysis
of sugar content (fucose, galactose, xylose, glucose and mannose) in extracts produced after different
treatments shown that fucose was the most abundant sugar in the majority of the fractions obtained
(Balboa et al., 2015; Alvarez-Viiias et al., 2019; Pérez-Larran et al., 2019).

SnVIII contained approximately four times more mannitol than the other morphotypes, which
content ranged from 1.77 £ 0.80 (Sf) to 7.24 + 1.13 (SnVIII) pg/mg of biomass DW. This represented
less than 1% of the biomass DW of these algae. Differences in mannitol content were supported
statistically between SnVIII and Sf, and SnVIII and Snl, with p < 0.001. Mannitol, one form of carbon
storage used by brown algae, is therefore the only monosaccharide investigated for which significant
changes were observed between the two S. natans morphotypes. In line with this, a great variability in
the mannitol content has been reported within the genus Sargassum (1-34% biomass DW; Zubia et al.,

2008), depending on season, site of collection, and species.

3.6. Production of alcohol insoluble residues (AIRs) and release of monosaccharides by different
enzymatic treatments

AlRs were prepared, and mass loss between morphotypes was similar: 15.7% for Snl, 17.7%
for Sf, and 22.4% for SnVIII (Supplementary Figure S1). This was within the range of soluble content
observed in land plant biomass (Templeton et al., 2016). A study evaluating the potential of plant
feedstock for sustainable production of biorenewables production showed soluble contents ranging
between 3.39 and 28.29% of biomass (Lima et al., 2014). AIRs were subsequently used for individual
enzymatic treatment using enzymes known to hydrolyse land plant cell walls (Cellic® CTec2) and
starch (amyloglucosidase), brown seaweed cell wall component alginates (alginate lyase), and carbon
storage polysaccharide (laminarinase), as well as a protease (pronase). The buffer only controls
extracted a small amount of monosaccharides (Figure 4). This was not unexpected due to the length of
the extraction and the high solubility of some compounds in macroalgae. Most of the enzymatic
treatments released significantly higher amounts of monosaccharides compared to the control
conditions, with the exception of Sf incubated in presence of alginate lyase and of SnVIII in presence
of laminarinase (Supplementary Table S5). The highest amount of monosaccharides released after
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hydrolysis was observed for Snl when compared with the other two morphotypes. The enzymes Cellic®
Ctec2 and amyloglucosidase released the highest quantities of monosaccharides among the five
enzymes tested and across all the samples investigated, while the enzymes acting on brown algal
polysaccharides and pronase generally gave a lower yield, with the exception of Snl. Glucose, mannose,
and galactose were the most abundant monosaccharides released through enzyme hydrolysis, mainly
by the Cellic® CTec2 and amyloglucosidase. The low efficiency of commercial laminarinase and
alginate lyase may be due to a lack of specificity towards carbon storage and cell wall polysaccharides
of the pelagic Sargassum biomass for which structure has not been characterised yet. In addition, it is
anticipated that sequential enzyme combinations, with and without acid pre-treatment, will release a
higher amount of monosaccharides from pelagic Sargassum for subsequent applications. Such
experiments have been conducted using Sargassum sp. harvested in different countries. Borines et al.
(2013) subjected Sargassum biomass harvested from Philippines to acid hydrolysis, and then to enzyme
saccharification in the presence of cellulase and cellobiase for the production of ethanol. Similarly,
Saravanan et al. (2018) reported ethanol production based on algal hydrolysate produced by acid and
enzyme (cellulase and pectinase) treatment considering Sargassum from India. In the same vein, Azizi
et al. (2017) considered Sargassum sp. from Persian Gulf for acid hydrolysis and enzyme
saccharification (cellulase and cellobiase) to produce algal hydrolysate subsequently used for microbial
production of polyhydroxyalkanoates, some of the most encouraging alternatives to conventional
plastics. These examples pave the way for further experiments on enzymatic pre-treatments of pelagic
Sargassum biomass for the production of ethanol and bioplastics, and may contribute to extend the

portfolio of potential applications for this feedstock.

4. Conclusions and future considerations

The three pelagic Sargassum morphotypes investigated in this study present differences in their
biochemical and elemental composition. This might be related to different source regions and dispersal
patterns for Snl, SnVIIL, and Sf, as recently suggested (Govindarajan et al., 2019). This will affect the
properties of the Sargassum feedstock depending on the predominant morphotype during inundation
events. Composition may also vary with the season and after storage of the collected biomass. Char
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produced by pyrolysis can potentially be used as a soil enhancer. However, high concentrations of toxic
arsenic may hamper this application. Accumulation of this metalloid in high concentrations can also
render the pelagic Sargassum unusable for nutritional purposes, despite the presence of phlorotannins
which have dietary and health benefits. In addition, S. natans and S. fluitans may not be suitable as a
viable source of commercial alginates because yields of extraction are low compared to those of brown
algae currently used for industrial production of alginate. However, both species may represent an
interesting source of carbohydrates for microbial production of ethanol and bioplastics. Further
investigation will help to define the best routes for exploitation of pelagic Sargassum harvested after
inundation events. Valorisation of this seaweed biomass, informed by biological knowledge, will

contribute to the sustainable management of the Sargassum crisis in the affected countries.
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Legends of figures

Figure 1. Sampling sites (A) and morphological identification (B) of S. fluitans and S. natans
morphotypes. For S. fluitans, characteristic oblong to spherical air bladders with wings but without
spines (A1), broad and medium length lanceolate blades with serrated edges (B1), and lateral branches
with small spines (C1) were observed. For S. natans 1, spherical air bladders without wings but with
spines (A2), narrow and long linear blades with serrated edges (B2), and lateral branches with spines
were present, except for Site C (C2). S. natans VIII featured spherical air bladders without wings and
without spines (A3), broad and medium length to long lanceolate blades with serrated edges (B3), and
lateral branches without spines (C3); presence of hydroid colonies (D3) was also observed.
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Figure 2. TG plots of S. natans 1 (Snl), S. fluitans 111 (Sf), S. natans VIII (SnVIII), and bulk samples
(Sfm) collected at three different sites (A, B, and C). Values in the inserted table corresponded to
moisture, organic matter, calcium carbonate, and char content of each morphotype calculated by

averaging data from weight loss curves obtained for the three sites of collection.

Figure 3. Monosaccharide composition in the non-cellulosic fraction of S. natans 1 (Snl), S. fluitans 111

(S1), S. natans VIII (SnVIII), and bulk samples (Sfm).

Figure 4. Quantification of monosaccharides released by individual enzymatic treatments of S. natans
I (Snl) site C, S. fluitans (Sf) site C, and S. natans VIII (SnVIII) site B. NE: no enzyme control; ED:

enzyme digestion.

List of supplementary material
Supplementary Figure S1. Mass loss in S. natans 1 (Snl) site C, S. fluitans (Sf) site C, and S. natans

VIII (SnVIII) site B samples estimated by preparation of alcohol insoluble residues (AIRs).

Supplementary Table S1. Moisture, organic matter, calcium carbonate, and char content in S. natans 1

(Snl), S. fluitans 111 (SY), S. natans VIII (SnVIII), and bulk samples (Sfm) collected at three different

sites (A, B, and C). Results are expressed in weight %.

Supplementary Table S2. Element composition analysis by ICP-MS of pelagic Sargassum. Results are

expressed as pg/kg of biomass DW.

Supplementary Table S3. Determination of phenolic and phlorotannin contents in pelagic Sargassum.

Results are expressed as mg/g of biomass DW.
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Supplementary Table S4. Monosaccharide composition of pelagic Sargassum. Results are expressed

as pug of monosaccharides/mg biomass DW.

Supplementary Table S5. Quantification of monosaccharides released after different enzymatic
treatments of pelagic Sargassum biomass. Results are expressed as p1g of monosaccharides/mg

biomass DW.
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Table 1. Element contents determined by ICP-MS in pelagic morphotypes S. natans 1 (Snl), S. natans

VIII (SnVIID), and S. fluitans 111 (Sf) collected at site A. Results (mean = SD) are expressed as pug/g of

biomass DW.
Elements Snl SnVIII St
Na 11,441.00 +237.24 14,436.18 £575.76 11,310.71 £ 406.27
Mg 8,456.26 + 300.36 6,193.47 + 146.48 8,684.03 +292.54
Al 335.69 £ 18.70 187.70 £31.79 427.57 £54.94
K 28,701.30 £ 527.46 32,865.84 +1003.03 30,503.78 +1225.51
Ca 56,138.23 +£1864.90 36,435.64 £ 690.72 57,726.79 + 1813.97
\Y% 2.37+0.06 2.28+0.18 421+0.43
Cr 3.18£0.99 1.50 £ 0.54 9.18+£0.37
Mn 39.62+0.36 13.03 +£0.48 22.92 £0.66
Fe 634.79 £ 18.18 237.07 £44.26 832.97 +101.84
Co 0.91 +£0.07 0.47 £0.03 0.89 +0.06
Ni 421+0.16 3.87+0.10 3.52+£0.08
Cu 429 +0.16 2.78 £0.14 4.47+0.20
Zn 14.71 +1.98 6.35+0.62 7.2+1.20
As 64.91 +0.61 60.30 +0.34 58.32+2.29
Cd 0.77 £0.43 0.40 +0.02 0.57 +0.02
Ba 22.17 +£0.67 19.21 £0.65 23.21+0.42
Pb 2.47+£1.79 0.33+£0.13 1.11 £0.47
8] 0.80 +0.08 0.79 £0.01 0.83 +£0.04
Total 105,867.69 + 2926.44 90,467.20 £2410.74 109,622.32 + 3618.09



Table 2. Determination of the phenolic (FC method) and phlorotannin (DMBA method) contents in
pelagic morphotypes S. natans 1 (Snl), S. natans VIII (SnVIID), S. fluitans 111 (Sf), and in the bulk

samples (Sfm). Results (mean + SD) are expressed as mg PGE/g of biomass DW.

Snl SnVIII St Sfm

FC 2.13+£0.46 3.11+0.74 1.20 £ 0.43 1.42 +£0.48

DMBA 0.62+0.11 0.91+0.32 0.39+0.21 0.34+0.14



Table 3. Alginate content (mean + SD), determined by quantification of mannuronic (M) and guluronic

(G) acid monomers, in pelagic morphotypes S. natans 1 (Snl), S. natans VIII (SnVIIl), S. fluitans 111

(Sf), and in the bulk samples (Sfm).

Alginate Alginate
M G M/G
Samples (% dry (% total
(% alginate) (% alginate) ratio
weight) monosaccharides)
Snl 11.13+2.02 66.85+2.45 65.05+1.47 3495+ 1.47 1.87 £0.12
SnVIIT 1218 +2.10 66.09 £2.59 65.86 £3.58 34.14 +3.58 1.97 £0.39
St 9.36 £2.51 65.15+4.83 65.49 £3.80 34.51 +3.80 1.94+0.42
Sfm 13.50 +4.61 68.51 +4.29 64.61 +£1.47 35.39+1.47 1.83 £0.11
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Figure 1. Sampling sites (A) and morphological identification (B) of S. fluitans and S. natans morphotypes. For S.
fluitans, characteristic oblong to spherical air bladders with wings but without spines (A1), broad and medium
length lanceolate blades with serrated edges (B1), and lateral branches with small spines (C1) were observed. For
S. natans 1, spherical air bladders without wings but with spines (A2), narrow and long linear blades with serrated
edges (B2), and lateral branches with spines were present, except for Site C (C2). S. natans VIII featured
spherical air bladders without wings and without spines (A3), broad and medium length to long lanceolate blades
with serrated edges (B3), and lateral branches without spines (C3); presence of hydroid colonies (D3) was also

observed.



Weight (%)

Samples Moisture content Organic matter Calcium carbonate Char content
(weight %) content (weight %) content (weight %) (weight %)
Snl 7.61+0.31 29.11 £1.32 9.49 £1.75 35.16 £6.05
120 SnVIII 791 +£0.95 33.73 £1.47 6.30 +0.47 36.60 +3.24
Sf 725 £0.42 28.86 £0.40 10.75 +1.10 39.63 £1.34
Stm 8.19 +0.71 30.61 £0.75 8.56 +1.53 34.12 £3.46
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Figure 2. TG plots of S. natans 1 (Snl), S. fluitans 111 (ST), S. natans VIII (SnVIII), and bulk samples (Sfm)
collected at three different sites (A, B, and C). Values in the inserted table corresponded to moisture, organic
matter, calcium carbonate, and char content of each morphotype calculated by averaging data from weight

loss curves obtained for the three sites of collection.
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Figure 3. Monosaccharide composition in the non-cellulosic fraction of S. ratans 1 (Snl), S. fluitans 111 (Sf), S.

natans VIII (SnVIII), and bulk samples (Sfm).
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Figure 4. Quantification of monosaccharides released by individual enzymatic treatments of S. natans 1 (Snl) site C, S. fluitans (Sf) site C, and S. natans

VII (SnVII) site B. NE: no enzyme control; ED: enzyme digestion.



