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Abstract
Brown macroalgae (Phaeophyta) hold high potential as feedstock for biorefineries due to high biomass productivity
and carbohydrate content. They are, however, a challenging, unconventional feedstock for microbial refining and
several processing problems need to be solved to make them a viable option. Pre-treatment is necessary to enhance
accessibility and solubility of the biomass components but should be minimal and mild to assure sustainable and
cost-effective processing. Here, two routes to pre-treatLaminaria digitata to release polysaccharides were investigat-
ed: hot water pre-treatment by autoclaving (121 °C, 20 min or 60 min) and a two-step extraction with mild acid
(0.1 M HCl) followed by alkaline treatment. Hot water pre-treatment resulted in partial extraction of a mixture of
polysaccharides consisting of alginate, fucoidan and laminarin. After mild acid pre-treatment, alginate was found in
the remaining insoluble residues and was extracted in a second step via alkaline treatment using Na2CO3 (0.15 M) at
80 °C and CaCl2 (10%) for the precipitation. In addition to carbohydrates, a fraction of other components such as
proteins, phenolic compounds, minerals and trace elements was detected in the extracts. Cultivation of the thermo-
philic bacterial strains Rhodothermus marinus DSM 16675 and Bacillus methanolicus MGA3 (ATCC 53907) in
media supplemented with the respective extracts resulted in growth of both strains, indicating that they were able
to utilize the available carbon source for growth. R. marinus displayed the highest cell density in the medium
containing the extract from acid pre-treatment, whereas B. methanolicus growth was highest with the extract from
hot water pre-treatment.

Keywords Laminaria digitata . Mild physicochemical pre-treatment . Carbohydrate extraction . Rhodothermus marinus .

Bacillus methanolicus

Introduction

Shortage of fossil-based resources and accumulation of green-
house gases have increased interest in utilization of alternative
renewable and sustainable resources such as marine biomass
(Hannon et al. 2010). Industrial biotechnology uses large-scale
fermentation of microorganisms growing on sugar-based raw
materials requiring use of cultivable land and is therefore in
unfavourable competition with food production. Marine
macroalgae (red, green and brown algae), more commonly called
seaweeds, represent an alternative renewable and sustainable bio-
mass due to their high growth rate, high carbohydrate content
and favourable composition of other components such as min-
erals, proteins and bioactive compounds. Moreover, seaweed
cultivation will not compete with agricultural crops for use of
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arable land (Fernand et al. 2017). These properties of macroalgae
have resulted in a surge of interest for this biomass as raw mate-
rial in the production of energy, biofuels and high value-added
chemicals (Chen et al. 2015).

The brown macroalga Laminaria digitata is a carbohydrate-
rich biomass including alginate, fucoidan, laminarin and manni-
tol with seasonal variation in concentration. Alginate is a struc-
tural carbohydrate available in the cell wall of the seaweed and
makes up 25 to 40%of the seaweed dryweight (Qin 2008). It is a
linear polymer composed of (1, 4) linked β-D-mannuronic acid
(M) and α-L-guluronic acid (G) monomers. The M/G ratio de-
termines the rheological properties of alginate (Wu et al. 2014).
Alginate is widely utilized in various industries due to its thick-
ening, gelling and colloidal properties (Vauchel et al. 2008b; Lee
and Mooney 2012). Fucoidans are branched homo- and hetero-
sulphated polysaccharides of L-fucose units (Sardari and
Karlsson 2018). Laminarin and mannitol are storage carbohy-
drates in macroalgae ranging from 1 to 25% and 3 to 20% of
the seaweed dry weight, respectively (Adams et al. 2011).
Laminarin is a β-(1, 3) glucan chain with occasional β-(1, 6)
branching or linking (Rioux et al. 2007), while mannitol is the
alcohol form of mannose. In addition, L. digitata also contains
proteins, heavy metals, minerals and bioactive compounds
(Schiener et al. 2015), and all these components have application
potential in food and feed, biomedical and pharmaceutical indus-
tries (Martins et al. 2011; Saha and Racine 2011; Lee and
Mooney 2012; Jönsson et al. 2020).

Until now, L. digitata has not been regarded as a favourable
renewable source for energy production due to its high water
content and significant amount of ash, compared with terres-
trial biomass (John et al. 2014). Still, it is widely utilized for
industrial extraction of alginate, as well as in cosmetic prod-
ucts (Bedoux et al. 2014) and fertilizers (Thorsen et al. 2010)
and for extraction of single compounds for food and feed
(Mæhre et al. 2014). There is now a considerable interest in
utilizing seaweed extracts as raw materials for microbial cul-
tivations in industrial biotechnology, and therefore intensive
research is ongoing to find sustainable methods for preparing
feedstock extracts for such applications.

While the potential of thermophilic enzymes has been rec-
ognized for a long time, thermophilic bacteria as bioconver-
sion organisms have received less attention. Bioconversions,
requiring cultivation and production of metabolites, have still
mainly targeted mesophilic microorganisms that are easily
cultivated and engineered. Many of these mesophiles are well
proven using monosaccharides e.g. glucose as the prime car-
bon source, but they are far less suitable for other types of
carbohydrate substrates (such as polysaccharides and sugar
alcohols) derived from next-generation feedstocks. Both mi-
crobial species selected here (Rhodothermus marinus and
Bacillus methanolicus) can grow at elevated temperatures as
bioconversion organisms. The ability to grow at high temper-
atures in bioreactors facilitates extraction of volatile products,

reduces the costs of cooling, distillation and extraction and
prevents contamination of spoilage bacteria. Thermophiles
are also optimal for many industrial bioconversion processes
involving heterogeneous and viscous polysaccharides such as
alginate. High temperature increases their solubility, leads to
reduced viscosity of fermentation broths and facilitates enzy-
matic access (Hreggvidsson et al. 2015).

Rhodothermus marinus is a Gram-negative, obligate aero-
bic, thermophilic and halophilic bacterium (Alfredsson et al.
1988) and belongs to phylumBacteroidetes (Bjornsdottir et al.
2006). This bacterium can utilize diverse carbon sources
(Alfredsson et al. 1988) for growth, and its genome has genes
putatively encoding enzymes required for complete degrada-
tion of several marine polysaccharides. The Gram-positive
bacterium Bacillus methanolicus is a moderate thermophile.
It is an aerobic facultative methylotroph and can utilize a few
single carbon sources, including mannitol, for growth
(Schendel et al. 1990; Arfman et al. 1992; López et al.
2019). Growth of B. methanolicus in 2% NaCl and adaptation
to rapid growth in seawater-based media has been described
previously (Arfman et al. 1992; Komives et al. 2005). The
selection of an appropriate production organism should be
based on its physiological properties, including its “metabolic
capacity” i.e. its potential to use substrates available in the
feedstock as well as its potential to produce products of inter-
est. The two bacterial species selected for this study represent
highly different, but complementing, highly relevant substrate
utilization profiles for the feedstock, and also both microbes
produce products of interest. R. marinus has the capacity to
produce exopolysaccharides (Sardari et al. 2017) and caroten-
oids (Ron et al. 2018) and for example B. methanolicus has
been shown to produce cadaverine (Naerdal et al. 2015).

The purpose of this work was to study the effect of mini-
mal, mild pre-treatment processes (hot water and mild acid) on
milled biomass from L. digitata. Both soluble and insoluble
fractions were analysed after the pre-treatment to investigate
release of the major seaweed components, with special em-
phasis on the carbohydrates. In addition, the ability of the two
industrial biotechnology–relevant thermophilic bacteria,
R. marinus DSM 16675 and B. methanolicus MGA3
(ATCC53907), to utilize the marine carbon sources was eval-
uated by using pure carbohydrates and seaweed extracts in
cultivations of the bacteria.

Materials and methods

Biological materials and chemicals

The seaweed was harvested in Breiðafjörður located in west of
Iceland and dried and milled in the company Thorverk hf
(Reykhólar, Iceland). All chemicals were from Sigma
Aldrich unless otherwise specified. Guluronic acid was from
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Chemos (Germany), gallic acid and NaOH (50%) were from
Merck (Germany) and ethanol was from Solveco (Sweden).

Seaweed biomass

Two batches of dried seaweed Laminaria digitata, (fine pow-
der (LAM 50) and coarse powder (LAM 50/20)) were re-
ceived from Thorverk hf. The two batches represent wild bio-
mass, harvested in the period of January to early April at a
depth of 2–11 m with the highest density at 6 m depth. The
sites are harvested every 4 years by cutting the stem of the
seaweed above the holdfast. Prior to milling, the seaweed is
dried in a highly specialized band dryer that uses large quan-
tities of air heated up to 85 °C by hot geothermal water
(120 °C) in heat exchangers. The heat during the drying elim-
inates spoilage bacteria and other potentially harmful
microorganisms.

Mild acid pre-treatment

The seaweed powder was mixed with 0.1 M HCl using a ratio
of 1:10 (weight (g)/volume (mL)) in an Erlenmeyer flask of
appropriate volume for the scale of the experiment. The flask
was covered and incubated at room temperature and 160 rpm
shaking for 2 h followed by 2 h incubation at 65 °C and
160 rpm shaking. The soluble fraction was collected after
centrifuging at 3800×g for 10 min (Sigma 3-16PK centrifuge,
Germany). The soluble and insoluble fractions were freeze
dried (Devillé et al. 2004) and used for further experiments.

Hot water pre-treatment

The seaweed powder was mixed with distilled water using a
ratio of 1:10 (weight (g)/volume (mL)). The mixture was cov-
ered and autoclaved for 20 or 60 min at 121 °C. After cooling,
the insoluble fraction was removed by centrifuging at 3800×g
for 10 min (Sigma 3-16PK centrifuge). The extract and solid
remaining residues were freeze dried and used for further
analysis (Obata et al. 2015).

Extraction of alginates from the remaining solid
residues of the acid pre-treated seaweed powder

An amount of 0.50 g of freeze-dried acid-treated seaweed was
mixed with 49.50 g of extraction solutions, either Na2CO3

(0.15 M) or NaOH (0.3 M) (Fig. 1). The mixture was incubat-
ed at 80 °C in a water bath (Lauda E100, Lauda-Brinkman,
USA) for 2 h with stirring. The supernatant, containing sodi-
um alginate, was collected by centrifugation at 4000×g and
20 °C for 30 min, and the resulting pellet was washed by
adding 45 mL of distilled water, vortexing and centrifugation
at 4000×g for 10 min. The pellet was dried at 50 °C for 72 h.

To isolate alginate, 30 mL of either ethanol (99.50%) or
CaCl2 (10%) was added to the collected supernatant and in-
cubated at 4 °C for 24 h. The precipitated calcium alginate was
separated via centrifugation at 4000×g and 20 °C for 30 min.
In order to convert calcium alginate to alginic acid, the
resulting pellet was mixed with 40 mL of washing solutions
including HCl (1 M), HCl (0.01 M) and ethanol 50%, individ-
ually, vortexed and centrifuged at 4000×g for 10 min. The
washing step was done twice with each washing solution.
The resulting alginic acid was dried at 50 °C for 72 h
(McHugh 1987; Vauchel et al. 2008a; Kadam et al. 2015;
Sterner and Edlund 2016). All assays were done in duplicates,
and alginate recovery was calculated using the following
equation (Eq. (1)) and expressed in %.

Alginic acid recovery

¼ Amount of extracted uronic acids by alkaline treatment

Amount of uronic acids available in the acid treated seaweed
� 100

ð1Þ

Shake flask cultivation of Rhodothermus marinus
DSM 16675

A minimal medium was prepared using the RSNO 1599 me-
dium recipe containing 1% (w/v) NaCl explained by Blücher
et al. (2000) with some modification. In the modified medi-
um, L-glutamine, L-asparagine and iron citrate were omitted
and 50 mL phosphate solution (containing KH2PO4

(27.22 g L−1), Na2HPO4 (28.39 g L−1)) was added (unpub-
lished data). The pH was adjusted to 7.2 using 1 M NaOH
before cultivation.

Commercial alginate, laminarin, glucose and the soluble
fractions obtained from the pre-treatment of L. digitata were
used as the respective carbon source. Twenty-fivemillilitres of
the medium containing one type of the carbon sources were
prepared in a baffled Erlenmeyer flask. Fresh inoculum (10%)
was added, and the flasks were incubated at 65 °C and
200 rpm shaking for 24 h. The cell growth was monitored
by measuring the optical density (OD) at 620 nm at the begin-
ning and after 24 h growth using a spectrophotometer
(Ultrospec 1000 UV/VISIBLE, Pharmacia BioTek, England,
and Novaspec III+, Biochrom, Harvard Bioscience Inc.) for
alginate cultivations.

Cultivation of Bacillus methanolicus

The wild type strain Bacillus methanolicus MGA3 (ATCC
53907) was used in growth experiments. The strain was cul-
tivated at 50 °C in Man10 medium, which is defined MVcM
minimal medium that contains 1mMMgSO4, high-salt buffer,
vitamins, trace metals and 10 g L−1 mannitol as previously
described (Brautaset et al. 2004; Jakobsen et al. 2006). Here,
Man4.5 and Man2.5 corresponds to MVcM minimal medium
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with 4.5 and 2.5 g L−1 mannitol, respectively. Medium con-
taining extracts of L. digitata was prepared with the same
minimal medium, replacing mannitol with the extracts (25,
50 or 75% (v/v) corresponding to approximately 1.4, 2.8 and
4.2 g L−1 respectively), as also described for extracts of
Saccharina latissima in Hakvåg et., submitted for publication.
The extracts were pH-adjusted and autoclaved prior to mixing
with the minimal medium. The pH was re-adjusted to pH 7.2
with 1 M NaOH after mixing of minimal medium and the
extracts, before pelleting of insoluble material by centrifuga-
tion at 7100×g for 10 min. Conductivity was measured before
and after centrifugation. The resulting supernatant was used as
growth medium in the cultivations. Where noted, mannitol
was added to a final concentration of in total 8.1 g L−1 for
all cultures, to ensure a surplus of the available carbon source.
The amount of mannitol added was determined based on the
mannitol content of the extract (mild acid or hot water pre-
treatedL. digitata).

Growth of B. methanolicus in deep well-plates(Greiner
Bio-One)(700 μL) or 250 mL baffled shake flasks (40 mL)
was performed at 900 or 200 rpm, respectively, and monitored
by measuring the OD600. A total of 100 μL of culture from
cryo-vials was used to inoculate precultures with 50 mL
Man10 medium as previously described (Jakobsen et al.
2006). The cells were grown to an OD600 of 0.5 to 1.5,

pelleted and resuspended in fresh and pre-warmed medium,
before inoculation to OD600 = 0.1 in fresh medium for growth
analyses. Growth was monitored in shake flasks by measuring
OD600 for 20–24 h (Unicam Helios Epsilon). Final OD600 was
measured after 20–24 h of growth in deep well-plates
(Spectramax Plus 384). All cultivations were performed in
triplicates.

Analytical methods

Ash content

Ash content was measured after combusting the moisture free
powder at 550 °C for 10 h in a furnace (Sluiter et al. 2008a).
All measurements were carried out in triplicates, and quanti-
fication was done gravimetrically.

Protein content

The amount of protein was estimated by quantifying the ni-
trogen content of the seaweed via Dumas method using an
elemental analyser (Flash EA 1112, Thermo Fisher
Scientific, USA). Twenty-five milligam of the seaweed pow-
der was weighted into a tin container and subjected to

Fig. 1 Pre-treatment flowchart of L. digitata
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combustion at round 900–1000 °C in the presence of oxygen.
Resulting nitrogen oxide was quantitatively converted to N2 in
a reduction chamber containing copper at 650 °C, where other
volatile products of combustion are either trapped or separat-
ed. Finally, the nitrogen gas was measured using a thermal
conductivity detector. Asparagine was used for the calibration.
Protein content was calculated with the nitrogen-to-protein
conversion factor of 5 (Angell et al. 2016).

Total phenolic content

Twentymilliliter of distilledwater was added to 0.2 g of the algae
powder in a screw-cap glass tube with an aluminium liner.
Extraction was carried out through the incubation of the mixture
in a water bath at 70 °C for 1 h, while the mixture was continu-
ously mixed with a magnetic stirrer. Afterwards, the mixture was
cooled to room temperature and centrifuged at 3800×g for
10 min (Machu et al. 2015). The supernatant was collected,
and the remaining residues were subjected to re-extraction under
the same condition. The resulting supernatants were combined,
freeze dried and stored at − 20 °C. The dried extracts were dis-
solved in distilled water prior to analysis.

To measure the total phenolic content, 200 μL of the ex-
traction sample was mixed with 200 μL of Folin-Ciocalteu’s
phenol reagent and 1 mL of distilled water. After incubating
the solution at room temperature and darkness for 5 min,
200 μL of 20% (w/v) Na2CO3 was added and the solution
volumewas adjusted to 2mLwith distilled water. Themixture
was incubated in darkness for 1 h, and then the absorbency
was measured at 765 nm (Machu et al. 2015). Gallic acid was
used as standard. The total phenolic content was reported in
mg gallic acid equivalent (GAE) per g dry extract.

Reducing sugars

The amount of reducing sugars was measured using a modi-
fied version of dinitrosalicylic acid assay (DNS assay) de-
scribed previously (Stålbrand et al. 1993). In this modified
assay, 60 μL of the sample was mixed with 120 μL of DNS-
reagent in a 96-well plate by pipetting up and down and stir-
ring simultaneously. Standard samples were prepared by
adding 6 μL of glucose solution with different concentrations
(0–50 mM) to a mixture containing 54 μL of either distilled
water or HCl 0.1 M and 120 μL of DNS-reagent. The
resulting samples were boiled in a PCR thermocycler
(TProfessional Themocycle, Biometra, Germany) at 95 °C
for 10 min. After cooling, 150 μL of the mixture was trans-
ferred into a flat-bottom 96-well plate and the absorbancy was
measured at 540 nm using a Multiskan GO Microplate
Spectrophotometer (Thermo Fisher Scientific). The experi-
ment was carried out in triplicates. The amount of reducing
sugars was reported in mg g−1 dry weight.

Elemental analysis

An amount of 0.45 g of dried sample (seaweed ash or the
extracts from the pre-treatments) was digested in a mixture
containing 7 mL of concentrated HNO3 and 3 mL of distilled
water in closed vessels in a microwave (Mars 5, CEM, USA).
The volume of digested sample was adjusted to 50 mL by
adding distilled water prior to analysis. The analysis was per-
formed using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) (Optima 8300, Perkin Elmer, USA).

Extraction yield and extracts dry weight

For measuring the extraction yield, 1 g of the freeze-dried
seaweed powder was subjected to the pre-treatments. The sol-
uble fractions were collected after centrifuging at 3800×g for
10 min and freeze dried until a constant weight was achieved.
The extraction yield (%) was estimated as the weight of dried
extract obtained from 1 g seaweed. The extract dry weight was
calculated as dry weight of 1 mL soluble fractions collected
from the pre-treatments. All measurements were carried out in
triplicates.

Carbohydrate composition quantification

The total carbohydrate of the seaweed biomass was quantified
after a two-step sulphuric acid hydrolysis treatment (Sluiter
et al. 2008b). An amount of 2.50 mL of sulphuric acid 72%
(w/w) was mixed with 0.25 g of the seaweed powder in a glass
tube and incubated at 30 °C, 300 rpm shaking for 60 min.
Then, the acid was diluted to 4% (w/w) by adding distilled
water, and the mixture was autoclaved at 121 °C for 1 h. The
hydrolysate was cooled to room temperature and centrifuged
at 3000×g for 5 min. The supernatant was neutralized with
Ba(OH)2.H2O (0.1 M). In order to remove precipitated resi-
dues, the neutral supernatant was centrifuged at 3000×g for
5 min. The hydrolysate was diluted and filtered through
0.2 μm syringe filter and analysed using a High-
Performance Anion Exchange Chromatography system
equipped with Pulsed Amperometric Detector (HPAEC-
PAD) (Thermo Fisher Scientific, USA). Dionex CarboPac
PA-20 analytical column and guard column (Thermo Fisher
Scientific, Waltham, USA) were used to separate monosac-
charides (Sluiter et al. 2008b). The separation of monosaccha-
rides, neutral sugars and uronic acids was performed under
isocratic condition at a flow rate of 0.5 mL/min. For neutral
sugars, eluents were (A) milliQ-water, (B) 2 mM sodium hy-
droxide and (C) 200 mM sodium hydroxide. Separation of
neutral sugars and mannitol was performed using an eluent
mixture of 62.5% (A) and 37.5% (B) for 30 min. For separat-
ing uronic acids eluent (B) was 1 M sodium acetate in
200 mM sodium hydroxide while eluent (A) and (C) were
milliQ-water and 200 mM sodium hydroxide, respectively.
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Uronic acids were eluted by an eluent mixture of 55% (A),
15% (B) and 30% (C) for 18 min. The column and compart-
ment temperature were kept at 30 °C. All the experiments
were performed in duplicate, and the mean value and standard
deviation were calculated. Total carbohydrates were estimated
as the sum of al l individual monomeric sugars .
Oligosaccharide content of the extracts was analysed by
HPAEC-PAD system using a Dionex CarboPac PA-200 ana-
lytical column (Thermo Fisher Scientific). The dried extracts
were dissolved in milliQ-water and filtered through 0.2 μm
syringe filter. Eluents were (A) milliQ-water, (B) 400 mM
sodium acetate in 200 mM sodium hydroxide and (C)
200 mM sodium hydroxide. Oligosaccharides were separated
by a linear gradient from zero to 45% (C) plus zero to 5% (B)
in (A) at a flow rate of 0.5 mL min−1 for 20 min.

Molecular weight of polysaccharides

The molecular weights of the polysaccharides in the extracts
were estimated by size exclusion chromatography using a
HPLC system (Agilent Technologies, USA) equipped with
Refractive-Index detector (ERC-7510, ERMA INC). An HPLC
column (16 mm× 600 mm) was packed with Sephacryl S-200
HR resin with a molecular weight separation range of 1–80 kDa
(GE Healthcare Life Sciences) and used to estimate the molecu-
lar weights of the polysaccharides in the extracts from hot water
and acid pre-treatment.MilliQ-water was used as eluent at a flow
rate of 0.3 mLmin−1 for 400 min. Dextran standards (5–80 kDa)
were used to plot the standard curve.

Results

Characterization of Laminaria digitata biomass

The chemical composition of the two L. digitata batches was
compared with analogous data from previous studies by
Adams et al. (2011) and Schiener et al. (2015) using
L. digitata with the same harvesting season (Table 1). Ash
was analysed via similar analytical methods in all studies.
The protein content of the two batches was analysed by both
the Kjeldahl and Dumas methods, and the results were com-
parable using the respective method (Data not shown). Ash,
protein and total phenolic content in our study were higher in
batch LAM 50 compared with batch LAM 50/20 and the
studies by Adams et al. (2011) and Schiener et al. (2015).
Both batches had significantly higher proportion of total phe-
nolic content compared to data obtained by Schiener and co-
workers (2015). The analytical assay for measuring total phe-
nolic content was similar in all studies; however, in this study,
the conditions used for the extraction of phenolic compounds
were optimized (see “Materials and methods”), which could
be a reason for the higher content.

It was observed that batch LAM 50 contained lower pro-
portion of mannitol and higher proportion of uronic acids
compared with LAM 50/20. The glucose content was, how-
ever, slightly higher in LAM 50, compared with LAM 50/20,
indicating higher amount of storage glucan. The amount of
other sugars was similar in both batches. The majority of the
carbohydrate content of LAM50 corresponded to uronic acids
(24% out of 47%), which is in agreement with the data ob-
tained by Schiener et al. (2015), showing that the alginate is
the major polysaccharide in the seaweed biomass. Indeed, in
batch LAM 50 the concentration of uronic acids was twice as
high as mannitol and far above the glucose. In LAM 50/20,
the amount of uronic acids and mannitol was almost similar
and again much higher than the amount of glucose. Other
sugars (i.e. fucose, galactose and xylose, judged to originate
from fucoidan) made up less than 5% of the seaweed carbo-
hydrates. The results for total carbohydrates in our study were
in agreement with the results from previous studies (Schiener
et al. 2015); however, the ratio of analysed components
showed some differences. The ratio of mannuronic acid to
guluronic acid (M/G ratio) was calculated to 0.87 and 0.9
for LAM 50 and LAM 50/20 batches, respectively.
Although the M/G ratio was almost equal for both batches, it
was lower than previously estimated ratios from L. digitata:
1.12 determined by Fertah et al. (2017) and 1.5 reported by
Papageorgiou et al. (2008). This may however be dependent
on if standards were subjected to the same treatment as sam-
ples (which was the case here) as the guluronic acid is more
sensitive to degradation, leading to a risk of underestimation.

The fine powder seaweed, batch (LAM 50), was here cho-
sen for the further pre-treatment experiments because of the
smaller particle size and higher total amount of carbohydrates
(Table 1).

Minerals, heavy metals and trace elements of the seaweed
batch LAM 50 are shown in Table 2. The concentrations of
major elements were in the following order: K > Na > Ca >
Mg, which was in agreement with the data described by
Schiener et al. (2015) and Adams et al. (2011). Also, other
elements including P, Fe, Mn, Zn, As, Cu and Cd were ob-
served in the seaweed.

Precise comparisons of mineral and heavy metal content of
the seaweed with other studies is difficult due to the seasonal,
environmental, geographical and physiological variations
(Mabeau and Fleurence 1993). However, considering Ca,
Cu, Fe, K, Mg, Mn, Na and Zn, Rupérez (2002) reported a
mineral content of around 170 mg g−1 DW for L. digitata,
harvested in Spain and Schiener and co-workers(2015) report-
ed approximately 120 mg g−1 DW for L. digitata harvested in
February 2011 in Clachan Sound, Scotland. Notably, in our
study, the mineral content including mentioned minerals and
trace elements was calculated 173 mg g−1DW, in line with the
content reported by Rupérez (2002).
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Pre-treatment of L. digitata biomass

Effect of mild acid and hot water pre-treatment on L. digitata
biomass

The effect of hot water and mild acid pre-treatments was inves-
tigated by analysing the collected soluble and insoluble fractions.

The extraction yield (g extract/g dry biomass) from 1 g sea-
weed subjected to acid pre-treatment was calculated to 22.4 ±
0.8% and for 20-min and 60-min hot water pre-treatments was
slightly higher, estimated to 27.0 ± 5.2% and 27.4 ± 3.3%, re-
spectively. The extract dry weight obtained from acid pre-
treatment was calculated to 53.5 ± 1.8 g L−1, and from 20-min
and 60-min hot water pre-treatment, it was estimated to 57.2 ±
2.1 and 59.5 ± 0.75 g L−1, respectively.

Composition analyses of the soluble and insoluble fractions
after the respective pre-treatment are illustrated in Table 3.
Overall, the extracts from hot water pre-treatments contained
less ash and more proteins, total phenolic compounds and
carbohydrates compared with the extract from acid pre-treat-
ment. The reverse trend can be seen in the composition of

remaining solid residues except for phenolic compounds,
which was lower in the solid residues from acid pre-treatment.

The monosaccharide composition, obtained after hydroly-
sis of the polysaccharides, in the extracts from hot water and
acid pre-treatments are shown in Table 3. The amount of
neutral sugars was slightly higher in the extract from 20-
min hot water pre-treatment than in the extract where the
treatment was extended to 60 min or where the seaweeds
were subjected to acid pre-treatment. An opposite trend was
seen for the uronic acids content in the extract from 20-min
hot water pre-treatment, which was slightly lower than after
60-min hot water pre-treatment. The amount of uronic acids
in the extract from acid pre-treatment was very low com-
pared with those solubilized after hot water pre-treatments
(Fig. 2). The carbohydrates were however not detectable as
monosaccharides or oligosaccharides in the soluble fraction
as analysis of the extracts by HPAEC-PAD (before subject-
ing to acid hydrolysis) showed that only negligible amounts
of monosaccharides (e.g. glucose below 0.2%) and short
oligosaccharides were present in the respective extract
(Data not shown).

Table 2 Micronutrients in L. digitata seaweed (mg g−1 DW) determined by atomic absorption spectrophotometry (batch LAM 50)

As Ca Cd Cu Fe K Mg Mn Na P Zn Hg Se

0.009 37.74 0.0002 0.005 2.523 85.485 9.552 0.036 37.829 3.93 0.009 BDLa BDLa

a BDL means below detection limit

Table 1 Composition analysis of two batches of L. digitata (LAM 50 and LAM 50/20) and comparison with other studies

Composition
[% DWa]

LAM 50 LAM 50/20 L. digitata from Aberystwyth
beach, UKb, harvested Jan–Mar
2008 (Adams et al. 2011)

L. digitata from Clachan Soundc,
UK, harvested Aug 2010–Oct 2011
(Schiener et al. 2015)

Ash 41.8 ± 0.4 31.9 ± 0.2 27–33 31.6 ± 7.1
Protein 8.45e 7.00 NDd 6.9 ± 1.1

(Lowry assay)
Total phenolic content 4.4 ± 0.1 3.0 ± 0.1 ND 0.15
Mannitol 10.55 ± 0.33 16.49 ± 0.27 5 6–8
Fucose 2.55 ± 0.04 2.49 ± 0.04 ND ND
Galactose 0.79 ± 0.02 0.52 ± 0.04 ND ND
Glucose 8.43 ± 0.01 6.47 ± 1.07 Very low 1–3 (laminarin) and 11% cellulose
Xylose 0.40 ± 0.01 0.44 ± 0.01 ND ND
Mannuronic acid 11.24 ± 0.30 8.20 ± 0.84 ND ND
Guluronic acid 12.82 ± 1.92 9.03 ± 0.15 ND ND
Glucuronic acid 0.41 ± 0.04 0.25 ± 0.01 ND ND
Total uronic acids 24.47 ± 2.26 17.47 ± 1.00 ND ~ 22–27
Total carbohydrates 46.68 ± 1.66 43.88 ± 2.43 ND ~ 44

Data represents mean value ± standard deviation (for ash and total phenolic content, n = 3; for monosaccharides, n = 2)
a DW means dry weight
b Aberystwyth beach, Ceredigion, UK (ordnance survey reference SN 581823)
c Sheltered shores of the Clachan Sound on the Isle of Seil, Scotland (OS grid coordinates NM 78517 19,700)
d ND means not determined
e Single sample was analysed by the Dumas method
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Considering the concentration of carbohydrates in both
soluble and insoluble fractions, more than 90% of fucoidan
was recovered in all pre-treatment methods. Alginate was
mostly recovered during acid pre-treatment (63% sugar recov-
ery), and for laminarin, maximum sugar recovery of 86% was
obtained over 20-min hot water pre-treatment(Fig. 2a).

Elemental analysis of the soluble fractions from acid and
hot water pre-treatments is shown in Table 4. Notably, the
amount of calcium was significantly higher in the extract from
acid pre-treatment, due to the release of Ca when Ca-alginate
is transferred to alginic acid. In addition, the concentration of
K, Mg, Na and P was slightly higher in the extract from acid
pre-treatment than that in the extracts from hot water pre-treat-
ments. Some heavy metals including As and Cd and some
salts such as Na were enriched in the extracts (Table 4) com-
pared with the original material (Table 2).

The concentration of As, Cd and Hg in all extracts was
higher than the recommended values for food products
(Mabeau and Fleurence 1993; Besada et al. 2009); hence, if
materials are intended for use in food and feed applications,
there is a need of selective removal.

Fractionation and analysis of polysaccharide content
of the extracts

The three different extracts were analysed by size exclusion
chromatography. The results showed that the extracts
contained several overlapping peaks with a wide range of
molecular weights. Fractions with a range of molecular
weights, corresponding to broad peaks were collected, freeze
dried, hydrolysed to monosaccharides and analysed (Table 5).

Table 3 Composition analysis of the soluble and insoluble fractions from mild acid and hot water pre-treatment of L. digitata (batch LAM 50). All
polysaccharides were hydrolysed prior to analysis, and carbohydrate content measured from the resulting monosaccharides

Composition
[% DW]

Pre-treatment methods

Mild acid (HCl 0.1 M) Hot water (20 min) Hot water (60 min)

Soluble fraction Insoluble fraction Soluble fraction Insoluble fraction Soluble
fraction

Insoluble fraction

Ash 54.1 ± 0.2 30.0 ± 0.5 49.0 ± 1.9 37.4 ± 3.0 45.7 ± 2.8 37.1 ± 1.2
Protein 5.26 11.8 6.88 10.53 6.98 9.39
Reducing sugars 11.63 ± 0.60 – 12.35 ± 0.1 – 17.63 ± 0.714 –
Total phenolic content 2.83 ± 0.15 4.07 ± 0.09 2.84 ± 0.18 6.29 ± 0.97 3.20 ± 0.03 6.45 ± 0.19
Mannitol 15.41 ± 0.11 5.62 ± 0.03 17.50 ± 0.55 7.14 ± 0.42 16.1 ± 0.98 6.74 ± 0.144
Fucose 3.43 ± 0.15 2.17 ± 0.00 4.63 ± 0.101 1.62 ± 0.06 4.55 ± 0.05 1.48 ± 0.09
Galactose 0.58 ± 0.00 0.68 ± 0.10 1.042 ± 0.02 0.55 ± 0.00 0.88 ± 0.01 0.46 ± 0.02
Glucose 5.15 ± 0.11 5.11 ± 0.26 5.42 ± 0.03 7.92 ± 1.66 5.03 ± 0.07 4.77 ± 0.1
Xylose BDL a 0.46 ± 0.00 0.57 ± 0.00 0.31 ± 0.01 0.47 ± 0.01 0.22 ± 0.03
Mannuronic acid 0.43 ± 0.01 9.09 ± 0.11 3.27 ± 0.50 7.99 ± 2.60 3.53 ± 0.9 6.13 ± 0.19
Guluronic acid 0.79 ± 0.02 10.46 ± 0.06 2.40 ± 0.32 7.21 ± 2.45 2.98 ± 0.35 7.01 ± 0.15
Glucuronic acid BDL BDL BDL BDL BDL BDL
Total carbohydrate 25.79 ± 0.4 33.58 ± 0.55 34.83 ± 1.52 32.72 ± 7.76 33.53 ± 2.38 26.81 ± 0.71

Data represents mean value ± standard deviation (for ash and total phenolic content, n = 3; for monosaccharides, n = 2)
a BDL means below detection limit

Fig. 2 Total recovery (a) and
extraction yield (b) of fucoidan,
laminarin and alginate in acid pre-
treatment and 20-min and 60-min
hot water pre-treatments
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In the extract from acid pre-treatment, peaks with a total mo-
lecular weight range 5 to 55 kDa were collected, and all fractions
were composed of all neutral sugars and trace amount of uronic
acid. This indicates interaction between the polysaccharides in
the extract. The carbohydrate content of the fractions collected in

the lower molecular weight range was lower than the content in
fractions at the higher molecular weight ranges. Since the molec-
ular weight of mannitol is only 182 Da, the presence of mannitol
in the fractionswithmolecularweight of above 5 kDa is probably
due to interactions between mannitol, laminarin and alginate, as
well as mannitol included in laminarin termini (Read et al. 1996;
Chizhov et al. 1998; Dianawati et al. 2012).

Both hot-water extracts (from 20-min and 60-min hot water
pre-treatments) had rather similar size exclusion chromatog-
raphy profiles. At molecular weights above 17–20 kDa, the
fractions from both extracts (20-min and 60-min hot water
pre-treatments, respectively) were predominantly made up
from fucose and uronic acids, which is likely due to existence
of alginate and fucoidan polymers or macromolecular com-
plexes formed because of the ionic interactions. In the frac-
tions with molecular weights from 5 to 17 kDa, the amount of
fucose and uronic acids decreased while the concentration of
glucose and mannitol increased in the extract, indicating pres-
ence of laminarin. The fraction with molecular weight below
5 kDa contained significant amount of mannitol (as expected
from its low molecular weight), and this was observed in all
extracts, including the extract from acid pre-treatment.

Alginate extraction from the solids after acid
pre-treatment

The extraction yield and purity of the alginate are affected by
the pH of the alkaline solution, the extraction time and the

Table 4 Minerals, heavy metals and elements determined by atomic
absorption spectrophotometry in the soluble fraction after the pre-
treatment of L. digitata

Composition [mg g−1 dry material]

Pre-treatment methods

0.1 M HCl Hot water (60 min) Hot water (20 min)

As 0.089 0.079 0.077

Ca 26.6 6.3 4.50

Cd 0.002 0.001 0.002

Cu 0.001 0.0004 0.0003

Fe 0.055 0.030 0.033

Hg 0.003 0.004 0.002

K 141.8 128.9 131.1

Mg 13.0 9.40 8.30

Mn 0.02 0.002 0.005

Na 60.9 53.8 48.50

P 4.0 2.7 2.70

Se 0.0016 0.0005 0.001

Zn BDL a BDL BDL

aBDL means below detection limit

Table 5 Carbohydrate analysis of the peak fractions isolated by size exclusion chromatography of the extracts from pre-treatment of L. digitata. The
indicated molecular weight range is estimated based on dextran standards

Composition [% dry material]

MW
(kDa)

Mannitol Fucose Galactose Glucose Xylose Mannuronic
acids

Guluronic
acids

Glucuronic
acids

Total neutral
sugars

Uronic
acids

Extract from mild acid pre-treatment

37–55 13.18 15.71 2.75 20 1.04 2.17 2.93 0.12 52.68 5.22

11–37 14.78 10.91 1.9 18.38 0.7 2.13 2.45 0.1 46.67 4.68

5–11 18.25 6.6 1.15 14.67 0.3 1.59 1.67 0.01 40.97 3.27

< 5 15.86 0.69 0.11 3.33 0 0.86 0.39 0 19.99 1.25

Extract from 60-min hot water pre-treatment

37–67 0 13.53 4.34 0.47 2.76 14.11 9.01 0.62 21.1 23.74

20–37 0 16.3 3.96 6.72 2.83 23.08 12.56 0.88 29.81 36.52

14–20 1.98 13.11 2.4 10.81 1.54 22.34 10.13 0.61 29.84 33.08

5–14 6.85 8.53 1.25 12.05 0.87 10.68 4.8 0.42 29.55 15.90

< 5 14.35 2.41 0.343 4.16 0.183 4.46 1.94 0 21.446 6.40

Extract from 20-min hot water pre-treatment

37–67 0 13.9 5.2 0.67 3.02 16.04 11.61 1.05 22.79 28.70

17–37 0 13.77 3.75 6.03 2.48 19.73 10.92 0.68 26.03 31.33

5–17 10.32 9.6 1.69 12.16 1.2 15.34 7.27 0.3 34.97 22.91

< 5 17.6 2.61 0.39 4.36 0.26 4.7 2 0.03 25.22 6.73
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temperature. Generally, extraction of alginate is performed at
pH 10, at a temperature from 50 to 95 °C with a reaction time
of 1–2 h(McHugh 1987; Vauchel et al. 2008a).

The alginate in the remaining solid residues from acid pre-
treatment of L. digitata was extracted using such conventional
methods (Table 6). Two solutions (Na2CO3 (0.15 M) and
NaOH (0.3 M)) were used for the extraction of alginate and
two solutions (ethanol (95%) and CaCl2 (10%)) were used for
the precipitation of alginate salt. The results showed that com-
plete extraction and maximum recovery were achieved when
Na2CO3 was used for the extraction and CaCl2 (10%) was used
for the precipitation (Table 6). The carbohydrate analysis of the
remaining solid residues after alginate extraction with Na2CO3

showed that almost all alginates were extracted (Table 6).
However, the maximum alginic acid recovery of 62.2%
showed that some degradation must have occurred during the
extraction process, which may have affected the M/G ratio (see
below). The proportion of other sugars in the extracted alginic
acid fraction was below 1% (analysed by HPAEC-PAD after
acid hydrolysis), meaning that the collected alginic acid was
pure. Finally, the M/G ratio of the extracted alginate was cal-
culated to be 1.29, which was higher than that for the raw
seaweed material (M/G: 0.87), indicating that degradation of
guluronic acid–rich regions must have occurred.

Shake flask cultivation of Rhodothermus marinus
DSM 16675 using different marine polysaccharides
as sole carbon sources

The growth data of R. marinus in the presence of glucose and
laminarin at final concentrations of 5 g L−1 and in the presence
of commercial sodium alginate (high and low viscosity) at a
concentration of 10 g L−1 showed that this bacterium was able
to utilize all three carbon sources (Table 7). The medium con-
taining alginate as the carbon source, especially the high vis-
cosity kind, was very viscous and cloudy, which resulted in
apparent higher optical density (OD) measurements at the
beginning of the cultivation. However, after 24 h, the cultures
were watery and highly red in colour, indicating degradation
and utilization of the alginate polymer. Interlaboratory com-
parison of the growth on alginate revealed strain differences

and a need of adaptation of R. marinus for successful utiliza-
tion of this carbon source. Direct use of the strain from the
type culture collection resulted in low or negligible growth,
and trials involving two laboratories resulted in a large varia-
tion in the final cell densities obtained. The data reported in
Table 7 were obtained after repeated inoculations. As the ge-
nome of R. marinus has a complete set of genes encoding
various alginate degrading enzymes, the bottleneck may be a
need to either induce the enzymes or trigger uptake of relevant
degradation products.

In the presence of the extract from acid pre-treatment, the
OD after a period of 24 h cultivation was significantly in-
creased (3.28 ± 0.28), showing that cell growth occurred using
2% (w/v) extract in a medium with a starting concentration of
3 g L−1 mannitol, 1 g L−1 glucose and 0.7 g L−1 fucose
(Table 8). The maximum OD was lower in medium supple-
mented with 4% extract (1.75 ± 0.09), probably due to the
existence of compounds with growth inhibitory effects.

In the presence of the extracts from hot water pre-treatment,
maximum growth was obtained in the medium containing 1%
(w/v) extract (1.45 ± 0.1), but with a maximum OD far below
the maximum observed in the presence of the extract from
acid pre-treatment (2% w/v) or when pure glucose was used
as carbon source.

As shown earlier (Table 3), the concentration of fucoidan in
the extract from hot water treatment was higher than that in the
extract from acid pre-treatment. Antimicrobial effects, previ-
ously reported for several types of sulphated fucoidans
(Jönsson et al. 2020), could be a reason for the less significant

Table 6 Composition analysis of
the extracted alginate and
remaining solid residues after
alginate extraction

Extraction
solution

Precipitation
solution

Uronic acids(% dry extract) Alginic acid
recovery (%)

M/G
ratio

Extracted
alginate

Remaining solid residues
after extraction

Na2CO3 Ethanol 30.06 BDLa 37.78 1.29

CaCl2 25.64 BDL 62.21 1.29

NaOH Ethanol 22.83 23.39 4.18 1.61

CaCl2 6.35 24.06 1.62 2.18

a BDL means below detection limit

Table 7 Growth data of R. marinus in the medium containing glucose
(5 g L−1), laminarin (5 g L−1), alginate (10 g L−1) and medium without
any carbon source

OD620

No carbon source Glucose Laminarin Alginate
Hv/Lva

t = 0 0.18 ± 0.001 0.17 ± 0.06 0.17 ± 0.01 0.82/0.3

t = 24 h 0.43 ± 0.06 5.66 ± 1.29 3.94 ± 1.30 4.66/2.44

Standard deviation of measured values from duplicate cultures is
indicated
a Hv means high viscosity; Lv means low viscosity
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growth in the presence of the extracts from hot water pre-
treatments.

Mannitol was not utilized by R. marinus. In the genome
sequence of R. marinus, genes involving mannitol uptake
were not found. Lack of growth was confirmed by inoculating
the bacterium in a medium containing mannitol as a sole car-
bon source. No increase in OD was observed in these cell
cultures (data not shown).

B. methanolicuswild-type strain MGA3 cultivation
in the presence of mannitol and the extracts
from Laminaria digitata pre-treatment

Cultivations of the model strain B. methanolicus MGA3 was
performed with the extracts of L. digitata prepared by mild
acid (HCl 0.1 M) and hot water pre-treatment (20 or 60 min).
Initial cultivations were performed in deep well-plates by
using minimal medium containing different concentrations
of the extract (25, 50 or 75% v/v corresponding to approxi-
mately 1.4, 2.8 and 4.2 g L−1, respectively). Minimal medium
with mannitol (10 g L−1) as sole carbon source, Man10-medi-
um (Brautaset et al. 2004; Jakobsen et al. 2006) was used as a
positive control, and the final OD600 was recorded for all
growth conditions. Both 25 and 50% (v/v) extract supported
growth of the strain MGA3 under these conditions, whereof
extract prepared by 20-min hot water pre-treatment supported
the highest biomass formation (Fig. 3) when using 50% (v/v)
extract in the medium. Little or no growth was detected for
cultures in the presence of 75% extract, for the three different
extracts tested (results not shown). Based on these initial ex-
periments, extract from 20-min hot water pre-treatment of
L. digitata was selected for further testing in shake flask cul-
tivations of B. methanolicus strain MGA3.

Experiments in shake flasks were performed with 25 and
50% (v/v) seaweed extract added to minimal medium
(SWE25- and SWE50-medium), corresponding to a mannitol
concentration of 2.5 and 5 g L−1, respectively. To ensure

sufficient amount of available carbon source, parallel cultiva-
tions were performed in which additional mannitol was added
to the cultures to yield the same final estimated mannitol con-
centration (8.1 g L−1) for all cultures.

A final OD600 of 2.0 ± 0.2 was reached for strain MGA3
cultivated in both SWE25 and SWE50 medium, corresponding
to approximately 85 and 55% of the maximum OD600 values
obtained during the growth on Man2.5- and Man4.5-medium
(containing 2.5 and 4.5 g L−1 mannitol) respectively, as shown
in Table 9.

Approximately 5 g L−1 of mannitol are consumed in shake
flask cultivations of strain MGA3, as described by Hakvåg
et al. 2019 (submitted for publication), suggesting that the
mannitol concentration of the SWE50 medium should be suf-
ficient for growth of strain MGA3. As expected, adding addi-
tional mannitol to the SWE50 medium did not support any
further growth of the strain (results not shown). As shown in
Fig. 4, increasing the mannitol concentration in SWE25 medi-
um (SWE25 +mannitol) did not affect the growth rate of the
cultures but gave rise to an increase in maximum OD600

achieved, suggesting that the mannitol content was the limit-
ing factor for growth. Interestingly, the maximum OD600

reached was even higher than what could be observed for
cultures growing on Man10-medium, indicating a synergetic
effect on growth by combining the seaweed extract with suf-
ficient available carbon source (here: mannitol). The biologi-
cal reason for this effect is not known, and a further investi-
gation was not within the scope of this work. In summary,
these results indicate a potential of utilizing this raw material
as carbon source in cultivations of B. methanolicus.

Discussion

Seaweeds are a potential source of biomolecules for a wide
range of applications e.g. bio-active compounds, food and
feed supplements and hydrocolloids as well as a raw material

Table 8 Growth data presented as
cell density (optical density at
600 nm) of R. marinus in a
growth medium containing
extracts from acid and hot water
pre-treatment as carbon source

No carbon
source

0.50% 1% 2% 4% Glucose
(5 g L−1)

Extract from mild acid pre-treatment

t = 0 h 0.21 ± 0.01 0.26 ± 0.1 0.25 ± 0.04 0.21 ± 0.03 0.24 ± 0.1 0.17 ± 0.06

t = 24 h 0.34 ± 0.04 0.72 ± 0.11 1.61 ± 0.21 3.28 ± 0.28 1.75 ± 0.07 5.66 ± 1.29

Extract from 20-min hot water pre-treatment

t = 0 h 0.14 ± 0.00 0.14 ± 0.00 0.15 ± 0.00 0.14 ± 0.02 0.14 ± 0.01 0.17 ± 0.06

t = 24 h 0.34 ± 0.04 0.66 ± 0.04 1.14 ± 0.16 0.48 ± 0.16 0.09 ± 0.08 5.66 ± 1.29

Extract from 60-min hot water pre-treatment

t = 0 h 0.14 ± 0.00 0.14 ± 0.001 0.14 ± 0.00 0.11 ± 0.01 0.13 ± 0.0 0.17 ± 0.06

t = 24 h 0.34 ± 0.04 0.59 ± 0.085 1.45 ± 0.1 0.39 ± 0.30 0.315 ± 0.05 5.66 ± 1.29

Standard deviation of measured values from duplicate cultures is indicated
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for enzymatic and microbial conversions to chemicals and
fuels. To fully utilize the resources, insight into their chemical
composition is necessary, including the composition of frac-
tions obtained from the pre-treatments designed to solubilize
and extract the relevant components of the material. In this
work, concentrations of macro and micronutrients including
carbohydrates, protein, minerals and heavy metals of two
batches of L. digitatawere analysed, before and after minimal
pre-treatments designed to extract soluble polysaccharides
from this biomass.

The analysis of L. digitata in the batches LAM 50 and
LAM 50/20 and in the studies by Adams et al. (2011) and
Schiener et al. (2015) showed that variations in chemical com-
position occurred. These variations may be due to the fluctu-
ations in salinity, light exposure, water temperature and nutri-
ent availability that occur between seasons and harvesting
sites. In more detail, ash content of brown seaweed can be
up to 50% of its dry matter (Moss 1952), reaching the maxi-
mum in the winter period. Likewise, maximum protein con-
tent is in winter when the seaweed accumulates nitrogen for
tissue growth over the summer. In contrast, maximum amount
of storage carbohydrates including laminarin and mannitol
have been found over the summer, while these carbohydrates
are utilized as an energy source during winter (Adams et al.
2011; Schiener et al. 2015). The seasonal variation in alginate
content of the seaweed is less pronounced compared to the
variation of other compounds but the proportion of M-blocks,

G-blocks and MG blocks undergoes some changes over the
year, which can result in variation in M/G ratio (Honya et al.
1993). This may also explain the variation in M/G ratio in
published data. The lower variation in alginate content may
be explained by the role of this polymer as structural support
to the cell wall, where alginic acid chains interact with alkaline
metals (D’Este et al. 2017).

Minerals and trace elements of the seaweed are analysed
not only to have insight into the chemical composition of the
seaweed but also to evaluate the possibility of utilizing the
biomass in food and feed applications. According to French
recommendation, on use of seaweed for human consumption
(Mabeau and Fleurence 1993; Besada et al. 2009), the limits
for heavy metals concentration in edible seaweeds are Cd <
0.0005 mg g−1 DW, Hg < 0.0001 mg g−1 DW and inorganic

Fig. 3 Final OD600 of
B. methanolicus wild type strain
MGA3 cultivated in MVcM
medium containing 25 and 50%
(v/v) extract of seaweed
L. digitata (SWE). Extracts were
prepared by either acid (HCl
0.1 M) or hot water pre-treatment
(20 min and 60 min). Growth in
medium containing mannitol
(10 g L−1) was used as growth
control. Cultivations were per-
formed in deep well plates for 20–
24 h. The error bars represent
standard deviation (SD) of mea-
sured OD600-values from tripli-
cate cultures

Fig. 4 Growth of B. methanolicus wild type strain MGA3 on minimal
medium with mannitol (Man, 10 and 4.5 g L−1), or 25% (v/v) extract of
the seaweed L. digitata (SWE25). Extracts were prepared by hot water
pre-treatment for 20 min. Cultivations with seaweed extracts were per-
formed with and without additional mannitol added to the culture medi-
um, corresponding to total mannitol content in the cultures of 8.1 and
2.5 g L−1, respectively. Average standard deviation of measured OD600-
values of triplicate cultures is indicated

Table 9 Maximum OD600 obtained in shake flask cultivations for
B. methanolicus wild type strain MGA3 in MVcM medium containing
either mannitol or SWE (20-min hot water pre-treated). Standard
deviation of measured values from triplicate cultures is indicated

Mannitol concentration ~4.5 g L−1 ~2.5 g L−1

Medium Man4.5 SWE50 Man2.5 SWE25

Maximum OD600 3.6 ± 0.2 2.0 ± 0.2 2.27 ± 0.12 2.0 ± 0.2
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arsenic < 0.003 mg g−1 DW. For the three metals, only arsenic
exceeded the recommended value, but it should be empha-
sized that the analysis made here on L. digitata included both
organic and inorganic As.

Two pre-treatment methods, mild acid and hot water (20 and
60 min) were used to solubilize a mixture of carbohydrates. The
carbohydrate extraction yields were calculated to be 12.4%,
20.1% and 19.7%, respectively, for acid, 20-min and 60-min
hot water pre-treatments. The carbohydrate analysis made
showed that all pre-treatments led to loss of total carbohydrates,
corresponding to 31.8% of the carbohydrates after acid treatment
and 28.7% and 38.6% of the carbohydrates, respectively, after
20-min and 60-min hot water pre-treatments.

By considering the amount of glucose, uronic acids and
fucose as an indication of the respective concentration of lam-
inarin (the soluble seaweed glucan), alginate and fucoidan, in
the soluble extract, it was shown that hot water pre-treatment
contained a mixture of the three polysaccharides (laminarin,
alginate, and fucoidan), while alginate remained in the insol-
uble fraction after acid pre-treatment. This is because alginate
is naturally available in the cell wall of the seaweed in the form
of alginate salts, where addition of HCl results in conversion
of alginate salts into water insoluble alginic acid, which hence
remains in the insoluble fraction. Fractionation of polysaccha-
rides in the extracts using size exclusion chromatography
(Table 5) showed that neutral sugars and uronic acids were
distributed between fractions and no peak represented a single
polysaccharide species. Polysaccharides interaction with salts,
minerals and proteins (Chizhov et al. 1998; Dianawati et al.
2012) could be a possible reason for this.

By looking at the efficiency of the pre-treatment methods
in solubilizing carbohydrates, hot water pre-treatments were
the most efficient methods in solubilizing laminarin, alginate
and fucoidan. Around 17% of the total glucans, 7% of algi-
nate, and 49% of fucoidan were solubilized during hot water
pre-treatments. The acid pre-treatment was less efficient, with
extraction yields of glucans, alginate and fucoidan calculated
to be 13.7%, 1.1% and 30.2%, respectively (Fig. 2b). The
non-extracted insoluble glucan fraction may also contain crys-
talline cellulose, which for example is reported by Kloareg
and Quatrano (1988) to be present in the cell wall of brown
seaweed at very low levels. Salmeán et al. (2017) has also
recently reported that the crystalline glucans could consist of
insoluble mixed linkage glucans in brown algae cells. These
polysaccharides may be present in the insoluble fraction ob-
tained after the extraction, while the storage polysaccharide
laminarin is at least partly solubilized during the extraction of
the biomass. Two types of polymeric laminarin chains are
found in many species, M-chains terminated by the sugar
alcohol mannitol and G-chains terminated by a reducing glu-
cose. M-chains are more abundant than G chains in L. digitata
where the ratio ofM and G chain was determined to be as high
as 3:1 (Read et al. 1996), which partly explains presence of

mannitol in the intermediate sized fractions after size exclu-
sion chromatography. Laminarin has an average molecular
weight of 2000–5000 kDa (and even up to 7000 kDa) that
corresponds roughly to DP of ~ 20–30 (up to 40) glucose units
(Spicer et al. 2017), which fits with the increased amounts of
glucose in the hydrolysates in these molecular weight frac-
tions after size exclusion chromatography.

The lowmolecular weight of alginate in this study could be
due to the existence of short chain alginate in the seaweed or
degradation of alginate because of the pre-treatment condi-
tions or leaving the long chain polymers in the insoluble frac-
tions. Applying alkaline extraction, however, resulted in
extracting pure alginate from the insoluble fraction that
remained after acid pre-treatment. The M/G ratio of the ex-
tracted alginate was however higher than the nativeM/G ratio,
which may be unfavourable as a high amount of guluronic
acids is often required in applications (Jönsson et al. 2020).

The extracts were subsequently tested if they could support
growth of the thermophilic bacteria R. marinus and
B. methanolicus. These two bacterial strains produce metabolites
with application potential and finding a sustainable growth
source is thus of interest for their potential as cell factories utiliz-
ing seaweed-based feedstocks. R. marinus can produce caroten-
oids and exopolysaccharides (Sardari et al. 2017; Ron et al.
2018), while B. methanolicus strains are potential producers of
cadaverine, γ-aminobutyric acid (GABA) and amino acids
(Brautaset et al. 2010; Irla et al. 2014; Naerdal et al. 2015).

In this work, both R. marinus and B. methanolicus were
shown to utilize extracts of the seaweed L. digitata for growth.
However, inhibition of growth could be detected with increas-
ing concentrations of the extracts. The inhibitory effect could
be due to increased salt concentrations or the presence of
inhibitory compounds such as phenolic compounds, as also
suggested by Hakvåg et al. 2019 (submitted for publication).
On the other hand, an additive effect (higher biomass forma-
tion) was observed for cultures of B. methanolicus MGA3
cultivated with SWE25medium supplementedwith extra man-
nitol compared with when cultivated with mannitol alone.
This additive effect indicates that growth-promoting com-
pounds, other than the carbon source, are also present in the
extracts, suggesting a possible use of the extracts as medium
supplements. The use of brown seaweeds as additives in fer-
mentation medium as a source of minerals and micronutrients
has earlier been described (Sharma et al. 2018) and may thus
be an attractive source for future cultivation media supporting
growth of various microorganisms.

Conclusion

This study presents three objectives: to experimentally deter-
mine the chemical composition of L. digitata with focus on
detailed carbohydrate composition and investigation of
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minimal pre-treatment methods for extraction of soluble poly-
saccharides in terms of composition and yield to allow growth
of microorganisms with application potential in future
biorefineries. Based on the low extraction of alginate by mild
acid, an additional alkaline step was added to solubilize this
polymer. The results revealed that 20-min hot water pre-
treatment was the most efficient method for extraction.
Extraction from hot water pre-treatments (20 min and
60 min) resulted in solubilization of a mixture of polysaccha-
rides including neutral sugars and alginate, whereas in acid
pre-treatment, alginate remained in the solid remaining resi-
dues. Size exclusion chromatography profile of the extracts
had several overlapping peaks in the range of the column.
Each peak was composed of almost all neutral sugars and
uronic acids, except mannitol, which was not presented in
high molecular weight fractions of the extracts from hot water
pre-treatments. This might be due to interaction of polysac-
charides with each other and with external ions including salts
and protein available in the extracts. The elemental analysis of
the extract showed that the extract from acid pre-treatment
contained significant amount of calcium. Since in acid pre-
treatment alginate remained in solid remaining residues, an
alkaline extraction process was used for the extraction of al-
ginate from this fraction followed by precipitation using
CaCl2, which resulted in extracting pure alginate. According
to growth data, R. marinus can utilize the extract from acid
pre-treatment while growth was less significant in the pres-
ence of the extracts from hot water pre-treatment. The hot
water extract, however, supported growth of B. methanolicus
and contained high concentration of mannitol. This not only
proves the possibility to use minimal pre-treatment to create
nutrients for microbial growth but also shows the importance
in selecting the conditions for the targeted bacteria.
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