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What is nature? How can we form a picture of it as it was
before the intervention of humans with their ravaging
tools? Even the powerful myth of nature is being
transformed into a mere fiction, a negative utopia: nature
is now seen as merely the raw material out of which the
productive forces of a variety of social systems have forged
their particular spaces. True, nature is resistant, and infinite
in its depth, but it has been defeated, and now waits only
for its ultimate voidance and destruction.

(Henri Lefebvre: The production of space, 1974)
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ABSTRACT

BACKGROUND: The research undertaken for this PhD thesis has been part of a larger research program
“The MacroAlgaeBiorefinery — sustainable production of third generation (3G) bioenergy carriers and high
value aquatic fish feed from macroalgae (MAB3)”. The research has been based on the overall hypothesis
that brown seaweeds represent a huge unexploited bioresource of the sea which can be upgraded to
energy carriers via degradation to fermentable sugars. The research in the PhD thesis has aimed at
optimizing pretreatment and enzymatic saccharification of Saccharina latissima and Laminaria digitata to
release maximum levels of glucose.

RESULTS: The first requirement was to develop a robust methodology, including acid hydrolysis and
analytical composition analysis, to quantitatively estimate the carbohydrate composition of the brown
seaweeds. The monosaccharide composition of four different samples of brown seaweeds Laminaria
digitata and Saccharina latissima were compared by different high performance anion exchange
chromatography (HPAEC) methods after 3 different acid hydrolysis treatments or a cellulase treatment.
HPAEC analysis with pulsed amperometric detection (PAD) preceded 2-step pretreatment with 72 %
sulfuric acid (H,S0,) for 1 h at 30 °C and followed by 4 % H,SO, at 120 °C for 40 min allowed quantitative
determination of the carbohydrate composition of brown seaweed. The use of guluronic, glucuronic and
galacturonic acid standards enabled quantification of the uronic acids. The variation in the biochemical
composition of four populations of Saccharina latissima and Laminaria digitata from three different
locations from Danish waters was documented. The chemical composition of brown seaweed varied mainly
in regard to the season but differed also with respect to species, location, between the years and even
within the population. Concentrations of ash and protein levels varied inversely to the carbohydrate levels,
and total carbohydrate concentration varied seasonally, in particular through the storage of carbohydrates
glucose and mannitol. Generally, alginate was the most abundant carbohydrate at all sites from December
to summer with up to 36 % w/wpy by weight before glucose levels were at least at the same magnitude.
Total alginate concentration was relatively independent of seasonal changes but mannuronic (M) and
guluronic acid (G) differed strongly throughout the year. M/G ratios varied regarding season, species or
location from 1.3 to 3.6 but without a general pattern. The highest concentrations of glucan were found in
August for wild growing L. digitata from the North Sea, with the glucose potential lying >50 % w/wpy, for
three sequential years (2012-2014) accompanied by mannitol levels of about 10 % w/wpy and low ash
levels of 10-11 % w/wpy. Generally spoken, glucose levels of L. digitata appeared to be superior to those of
S. latissima. Cultivation of S. latissima in the Limfjorden, Denmark to obtain high glucan levels was not
possible due to the incidence of biofouling in the summer. The average N-to-protein conversion factor was
3.7 but ranged from 2.1 to 5.9. Hence, application of a common factor cannot be recommended since total
nitrogen content was more variable than the protein content. Post washing L. digitata harvested from the
Danish North Sea in August 2012 had a total organic matter of 84 % mostly accounted for glucose (51 %
w/Wpw), including a smaller contribution of mannitol (8 % w/wpy), making this material an ideal feedstock
for biocatalytical processing to achieve maximum glucose release.

The influence of milling as pretreatment to enhance enzymatic degradation was studied on the glucan rich
L. digitata (North Sea, August 2012). Wet refiner milling, using rotating disc distances of 0.1-2 mm,
generated differently sized particle populations with particles having decreasing average surface area (100-
0.1 mm?) with increased milling severity. Milling with disc distances below the thickness of the algae
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(21 mm) increased the particle volume of the milled seaweed slurries and higher milling severity (lower
rotating disc distance) also induced higher carbohydrate solubilization from the material, particularly for
glucan and mannitol. However, particle size diminution did not improve the enzymatic glucose release.
Milling was thus not required for enzymatic saccharification because all available glucose was released
even from unmilled material during the combined treatment of alginate lyase and the cellulase preparation
Cellic®CTec2. Apparently, the alginate lyase (Sigma Aldrich) activity catalyzed the cleavage of alginate on
the substrate, which both decreases the viscosity of the substrate alginate and catalytically solubilizes the
alginate to provide access to the glucan in the brown seaweed cell wall matrix.

The impact of alginate lyase in addition to cellulase on the brown seaweed degradation was studied further
for L. digitata degradation. Therefore, two bacterial alginate endo-lyases (EC 4.2.2.-) from
Sphingomonas sp. (SALy) and Flavobacterium sp. (FALy) were selected for heterologous, monocomponent
expression in Escherichia coli. The optimal pH range for SALy was pH 5.5-7.0 with optimum at pH 6. The
optimum for FALy and the commercially available alginate lyase from Sigma Aldrich (SigmALy) was pH 7.5.
The investigated reaction temperatures of 30-50 °C had no influence on the activity. The thermal stability
was reduced above 50 °C, for SigmALy above 40 °C. The FALy preferred poly-mannuronic acid as substrate,
but also exhibited activity on poly-guluronic acid, whereas SALy had higher activity on poly-guluronic acid
and SigmALy was only active on poly-guluronic acid. Subsequently, the alginate lyases were applied
together with the commercial, fungally derived cellulase preparation Cellic®CTec2 at pH 6 and 40 °C on the
glucan rich L. digitata. A decrease in viscosity decrease ensued in the initial minutes while alginate
degradation occurred primarily within the first 1-2 hours of reaction. The level of released mannuronic acid
blocks was inversely proportional to the glucose release indicating that the degradation of mannuronic acid
blocks inhibited the cellulase catalyzed glucose release from L. digitata. Only the selective activity of
SigmALy on guluronic acid enabled a 90 % glucose release within 8 hours by the cellulase preparation
Cellic®CTec2. Nevertheless, combined alginate lyase and cellulase treatment for 24 hours released all
potential glucose regardless of the applied lyase. Treatment with a mixture of 1 % w/wpy SigmALy and 10 %
v/wpm Cellic®CTec2 at pH5 and 40 °C released the available glucose during 8 hours. Two-thirds of the
glucose was released with lower enzyme loading. Simple application of only the cellulase preparation
enabled the release of only half of the present glucose after 8 h. Analysis after the enzymatic treatment
indicated a potential extraction of proteins from the solid residue and the sulfated polysaccharide fucoidan
solubilized in the saccharified liquid.

KEYWORDS: Laminaria digitata, Saccharina latissima, biochemical composition, compositional variation,
milling, enzymatic glucose release, alginate lyases, combined cellulase-lyase treatment

CONCLUSION: The results of this PhD study demonstrated that brown seaweed can be completely
degraded enzymatically by combined cellulase and alginate lyase treatment after milling. The work also
showed, that biorefining of brown seaweed with current state of art technology is highly dependent on the
cultivation, in particular growth site and season, of a suitable feedstock for achieving maximal glucan
content and in turn allowing maximum glucose release.
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DANSK SAMMENFATNING

BAGGRUND: Forskningen der ligger til grund for denne afhandling er del af et stgrre forskningsprogram “
The MacroAlgaeBiorefinery — sustainable production of third generation (3G) bioenergy carriers and high
value aquatic fish feed from macroalgae (MAB3)”. Forskningen er baseret pa den overordnede tese at
brunalger udggr en enorm, uudnyttet biologisk havresource, som kan opgraderes til energibzrere ved
hjeelp af nedbrydning til forgaerbare sukre. Forskningen i denne afhandling har fokuseret pa at optimere
forbehandling og enzymatisk forsukring af Saccharina latissima og Laminaria digitata med henblik pa
maksimal glukose-udskillelse.

RESULTATER: Den fgrste betingelse var at udvikle en robust metode, inklusive syrehydrolyse og
kompositionsanalyse, for at kunne skgnne brunalgernes kulhydratsammensaetning kvantitativt.
Monosakkaridsammensaetningen i fire forskellige prgver af brunalgerne Laminaria digitata og Saccharina
latissima blev sammenlignet i forskellige “high performance anion exchange chromatography” (HPAEC)-
metoder efter tre forskellige syrehydrolysebehandlinger eller en cellulasebehandling. HPAEC-analyse med
"pulsed amperometric detection” (PAD) forud for to-trinsforbehandling med 72% svovlsyre (H,SO,) i en
time ved 30 °C efterfulgt 4% H,SO, ved 120 °C i 40 minutter tillod at fastleegge brunalgers
kulhydratsammensaetning kvantitativt. Brugen af guluronic, glucuronic og galacturonic syrestandarder tillod
kvantificering af uronic-syrer. Variationen i biokemisk sammensatning i fire populationer af Saccharina
latissima og Laminaria digitata fra tre forskellige lokationer i danske farvande blev dokumenteret. Den
kemiske sammensaetning i brunalger varierede primaert med hensyn til sason, men ogsa med hensyn til
art, lokation, mellem ar og tilmed inden for population. Aske- og proteinkoncentrationer varierede inverst
med kulhydratkoncentrationer, og total kulhydratkoncentration varierede fra sason til seeson, szerligt via
lagring af kulhydraterne glukose og mannitol. Generalt var alginat det mest forekommende kulhydrat pa
alle lokationer fra december til sommer med op til 36% w/wpy pa vaegtbasis fgr glukosemaengden ndede
mindst samme stgrrelsesorden. Samlet alginatkoncentration var relativ fri for sasonudsving mens
munnuronic (M) og guluronic syre (G) havde store udsving henover aret. M/G-forhold varierede efter
saeson, art eller lokation fra 1,3 til 3,6 men uden tydeligt mgnster. De hgjeste glucan-koncentrationer var i
Autust for vildtvoksende L. digitata fra Nordsgen, med glukosepotentiale >50% w/wpy, for tre fortlgbende
ar (2012-2014) fulgt af mannitol-koncentrationer pa omkring 10% w/wpy og lave aske-koncentrationer pa
10-11% w/wpy. Samlet set fremstar glukose-koncentrationerne i L. digitata overlegne i forhold til S.
latissima. Dyrkning af S. latissima i Limfjorden, Danmark, med henblik pa at opna hgje glucan-
koncentrationer var ikke mulig pa grund af biologisk forurening over sommeren. Den gennemsnitlige N-
protein omregningsfaktor var 3,7 men spander fra 2,1 til 5,9. En fast omregningsfaktor kan derfor ikke
anbefales eftersom det samlede kvaelstofindhold var mere variabelt end proteinindholdet. Vasket L.
digitata hgstet fra den danske del af Nordsgen i august 2012 indeholdt samlet organisk materiale pa 84%,
primaert glukose (51% w/wpy), inklusive en mindre andel mannitol (8% w/wpw), hvilket ggr dette materiale
til et ideelt rdmateriale til biokatalytisk processering for at opna maksimal udskillelse af glukose.

Betydningen af formaling som forbehandling for at gge enzymatisk nedbrydelse blev studeret pa den
glucanrige L. digitata (Nordsgen, august 2012). Metoden vad raffineringsformaling, med afstand mellem
roterende skiver pa 0,1-2 mm, genererede populationer med forskellige partikelstgrrelser, hvor hgjere
formalingsgrad fgrte til mindre, gennemsnitlig overfladeareal (100-0,1 mm?). Formaling med skiveafstand
mindre en algens tykkelse (<1 mm) ggede partikelvolumen af det formalede algeslam mens hgjere
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formalingsgrad (mindre skiveafstand) ogsa medf@rte hgjere kulhydrat-solubilisering fra material, saerligt for
glucan og mannitol. Mindre partikelstgrrelse forbedrede dog ikke den enzymatiske glukoseudskillelse.
Formaling var derfor ikke ngdvendig for enzymatisk forsukring fordi al tilgaengelig glukose blev udskilt fra
selv ikke-formalet materiale under kombineret behandling med alginatlyase og cellulase-praparatet
Cellic®CTec2. Tilsyneladende katalyserer alginatlyase (Sigma Aldrich) spaltningen af alginat pa substratet,
hvilket bade seenker viskositeten af substratets alginat og solubiliserer alginatet katalytisk sa der opstar
adgang til glucanet i brunalgens cellevaegsmatrix.

Betydningen af alginatlyase som supplement til cellulase-behandling for nedbrydning af brunalger blev
studeret yderligere pa L. digitata. To bakterie-alginatendolyaser (EC 4.2.2.-) fra Sphingomonas sp. (SALy) og
Flavobacterium sp. (FALy) blev udvalgt til heterolog, mono-komponent-ekspression. i Escherichia coli. Det
optimale pH-spaend for SALy var pH 5,5-7,5 med optimum ved pH 6. Optimum for FALy og den kommercielt
tilgaengelige alginatlyase fra Sigma Aldrich (SigmALy) var pH 7,5. De undersggte reaktionstemperaturer pa
30-50 °C pavirkede ikke aktiviteten. Termisk stabilitet reduceredes ved temperature over 50 °C, for
SigmALy’s vedkommende 40 °C. FALy foretrak poly-mannuronic syre som substrat, men udtrykte ogsa
aktivitet pa poly-guluronic syre, mens SALy viste stgrre aktivitet pa poly-guluronic syre og SigmALy kun var
aktiv pa poly-guluronic syre. Efterfglgende blev alginatlyase anvendt sammen med det i handel tilgeengelige
cellulasepraeparat Cellic®CTec2, udvundet af svampe, ved pH 6 og 40 °C pa glucanrige L. digitata. Et fald i
viskositet blev observeret i de fgrste minutter mens alginatnedbrydelse primaert foregik inden for de fgrste
1-2 timers reaktion. Niveauet af udskilt mannuronic syreblokke var omvendt proportionalt med
glukoseudskillelse hvilket tyder pa at nedbrydelsen af mannuronic syreblokke haemmede cellulase-
katalyseret glukoseudskillelse fra L. digitata. Alene den selektive aktivitet af SigmALy pa guluronic syre
medfgrte en 90% glukoseudskillelse inden for 8 timer af cellulasepraeparatet Cellic®CTec2. lkke desto
mindre, sa fgrte kombineret alginatlyase og cellulasebehandling i 24 timer til udskillelse af al tilgeengelig
glucose uanset valgt lyase. Behandling med en blanding af 1% w/wpy SigmALy og 10 % v/wpy Cellic®CTec2
ved pH 5 og 40 °C udskilte den tilgeengelige glukose i Igbet af 8 timer. To tredjedele af glukosen blev udskilt
ved lavere enzymdosering. Simpel anvendelse af blot glucanase-praparat medfgrte udskillelse af kun
halvdelen af den tilstedeveerende glukose efter 8 timer. Analyse efter enzymatisk behandling indikerede en
potential udvinding af proteiner fra restproduktet og den sulfaterede polysakkarid fucoidan oplgst i
vaesken.

KONKLUSION: Resultaterne i denne PhD demonstrerer at brunalger kan fuldsteendig degraderes
enzymatisk med kombineret cellulase- og alginatlyasebehandling efter formaling. Arbejdet viser tilmed at
bioraffinering af brunalger med eksisterende state-of-the-art teknologi er meget afhaengig af dyrkningen,
iseer dyrkningssted og —saeson, af et egnet ramateriale til opnaelse af maksimal glucanindhold og dermed
maksimal glukoseudskillelse.
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0. HYPOTHESES AND OBJECTIVES

This PhD study has dealt with the evaluation of the following concept:

Glucose from glucan rich brown seaweed can be biocatalytically released
given the right enzymatic treatment post refiner milling

For this concept to work, the potential of this new biomass resource must be evaluated. Furthermore,

laboratory technologies for the pretreatment and enzymatic deconstruction of brown seaweed must lead

to a maximum release of glucose. The evaluation of these requirements is based on the following posed

hypotheses:

site specific and seasonal factors influence the glucose potential of brown seaweeds,

brown seaweed harvested in late summer is a rich glucan source for glucose based biorefinery
concepts,

only minor pretreatment is required for enzymatic seaweed saccharification since brown
seaweed plant tissue is soft and free of lignin,

enzymatic decomposition of brown seaweed can be achieved by alginate and glucan degrading
enzymes,

brown seaweed glucan is accessible for expansive glucose release over a short period of
enzymatic treatment,

alginate lyase induced viscosity reduction supports enzymatic release of glucose, and
by-products mannitol, proteins and fucoidan remain after the saccharification of the brown
seaweed.

In order to investigate the validity of these hypotheses, the following specific objectives were set:

1.

develop a fast and reliable method for characterization of the biomass, notably with respect to
the carbohydrate composition, in order to assess the carbohydrate potential of brown seaweeds,
evaluate the effect of milling pretreatment on the subsequent enzymatic glucose release,

a) assess the potential of cellulases for degradation of brown seaweed glucans,
b) evaluate the application of alginate lyase as a tool to support of enzymatic glucose release,
optimize enzyme dosages and the period of time for the enzymatic treatment,

assess the liquefaction of brown seaweed during the application of alginate lyase and compare
the induced viscosity reduction to the enzymatic saccharification, and

investigate the saccharified brown seaweed for potential by-products.
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1. INTRODUCTION

On the 12" of December 2015, all 195 states at the United Nations Climate Change Conference, COP 21, in
Paris, France negotiated a global agreement to achieve zero net greenhouse gas emissions and pursue
efforts to limit the temperature increase to 1.5 °C during the 21°* century (Sutter et al., 2015). Even though
the legal binding of the agreement is pending the need for alternative sources for substitution of oil derived
products and energy is behind any doubt.

Nowadays, first generation biofuels are produced from food crops, such as corn and sugar cane which
requires arable land and freshwater and thus resulting in land use competition with food crops or indirect
land use changes which can exacerbate climate change. While biofuels from lignocellulosic materials (2™
generation) still occupy land producing 3" generation biofuels in the sea could eliminate many of the
problems associated with conventional biofuels.

Macroalgae, or seaweed, is a robust crop that requires zero fresh water, arable land, pesticides or fertilizers
(Aitken et al., 2014). The biomass potential with an average photosynthetic efficiency of 6-8 % is much
higher than of land based crops with 1.8-2.2 % (Aresta et al., 2005). Macroalgae therefore, serve as a sink
to assimilate carbon dioxide and nitrogen, minimizing their influence to the environment and converting
them back into valuable carbohydrates and proteins for biofuels, food application or highly valuable
feedstocks for the pharmaceutical and cosmetic industries (Singh et al., 2011; Wijesinghe and Jeon, 2012;
Kraan, 2013). However, the biochemical composition of brown seaweeds varies profoundly especially with
regard to the biofuel potential (Adams et al., 2011; Schiener et al., 2015). In this respect, identification of
the right time and place for harvest of seaweed for bioenergy is indispensable (Kerrison et al., 2015).

In “The MacroAlgaeBiorefinery (MAB3)” project, two brown macroalgae (Saccharina latissima and
Laminaria digitata), naturally growing around the Danish coast line were investigated for an integrated
biorefinery concept into energy carriers and extraction of proteins from the energy conversion processes.
While the MAB3 project considers all aspects from cultivation, harvesting, and conversion of biomass up to
sustainability and feasibility studies, the main task of the present PhD study was the development of
pretreatment and enzymatic deconstruction technologies to release in particular maximal glucose from
brown seaweed.

Whereas enzymatic hydrolysis of lignocellulosic feedstocks is inefficient without a preceding hydrothermal
or other physicochemical biomass pretreatment (Alvira et al., 2010), such harsh pretreatment may not be
required for enzymatic seaweed saccharification because the plant tissue of brown seaweed is soft and free
of lignin (Roesijadi et al., 2010; John et al., 2011). Another difference from terrestrial biomass is that in
brown seaweeds the main matrix polysaccharide is alginate, which constitutes a key component of the
seaweed cell walls (Deniaud-Bouét et al., 2014). This suggested the potential of employing alginate lyases
for pretreatment of macroalgae for biofuel production (Kim et al., 2011a; Kraan, 2013).

The objective of this PhD study was to assess the significance of pretreatment on enzymatic saccharification
of brown seaweed biomass. In particular the impact of alginate lyase treatment for enhancing the
enzymatic glucose release was assessed. To evaluate the carbohydrate potential, another major objective
was to develop a fast and reliable method for quantitative determination of the carbohydrate composition
of brown seaweeds.
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2. BROWN SEAWEED
Laminaria digitata and Saccharina latissima

2.1. Perspective background

Phylogenetically, the “kelp” type brown seaweeds (Phaeophyceae) belong to a major line of Eukaryotes,
with the stramenopiles and the sublittoral zone forming the typical habitat for kelps. In contrast to most
species of this domain, brown seaweed evolved complex multicellularity and plant-like structures (Michel
et al., 2010a; Deniaud-Bouét et al., 2014).

Brown seaweeds with over 1500 species worldwide are widely distributed in marine temperate and polar
waters and are the most complex and largest of the macroalgae. They are common on rocky shorelines,
and their olive green to dark brown color derives from yellow-brown pigments. The large “kelp forests”
with lengths of up to 45 m (Macrocystis pyrifera) serve as ecological habitat and refuge for many marine
organisms. Temperatures between 5 and 15 °C guarantee optimal growth but some species can tolerate up
to 25 °C and others temperatures of -1.5 °C. Tolerances to salinity are similar and most suitable salinities
are of 25-35 practical salinity units (PSU). Further requirements are adequate water movement in order to
deliver nutrients and carbon dioxide. In addition, sufficient light must be available to allow photosynthesis
(Dean and Jacobsen, 1984; Bold and Wynne, 1985; Kerrison et al., 2015).

For Danish marine waters 26 species of brown algae were reported (Middelboe et al., 1998). Among these
species Saccharina latissima and Laminaria digitata are the most common species which may be suitable
for large-scale offshore cultivation (Kerrison et al., 2015). Phytomorphologically, the root-like holdfast of
brown seaweeds, which anchors to the fixed substrates (bedrocks, boulders, etc., or cultivation lines), joints
the flexible stipe with the large blades. The sugar kelp S. latissima consists of a long undivided blade of up
to 3-4 m (Figure 1A). L. digitata is commonly called finger kelp attributed to its finger like segments of the
large blade (Figure 1B). Finger kelps grow commonly to about 2 m of length.

A B

Figure 1: Phytomorphological appearance of the brown seaweeds (A) Saccharina
latissima and (B) Laminaria digitata.
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Recent genome annotation has revealed the unique carbohydrate metabolism of brown seaweed that
converts the photoassimilate D-fructose-6-phosphate into D-mannitol. Mannitol and laminarin represent
the unique storage carbohydrates in brown seaweeds. Unlike red and green macroalgae, pathways for
sucrose, starch and glycogen synthesis are absent in this type of seaweed. Instead, long term carbon
storage is based on the soluble vacuolar glucan laminarin (Michel et al., 2010b). The deposits of mannitol
and laminarin carbohydrates in sieve elements of the lumina can be easily mobilized and transported to the
rapidly growing parts of the kelp (Michel et al. 2010b). Like terrestrial plants brown algae consists of
cellulose but lignin is absent (Michel et al., 2010a). Further structural carbohydrates of the brown seaweeds
are alginate and fucoidan.

The major polysaccharide in brown seaweed cell walls is alginate, whereby, especially the Ca®* crosslinked
regions are designated to strength the cell wall. Fucose-containing sulfated polysaccharides (fucoidan) are
localized mainly among the cellulose microfibrils and serve for binding alginate with cellulose, which forms
the 3-D structure of the cell wall (Figure 2). Notably, it is hypothesized that hemicellulose might bridge the
fucoidan with the cellulose (Deniaud-Bouét et al., 2014). However, the occurrence of hemicellulose in
seaweed was only confirmed for green macroalgae, also only in minor amounts (Mikkelsen et al., 2014).
Furthermore, fucoidan are also associated with proteins in the cell wall (Figure 2). It has been suggested
that while cross-linkages of alginate with phenols regulate the strengthening of the cell wall in the
amorphous sections, sulfated polysaccharides (fucoidan) may also play a role in the adaption to osmotic
stress (Michel et al., 2010a, Deniaud-Bouét et al., 2014).

Hemicellulose
— Cellulose microfibril

Sese ( ° & Fucose-containing
= : sulfated

polysaccharides

— Alginate, with:

M-rich region
e Ca?*-linked region
(G-rich)
Protein
Phenol
lodide

50 nm

Figure 2: Cell wall model for brown algae from the order Fucales (Deniaud-Bouét et al., 2014). Remark:
Fucus spp. usually contain of relative high fucoidan concentration (Obluchinskaya, 2008).
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2.2. Biochemical composition (PAPER I)

Brown seaweeds are highly heterogeneous in their carbohydrate composition and their polysaccharides
differ profoundly to those in terrestrial plants. Brown seaweed biomass is mainly composed of B-linked
polysaccharides of neutral sugars, the sugar alcohol mannitol and uronic acids. Apart from the
carbohydrates brown seaweed also possess significant amounts of proteins and high ash contents. As
emphasized for iodide in Figure 2, p. 12 also the heavy metals are being absorbed by the cell wall
constituents. Furthermore, minor quantities of lipids, vitamins, pigments, phenols, essential minerals and
halogens like iodine and chlorine are present.

In the past, several extraction and determination methods for analyzing the compounds of brown seaweed
have been developed but no method existed for qualification and quantification of all carbohydrates
existed. Hence, the first objective of this PhD study was to establish a “Methodology for quantitative
determination of the carbohydrate composition of brown seaweeds (Laminariaceae)” (PAPER |).

2.2.1. Carbohydrates

In PAPER| the monosaccharide composition of brown seaweeds Laminaria digitata and Saccharina
latissima were compared by different high performance anion exchange chromatography (HPAEC) methods
after different hydrolysis treatments. A conclusive database of brown seaweed compounds was generated
by adding quantification of proteins, minerals (ash) and lipids (PAPER ).

The optimal type of acid hydrolysis treatment depends on the type of plant material, and no universal
method exists. For pectinaceous plant materials, rich in uronic acid contents, treatment with hydrochloric
acid (HCI) or trifluoroacetic acid (TFA) is usually favored (Arnous and Meyer, 2008) whereas for
lignocellulosic biomass acid hydrolysis with sulfuric acid (H,SO,) is generally preferred (Willfor et al., 2009;
Sluiter et al., 2011). Analogously, for brown seaweed a two-step H,SO, hydrolysis (1. step: 72 % H,SO, at
30 °Cfor 1 h; 2. step: 4% H,SO, at 120 °C for 40 min) performed best (Table 1; H,SO,, method A), while TFA
hydrolysis was unable to decompose the seaweed biomass sufficiently (PAPER ). The sulfuric acid
treatment was slightly modified (40 min instead of 60 min) from the original NREL protocol for
determination of structural carbohydrates in biomass (Sluiter et al., 2011).

HPAEC-Borate has been established as an optimal analytical method for analysis of lignocellulosic
carbohydrates (Willfor et al., 2009). Accordingly, for determination of typically lignocellulosic carbohydrates
such as glucose, xylose and mannose in acid hydrolysates of brown seaweed, the HPAEC-Borate method
produced highly reproducible results (Table 1). In contrast, the high heterogeneity in the type of
monomeric compounds and the high amounts of B-bonds in the polysaccharides in the brown seaweed
along with high ion load challenged the analysis and could cause elevated deviations. However, it was only
possible to detect all carbohydrates especially mannitol and uronic acids by HPAEC with pulsed
amperometric detection (PAD) in NaOH solution (Table 1). Based on the results presented in PAPER | the
HPAEC-PAD method for determination of all carbohydrate monomers from one hydrolysate of brown
seaweed was established (PAPER I).
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Table 1: Hydrated monomeric carbohydrate yields (W/Wgr, matter) Of brown seaweeds after
different hydrolysis treatments of glucose after HPAEC-Borate and HPAEC-PAD analysis and
uronic acids (for a more detailed table including the statistical analysis see PAPER /).

glucose uronic acids”
Sample Hydrolysisl [% w/wppm] [% w/wWpwm]
treatment
HPAEC-Borate HPAEC-PAD HPAEC-PAD
HCIO, 1.1+£>0.1 13+0.1 7.6+0.9
L. digitata H,SO, (method A) 7.9+0.2 7.8+0.2 325+35
(Apr'12) H,S0O, (method B) 7.4+0.2 6.4+0.2 26.0+1.1
enzym. glc release 8.7+0.1 10.7+0.4 n.d.
HCIO, 0.8+0.1 09+0.1 7.2+0.9
S. latissima H,S04 (method A) 6.5+>0.1 6.8+1.2 31.8+5.4
(Apr'12) H,S0, (method B) 59+0.4 4.6+0.2 21.8+0.9
enzym. glc release 8.5+0.1 13.1+34 n.d.
HCIO, 449+23 533+17 19.3+0.5
L. digitata H,SO, (method A) 56.6 £1.2 57.1+39 24.4+0.7
(Aug'12; washed) H,50,(method B) 55.0+0.2 439+49 18.7+2.6
enzym. glc release 63.7+5.2 68.2 £0.3 n.d.
HCIO, 494 +4.4 53.7+1.7 14.2+0.8
L. digitata H,S0, (method A) 57.5+0.8 56.5+9.2 17.2+£2.5
(Aug'12) H,S0, (method B) 55.3+0.1 43.6+2.8 13.9+1.0
enzym. glc release 72.5+0.4 77.0+£0.7 n.d.

1HC|O4: perchloric acid hydrolysis; H,SO,: sulfuric acid hydrolysis where post-hydrolysis with 4 % H,SO,
labelled as method A and 2% H,SO, as method B; enym. glc release: hydrolysis with cellulase
preparation Cellic®CTec2; n.d. = not detected

2 . . - . N .

uronic acids determined as galacturonic acid equivalents

Using HPAEC-PAD, for brown seaweed Laminaria digitata harvested from the Danish North Sea in August
2012 a total carbohydrate content of 80.0 % W/Wgry matter (W/Wpy) Was determined. The quantitation of
50.9 % w/wpy dehydrated glucose moieties represent the highest concentration has been reported in
literature for brown seaweed. The high glucose content along with 10.4 % w/wpy, mannitol and a low ash
content (11.9 % w/wypy) indicates that L. digitata is a predestinated candidate for e.g. biofuels (PAPER I) and
was subjected to further investigations in this PhD study (see section 3.).

The carbohydrates in brown seaweed can be distinguished as structural carbohydrates and storage
carbohydrates (see section 2.1., p. 12). The structural polymers in brown seaweed are:

= alginate, or alginic acid, composed of guluronic acid and mannuronic acid,

= fucoidan, a heterogeneous branched and sulfated polysaccharide; composed of fucose along with
other monosaccharides and uronic acids, and

= cellulose, composed of glucose.
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Storage carbohydrates are built up during times of high photosynthetic activity and simultaneous
restriction of bioavailable nitrogen. Therefore, the storage carbohydrates undergo particularly seasonal but
also spatial variations. The storage carbohydrates in brown seaweeds are:

= |aminarin, a reserve polymer composed of glucose with residual branches, and
= mannitol, present in monomeric form or as termination of a laminarin chain at the reducing end.

Structural carbohydrates

ALGINATE. The linear chains of alginic acids consist of 1,4-glycosidically linked a-L-guluronic acid (G) and B-
D-mannuronic acid (M) in varying proportions (Figure 3). Normally the M/G ratio ranges between 1.2 to 2.1
(Percival and McDowell, 1967; Aarstad et al., 2011), however in case of L. digitata (harvested North Sea,
August 2012) high contents of mannuronic acid and thus high M/G ratio of 2.8-3.0 were found (PAPER ).

The chains of alginic acid are made up of different blocks of guluronic and mannuronic acids, which are C-5
epimers (Percival and McDowell, 1967). The blocks are referred to as MM blocks or GG blocks, but less
crystalline MG/GM blocks may also occur (Figure 3). The degree of polymerization (DP) of MM- and GG-
blocks is compositionally homogenous with a DP 290. In contrast, the DP of the alternating sequences
(MG/GM-blocks) are usually much smaller blocks and highly diverse (Aarstad et al., 2011). Alginate is the
salt of alginic acid and is water soluble with monovalent ions, e.g. K*, Na*, and insoluble with di-/polyvalent
ions (except Mg”). In the presence of Ca*" the GG blocks form ionic complexes to generate a stacked,
folded and rigid structure known as the “egg-box model” (Figure 4), responsible for hard gel formation that
ensures the stiffness in the polymer chain (Percival and McDowell, 1967; Rhein-Knudsen et al., 2015).
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Figure 4: Schematic representation of the calcium-
(®) induced gelation of alginate in accordance with the

“egg-box” structure (Davis et al., 2003).
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Figure 3: Alginate structural data: (a) alginate monomers (M vs. G);

(b) the alginate polymer; (c) chain sequences of the alginate polymer
(Davis et al., 2003).

The intense hydrolysis condition during lignocellulosic biomass treatment with acids, such as sulfuric acid, is

known to cause decarboxylation of uronic acids. However, acid hydrolysis is required for degrading the
crystalline structures of polysaccharides (Willfor et al., 2009). In PAPER I, surprisingly, the highest
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monosaccharide levels of brown seaweed were generally achieved with H,SO, hydrolysis, notably with
regard to the detection of uronic acids. However, this finding was in agreement with the report of Percival
and McDowell (1967), that polysaccharides containing high levels of uronic acids, like alginate, need drastic
hydrolysis conditions to achieve a satisfactory decomposition into their carbohydrate monomers.

Nowadays, high performance anion exchange chromatography coupled with pulsed amperometric
detection (HPAEC-PAD) is commonly used for the analysis of uronic acids (Willfor et al., 2009). Therefore,
the uronic acid monomers of the brown seaweed samples namely mannuronic, guluronic and glucuronic
acid were also effectively separated and detected by HPAEC-PAD. However, due to the lack of a pure
commercially available standard mannuronic acid was likely quantified as galacturonic acid equivalents
(PAPER ).

In literature the alginate is noted with levels differing from 17 to 45 % (@stgaard et al., 1993; Schiener et al.,
2015; Holdt and Kraan 2011). Similarly, amounts of 17-31 % w/wy,, of hydrated alginic acid monomers were
detected in the study of PAPER | for S. latissima and L. digitata collected in April. Here, alginic acid was the
predominant component along with high levels of ash. Furthermore, changes in the M/G ratio from 2 in
April 2012 to 3 in August 2012 (e.g. the washed L. digitata from August consisted of 17.2 % mannuronic
acid and 5.7 % w/w guluronic acid w/wpy,) indicated different structures in the composition of alginate
(PAPER I).

Another uronic acid, glucuronic acid, was detected in relative small amounts of 1 % w/wpy (PAPER I). The
presence of the glucuronic acid and also galacturonic acid in brown seaweeds was mentioned by studies
focused on the structure of brown seaweed fucoidans (Cumashi et al., 2007, Rioux et al., 2010).

FUCOIDAN. The fucose-containing sulfated polysaccharide fucoidan constitute another unique type of
brown seaweed polysaccharide. The chemical structure and the abundance of the sulfated fucans making
up fucoidan in brown seaweeds are heterogenic and represent the mixtures of structurally related
polysaccharides with certain variations of the content of carbohydrate units (Ale and Meyer, 2013).
Primarily, fucoidan from the Laminariaceae are composed of a backbone of a-1,3-linked- L -fucopyranose
residues (Figure 5) with sulfate substitutions at C-4 (Figure 6 - A) and occasionally a second at the C-2
position (Figure 6 - B). Additionally, the fucose backbone some carries 2-O-a-L-fucopyranosyl substituents
at the C-2 position (Figure 6 - C) (Cumashi et al., 2007).
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Figure 5: Homofucose backbone constructed of repeating Figure 6: Structural motifs for fucoidan isolated from the
fucose residues. R depicts the places of potential brown seaweeds S. latissima. A: 4-sulfated; B: additionally 2-
attachments of carbohydrate (a -L-fucopyranose, a -p- sulfated; C: 2-O-a-L-fucopyranosyl substituent (Usov et al.,
glucuronic acid) and non-carbohydrate (sulfate and acetyl 1998; Cumashi et al., 2007).

groups) substituents (Cumashi et al., 2007).

Hence, fucoidan of the Laminariaceae Saccharina latissima and Laminaria digitata are primarily made of
fucose and SOsNa. In addition, other glycosyl such as galactose, xylose, mannose, glucose, glucuronic acid
and galacturonic acid occur in different amounts and may even have acetate substitutions (Bilan et al.,
2010; Rioux et al., 2010). For example, Cumashi et al. (2007) studied S latissima and L. digitata and found
the composition of fucoidan as presented in Table 2.

Table 2: Biochemical composition of fucoidans (in %, w/wpy) of S. latissima and L. digitata (Cumashi et al., 2007).

seaweed source fucose xylose mannose glucose galactose  uronic acids SOz;Na
S. latissima 36.7 1.2 1.0 2.2 4.6 4.8 29.6
L. digitata 30.1 1.9 1.7 14 6.3 7.0 27.5

While brown seaweeds, especially of the genus Fucus sp., fucoidan concentrations can reach 15 %
S. latissima consisted of comparable lower levels of 9 % w/wpy (Obluchinskaya, 2008). Considering that the
monosaccharide composition presented in Table 2 represents approx. 10 % of the total seaweed biomass
the finding of fucose of 2-4 % w/wpy along with 1-2 % w/wpy of glucuronic acid and 1.3-2.2 % w/wpy of
other carbohydrates such as xylose and mannose reflected the expectation with regard to composition and
portions of fucoidan related monosaccharides in S. latissima and L. digitata (PAPER |).

CELLULOSE. Cellulose is the most abundant organic substance in terrestrial plant materials. Brown
seaweed, however, contains 10-15 % w/wpy cellulose (Siddhanta et al., 2005; Schiener et al., 2015). It is
composed of B-1,4-glycosidically linked chains of D-glucose, congregated to fibrils by extramolecular
hydrogen bondings. The elementary fibrils are either ordered (crystalline structure) or less ordered
(amorphous structure), both structure present in brown seaweed (Siddhanta et al., 2005).

Glucose is present not only in cellulose but also in laminarin (for laminarin see next page). This agrees with
the experimental findings that enzymatic liberation of glucose from brown seaweeds is effectively
accomplished by enzyme cocktails harboring B-1,3-glucanases and cellulases (Adams et al., 2009, 2011; Kim
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et al., 2011b; Yanagisawa et al., 2011). Hence, qquantification of the cellulose content by HPAEC analysis of
monomeric glucose requires distinguishing between glucose from the structural cellulose and the non-
structural laminarin. Schiener et al. (2015) quantified the total glucose of brown seaweed after two-step
sulfuric acid hydrolysis and HPLC analysis similarly to PAPER I. In another method they applied a weaker
single step acid hydrolysis for extraction and hydrolysis of laminarin and mannitol. Finally, the cellulose
content was determined by subtracting the laminarin derived amount of glucose (identified by the soft
hydrolysis) from the total glucose content (analyzed after two-step sulfuric acid hydrolysis).

L. digitata collected in August 2010 by Schiener et al. (2015) consisted of a total glucose of approx. 28 %
w/Wpum. By subtracting the glucose derived from laminarin the cellulose content was attributed to approx.
11 % w/wpy, similar to the sample from 21/03/2011 where the laminarin level was depleted (Schiener et
al.,, 2015). By comparison, L. digitata collected in April 2012 consisted of similar total glucose of 7.9 %
w/Wpym, Whereas, L. digitata collected from the North Sea in August 2012 contained 57 % w/wpy glucose
(i.e. approx. 51 % w/wpy, dehydrated glucose), a much higher concentration (PAPER I).

Storage carbohydrates

Mannitol and laminarin represents the storage carbohydrates of brown seaweeds. Mannitol is present in
monomeric form and as termination residue on laminarin chains (@stgaard et al., 1993; Rioux et al., 2010).
The laminarin backbone consists of B-1,3 bonded glucose carrying occasional B-1,6 branched glucose
substituents (Figure 7A) (Torosantucci et al., 2005). A typical chain is presumed to be made up of about
25 units that may be terminated at the reducing end with b-mannitol (M-chain; Figure 7B) or glucose (G-
chain; Figure 7C), i.e. in different ratios (Percival and McDowell, 1967; Rioux et al., 2010). Hence, mannitol
makes up to 5 % (W/Wpm aminarin) Of the total laminarin carbohydrates (Rioux et al., 2010).
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Figure 7: Laminarin structure: (A) B-1,3-linked glucan chain; (B) and (C) mannitol or
glucose attached to the reducing end (Davis et al., 2003; Torosantucci et al., 2005).

Liberation of mannitol and glucose from laminarin can be achieved by acid treatment (0.5 M H,SO,) and
specific enzymes (laminarinase) (Adams et al., 2011; Schiener et al., 2015). In both investigations, laminarin
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contents below 5% w/wpy were analyzed when L. digitata and S. latissima were collected in the first
quarter of the year. At this time of the year, total mannitol levels of 5-10 % w/wpy, for L. digitata and 10-
15 % w/wpy for S. latissima were measured (Adams et al., 2011; Schiener et al., 2015).

In PAPER I, both species collected from the Kattegat (Baltic Sea) in April 2012 had slightly lower mannitol
levels of 4% and 6 % w/wpy for L. digitata and S. latissimi, respectively. However, North Sea L. digitata
from August 2012 consisted of approx. 10.4 % w/wpn. Washing of the seaweed prior to analysis reduced
the mannitol content to 8.0 % w/wpy. Total glucose determination for the seaweeds from April 2012
revealed levels of 6.5 % and 7.9 % (PAPER I). Since the storage laminarin not typically present early in the
year, these glucose contents presumably attribute to the cellulose content alone. Contrarily, the high
glucose level of 57 % w/wpy of L. digitata (North Sea, August 2012) indicated the presence of laminarin.

2.2.2. Proteins and minerals (ash)

Ash content and mineral composition of brown seaweeds differ highly from terrestrial plants and vary
seasonally (Indergaard and Minsaas, 1991; Morrissey et al., 2001). In general, brown seaweeds have higher
ash contents than other seaweed types (Ruperez, 2002). The investigated seaweed samples from April 2012
had an ash content of over 30 % w/wpy. In contrast, when storage carbohydrate contents of glucose and
mannitol were high, L. digitata possessed an ash content of just 11.9 % w/wpn. By applying washing as
pretreatment the ash content was lowered to 7.9 % (PAPER ). Similarly, ash of approx. 10 to 40 % w/wpy
was reported in literature, for L. digitata and S. latissima (Ross et al., 2008; Adams et al., 2011; Schiener et
al., 2015). Together with sodium and potassium, calcium, phosphorus and sulfur were the major minerals in
brown seaweed (PAPER |).

Protein content is known to range from 3-21 % w/wpy for L. digitata and S. latissima (Morrisey et al., 2001;
Holdt and Kraan, 2011). The differences are primarily being due to the source and season, but are also
affected by the application of different nitrogen-to-protein factors. The most commonly used factor for
calculating the protein content of plant material from the nitrogen content is 6.25. Generally, conversion
factors are higher by Kjeldahl than for total nitrogen measured by elemental analysis (Gonzalez et al., 2010;
Slocombe et al., 2013). Furthermore, the presence of non-protein nitrogenous substances such as pigments
and dissolved inorganic nitrogen affect the factor (Lourenco et al., 2002). The levels of inorganic nitrogen in
seawater differ seasonally (Zimmerman and Kremer, 1986; Carstensen et al., 2006). Lourenco et al. (2002)
performed amino acid analysis and elemental analysis for total nitrogen and calculated N-to-protein
conversion factors with amino acid residues divided by nitrogen. The investigation of four brown seaweeds
species revealed a nitrogen-to-protein factor of 5.4 +0.5. Furthermore, a literature study based on all
available protein concentrations for brown, red and green seaweed suggested a global N-to-protein factor
for seaweed of 5 (Angell et al., 2015).

Compared to 3 % total amino acids present in L. digitata from August 2012, relatively high levels of 9-10 %
w/wpy of total amino acids (protein) were found in the brown seaweed samples from April 2012. The
determined N-to-protein factor was 4.0; in particular 3.4 for L. digitata (April 2012), 4.4 for L. digitata
(August 2012), and 3.8 for S. latissima. This indicated that application of any nitrogen-to-protein factor,
such as 6.25, 5.4, 5.0 or 4.0, should be used carefully in order to avoid a potential risk of misestimating
(PAPER I).
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2.2.3. Overall database of compounds

Multiple extraction and quantification methods are commonly applied to generate a database of all
particular seaweed compounds (Obluchinskaya, 2008; Schiener et al., 2015). However, application of
multiple methods influences in particular the accuracy of the total mass balance, through the introduction
of impurities, as well as losses. For example, Rioux et al. (2007) analyzed all compounds from brown
seaweed. A sum-up of all extracted fractions of carbohydrate including proteins and lipids led to a
maximum yield of 2/3 of the expected carbohydrate yield calculated as the subtraction of ash, protein and
lipids content from the total mass (Rioux et al., 2007).

Table 3 displays a conclusive map of the major brown seaweed compounds such as structural and non-
structural carbohydrates, proteins and ash (proxy for minerals). Furthermore, the total lipid concentration
was determined but did not exceed levels of 1 % (w/wpn). The quantification of all carbohydrate monomers
from one hydrolysate of brown seaweed was achieved HPAEC-PAD analysis (see section 2.2.1., p. 13f).
Performance of amino acid analysis for total protein and incineration for ash contents completed the mass
balance. Through the use of these three methods total yields (for ash, protein and carbohydrates) between
86.7 % and 95.5 % w/wpy were detected for brown seaweed samples in Table 3. Additionally, the mass of
total organic compounds (carbohydrates, protein and lipids) was successfully cross-verified with the sum of
C, H, N and O as total organic compounds received from elemental analysis (PAPER I).

The brown seaweeds Laminaria digitata and Saccharina latissima collected in April in the Danish Kattegat
(Baltic Sea) showed only minor differences in their composition (Table 3). Here their total detected organic
matters were approximately 56 % w/wpy and the ash content ranged between 31-35 % w/wpy. In contrast,
August collected L. digitata from the Danish North Sea had a much higher organic matter of 84 %
dominated by glucan with 51 % w/wpy (Table 3). Therefore, L. digitata from the Danish North Sea is
predestinated for biofuel production in biorefineries (PAPER I).

Table 3: Mass balance [% w/wpy] of analyzed L. digitata and S. latissima from the Kattegat of April 2012 and L. digitata
from the North Sea of August 2012 after and prior washing. Each data represents the average (+ SD) of individual triplicates
(for more details and the statistical analysis see PAPER I).

sample ash protein N ManA“?  GulAY? glucose1 mannitol' fucose® others”®  total®
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
L. digitata 31.0 9.3 2.7 18.7 9.5 7.0 4.1 3.6 3.5 86.7
(Apr'12) +0.1 +0.4 +>0.1 +2.0 +1.0 +0.2 +0.4 +0.4 +0.5 +5.0
S. latissima 34.6 10.1 2.6 19.5 8.2 6.1 6.5 2.6 2.9 90.5
(Apr'12) +0.2 +0.1 +>01 +33 +1.5 +1.1 +1.1 +0.5 +0.6 +8.4
L. digitata 7.9 3.1 0.7 15.7 5.2 51.4 8.0 2.1 2.1 95.5
(Aug'12; washed) +>0.1 +0.4 +>0.1 +0.5 +>0.1 +35 +0.3 +0.1 +0.7 +5.6
L. digitata 11.9 3.1 0.5 111 2.3 50.9 10.4 1.7 1.8 93.2
(Aug'12) +0.1 +0.2 +>0.1 +1.6 +0.6 +7.4 +1.8 +0.4 +0.4 +12.5

'all values are given from hydrated monomers (conversion factors for dehydration on polymerization: uronic acids = 0.91; glc, gal, man =
0.90; fuc, rha = 0.89; xyl, ara = 0.88); “GulA = guluronic acid, ManA = mannuronic acid (given as galacturonic acid equivalents); >total of
arabinose, rhamnose, galactose, xylose, mannose and glucuronic acid; “as sum of all detected compounds exclusive nitrogen
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2.3. Compositional variation (PAPER II)

In the waters of the relatively cold Northern hemisphere, such as the European, North American, and
Canadian waters, the biochemical composition of brown seaweeds varies throughout the year. At the
beginning of the spring, when the storage carbohydrates are at minimum, contents of especially ash and
protein are at their maximum. In autumn, conversely, the storage carbohydrates mannitol and laminarin
are at their maximum (Black, 1950; Schiener et al., 2015). Danish marine waters are subjected to large
temporal and spatial variations influencing environmental growth parameters such as salinity, temperature,
nutrients, exposure and light among many others (Conley et al., 2000; Nielsen et al., 2016). Accordingly,
high differences concerning biomass yields and biochemical composition of Danish brown seaweed can be
observed (Marinho et al., 2015; Nielsen et al., 2016).

While seasonal and spatial variations in composition of brown seaweed biomass have been known for long
time in Europe (Black, 1950), compositional seasonal variations in macroalgae is in revision due to their
potential use as biofuel feedstock (Adams et al., 2011; Schiener et al., 2015). Furthermore, in Denmark
there is a need for a thorough analysis of the parameters important for the growth of locally grown and
cultivated S. latissima and L. digitata in order to understand which areas could be suited for future
cultivation practices.

Therefore, the carbohydrate potential of Danish brown seaweeds was assessed with the method developed
in PAPER I. The study was a collaboration with work package one (WP 1) of the MAB3 project (responsible
for seaweed cultivation and harvesting). In collaboration with WP 1 two approaches for analyzing the
influence of environmental factors on the growth of brown seaweeds were investigated. One study focuses
on the “Variation in biochemical composition of Saccharina latissima and Laminaria digitata along an
estuarine salinity gradient in inner Danish waters” (Nielsen et al., 2016). In the other study, seasonal and
spatial influences of L. digitata from the North Sea and two other wild seaweed populations from the
Kattegat at the Bay of Aarhus as well as one cultivation in the Limfjorden, Denmark were investigated for
“Compositional variations of brown seaweeds Laminaria digitata and Saccharina latissima in Danish
waters” (PAPER Il).

The high glucose yields from Laminaria digitata from the North Sea of August 2012 discovered as a result of
the research undertaken for PAPER I, was confirmed for the two sequential harvests of August 2013 and
2014 by the investigations of PAPER Il. Therefore, the North Sea L. digitata seaweed represented the most
suitable biomass for application as resource for bioenergy. For three sequential years (2012-2014) glucose
potential was >50 % w/wpy accompanied with mannitol of about 10 % w/wpy and low ash levels of 10-11 %
wW/Wpm. L. digitata from the North Sea was more exposed to elaborated water movements than the other
populations from the Danish waters. Among the site-specific physicochemical variables, temperature was
found to influence the chemical composition. The optimal temperature conditions at the exposed site of
the North Sea appeared to be optimal for high production of brown seaweed carbohydrates (PAPER Il).
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2.3.1. Variation in the composition of carbohydrates

The carbohydrate composition of the four brown seaweed populations varied with respect to location,
season, species and environmental conditions. Variations were more evident in Laminaria digitata than in
Saccharina latissima. Generally, alginate was the most abundant carbohydrate polymer but in time of high
accumulation of storage carbohydrates glucose levels were at least of the same magnitude (Figure 8)
(PAPER II).

The cultivated seaweed at Limfjorden (Figure 8C) differed from the three natural populations. Firstly, after
placement of the seedling lines in the cultivation site in September 2012, sampling was first possible the
following February 2013. Secondly, from May onwards growth was increasingly hampered by settling and
growth of various biofouling organisms on the S. latissima fronds. In August 2013, the biofouling caused
massive losses and the last sample obtained in August showed only small amounts of remaining
carbohydrates (PAPER Il).
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Figure 8: Seasonal variation from of the carbohydrate compositions of (A) S. latissima and (B) L. digitata from Danish Kattegat, (C)
S. latissima from the cultivation in Danish Limfjorden and (D) L. digitata from the Danish North Sea. Each data point represents
average values of independent triplicates; error bars indicate the standard deviation. All values are given as hydrated monomers;
others: fucose, galactose, arabinose, rhamnose, mannose, xylose and glucuronic acid.
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The commercial extraction of high value compounds is currently dominated by the hydrocolloid alginate
preferably of seaweeds with high portions of guluronnate in alginate (McHugh, 2003; Rhein-Knudsen et al.,
2015). For Northern Europe in particular Laminaria hyperborea with M/G ratios of >1 is used for alginate
production (Fertah et al., 2014). Yields of fucose, the backbone of the hydrocolloid fucoidan, is presented in
Figure 8 together with other carbohydrates such as xylose, mannose, arabinose and some more
monosaccharides. However, these sugar monosaccharides contributed only minor quantities (2.6-8.4 %
w/wpn) towards the overall carbohydrate contents of the four investigated brown seaweed populations
(PAPER II).

The total alginate content as the sum of its monomers mannuronic acid (M) and guluronic acid (G)
underwent less seasonal variation than their relative proportion to each other, which differed strongly
throughout the year with M/G ratios from 1.3 to 3.6 (mostly around 2.0). Lowest alginate levels of about
16 % w/wpy were found for samples in July. Conversely, levels were highest in spring up to 30 % and 36 %
w/wpwm for species in the Kattegat and North Sea, respectively (Figure 8A/B/D) (PAPER II).

The M/G ratio of the cultivated S. latissima (Limfjorden) differed between 1.3 and 1.8 without correlation
to harvest time. Likewise, the M/G ratio of L. digitata of the Kattegat varied between 1.5 and 2.2 regardless
the time of measurement with the total alginate concentrations (M+G) of 15-25 % w/wpy, (Figure 8B). In
contrast, S. latissima from the Kattegat exhibited a strong correlation to harvesting time from November
2012 (M/G ratio 3.5) to May 2012 with M/G ratio of 1.8. In April 8.4 % w/wpy (G) and 21.2 % (M) was
present in S. latissima, while in July there was less than 10 % w/wpy (M) (Figure 8A). The M/G ratio of
L. digitata from the North Sea was the opposite, high during the summer, e.g. in July 2013 of 3.6 ((M):
12.3 % w/wpwm; (G): 3.4 % w/wpy). In November the population contained similar amounts of (M)+(G) but
differences between (G) (5.6 % w/wpy) and (M) (10.7 % w/wpy) were less pronounced and thus the M/G
ratio decreased to 1.9 (Figure 8D) (PAPER Il).

Overall, no general seasonal pattern for M/G ratios could be observed. The variation was apparently due to
specific location and individual population parameters. Factors in the process of epimerization of B-D-
mannuronic acid to a-L-guluronic acid were possibly different between location and/or species (Indergaard
et al., 1990). The seasonal variation of the total alginate content of the wild brown seaweeds (16-36 %
w/wpn) corresponded to what has been reported elsewhere being =~ 15-30 % w/wpy (Schiener et al. 2015).

High contents of glucose, the basic unit of laminarin and cellulose in brown seaweeds, are essential for
application of brown seaweed in sugar based biorefineries. However, glucose, i.e. laminarin, is strongly
subjected to seasonal variation of 0-33 % w/wpm. Also, the level of the second reserve substance mannitol,
an alcohol form of mannose, differs widely due to seasonal variation from 5-26 % w/wpy (Holdt and Kraan,
2011; Adams et al., 2011).

Expected fluctuations in concentration of storage carbohydrates mannitol and laminarin (i.e. glucose) with
seasonal variation were verified. Glucose was strongly affected by seasonal variation in all samples,
followed by mannitol (Figure 8) (PAPER Il). Mannitol always peaked before glucose due to the metabolic
process where mannitol is produced first (Percival and McDowell, 1967).

In general, L. digitata accumulated more glucose with lower ash contents than S. latissima. For the two
populations of the Kattegat (Bay of Aarhus) highest mannitol contents of approx. 19 % w/wp,, were found
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in May/June (Figure 8A/B). Glucose levels increased steeply from the beginning of spring until July. Against
expectations of the seasonal trend, values dropped in August. For example the glucose content of
L. digitata dropped drastically in August. Potentially, this could be a consequence of the sudden nutrient
impulse. The total nitrogen in the seaweed rose from 1.4 % w/w dry matter in July to 2.2 % in August. Later
on, the glucose concentration increased once again to 37 % w/wpy in September 2013 (Figure 8B). In
contrast, L. digitata collected from the North Sea had its maximum of mannitol (20 % w/wpy) and glucose
(54 % w/wpy) in July and August (Figure 8C) (PAPER II).

Thus, the glucose yield from the virulent North Sea exceeded levels of the calm site of the Kattegat (Bay of
Aarhus). At the peak for L. digitata (North Sea) the differences compared to the seaweed samples from the
Kattegat were 17 % compared to L. digitata, respectively 31 % compared to S. latissima (compare Figure 8C
to 8A/B). The cultivated seaweed S. latissima exhibited glucose levels not exceeding 7 % w/wpy, and
mannitol reached its maximum in April (12 % w/wpy). Biofouling was found to be most important
influencing factor in low exposed sites (Buck and Buchholz, 2004). This has also been observed by another
investigation for the Limfjorden (Marinho et al., 2015). Most likely seaweed cultivation to obtain high
glucan levels is incompatible at shallow-sheltered locations, such as the Limfjorden (PAPER Il).

Higher glucose level for L. digitata growing in open-sea rather than in an inlet was contradictive to the
results of Black (1950). However, Black (1950) only determined the glucose extracted from laminarin. For
L. digitata populated in the virulent North Sea extraordinary glucan contents were found for three
sequential years during August. The glucose averages for the population’s individuals presented in Figure 9
were of 55 % w/wpy, for 2012, 54 % w/wpy, for 2013 and in 2014 53 % w/wpw (PAPER 11).
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Figure 9: Variation of carbohydrate composition of seaweed individuals within the population of L. digitata
from the Danish North Sea of August 2014, 2013 and 2012. Each data point represents average values of
independent triplicates; error bars indicate the standard deviation. All values are given as hydrated
monomers; alginic acid: sum of mannuronic acid and guluronic acid monomers; other: fucose, galactose,
mannose, xylose and glucuronic acid.
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L. digitata from sheltered shores investigated by Schiener et al. (2015) contained glucose values not
exceeding 25-30 % w/wpy between August 2010 and October 2011. However, mannitol reached higher
values (up to 28 % w/wpy) than L. digitata presented in PAPER Il with max 20 % w/wpy (Schiener et al.,
2015).

Analytical carbohydrate analysis of the populations presented in Figure 8 was performed on three
randomly pooled samples of seaweed individuals. However, variances occurred also within a population.
Individuals of L. digitata from the North Sea showed significant differences not only between the seasons
2012 to 2014 but also from individual to individual of the same sampling date (Figure 9). For example in
August 2012 the glucose varied within the five samples of individuals A-E from 46 to 57 % w/wpy, (Figure 9).
Samples A, B and C from 2013 contained of 61.1, 54.6, 39.5 % w/wpy glucose; 6.2, 8.4, 19.3 % w/wpy
mannitol and 22.3, 19.7, 30.1 % w/wpy alginate. In August 2014 the difference was less severe but still
significant and varied for example for glucose from 46.9 to 55.4 % w/wpy or alginate from 19.2 to 26.0 %
w/Wpwm (Figure 9) (PAPER 11).

2.3.2. Variation in the concentration of protein to nitrogen

Amino acids analysis and elemental analysis for nitrogen (N) of the investigated brown seaweeds in PAPER |
revealed an average N-to-protein factor of 4.0. The application of this factor in PAPER Il is presented in
Table 4 (N-to-protein x 4) for the times of maximum and minimum concentrations of the tissue N
concentration of the four seaweed populations. Consequently, highest protein concentrations were
suggested for February of about 20 % w/wpy for the brown seaweeds of the Kattegat and the cultivation in
Limfjorden, respectively for March with 15 % w/wpy for L. digitata in the North Sea. Oppositely, lowest
potential protein amounts were calculated for the months of July and August from 2.3 up to 8.4 % w/wpy
(PAPER II).

However, amino acid analysis of these extreme points yielded in significant different protein concentrations
(Table 4, total AA). Exemplary, S. latissima of the Kattegat was assumed to contain 21.4 % w/wpy but found
to have only 11.1 % w/wpy (Table 4). In contrast, for the samples of S. latissima collected in July the N-to-
protein factor of 4.0 underestimated the values found by amino acid analysis. L. digitata of the North Sea
consisted of total amino acid concentrations of 12.5 % w/wpy in March and 2.4 % w/wpy in August. Here,
conversion factors of 4.1 and 3.4 in Table 4 were in accordance with an N-to-protein factor of 4.0
(PAPER II).

Overall, the average conversion factor nitrogen to protein from Table 4 was calculated as 3.7 £ 1.3. The
high variation was in accordance with conversion factors of 2.1 to 6.25 with average of 4.6 of a literature
study of 459 brown seaweed samples (Angell et al., 2015). In seawaters the levels of inorganic nitrogen is
seasonally affected and so is the concentration of dissolved inorganic nitrogen in the brown seaweed
tissue. Hence, algal total nitrogen contents are known to be more variable compared to the protein content
over season (Zimmerman and Kremer, 1986; Marinho et al., 2015). This revealed also the comparison of
the Njon-protein @nd the Nyein data of the investigated brown seaweed samples in Table 4. Non-protein
related nitrogen made up 2-4 % w/wpy, in the samples of early 2013, equally to more than 50 % of the total
nitrogen (Table 4). Later in the year the Npon.protein CONCentrations decreased strongly to values between 0.3-
0.6 % w/wppm. Thus, the reduction of the total Nyjomass in the summer samples was to a major part attributed

25



Sourcing and bioprocessing of brown seaweed for maximizing glucose release
Sourcing of Laminaria digitata and Saccharina latissima

to the decrease of Nyonprotein- Therefore, also the conversion factor of 3.7 was affected by high standard
deviation of + 1.3 (PAPER Il).

In general, season, species and sampling site appeared to influence the protein content and non-protein
related nitrogen concentrations. Furthermore, the amino acid profile was dominated by aspartic and
glutamic acid at the beginning of the year, and glutamic acid and alanine during the summer. Conclusively,
an application of a common N-to-protein factor for determination of protein concentration of the brown
seaweeds was not applicable. Instead, for quantification of the protein concentration amino acid analysis is
recommended (PAPER Il).

Table 4: Distribution of nitrogen, total protein after application of N-to-protein factor of 4, total protein after amino acid analysis
(total AA) [all in % w/wpy,] and determination of actual of nitrogen-to-protein factors [-] of brown seaweeds from Danish Waters
containing the highest and the lowest level of nitrogen within the period of sampling between 15. November 2012 and 1. December
2013 (for more details and the statistical analysis see PAPER Il).

S. latissima  S. latissima L. digitata L. digitata L. digitata L. digitata S. latissima S. latissima
Kattegat Kattegat Kattegat Kattegat  North Sea North Sea Cultivation Cultivation

Feb'13 Jul'l3 Feb'13 Jul'l3 Mar'13 Aug'l13 Feb'13 Jul'l3
Npiomass 1%] 5.3 1.0 4.6 1.4 3.7 0.6 4.7 2.4
N-to-protein x 4 [%] 21.4 4.1 18.3 5.4 14.8 2.3 18.6 9.6
Nnon-protein [%] 3.9 0.4° 29 0.6 2.1 0.3 3.2 0.5
Nprotein 1%] 1.5 0.6 1.7 0.7 1.6 0.3 1.5 1.9
total AA [%] 111 4.8 12.7 5.5 125 2.4 10.9 14.2
Npiomass-t0-protein factor 2.1 4.7 2.8 4.0 3.4 4.1 2.3 5.9
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3. BIOCATALYTICAL PROCESSING OF BROWN SEAWEED
FOR GLUCOSE RELEASE

3.1. Perspective background

Glucose serves as feedstock for (biological) fermentation processes. Nowadays, traditional fermentation
products, such as ethanol and lactic acid, still predominate the increasing market but modern
biotechnology targets previously abandoned (e.g. butanol) and new innovative fermentation products (e.g.
succinic acid, isoprene, glutamic acid, etc.) (Jong et al., 2012). Glucose for the fermentation products is
currently predominantly derived from food crops such as corn and wheat, which has caused a controversial
‘fuel or food discussion’ (Balat and Balat, 2009; Jong et al., 2012). Due to the abundance and sustainability
of feedstocks, a lot of research efforts are placed on commercializing the production of biofuels from
terrestrial non-food crops and agricultural and forestry residues. Marine plant biomass such as macroalgae
and microalgae is considered as another source for biofuels (Jiang et al., 2016; Wei et al., 2013).

Glucose for 1°*' generation biofuel production originates from starch and sugar containing crops. Cellulose,
the major carbohydrate in lignocellulosic biomass provides glucose for 2" generation biofuels.
Fermentation to e.g. ethanol is fundamentally based on glucose converting organisms with the most
commonly used fermenter being Saccharomyces cerevisiae (Wei et al., 2013). Among macroalgae brown
seaweeds are the most widely studied for ethanol fermentation using typically S. cerevisiae as yeast species
(Jiang et al., 2016).

The MacroAlgaeBiorefinery (MAB3) aims to convert the carbohydrates of brown seaweed into energy
carriers such as ethanol, butanol or methane. Glucan from brown seaweed can be enzymatically hydrolyzed
to glucose (Adams et al., 2009; Kim et al., 2011b). However, higher yields were achieved using microbes
possessing the additional ability to metabolize mannitol (Horn et al., 2000a/b; Kim et al., 2011b; Wang et
al., 2013). Although, the glucose from laminarin and mannitol can be easily extracted (Kim et al., 2011b;
Adams et al.,, 2009), the full potential of biofuel production from brown macroalgae has not yet been
realized because industrial microbes do not have the capacity to metabolize the major component alginate
(Takeda et al., 2011; Wargacki et al., 2012).

In addition to production of biorefinery feedstocks, the cultivation of macroalgae offers valuable
bioremediation services, through absorption of nitrogen, phosphorus (limiting water eutrophication) and
heavy metals (Nielsen et al., 2016). Biofuels are an interesting energy source but challenges in terms of the
composition of the biomass and the resulting energy efficiencies has to be compensated to make the
biofuel prices competitive in replacing fossil fuel (Balat and Balat, 2009). Since it is difficult to increase the
yield of the single biorefinery, the overall system productivity can be improved producing high value added
products (Jong et al., 2012; Wei et al., 2013).

Regardless of the final fermentation product, the degradation of glucan to glucose is a crucial prerequisite
and was subject to PAPER Il and PAPER IV within this PhD study. Here, the investigations of PAPER | and
PAPER Il outlined brown seaweed L. digitata harvested from the North Sea as a potential feedstock of high
concentration of glucan. Following, the harvest of August 2012, consisting of 51 % w/wpy glucan was
subject to physical pretreatment and subsequent biocatalytical processing.
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3.2. Milling pretreatment of glucan rich L. digitata (PAPER III)

Enzymatic hydrolysis of lignocellulosic feedstocks is inefficient without a preceding hydrothermal or other
physicochemical biomass pre-treatment to expose the cellulose (Alvira et al., 2010; Kumar et al., 2009). A
such harsh pre-treatment may not be required for enzymatic brown seaweed saccharification compared to
lignocellulosic biomass as its soft, flat plant tissue does not contain recalcitrant lignin and few cellulose
crystalline structures (John et al., 2011; Roesijadi et al., 2010).

A positive influence of particle size reduction (i.e. milling) on enzymatic biomass deconstruction has been
observed for both cellulose and various types of lignocellulosic biomass (Silva et al., 2012; Yeh et al., 2010).
The substrate particle diminution increases the accessible surface area for enzymatic attack as well as a
shortening of the entry and exit paths for the enzymes and the hydrolysis (Pedersen and Meyer, 2009).

A comparison of five pre-treatment technologies for processing of the green seaweed Chaetomorpha linum
for ethanol production showed that a ball milling pretreatment producing particles of 2 mm was superior to
classical lignocellulosic pretreatments such as hydrothermal pretreatment or steam explosion (Schultz-
Jensen et al.,, 2013). In fact, some of the classical pretreatments employed for lignocellulose induced
significant losses of convertible seaweed biomass (Schultz-Jensen et al., 2013).

Mechanical grinding has also been shown to enhance ethanol yields on S. latissima biomass (Adams et al.,
2009). Particle size reduction of seaweed biomass by milling has been envisaged to increase the substrate
surface area which in turn would enhance the enzymatic processing and fermentation to ethanol (Roesijadi,
et al., 2010; Wargacki et al., 2012).

Mechanical size reduction was hypothesized to be sufficient for opening the complex structure of brown
seaweed for further enzymatic processing i.e. the release of glucose. The significance of milling concerning
substrate particle size diminution for increasing the enzymatic saccharification of glucan rich Laminaria
digitata biomass was assessed within PAPER Ill.

3.2.1. Particle size reduction

Washing is the first step of seaweed processing to remove foreign objects and debris such as stones, sand,
snails, or other litter that may be caught in the biomass (Roesijadi et al., 2010). Hence, prior to processing
the L. digitata material was washed successively four times with water. The washing removed residual sand
and lowered the ash content from 11 to 7 % w/wpy (PAPER I; 111).

The washed seaweed was subjected to wet refiner milling, using rotating disc distances of 0.1-2 mm. The
seaweed material consisted of elongated flat blades with an average thickness about 1 mm. Repeated
milling with disc distance above 1.0 mm produced only a two-dimensional disruption of L. digitata samples
after the refiner milling. A three dimensional disruption due to milling and therefore a significant increase
in available surface area of this flat material can only occur via milling or refining at disc distances below the
thickness of the seaweed (see L. digitata after refiner treatments with distances 1.0 mm in Figure 10A/B/C
and with distances <1.0 mm in Figure 10D/E/F) (PAPER IlI).
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Figure 10: Wet Laminaria digitata after refiner milling at disc distances of 2.0 (A), 1.5 (B), 1.0 (C) mm and of 0.6
(D), 0.3 (E) and 0.1 (F) mm. The reference bar in the pictures corresponds to 5.0 mm. Pictures was recorded on a
KEYENCE digital microscope (VHX-500FD). Remark: The integrated software was used for evaluation of the surface
area of milled particles (PAPER Ill).

Refiner milling with disc distances between 0.1 and 2.0 mm generated differently sized particle fractions
with surface areas from 0.1-100 mm®. The tightest distances produced the smallest surface areas.
Furthermore, a large span of particle sizes was obtained within each type of milling severity. The obtained
mean particle surface area was thus strongly affected by the bigger particles and was always above the
median of 50 % of the particles. The data imply that even though the smaller particles outnumbered the
larger ones, the fewer bigger particles dominated the surface area of the particle fraction (Figure 10)
(PAPER I1I).

The larger disc distances of 2.0 and 1.5 mm did in particular produce some particles which had large
particle size areas with mean particle sizes of 60 and 34 mm®. Millings at disc distances of 1.0, 0.6, and
0.3 mm, i.e. at disc distances lower or equal than the thickness of the algae blades, produced particles with
mean sizes of 7.5, 1.9, and 0.6 mm?, respectively. At the very tightest distances of 0.2 and 0.1 mm more
than 75 % of the particles were below 0.25 mm? averaging 0.2 and 0.1 mm?, respectively (PAPER l).

Figure 10 emphasized that refiner milling merely cut the seaweed blades into smaller pieces, and thus that
the resulting available surface area may have been much less than what occurs from three-dimensional
fibrillation on lignocellulosic materials. In order to achieve a better understanding of the correlation
between refiner milling degree, true biomass material disruption, and resulting surface area, an
investigation of the viscosity response to the milled L. digitata refiner slurries was conducted (Figure 11). In
general, the viscosity response to particle size diminution of suspensions of homogenous solid particles is
mainly influenced by the so-called particle volume fraction, which is correlated to the particle size; in other
words, the viscosity increases with particle size reduction because the particle volume increases (Mueller et
al., 2009).
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Figure 11: Fitted plot of received viscosities at shear rate of 150 rpm of the 7.5 % w/wpy, refiner slurries
(®) milled at disc distances of 0.1, 0.2, 0.3, 0.6, 1.0, 1.5 and 2.0 mm over mean particle sizes (polynomial
regression analysis with confidential interval (Cl) of 95 % excluding the data for 0.1 and 0.2 mm disc
distances).

The viscosity response to particle size after milling with disc distances from 2.0 mm down to 0.3 mm
followed a steep polynomial function (Figure 11).For the milling slurries with disc distances above the blade
thickness (particles sizes of 60 and 34 mm?) relatively low slurry viscosities averaging approximately 400 cP
were achieved (Figure 11). At a disc distance of 1.0 mm, i.e. equal to the seaweed thickness, the average
viscosity of the particle volume was of 640 cP. Further on, the viscosity increased at low particle size (1.9,
and 0.64 mm?, Figure 11) and reached 800-1050 cP, highest with tightest disc distance of 0.3 mm
(Figure 11). This was in accord with the solid particle volume fraction theory indicating an increased
available surface area. The drop in the slurry viscosity to ~320-480 cP with the smallest refiner disc
distances, i.e. at intensified milling (Figure 11), was most likely be caused by agglomeration. The high
content of minerals in the brown seaweed might have caused the agglomeration between small particles
due to ionic exchanges and increased the proportion of the solid fraction of the milling slurry (Figure 12).
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Figure 12: Relative proportions [% w/wpy] of the solid and solubilized material of the received
milling slurries fractions over increasing severities (i.e. decreasing disc distances from 2.0 mm to
0.1 mm). Prior freeze drying the solubilized fraction was separated by decanting from the solids

after centrifugation for 30 min at 5000xg.

The received slurries after milling of seaweed biomass were separated into a solid and a liquid fraction
(Figure 12). While 77 to 87 % w/wpy of the total slurries for refiner millings with disc distances above
0.6 mm remained solid, 47 % w/wpy, of the seaweed biomass was solubilized by refiner milling at disc
distance of 0.3 mm. The three-dimensional disruption at disc distances £ 1 mm changed the morphology of
the seaweed and more carbohydrates were released from the plant tissue into the liquid fraction of the
milling slurry (Figure 12). Notably, the separation of the fraction after milling with distances 1.5 and 2.0 mm
did not lead into a two-phase system with a pellet and a supernatant. Instead an interface occurred where
“algae-particles” interacted with the liquid face and enhanced the liquid fraction artificially with particles

from the solid material.

Figure 13 displays the carbohydrates containing in their derived solid (Figure 13A) and liquid (Figure 13B)
fractions. The liquid fractions consisted almost exclusively of glucose and mannitol. The reserve
carbohydrates laminarin (i.e. glucose) and mannitol are stored in the lumina of the plant tissue of brown
seaweed (Michel et al. 2010b). Milling most likely liberated these carbohydrates into the liquid fraction,
with a harsher milling in greater solubilization. At refiner disc distances below 0.6 mm quantities of
mannitol and glucose found the liquid equaled or exceeded those found in the solid fraction (Figure 13).
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Figure 13: Carbohydrate compositions of milling slurry fractions [% w/wpy of the total milling
slurry] over increasing severities (i.e. decreasing disc distances from 2.0 mm to 0.1 mm),
(A) solid fraction and (B) liquid fraction. All values are given as hydrated monomers
determined by HPAEC analysis post sulfuric acid treatment (PAPER Ill); other carbohydrates:
fucose, galactose, mannose, xylose and glucuronic acid.

Alginate (i.e. guluronic and mannuronic acids) and the other carbohydrates (i.e. fucoidan related
carbohydrates) were increasingly present in the liquid fraction of the harsher millings, especially with disc
distances below 0.3 mm (Figure 13B). However, levels of alginic acid of both liquid and solid fractions did
not correspond to the values expected from the raw material, hereby underlining formerly gained
experiences on the difficulty of detection of alginic acid monomers in general (see section 2.2.1. p. 13ff).

In conclusion, wet refiner milling with different, controlled rotating disc distances of 0.1-2 mm, was found
to generate heterogeneous particles of decreasing sizes (100-0.1 mm?) over increasing milling degree.
Furthermore, viscosity measurements emphasized that milling with disc distances below the thickness of
the algae increased the particle volume. Moreover, higher milling degree caused increased spontaneous
carbohydrate solubilization of particularly glucose and mannitol in the milled seaweed slurries. Allover,
smaller particles, increased particle volume and solubilization of laminarin indicated an enhanced
availability to the seaweed glucan for the further investigated release of glucose.
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3.2.2. Effect of milling on the enzymatic glucose release

Ravanal et al. (2016) applied different pretreatments on cut and dried (cutoff sieve up to 3.5 mm) brown
algae Macrocystis pyrifera containing of 8.2 % w/wpy glucose. The effect of the pretreatments was
evaluated by the enzymatic release of glucose using a cellulase preparation for 4 hours and uronic acid
using alginate lyases for 1 hour, respectively. No further treatment beside cutting and drying led to a
glucose release of >10 % of the potential glucose but sulfuric acid pretreatment enabled the cellulase
preparation to release 68 % w/wpy, of the potential glucose after 4 hours (Ravanal et al., 2016). Similarly,
Kim et al. (2011b) found highest sugar release by cellulases preparation after hydrochloric acid
pretreatment.

Throughout the literature particle size diminution, mostly in combination with drying, was applied to brown
seaweed as prerequisite prior further chemical pretreatments. Milling has been applied previously on
brown seaweeds such as Saccharina latissima after cutting the blades into smaller pieces of ~5 cm?* (Adams
et al., 2009, 2011), Laminaria hyperborea milled to pass a 7 mm sieve (Horn et al., 2000a/b), Laminaria
japonica and Sargassum fulvellum to particles <0.5 cm (Kim et al., 2011b), and e.g. Alaria crassifolia to
particles of <0.5 mm (Yanagisawa et al.,, 2011) employing different types of milling technologies from
blending to ultra-centrifugal milling. However, all these investigations did not investigate the influence of
the pretreatment on the subsequent enzymatic carbohydrate release exclusively by milling treatment.

The refiner milling pretreated slurries of the glucan rich L. digitata was enzymatically treated with a mixture
of 2% w/wpy alginate lyase (Sigma-Aldrich) and the cellulase preparation Cellic®CTec2 (Novozymes) of
10% v/wpm. The reduction of the particle size after refiner milling did not improve the enzymatic
decomposition of L. digitata biomass (Figure 14). Furthermore, no positive effect of substrate milling on
glucose yields compared to the non-milled starting material was observed since all available glucose was
enzymatically released after 24 hours (1440 min) both with and even without milling pretreatment
(Figure 14) (PAPER i)

However, intense milling facilitated the release of free glucose monomers, resulting in detection of glucose
monomers before the initiation of the enzymatic treatment of up to 6.4 % w/wpy, (timepoint zero for
milling with 0.1 mm disc gap; Figure 14). In contrast, the glucose monomers in the non-milled sample and in
the samples milled at higher disc gap were released only during the enzymatic treatment (Figure 14).
Autumn harvested brown seaweed was reported to contain free glucose monomers (@stgaard et al., 1993).
As a consequence, the milling induced liberation of free glucose monomers from the raw material thus
affected the release rate (PAPER ).

33



Sourcing and bioprocessing of brown seaweed for maximizing glucose release
Bioprocessing of Laminaria digitata

60 1 ® no milling
O d=2.0mm

55 1 v d=1.0mm
A d=0.6mm

50 ~ B d=03mm
O d=0.1mm

45 +

40

glucose yield [% of dry biomass]

0 I T T T T T T T
0 15 30 45 60 75 90 1440

enzymatic saccharification time [min]

Figure 14: Glucose yields of refiner milled wet L. digitata slurries with different milling degrees
(d = disc distance) and non-milled L. digitata over enzymatic saccharification time. Each data point
represents the average value of independent duplicates hydrated monomer; vertical bars indicate
the standard deviation (for statistical analysis see supplementary material in PAPER Ill).

During the combined treatment of alginate lyase and cellulase it is presumed that the alginate lyase activity
catalyzes the cleavage of alginate. Consequently, the viscosity decreased and the cell wall matrix (Figure 2,
p. 12) decomposed (Figure 15) which improved the access for the cellulases to attack the glucan of the
brown seaweed tissue (PAPER I, IV). This perception of the alginate lyase action is in accordance with the
described embedding matrix and an inner cell wall skeleton of brown seaweed where cellulose is part of
the cell wall the laminarin stored in the sieve elements (Michel et al., 2010a/b; Deniaud-Bouét et al., 2014).
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Figure 15: Pretreated (wet refiner milling at disc distance 2.0 mm) Laminaria
digitata. Top: before enzymatic treatment. Bottom: after 90 min of enzymatic
treatment with the cellulase preparation Cellic®CTec2 (Novozymes) and alginate
lyase (Sigma Aldrich).

The catalysis of the enzyme cocktail apparently induced selective removal of alginate promoting enzymatic
glucan saccharification. This is also evident from Figure 15 where the plant tissue of milled L. digitata at the
lowest milling severity was attacked and solubilized directly by the enzymes at the substrate surface.
Hence, a harsher milling for a further increase of the surface area was not required. Conclusively, the
investigations concerning the effect of refiner milling showed that, compared to non-milled brown seaweed
samples, no increased glucose yields after combined cellulase and alginate lyase treatment could be
detected. Thus, “Brown seaweed processing: Enzymatic saccharification of Laminaria digitata requires no
pre-treatment” (PAPER IlI).
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3.3. Enzymatic decomposition of glucan rich L. digitata (PAPER III /| PAPER IV)

Glucose from brown seaweed can be released using cellulase preparations. For example, Yanagisawa et al.
(2011) treated brown seaweed Alaria crassifolia with a commercial cellulase preparation derived from
Trichoderma viride for 120 hours and released 82.3 % of the potential glucose. A mixture of commercial
Celluclast 1.5L and Viscozyme L (B-glucanase and endo-glucanase activity) performed best on Laminaria
japonica releasing 72.4 % of sugars of the theoretical yield (Kim et al., 2011b). Similarly, glucose was
released from S. japonica after 48 h treatment with cellulase together with cellobiase (Ge et al., 2011), or
cellulase Celluclast 1.5L plus B-glucosidase Novozym 188 (Lee et al., 2013), by Celluclast from M. pyrifera
(Ravanal et al., 2016), or from Sargassum spp. using cellulases for 100 h (Borines et al., 2013).

Laminarinases (active only on B-1,3 glucan) for hydrolysis of L. digitata (Adams et al.,, 2011), or the
industrial enzyme Termamyl 120 L plus isolated from Bacillus sp. JS-1 on Alaria crassifolia have also been
investigated (Jang et al.,, 2011). In all the previous mentioned investigations, seaweed biomass was
subjected to physical and/or chemical pretreated seaweed biomass prior the enzymatic treatment. None-
the-less, none of the subsequent saccharifications of brown seaweeds were able to release all potential
glucose.

PAPPER Il indicated that alginate lyases are a beneficial tool for the biocatalytical processing of brown
seaweed. Moreover, without any physical pretreatment all potentially available glucose was releasable by
the commercial cellulase preparation Cellic®CTec2. Primarily, the saccharification by the enzymatic
treatment aimed to release the glucose by cellulases. Therefore, the enzymatic treatment conditions with
pH 5 and 40 °C were chosen, targeting conversion of the glucan rather than the alginate of the seaweed
(PAPPER Ill).

Besides the evaluation of the milling effect on the enzymatic glucose release another aim of PAPER Ill was
to develop an optimal enzymatic saccharification treatment. The investigations within PAPER IV continued
the study, with particular focus on the usage of alginate lyases. Hence, for the study of PAPER IV two
additional endolytic alginate lyases from two different microorganisms were selected for further
investigations along with the purchased lyase (also investigated in PAPER Ill) to assist the overall aim to
achieve maximal glucose release from the glucan rich brown seaweed Laminaria digitata.

3.3.1. Alginate lyases (PAPER IV)

Most of the alginate lyases are classified into two polysaccharide lyase (PL) families, PL-5 and -7 with
preferred activity to depolymerize the MM-blocks or the GG-block of alginates. According to the enzyme
nomenclature alginate lyases are classified within the EC number EC4.2.2.- where specifity towards G-
blocks (poly-guluronate lyase) is announced in the classification as EC4.2.2.11 and specifity towards M-
blocks (poly-mannuronate lyase) as EC4.2.2.3 (Zhu and Yin, 2015, Kim et al., 2011a). Although a lyase is
classified as either M or G specific, it usually degrades alternating blocks as well and has in addition some
residual activity towards the other homopolymer. Additionally, lyases with high activity on both
homopolymers have been isolated from various sources (Wong et al., 2000).

Miyake et al. (2004) isolated three endotype alginate lyases (Al-l, Al-ll [family PL-7], and A1-lll [family PL-
5]) and additionally a transformant of Al-ll (Al-lI') from the bacterium strain Sphingomonas sp. Al.
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Endotype alginate lyases catalyze alginate degradation via a B-elimination reaction, i.e. catalyzing bond
cleavage within the alginate backbone chain (Figure 16). The reaction produces unsaturated oligoalginates
at the reducing end, which are UV-visible due to the formation of double bonds (Wong et al., 2000).
Furthermore, another type of lyase (Al-IV) exists in the bacterium (Miyake et al., 2003). Unsaturated
monosaccharides, such as products from exolytic alginate lyase A1-IV, convert non-enzymatically to the
stable 5-keto structure (Figure 16) and are not UV-visible (Wong et al., 2000; Miyake et al., 2003).
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Figure 16: Alginate depolymerization process. In the displayed example, alginate is depolymerized to
4-deoxy-L-erythro-5-hexoseulose uronic acid through the consecutive reactions of four alginate lyases.
The dotted arrow indicate the cleavage site by endolyases (A1-l, -, and -1ll) and the thick arrows by the
exolyase (A1-1V). The alginate depolymerization pathway is shown by the thin, elongated arrows
(Miyake et al., 2003).

The endolytic alginate lyases were reported to have higher activity than the exolytic lyase (Miyake et al.,
2003; 2004) and in particular Al-l1I’ was described having high activity on alginate (Ogura et al., 2008;
Yamasaki et al.,, 2005). Recently, another alginate lyase was discovered from Flavobacterium sp. and
particularly proposed as a pretreatment for production of biofuels (Huang et al., 2013).
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Two bacterial alginate lyases (PL-7 family, EC 4.2.2.-) from Sphingomonas sp. (SALy) and Flavobacterium sp.
(FALy), respectively, were selected for heterologous, monocomponent expression in Escherichia coli.
Together with the purchased alginate lyase from Sigma Aldrich (SigmALy) the optimal pH and temperature
were determined on commercially available sodium alginate using a statistical design. The enzyme activity
was determined as the increase in absorbance due to the lyase induced B-elimination reaction (Figure 16,
p. 37). The investigated reaction temperatures of 30-50 °C had no influence on the activity, suitable pH
ranges were determined to be:

=  SALy, pH 5.5-7.0 with optimum at pH 6.5
=  FALy, pH 6.5-8.0 with optimum at pH 7.5, and
=  SigmALy, pH 6.5-8.0 with optimum at pH 7.5 (PAPER IV).

Originally, optimal pH was 8.5 for FALy (optimal temperature: 40-45 °C) with 80 % relative activity at pH 8
or 9.5, respectively (Huang et al., 2013). 40 % remained at pH 7.5 (optimum in PAPER IV) and only 10 % at
pH 6 while in house investigations revealed about 1/3 of its max activity at pH 6 and thermostability until
50 °C (PAPER IV). The purchased lyase SigmALy possessed about 50 % of the maximum activity at pH 6 but
was not thermostable above 40 °C. However, the lower protein loading of FALy (30 % of that of SigmALy)
indicated a general high activity of FALy (PAPER IV). In contrast to SigmALy and FALy, SALy was active at
lower pH between pH 5.0-7.5 and thermostable until 50 °C (PAPER 1V). Contradictory, Miyake et al. (2004)
reported for the same enzyme highest activity at pH 7.5 and a temperature optimum of 40 °C including a
fast decrease in activity above 45 °C.

The alginate degradation for the evaluation of the temperature and pH optima was measured as the
increase of absorbance at 235 nm after 4 hours of reaction. However, in any case 80 % of the final
absorbance was reached between 125 min and 165 min at the optimum pH range. This is in accordance
with Ryu and Lee (2011), who reported similar reaction patterns (leveling off) for alginate degradation with
endolytically active alginate lyases within the first 1-3 hours of reaction.

Figure 17 displays the activity of the lyases on different alginate substrates. There was no substrate
specifity for the lyases SALy (Figure 17A) and FALy (Figure 17B) but SigmALy (Figure 17C) was strictly active
on poly-guluronic acid (poly-(G)). The initial cleavage of SigmALy on poly-mannuronic acid (poly-(M)) was
most likely due to impurity of the substrate with guluronic acid residues. The FALy preferred poly-(M) as
substrate, but also exhibited activity on poly-(G) (Figure 17B). According to the initial rates of FALy on the
alginate substrates the activity was almost double towards poly-(M) than poly-(G). The rates were for poly-
(M): 0.111 AA,3s/min and 0.102 AA,3s/min; and for poly-(G): 0.058 AA,ss/min) (PAPER IV). This was in
contrast to Huang et al. (2013), who reported a preference of the enzyme FALy for poly-(G).

SALy had higher activity on poly-(G) than poly-(M) (Figure 17A), confirming earlier results (Yamasaki et al.,
2005; Ogura et al., 2008). However, the specifity was not strongly pronounced since the degradation yield
of poly-(M) was 63 % of the yield of SALy on poly-(G) (PAPER IV). This was higher than the earlier finding of
only 20 % (Yamasaki et al., 2005). Differences in the specific activity between studies agree with another
investigation where SALy was similarly active towards mannuronic and guluronic acid (Miyake et al., 2004).
After 30 min of reaction, i.e. the initial reaction, SALy created per release of unsaturated M-unit
(>5000 kDa) 1.5 unsaturated G-units while FALy 0.8 units of unsaturated G-blocks (Figure 17).
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Figure 17: Substrate specifity of the alginate lyases (A) SALy, (B) FALy (C) and the purchased lyase
SigmALy on poly-(M) < 5000 kDa, poly-(M) >5000 kDa, poly-(G) and sodium alginate at pH 7 and
40 °C; activity recorded as A absorbance)-,3s ,m over 90 min of reaction. Enzyme dosages on the
alginate substrates were 0.1 % w/wpy, for SALy and SigmALy, respectively 0.03 % w/wpy, for FALy.

Overall, taking into account that FALy had the lowest enzyme to substrate ratio (E/S) of 0.03 % w/wpy this
enzyme had by far the highest decomposition ability towards alginates (figure 17). Whereas the enzyme
dosages for SALy and SigmALy were set to 0.1% w/wpy SAlLy performed with the lowest activity.
Furthermore, the alginate constitution of L. digitata with M/G ratio of 3:1 (PAPER ) suggested higher
degradation capability for lyases with poly-(M) preference. However, pH range of 5.5-7.0 emphasized SALy
as an appropriate candidate to combine with fungi derived cellulase to release glucose from brown
seaweeds. Conclusively, even though the investigations of PAPER Il proved that SigmALy supports
sufficient the glucose release from L. digitata, SALy and FALy were assumed to perform even better.
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3.3.2. Alginate degradation versus glucose release (PAPER IV)

High viscosity, attributed to alginate, was pointed out to decrease the accessibility of glucan from
L. digitata for enzymatic hydrolysis, to affect the enzymatic activity and thus reduce glucose recovery
significantly (Hou et al., 2015). Therefore, the milling slurry with the highest viscosity was selected to assess
the liquefaction of brown seaweed during the combined cellulase-lyase treatment of the glucan rich
L. digitata (Figure 18). Furthermore, the induced viscosity reduction was compared to the alginate
degradation by each of the three different alginate lyases with focus on each particular impact on the
enzymatic saccharification of the glucan (the optimal glucose release is discussed in section 3.3.3.). The
viscosity of the refiner milling slurry with disc distance 0.3 mm had a viscosity of 1050 cP, measured in
water at substrate concentration of 7.5 % (Figure 11 in section 3.2.1, p. 30). In the presence of phosphate-
citric buffer system at lower concentration of 5 % viscosity was 700 cP lower at around 450 cP (control,
Figure 18).
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Figure 18: Evolution of received viscosities at shear rate of 60 rpm from the viscosimeter RVA over
15 min of enzymatic treatment at pH 6 and 40 °C with Cellic®CTec2 and alginate lyase (SALy, FALy and
purchased lyase SigmALy); Cellic®CTec2 alone; and without any enzyme addition (control).

With application of alginate lyases the viscosity deduction occurred primarily in the first minutes of the
reaction (Figure 18). This viscosity drop indicated the endo-type action of the ALys and was in agreement
with previous data achieved on alginate lyases (lwamoto et al., 2001; Inoue et al., 2014). The addition of
the SALy to the cellulase preparation showed the fastest, and the addition of SigmALy the slowest viscosity
reduction (Figure 18). However, the endolytical action of all alginate lyases decreased the viscosity quickly
in the early phase of reaction (Figure 18). While the formation of unsaturated uronic acids (UA) still
increased as the reaction proceeded (Figure 19B) but was not crucial for the measurement of the viscosity.
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Regarding the enzyme catalyzed release of glucose, the data did not unequivocally reveal whether the
initial viscosity decrease effected the initial glucose release rate. However, it was emphasized that the
alginate lyases were moreso required to decompose the cell wall in order to guarantee access for the
cellulase to the glucan (PAPER V).
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Figure 19: Yields over enzymatic saccharification time (0-8 h) of (A) glucose and (B) alginate degradation products after refiner
milling of wet L. digitata (d = 0.3 mm). Enzymatic saccharification at pH 6 and 40 °C with Cellic®CTec2 concentration on substrate of
10 % v/wpy and 1 % w/wp,, alginate lyase (SALy, FALy and SigmALy). Each data point represents the average value of independent
duplicates; vertical bars indicate the standard deviation. All values are given as hydrated monomers.

The received milling slurry of L. digitata after refiner milling at disc distance 0.3 mm consisted of 46.6 % dry
weight hydrated glucose. Subsequently, the seaweed was enzymatically treated with the cellulase
preparation Cellic®CTec2 together with one of each characterized alginate lyase (Figure 19). A glucose yield
of 40.8 % of dry weight milled seaweed supported by SigmALy corresponded to 87.6 % of the potential
available glucose after 8 hours of treatment (Figure 19A). In comparison to SigmALy, SALy and FALy were
expected to enhance the glucose release by the cellulase due to (a) the absence of substrate specifity (SALy
and FALy), (b) the much higher activity (FALy) and (c) the more suitable pH working range for combined
cellulase-lyase application at pH 6 (SALy). Surprisingly, for SALy and FALy the release of glucose was
significantly lower (Figure 19A). After 8 hours FALy released 26.7 % w/wpy and SALy 32.7 % w/wpy of
glucose from total seaweed by dry weight (Figure 19A). This corresponded to 65 %, respectively 80 %
compared to what has been released by the cellulase preparation applied together with SigmALy
(PAPER IV).

For saccharification of the alginate embedded in the L. digitata cell wall the first two hours of reaction were
crucial. This was already described in section 3.3.1 for the different pure alginate substrates. Figure 19B
displays the amount of unsaturated UA released by the different alginate lyases due to the degradation
alginate in the seaweed. The cleavage mechanism of the lysases releases oligoalginates of undefined DP
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with an unsaturated acid at the reducing end (Figure 16, p. 37). The yield of unsaturated UA residues was of
2-3% w/wpy after 2 hours and only slightly higher (2.6 to 3.6 % w/wpy unsaturated UA) after 8 hours
(Figure 19B). Likewise, Thomas et al. (2013) reported an intermediate initial degradation to larger
oligosaccharides with a degree of polymerization (DP) of 4 to 20. Over the following 12 h the lyases split the
oligoalginates further to DP 2. Moreover, Figure 19B showed that the initial fast degradation of the alginate
was achievable already within one hour by the use of SALy (2.9 % w/wpy unsaturated UA). Potentially, this
was a result of higher enzyme activity due to the more suitable pH conditions. The combined cellulase-lyase
treatment was performed at pH 6 and the optimum for SALy was pH 6.5, whereas FALy and SigmALy had
highest activity at pH 7.5 (PAPER IV).

The M/G ratio in the present L. digitata was 3:1 with a total amount of guluronic acid of 5.7 % w/w
(PAPER I). Regardless of the mannuronic acid content, an efficient disruption of alginate requires a lyase
with high activity on G-G linkages to break down the stiff “egg-boxes” (Figure 4 in section 2.2.1., p. 15) of
the GG-blocks (Formo et al., 2014). The UV measurement of the amount of unsaturated UA (Figure 19) did
not allow to distinguish between the types of cleavage. However, the relative ratio of G-G(M) cleavages to
M-M(G) cleavages (G:M cleavage ratio) can be calculated based on the initial rates derived from the lyase
activity on the pure poly-(M) and pure poly-(G) substrates. The G:M cleavage ratio for SALy was 1.5:1 and
for FALy 0.6:1 whereas SigmALy was not active on mannuronic acid (Figure 17 in section 3.3.1., p. 39).
Notably, alginates were reported to contain a smaller amount with much shorter DP of MG/GM-blocks than
the homologous GG- and MM blocks (Aarstad et al.,, 2011 and section 2.2.1., p. 15). Assuming that the
alginate of L. digitata consisted of only GG-blocks and MM-blocks, the released oligoalginates units from
Figure 19 can be distinguished as unsaturated UA of G-units or M-units according to the G:M cleavage ratio
(Figure 20). Hence, according to Figure 20 the degradation of mannuronic acid from L. digitata correlated
negatively to the glucose release (PAPER IV).

With application of SigmALy approx. 37 % of all present guluronic acid (equal to 9.2 % W/Wpmalginate OF 2.1 %
w/wpm) underwent a R-elimination (G-units, Figure 20C). Hence, the released unsaturated oligoalginates
after 2 h were supposedly of DP 2-3. This was in accordance with the described mode of action for SigmALy,
releasing mainly trimers (Huang et al., 2013). In the same study FALy was found to release oligomers of
DP 5-7 within the first 20 h of reaction. Hence, the presence of longer oligomers could describe the lower
yields of unsaturated uronic acids deriving from G-units generated by FALy (4 % W/Wppmaiginate, Figure 20C)
compared to the other two lyases (Figure 20). SALy was described to release tri- and tetrasaccharides (Yoon
et al., 2000; Miyake et al., 2003, 2004). This corresponded with the release of unsaturated (G)-units from
seaweed by SALy of 8.6 % W/Wppmaiginate (€Qual to 34 % of the present guluronic acid) after 60 min of reaction
(Figure 20B). Accordingly, the degradation of the seaweed alginate by SALy occurred mainly during the first
hour of reaction (Figure 19B) (PAPER IV).

After 1-2 hours of reaction potentially there were no more available guluronic acid bonds in the seaweed.
In contrast, both poly-(M) active lyases (SALy and FALy) released unsaturated M-units of 4.3 % W/pmaiginate
(SALy), respectively 6.1 % W/Wpmaiginate (FALY) after 120 min (Figure 20C). While plenty of poly-(M) was
theoretically still available as substrate, the degradation of the alginate leveled off (Figure 19B). Potentially,
poly-(M) and poly-(G) interacted competitively with the lyases active on both substrates (PAPER IV). This
was in accordance with lwamato et al. (2001) indicating a strong reduced production of unsaturated
mannuronates from poly-(M) in the presence of poly-(G), the higher the concentration of mannuronic acid
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the higher the reduction. The relatively high concentration of mannuronic acid in L. digitata (M/G ratio 3:1)

supported this assumption.
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Figure 20: Yields of unsaturated uronic acids of L. digitata over glucose yields [% w/wpy potential
glucose] deriving from cleavages of poly-guluronic acids (G-units) and poly-mannuronic acids (M-units)

after combined cellulase-lyase treatments with SALy, FALy and SigmALy, (A) after 30 min, (B) after

60 min and (C) after 120 min calculated from the unsaturated UA of Figure 19.

Left y-axis: % w/wpy, of potential seaweed alginate; right y-axis: % w/wpy; for potential concentrations of
glucose and alginate see Table 3 L. digitata, washed in in section 2.2.3., p. 20.

Each data point represents the average value of independent duplicates, bi-dimensional bars indicate the

standard deviation. All values are given as hydrated monomers.

Conclusively, application of alginate lyase decreased the specific viscosity the initial minutes and alginate

degradation occurred primarily within the first 1-2 hours of reaction. In particular, the guluronic acid blocks

were degraded while only a minor portion of the mannuronic acid present in the seaweed was epimerized
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to unsaturated uronic acids. Moreover, a degradation of poly-(M) led into a decreased release rate of
glucose from L. digitata by the cellulase preparation. Figure 20 demonstrated the more unsaturated M-
units were released the lower were the correspondent glucose yields (PAPER IV).

3.3.3. Optimal glucose release (PAPER III / PAPER IV)

The experiments presented in Figure 19 and Figure 20 were performed at a total reaction volume of 13 mL.
For the investigation of the lyase induced viscosity reduction (Figure 18) the analytical instrument required
an up-scale to 30 mL reaction volume. Time-extended enzymatic treatment with Cellic®CTec2 and alginate
lyase for 24 hours of this up-scaled experiment was sufficient to release all potential glucose (46.6 %
w/Wpp, Figure 13A+B in section 3.2.2., p. 32) from the glucan rich L. digitata slurry (d = 0.3 mm) regardless
the applied lyase (PAPER IV). Furthermore, in this experiment the cellulase preparation Cellic®CTec2 in
combination with poly-(G) specific lyase SigmALy released 92 % (42.9 % w/wpy) of the potential glucose
after 4 h of treatment (Figure 21). After 8 h a total glucose yield of 50.6 % w/wpy dry milling slurry was
achieved. For the combined Cellic®CTec2-SALy treatment 14 h were sufficient to release a similar amount
of glucose (48.0 % w/wpy). After 14 h of treatment the enzyme mixture of Cellic®CTec2 and FALy had
released 30.9 % but final glucose yield after 24 h increased to 46.0 % w/wpy (Figure 21).

glucose yield [% of biomass]

—&— CTec2 + SALy
10 1 —0— CTec2 + FALy
5 9 —w— CTec2 + SigmALy
0 T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24

enzymatic saccharification time [hours]

Figure 21: Glucose yields [% w/wpy] over time of enzymatic saccharification (0-24 h)
of refiner milled L. digitata (d = 0.3 mm). Enzymatic saccharification at pH 6 and 40 °C
with enzyme concentration on substrate: 10 % v/wpy, Cellic®CTec2 and 1% w/wpy
alginate lyase (SALy, FALy and purchased lyase SigmALy). Each data point represents a
single experiment. All values are given as hydrated monomers.

Notably, glucose yields of the treatments including the lyases SigmALy and FALy extended the glucose
potential. For example, the final glucose yield after 24 h for an application including the SigmALy was
52.7 % w/wpy. Therefore, the yield was of 6.6 % w/wpy higher than the determined potential glucose of
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the milling slurry after HPAEC analysis post H,SO, treatment of 46.6 % w/wpy (Figure 13A+B in section
3.2.2., p. 32). The potential glucose in the biomass before milling was 56.6 % w/wpy, (L. digitata, washed;
Table 1 H,SO, method A in section 2.2.1., p. 14). Possible reasons for the deviations could be explained by
(a) the use of different glucose determination methods (glucose yields in Figure 21 determined by enzyme
glucose assay; potential glucose yields in Figure 13 determined by HPAEC-PAD post H,SO, treatment), (b)
degradation of glucose by H,SO, treatment (analysis of the raw material after cellulase hydrolysis revealed
higher glucose yields than by H,SO, hydrolysis, Table 1, p. 14), (c) challenges in regard to HPAEC-PAD
analysis of brown seaweeds in general (described in section 2.2.1.), (d) heterogeneity in the investigated
sample due to differences between the seaweed individuals (see Figure 9 in section 2.3.1, p. 24), and (e)
heterogeneity due to losses of solubilized glucan during the refiner milling (see section 3.2.1).

Hou et al. (2015) applied the purchased lyase SigmALy at lower lyase concentration of 0.125 % w/wpy but
also at lower substrate loading (2 % S/V). The maximum glucose recovery of the dried and milled material
after 24 hours of enzymatic treatment was 80 % w/wpy (= 5 % after 8 h) (Hou et al., 2015). A sugar recovery
(glucose and mannitol) of over 90 % was reached with a substrate concentration of 15 % S/V but was
reduced to 78 % with increased solid loading (25 % S/V) after 29 hours, with no change over treatment
extension of up to 48 hours (Alvarado-Morales et al., 2015). Both investigations were conducted on dried
material using the cellulase preparation Celluclast 1.5L and Cellobiase 188 at about pH 5. In another study,
the Celluclast 1.5L was found to release less reducing sugars from L. digitata than another commercially
available cellulase (Vanegas et al., 2015). The investigation of Alvarado-Morales et al. (2015) and Hou et al.
(2015) were conducted on the same glucan rich L. digitata using the Celluclast 1.5L. Hence, in PAPER IIl and
PAPER IV the Cellic®CTec2 preparation most likely provided a higher decomposition capability compared to
the cellulase preparation Celluclast 1.5L.

Furthermore, drying was shown to hinder glucose release, albeit from lignocellulosic material (Luo and Zhu,
2011; Luo et al., 2011). In regard to the pH, Celluclast retained an activity of 80 % at pH 6 (optimum was
pH 5.2) when applied on brown seaweed Macrocystis pyrifera. In contrast, the activities of alginate lyases,
including the endo-type lyase from Sigma-Aldrich, were lower than 10 % at pH 6 and about one third at
pH 7 compared to pH 7.5 (Ravanal et al., 2016). With respect to temperature, glucose release could be
enhanced by raising the temperature, for example at a temperature increase from 37 °C to 50 °C the yields
were doubled (Ravanal et al., 2016). However, to allow suitable conditions for all alginate lyases
temperatures in the experiments presented here were generally set to 40 °C. The purchased lyase from
Sigma-Aldrich (SigmALy) exhibited significant activity losses for temperatures 250 °C. However, compared
to the study of Ravanal et al. (2016), SigmALy retained 50 % of the maximum activity at pH 6 (PAPER V).

The cellulase preparation Cellic®CTec2 enabled total glucose release of refiner milled wet L. digitata (disc
distance 0.3 mm). Although the optimal temperature and pH for Cellic®CTec2 are 45-50 °C and pH 5.0-5.5
(Novozymes A/S, 2010), total glucose was released after 8 hours with the support of guluronic acid specific
alginate lyase (SigmALy) using pH 6 and 40 °C (Figure 21). Further experiments concerning the optimal
enzyme dosages were presented in PAPER lll. Slurry having been subjected to the lowest milling intensity
(d =2.0 mm) was studied to investigate the effect of enzyme dosage of Cellic®CTec2 and alginate lyase
(SigmALy) addition on the enzymatic glucose release from the seaweed at pH 5 and 40 °C (PAPER IlI).

Alginate lyase addition alone, without Cellic®CTec2, facilitated the release of glucose as glucose yields
increased with time in the control experiments (Figure 22A, point 0.0). The effect of the alginate lyase must
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be a result of the alginate degradation initiating release of free glucose was corroborated by the findings
that alginate lyase treatment alone on pure laminarin did not release more than 1-2 % glucose (PAPER Ill).
The presence of free glucose monomers was discussed earlier (section 3.3.2 p. 33).

When varying the alginate lyase concentration at a fixed concentration of 10 % v/wpy Cellic®CTec2, the
glucose yields from the refiner-milled slurry of L. digitata increased over both hydrolysis time and enzyme
concentration of alginate lyase (Figure 22B). Statistically, the alginate lyase dosage effect was significant at
all hydrolysis times up to a concentration of 1 % (w/wpy) lyase on the substrate (Figure 22B) (PAPER lll).
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Figure 22: Glucose yields [% w/wpy] for wet refiner milled L. digitata slurries (d = 2.0 mm). Enzymatic saccharification yields over
(A) Cellic®CTec2 concentration at fixed alginate lyase SigmALy (2 % w/wpy) and (B) over alginate lyase SigmALy concentration at
fixed Cellic®CTec2 (10 % v/wpy) at pH5 and 40 °C.. Each data point represents the average value of independent duplicates;
vertical bars indicate the standard deviation. All values are given as hydrated monomers (for statistical analysis see supplementary
material in PAPER Ill).

Increased dosage of cellulase (Cellic®CTec2) with 2 % w/wpy alginate lyase produced a steady increase in
glucose yield after reactions of 4, 6, and 8 h, respectively (Figure 4A). Conclusively, a cellulase (Cellic®CTec2)
concentration of 10 % v/wpy and a reaction time of 8 hours were required to achieve release of the glucose
present in the seaweed. The eight hours treatment with an enzyme mix of 1 % w/wpy, alginate lyase and
the cellulase containing preparation Cellic®CTec2 10 % v/wpy Was sufficient to release 95 % of the available
glucose. 75 % of the potential glucose could be released within four hours while the remaining 20 % were
only released during the last two hours of enzymatic hydrolysis (Figure 22A). Further increase in cellulase
dosage to 15 and 20 % v/wpy did result in an increase of glucose yield after 8 hours (Figure 23).
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Figure 23: Glucose yields [% w/wpy, of potential seaweed glucose] for wet refiner milled L. digitata slurries
(d = 2.0 mm). Enzymatic saccharification yields displayed over varying Cellic®CTec2 concentrations (0-20 %
v/wpy) and alginate lyase (SigmALy) concentrations (0-2 % w/w) after 8 hours of treatment at pH 5 and
40 °C. Each data point represents the average value of independent duplicates; all values are given as
hydrated monomers (for statistical analysis see supplementary material in PAPER Ill).

Overall, the enzymatic glucose release from the glucan-rich L. digitata (harvested August 2012; Danish
North Sea) through an enzyme mix of alginate lyase and Cellic®CTec2 was studied in-depth on two refiner
milled slurries. These slurries were milled at refiner disc distances of 2.0 and 0.3 mm representing mild and
severe milling conditions. Regardless of the milling intensity and the choice of pH 5 or pH 6 total glucose
releases were achieved after 8 hours of enzymatic treatment. For this, an optimal enzyme dosage consisted
of 10 % v/wpy cellulase containing preparation Cellic®CTec2 and 1 % w/wpy of the poly-(G) specific alginate
lyase SigmALy (PAPER I, IV). In conclusion, “Brown seaweed processing: enzymatic saccharification of
Laminaria digitata requires no pre-treatment” (PAPER Ill); while acknowledging the “Impact of different
microbial alginate lyases on combined cellulase-lyase saccharification of brown seaweed” (PAPER IV).

3.3.4. Potential by-products: mannitol, protein and fucoidan (PAPER IV)

Applications of mannitol are extremely diverse, e.g. food (sweetener), addition in technical products such
as varnish, paper or explosives and mannitol is also used in pharmaceuticals (Holdt and Kraan, 2011).
Furthermore, investigations on yeast strains demonstrated the ability to convert mannitol to fructose by
mannitol dehydrogenase for bioconversion into ethanol (Horn et al., 2000b; Ota et al., 2013). Protein levels
in L. digitata from Danish waters can exceed 10 % w/wpy (PAPER Il). Algal protein contain all the essential
amino acids interesting for food or feed application (Holdt and Kraan, 2011; Nielsen et al., 2016). Fucoidan
are water soluble sulfated polysaccharides (Pereira et al., 2013). Their biological activities exhibit
interesting applications for pharmaceutical and cosmetic products. However, classical extraction of
fucoidans involves multi-step extended aqueous extractions usually with hot acid (Ale and Meyer, 2013).
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L. digitata collected from the North Sea in August 2012 contained of 3.2 % total amino acids and 2.4 %
fucose along with 2.4 % w/wpy of other fucoidan related carbohydrates such glucuronic acid, mannose and
xylose. The washed seaweed consisted of 8.0 % mannitol and in the milled slurry (refiner milling with
d=0.3mm) 6.7% w/wpy, mannitol was found (PAPER I, Ill). After enzymatic treatment of the milled
seaweed for 24 hours (Figure 21) the liquefied fraction was separated from the insoluble residue
(PAPER IV).

Treatment with the poly-(G) specific lyase SigmALy plus Cellic®CTec2 achieved the highest decomposition of
the milled material and left behind an insoluble residue of 12.4 % w/wpy, after the enzymatic treatment
(Table 5). After enzymatic treatment with the cellulase preparation Cellic®CTec2 and the alginate lyases
FALy and SALy an insoluble residue of about 20 % w/wpy of the refiner milled seaweed was observed
(Table 5). The application of SigmALy or Cellic®CTec2 alone did not decompose the seaweed to this extent,
indicated by an insoluble residue of 28.9 % w/wpy or 51.8 % w/wDM (Table 5). Thus, the application of
FALy and SALy (active on poly-(M)) did not only reduce the glucose release rate (Figure 20 in section 3.3.2.,
p. 43) but also the overall seaweed decomposition (PAPER IV). Furthermore, compared to a study that
determined saccharification residues of about 26 % w/wpy, after enzymatic treatment (48 h with similar
enzyme products) and following fermentation of dry milled L. digitata samples (Hou et al., 2015), the
relatively low residues of 12 % w/wpy, after enzymatic saccharification of wet refining indicated wet refining
as a gentle treatment has positive effects on the enzymatic yields.

Table 5: Amount of insoluble solid residues, nitrogen recovery from the residues, and yields
of mannitol and fucose of the liquefied fraction after 24 h enzymatic treatment (Figure 21)
of wet refiner milled L. digitata (d = 0.3 mm) with Cellic®CTec2 and alginate lyase (SALy, FALy
and SigmALy), as well as treatments with SigmALy and Cellic®CTec2 alone.

solid residue’ solubilized carbohydrates1
treatment amount N-recovery2 Mannitol® Fucose®

[% w/wpy, of refiner slurry] [% w/wpy, of refiner slurry]
SALy + Cellic®CTec2 19.3 80.1 34 24
FALy + Cellic®CTec2 20.3 83.5 5.9 1.9
SigmALy + Cellic®CTec2 12.4 71.4 5.0 3.6
Cellic®CTec2 alone 51.8 68.4 3.9 0.7
SigmALy alone 28.9 78.5 2.3 2.1

1Separation of the solubilized carbohydrates from the insoluble residues by decanting after
centrifugation at 14,000xg for 30 min

Zafter elemental analysis; raw material N=0.73 % (PAPER | and Table 3, p. 20)

3hydrated monomers after H,SO, hydrolysis and HPAEC analysis

The received insoluble residue was analyzed for nitrogen contents. Compared to the raw material, 70-80 %
by weight of nitrogen could be recovered indicating a high concentrations of proteins in the insoluble
residue (Table 5) (PAPER IV). These data were in accordance with the recently published findings on the
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same glucan rich L. digitata by Hou et al. (2015). There, a residue rich in protein (after extensive
saccharification and fermentation) having similar amino acid profile as the raw material remained insoluble
(Hou et al., 2015). In addition to nitrogen, the insoluble residue also contained a mixture of carbohydrates.
However, for the combined cellulase-lyase treatments this amount was equivalent to approx. 4 % w/wpy,
indicating extensive enzymatic decomposition of the L. digitata milling slurry (PAPER IV).

The carbohydrate analysis by HPAEC-PAD showed that the liquefied fraction compromised monomeric
mannitol and glucose. The measured mannitol levels (3.4 to 5.9 % w/wpy, of the original milled seaweed
biomass; Table 5) made up about 51-88 % of the available original content of mannitol in the biomass
(PAPER IV). Inhomogeneity in the seaweed individuals (PAPER Il) and wash offs during the refiner milling
process (PAPER Ill) could be potential reasons the high variations of the mannitol concentrations, among
others mentioned earlier on p. 44f.

In order to complete mass balance of the carbohydrates, the enzymatically liquefied fraction was post-
hydrolyzed with sulfuric acid. At this time, monomeric sugars of fucose, galactose, xylose, mannose,
glucuronic acid, as well as alginic acid monomers appeared in HPAEC-PAD analysis along with glucose and
mannitol. Beside the application of the cellulase preparation alone the yields of fucose were of the same
magnitude as present in the original seaweed of 2.4 % of dry seaweed. Hence, this indicated that the
fucoidan was dissolved but not hydrolyzed by the enzymatic treatment (PAPER V).

In conclusion, the enzymatic treatment with alginate lyase and cellulases facilitated the release of glucose
and mannitol from L. digitata. Furthermore, in the insoluble residues after enzymatic treatment contained
of 70-80 % nitrogen of the original L. digitata raw material sample. Moreover, fucose containing molecules
were solubilized and remained in the liquefied fraction after separation from the insoluble residue. The
fucose concentration of these molecules corresponded closely to the same fucose amount present in the
raw material. The highly valuable by-products of sulfated polysaccharides (fucoidan) and proteins can be
potentially extracted after enzymatic treatment corroborating the “Impact of different microbial alginate
lyases on combined cellulase-lyase saccharification of brown seaweed” (PAPER V).
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4. CONCLUSIONS AND FUTURE PERSPECTIVE

Similar to lignocellulosic material, acid hydrolysis with sulfuric acid (H,SO,) was the most appropriate
treatment for subsequent quantitation of brown seaweed carbohydrates. After a 2-step treatment with
72 % H,S0, for 1 hour at 30 °C followed by 4 % H,SO, at 120 °C for 40 min HPAEC-PAD analysis enabled
determination of the monomeric composition of neutral sugars, the sugar alcohol mannitol and uronic
acids. Due to the lack of available pure standard mannuronic acid was quantified as galacturonic acid
equivalents. However, the high heterogeneity in the type of monomeric compounds and the high amounts
of B-bonds in the polysaccharides of brown seaweeds in combination with high ion load challenged the
analysis and could cause elevated deviations. HPAEC-Borate is an accurate and highly reproducible method.
However, it allowed only quantification of glucose, xylose and mannose monomers from the brown
seaweed hydrolysates. With the HPAEC-PAD analysis for carbohydrates and additional determination of
amino acids and lipids the matter of total organic compounds was determined. The matter of organic
compounds was successfully cross-verified with the sum of C, H, N and O as total organic compounds
through elemental analysis. Through the addition of ash content, a good closure on the compositional mass
balance of brown seaweed was achieved, including a complete database of compositional compounds
(PAPER I).

With the method for quantitative determination of the carbohydrate composition, developed within the
studies of PAPER I, the potential of the brown seaweeds from Danish waters for glucose based biorefining
was assessed in PAPER Il. Therefore, the variation of the biochemical composition of four populations of
Saccharina latissima and Laminaria digitata from three different locations was documented over one year
of growth. Overall, the chemical composition of brown seaweed varied mainly in regard to the season but
differed also with respect to year of sampling, species, location of growth and individuals of the population.
Concentrations of ash and protein levels varied inversely to the carbohydrate levels, and total carbohydrate
concentration were seasonally influenced, particularly by the storage carbohydrates glucose and mannitol.
Generally, alginate was the most abundant carbohydrate at all sites from December to June/July with up to
36 % w/wpy. In the summer the glucose levels were at least at the same magnitude. Alginate, or alginic
acid, as the sum of its monomers mannuronic and guluronic acid was relatively independent of seasonal
changes. However, M/G ratios differed strongly throughout the year from 1.3 to 3.6 but with no certain
pattern regarding season, species or location (PAPER II).

Throughout the literature the total protein concentration is commonly determined by application of
nitrogen-to-protein conversion factors after determination of total nitrogen content. Conversion of
nitrogen to protein with factor 4, as suggested from PAPER I, emphasized high protein contents of up to
20 % w/wpy in the seaweeds from February/March. However, total protein determination through amino
acid analysis revealed concentrations of maximum 12.7 % w/wpn. Based on the amino acid analysis the
average N-to-protein conversion factor was 3.7, varying from 2.1 to 5.9, a smaller range compared to the
variance in the total nitrogen. In this respect, application of a common nitrogen-to-protein factor was not
satisfactorily. Amino acid analysis is instead recommended for the quantification of protein (PAPER ).

Nowadays, brown seaweed cultivation is practiced in nearshore (shallow) waters, with seedling production
in hatcheries and sea growth phases usually occurring from winter to the following (late) spring (Sanderson
et al.,, 2008; Nielsen et al., 2012; Marinho et al., 2015; Taelman et al., 2015). However, the highest
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concentration of glucose was found in August for wild growing L. digitata exposed to a windy and wavy site
in the Danish North Sea. Moreover, biofouling organisms increasingly hampered growth of the S. latissima
cultivation in the shallow and sheltered Limfjorden, Denmark. Glucose levels of 5% w/wpy in August
indicated that nearshore cultivation might not achieve a favorable biochemical profile required for
bioenergy purposes (PAPER ).

While biofouling for open sea cultivation was also reported (Handa et al., 2013), other studies underlined
the general feasibility of offshore cultivation of brown seaweed (Buck and Buchholz, 2005; Taelman et al.,
2015). Even in stormy conditions it was feasible to cultivate S. latissima in offshore wind farms in the North
Sea (Buck and Buchholz, 2005). Likewise, L. digitata from the North Sea was exposed stronger to elaborated
water motions. Furthermore, temperature was found to influence the chemical conditions and was more
optimal at the North Sea compared to the Danish Kattegat (Bay of Aarhus) and the Limfjorden (PAPER II).
Moreover, climate change is projected to increase the average sea surface temperature and so is predicted
to cause a northward retreat of seaweed (Méléder et al., 2010; Raybaud et al., 2013). This might exclude
locations such as the Limfjorden and also the Kattegat for cultivation of L. digitata and S. latissima in future,
especially during the warmer summer months with potential increased temperatures of the surface water.

Generally, glucose levels of L. digitata appeared to be superior to S. latissima. Glucose levels in wild
L. digitata from the Kattegat peaked in October with 37.0 % w/wpy compared to 22.6 % in wild S. latissima
from the same site. The higher glucose concentration was accompanied by lower ash content (18.5 % for
L. digitata compared to 26.5% w/wpy of S. latissima). However, glucan concentrations of L. digitata
specimens from the North Sea were >50 % w/wpy, accompanied with mannitol concentrations of about
10 % and ash levels of 10-11 % w/wpy, for three sequential years (2012-2014). Harvested at the right time
and place, L. digitata as the most suitable feedstock for application in glucose based biorefineries.
Nevertheless, variations in the carbohydrate composition occurred also between seaweed individuals of
the population, a fact to be considered for optimal cultivation strategies in regard to the cultivation density
(PAPER II). Notwithstanding the superior offshore growing conditions, one must bear in mind that offshore
cultivation is more energy, labor and capital intensive, would necessitate careful engineering of the
cultivation structures and potentially includes detachment and therefore losses of the crop (Buck and
Buchholz, 2005; Kerrison et al., 2015; Taelman et al., 2015).

Post washing L. digitata harvested from the Danish North Sea in August 2012 contained about 84 % w/wpy
organic matter dominated by glucan (51 % w/wpy). Subsequently, this material was investigated for
biocatalytical processing to achieve maximum glucose release. Refiner milling with disc distances between
0.1and 2.0 mm generated differently sized particle fractions with surface areas from 0.1-100 mm?. The
tightest distances produced the smallest surface areas. Milling with disc distances below the thickness of
the algae (€1 mm) increased the particle volume of the milled seaweed slurries. Higher milling severity
(lower rotating disc distance) also induced higher spontaneous carbohydrate solubilization from the
material of particularly glucose and mannitol. Overall, smaller particles, increased particle volume and
solubilization of glucan over milling intensity indicated an enhanced availability of the seaweed glucan.
However, the particle size reduction did not improve the enzymatic glucose release. Milling was thus not
required for enzymatic saccharification because all available glucose was released even from unmilled
material during the combined use of purchased alginate lyase and the commercial cellulase preparation
Cellic®CTec2. The alginate lyase (Sigma Aldrich) activity appeared to have catalyzed the cleavage of alginate
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from the substrate, which both decreases the viscosity of the substrate matrix and catalytically solubilizes
the alginate to provide access to the glucan in the brown seaweed cell wall matrix. Nevertheless, in order to
guarantee a homogenous processing particle size reduction is advisable (PAPER III).

Enzymatic hydrolysis of lignocellulosic feedstocks is inefficient without a preceding hydrothermal or other
physicochemical biomass pretreatment to expose the cellulose (Alvira et al., 2010). However, such a harsh
pretreatment was not required for enzymatic seaweed saccharification. Moreover, for mechanical
pretreatment of chipped, debarked and screened wood chips had an energy consumption of 0.616 kWh/kg
(Zhu et al., 2010). In contrast, for milling of L. digitata the energy consumption was estimated to be
0.38 kWh/kg biomass without a need of previous feedstock preparations (Alvarado-Morales et al., 2013).
Additionally, while hydrothermal and most physicochemical biomass in case of lignocellulose pretreatment
requires input of heat, this was not needed for pretreatment of seaweed biomass. Thus, lower energy
consumption for necessary pretreatment favors seaweed as a superior feedstock over lignocellulosic
material in terms of energy input.

The further investigations particularly focused on the support of alginate lyases on the overall goal of
maximize glucose release from the glucan rich L. digitata. Therefore, two bacterial polysaccharide lyase (PL)
of family 7 from Sphingomonas sp. (SALy) and Flavobacterium sp. (FALy) were selected after literature
research for heterologous, monocomponent expression in Escherichia coli. Following, thermal stability, pH
and temperature reaction optima, as well as the substrate specifity of the two expressed alginate endo-
lyases (EC 4.2.2.- SALy, FALy) and the commercially available alginate lyase (SigmALy) were assed. The
optimal pH range for SALy was pH 5.5-7.0 with optimum at pH 6. The optimum for FALy and SigmALy was
pH 7.5. The investigated reaction temperatures of 30-50 °C had no influence on the activity. Above 50 °C
the thermal stability of SALy and FALy was reduced. For SigmALy incubation >40 °C led to reduced activity.
The FALy preferred poly-mannuronic acid as substrate, but also exhibited activity on poly-guluronic acid,
whereas SALy had higher activity on poly-guluronic acid. SigmALy was only active on poly-guluronic acid.
The alginate constitution of L. digitata with M/G ratio of 3:1 suggested higher degradation capability for
lyases with activity on poly-mannuronic acid. Moreover, pH range of 5.5-7.0 emphasized SALy as an
appropriate candidate to combine with fungi derived cellulase to release glucose release from brown
seaweeds (PAPER IV).

Following, each of the three alginate lyases were subsequently combined and applied with the commercial,
fungally derived cellulase preparation Cellic®CTec2 at pH 6 and 40 °C on the milling slurry of L. digitata,
milled at disc distance of 0.3 mm. Viscosity of the slurry decreased in the initial minutes while alginate
degradation occurred primarily within the first 1-2 hours of reaction. Expectedly, SALy and FALy showed
higher activity on the alginate of the seaweed. Specifically, the guluronic acid was assumingly degraded to
smaller oligomers by all lyases. However, after 2 h of reaction SALy and FALy released only 4-6 %
W/Wpmaiginate UNsaturated oligo-uronic acids from the mannuronic acid present in the seaweed. Moreover,
with increasing mannuronic acid release lower glucose yields could be determined. This indicated that the
degradation of mannuronic acid blocks inhibited the cellulase catalyzed glucose release from L. digitata.
Only the strict action of SigmALy on guluronic acid enabled a 90 % glucose release within 8 hours by the
cellulase preparation Cellic®CTec2. Nevertheless, combined alginate lyase and cellulase treatment for
24 hours released all potential glucose regardless of the applied lyase (PAPER V).
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The slurry having been subjected to the lowest milling intensity at disc distance 2.0 mm was treated with
varying concentrations of SigmALy and Cellic®CTec2 at pH 5 and 40 °C. Treatment with a mixture of 1%
w/Wpnm SigmALy and 10 % v/wpy Cellic®CTec2 released 90 % of the available glucose during 8 hours. In
detail, 75 % of the potential glucose could be achieved within the first four hours and two-thirds of the
glucose with lower enzyme loading after 8 h. Simple application of only the cellulase preparation
Cellic®CTec2 enabled the release of only half of the present glucose while the addition of lyase ensured
accessibility for complete enzymatic glucan decomposition (PAPER Ill). Overall, the enzymatic glucose
release by an enzyme mix of alginate lyase and Cellic®CTec2 was studied in more detail on two refiner
milled slurries of the glucan rich L. digitata harvested in August 2012 from the Danish North Sea. Regardless
of the milling intensity and the choice of pH 5 or pH 6, total glucose releases were achieved after 8 hours of
enzymatic treatment. For this, an optimal enzyme dosage consisted of 10 % w/wpy, cellulase containing
preparation Cellic®CTec2 combined with 1% w/wpy of the poly-guluronic acid specific alginate lyase
SigmALy (PAPER Ill, IV).

The energy obtained from an energy production process compared to the energy required to produce that
energy is the definition for the EROI. Hereby, an EROI > 1 is considered as minimum for net energy gain and
EROI > 3 for a ‘sustainable’ energy product (Hall et al., 2009). Aitken et al. (2014) calculated the EROI for
ethanol fermentation by mannitol and glucose gained from brown algae to be <1. The calculation was
based on ethanol production from L. digitata consisting of approx. 25 % w/wpy glucose and 15 % mannitol
(Adams et al., 2011). Although saccharification yields of 52.7 % w/wpy glucose and 5.0 % w/wpy mannitol
L. digitata (PAPER IV) could potentially produce higher amounts of ethanol, ‘sustainable’ production of
ethanol from brown seaweed is rather illusory. However, life cycle assessment studies identified additional
anaerobic digestion as a valuable option to overcome these limits (Alvarado-Morales et al., 2013).
Nevertheless, the scenario including electricity from anaerobic digestion and the contribution of fertilizer as
an energy credit to the production of ethanol achieved an EROI =2 (Aitken et al., 2014). According to
definition of Hall et al. (2009) this EROI =2 does not meet ‘sustainable’ production. Nevertheless,
bioethanol production and anaerobic digestion including the extraction of the digestion residue for
fertilizer from brown seaweed cultivations was proposed to reduce global warming and for bioremediation
(Alvarado-Morales et al., 2013; Aitken et al., 2014).

To increase the energy potential of brown seaweeds, a more extensive exploitation of the biomass was
promoted by early stage researches where developed bacterial systems demonstrated ethanol production
from alginate (Takeda et al., 2011; Wargacki et al., 2012). The engineered E. coli bacterium was capable of
simultaneously degrading alginate and fermenting it with glucose and mannitol to ethanol. The yield was
80 % of the maximum theoretical yield from the sugar composition in brown seaweed (Wargacki et al.,
2012). The consideration of this ethanol yield in the life cycle assessment the EROI increased to 3.2 (Aitken
et al., 2014). The total of glucose and mannitol content of L. digitata (August’12-14, North Sea) made up
>70 % w/wpy of the sugar composition and >60 % w/wpy of the total biomass (PAPER Il). Furthermore,
glucose and mannitol was accessible with only minor pretreatment requirements (PAPER Ill). This indicates
further energy saving potential. Moreover, after treatment with cellulase and endolytical alginate lyase the
sulfated polysaccharides (fucoidan) remained dissolved in the soup of mannitol and glucose monomers.
Proteins potentially remained in the solid saccharification residue after separation by centrifugation
(PAPER 1V). The extraction of these potential by-products can positively contribute to the life cycle of brown
seaweed cultivation and biofuel production. Hence, production of ethanol, biogas for electricity and

53



Sourcing and bioprocessing of brown seaweed for maximizing glucose release

fertilizer from brown seaweed might meet an EROI = 3 (considered as ‘sustainable’ production according to
Hall et al. (2009)). Therefore, brown seaweed biorefining with state of the art technology can potentially
meet ‘sustainable’ if the biomass is harvested at the right time and place and appropriately pretreated.

Further investigations should be undertaken in order to extract fucoidan and proteins after the enzymatic
treatment. Endo-attacking alginate lyases are proposed to play a key role in brown seaweed biorefining.
Uncertainties remain however, about catalytical process especially regarding the catalysis of the
mannuronic acid blocks and the inhibitory effect on the glucose release by cellulases. Beside this, for large
scale brown seaweed biorefining the alginate lyase production is not yet industrialized. Furthermore, the
addition of exolytic oligoalginate lyase to produce monosaccharide units of alginate was recently
demonstrated (Ryu and Lee, 2011; Park et al.,, 2012) and should be verified as pretreatment for a
subsequent improved anaerobic digestion or fermentation.

Services like greenhouse gas emission savings and bioremediation potential should further be considered
and highlighted particularly with respect to limit the world temperature increase to 1.5°C as targeted from
the COP21 (see introduction). Moreover, the total brown seaweed biorefining potential can include other
products like seaweed for food and feed or extraction of the hydrocolloid alginate, iodine, lipids, vitamins
or phenols or the use of the residue as fertilizer. Including as many by-products and services as possible
could make brown seaweed an interesting candidate for application in biorefineries even in times when the
glucose level becomes depleted. Here, too, L. digitata from the North Sea can be an interesting candidate
for extraction of valuable products. In March L. digitata consisted of over 30 % w/wpy of guluronic acid rich
alginate and 12.5 % w/wpy total amino acids. In summary, the results of this PhD study demonstrated that
brown seaweed can be completely degraded enzymatically by cellulase and alginate lyase treatment after
milling (PAPER Ill and PAPER V). The work has also demonstrated, that biorefining of brown seaweed with
current state of art technology is highly dependent on the cultivation, particularly growth site and season,
of a suitable feedstock for achieving maximal glucan content and in turn allow maximum glucose release
(PAPER I and PAPER II).
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The monosaccharide composition of four different samples of brown seaweeds Laminaria digitata and
Saccharina latissima were compared by different high performance anion exchange chromatography
(HPAEC) methods after different acid hydrolysis treatments or a cellulase treatment. A two-step
treatment of 72% (w/w) H,SO4 + 4% (w/w) H,SO4 performed best, but cellulase treatment released more
glucose than acid treatments. HPAEC with pulsed amperometric detection (PAD) allowed quantification
of all present neutral sugars and the sugar alcohol mannitol. Furthermore, the use of guluronic,
glucuronic, and galacturonic acid as standards enabled quantification of the uronic acids. A complete

map of amino acids, fatty compounds, minerals, and ash was also achieved. L. digitata and S. latissima
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1 Introduction

Recently, carbohydrates from brown macroalgae (brown
seaweeds) have received increased attention, also in Europe, as
a new biomass resource for biofuels and manufacture of high-
value carbohydrate products.*”> However, the proper assessment
of the potential of this new resource for biorefinery purposes
requires fast and reliable characterization of the biomass,
notably with respect to the carbohydrate composition.

Several extraction and determination methods for particular
compounds have been developed but no methods exist for total
quantification of the carbohydrate contents and carbohydrate
composition of brown seaweeds.

The composition of polysaccharides in (fibrous) terrestrial
plant materials is usually determined by measuring the mono-
saccharide release after acid hydrolysis. The optimal type of acid
hydrolysis treatment depends on the type of plant material, and
no universal method exists. For pectinaceous plant materials,
rich in uronic acids, treatment with hydrochloric acid (HCI) or
trifluoroacetic acid (TFA) is usually favored,>* whereas for
lignocellulosic biomass acid hydrolysis with sulfuric acid
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with 16% w/w alginic acid. Washing prior to analysis mainly removed salts.

(H,SO,) is generally the norm.>” Analogously, different chro-
matography quantification techniques have subsequently been
employed to assess the composition of the constituent
monosaccharides.

Brown seaweeds (Phaeophyceae) are highly heterogeneous in
their carbohydrate composition and the polysaccharides differ
profoundly from those in terrestrial plants. Brown seaweed
biomass is mainly composed of B-linked polysaccharides of
neutral sugars and uronic acids but also harbor the sugar
alcohol mannitol and proteins along with high ash contents. In
the relatively cold Northern hemisphere, such as the European,
North American, and Canadian waters, the carbohydrate
composition varies throughout the year, with maximum ash,
protein, and matrix polysaccharides (alginate, fucoidan)
contents at the beginning of the spring, when the reserve
compounds mannitol and laminarin are at a minimum. In the
autumn the reverse is the case. Additionally, the carbohydrate
structures and composition vary with the species, age of the
algae population, and geographical location.**°

Laminarin is the principal and unique carbohydrate reserve
substance of brown seaweeds. This polysaccharide mainly
consists of a backbone of (insoluble) $-1,3-bonded glucopyra-
noses of which some carry B-1,6-branched glucose residues. A
typical laminarin chain is presumed to be made up of approx-
imately 25 units that may be terminated with the other reserve
substrate p-mannitol (M-chains) or glucose (G-chains), which
are found in different ratios at the reducing end.®** Mannitol,
the alcohol form of mannose, is the first product of photosyn-
thesis in brown macroalgae.*® The amounts of laminarin and

This journal is © The Royal Society of Chemistry 2014
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mannitol found in the most studied brown seaweed species
Laminaria digitata and Saccharina latissima, both belonging to
the Laminariaceae family, differ widely due to large seasonal
variations. Hence, levels ranging from 0-33% by weight of the
total dry matter (w/w) for laminarin and 2-20% w/w for
mannitol have been reported depending on the harvest
month."*

Alginic acid, or alginate, consists of 1,4-glycosidically linked
a-L-guluronic acid (G) and B-p-mannuronic acid (M) in varying
proportions forming linear chains with M/G ratio ranges of 1.2
to 2.1 and higher. Hence, alginic acid (alginate) does not
designate one particular monosaccharide or one type of homo-
polysaccharide. The linear chains are made up of different
blocks of guluronic and mannuronic acids, which are C-5
epimers.® The blocks are referred to as MM blocks or GG blocks,
but less crystalline MG blocks may also occur. Alginate is the
salt of alginic acid and is soluble with monovalent ions, e.g. K',
Na*, and insoluble with di-/polyvalent ions (except Mg”"). In the
presence of Ca®" the GG blocks form ionic complexes to
generate a stacked structure known as the “egg-box model”,
responsible for hard gel formation.****

Fucoidans constitute another unique type of brown seaweed
polysaccharide. Primarily, fucoidans from the Laminariaceae are
composed of a backbone of «-1,3-linked-L-fucopyranose residues
with sulfate substitutions at C-4 and occasionally at the C-2
position in addition to 2-O-a-L-fucopyranosyl, other glycosyl such
as galactose, and/or acetate substitutions.'>'® However, the
chemical structures and abundance of the sulfated fucans
making up fucoidan in brown seaweeds vary significantly.”
Alginate and fucoidan as matrix substances can be found at any
time in the seaweeds of Laminariaceae, but their relative
amounts vary with the season, for alginate the levels vary from 17
to 45%, for fucoidan between 3 and 10% (w/w).">'*®* However,
exact determination is difficult due to high heterogeneity and the
data also vary with the extraction method. Cellulose in brown
seaweed has received less attention but has been mentioned in
the literature as a structural monosaccharide present in minor
amounts.>" Besides polysaccharides, minerals and proteins
constitute a significant proportion of the dry weight of brown
seaweeds, mineral levels ranging from 15 to 39% w/w, and
protein levels from 3 to 16% w/w. On the contrary, lipids always
make up only a smaller fraction (below 2% w/w) in brown
seaweeds.”* The significant differences in the bond types and
the types of monomeric carbohydrate building blocks domi-
nating in terrestrial plants and brown seaweeds, respectively, call
for attention to both the acid hydrolysis and the quantitative
chromatography methodology used for compositional carbohy-
drate analysis of brown seaweeds.

RSC Advances

The primary objective of this study was to examine the
influence of different biomass material hydrolysis treatments
and compare different high performance chromatography
carbohydrate determination methods (borate vs. alkaline
(NaOH) elution) in order to identify an optimal strategy for
determination of all structural carbohydrate monomers from
one hydrolysate of brown seaweed. Another objective was to
assess the options for using cellulases for direct enzymatic
glucose release from the structural laminarin in the brown
seaweed. Different samples of L. digitata and S. latissima were
used as raw materials for the study (Table 1).

2 Experimental
2.1 Materials

L. digitata and S. latissima were harvested in April 2012 from the
Danish Baltic Sea and freeze-dried. Another harvest of L. digitata
was obtained from the Danish North Sea coast late August 2012.
One part of this latter material was washed successively four
times with water to remove residual sand and salt. Another
fraction remained untreated. Both the washed and the unwashed
material were oven-dried at 40 °C until equilibrium moisture
(Table 1). As a benchmark for the acid hydrolysis and carbohy-
drate analyses, hydrothermally pretreated barley straw fibers
were used; the straw had been subjected to a triple heating
treatment at 16% w/w dry matter (DM): 60 °C, 15 min; liquids
removed; 180 °C, 10 min; and finally 195 °C, 3 min.** The pre-
treated barley straw was frozen, then defrosted and oven-dried at
40 °C until equilibrium moisture before use. Before analysis the
dried seaweed materials and the pretreated straw material were
ground by vibrating disc milling to pass a 100 pm sieve.

Chemicals. Boric acid, disodium tetraborate (Na,B,0-),
perchloric acid (HClO,), sulfamic acid, sulphuric acid (H,SO,),
trifluoroacetic acid (TFA), m-hydroxybiphenyl, dimethyl sulfoxide
(DMSO), KOH, NaOH, all buffer salts, o-(+)fucose, .-rhamnose, 1-
(+)arabinose, p-(+)galactose, p-(+)xylose, p-(+)mannose, p-(+)gal-
acturonic acid, and p-(+)glucuronic acid were from Sigma-Aldrich
(Steinheim, Germany). Sodium acetate (NaOAc), p-mannitol, and
5-hydroxy-methyl furfural (5-HMF) were from Fluka/Sigma-
Aldrich (Steinheim, Germany). Guluronic acid was purchased
from Chemos GmbH (Regenstauf, Germany) and p-(+)glucose
was from Merck (Darmstadt, Germany).

2.2 Methods

Hydrolysis methods
Sulfuric acid hydrolysis. A modified 2-step sulfuric acid
hydrolysis of the NREL method” was applied exposing the

Table 1 Overview of origin and preparation of the received brown seaweed samples and barley straw used in the present study

Sample Origin/preparation

L. digitata April 2012 at Grenaa/Fornaes, Danish Baltic Sea coast (unwashed; freeze dried)

S. latissima April 2012 at Grenaa/Fornaes, Danish Baltic Sea coast (unwashed; freeze dried)

L. digitata End of August 2012 at Hanstholm, Danish North Sea coast (unwashed; oven dried)

L. digitata End of August 2012 at Hanstholm, Danish North Sea coast (tap water washed to remove sand and salt; oven dried)

Barley straw

This journal is © The Royal Society of Chemistry 2014

2006 at Funen, Denmark (hot water extracted by Rosgaard et al. 2007; fibers separated from liquid; oven dried)
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ground material (100 mg dry material per mL) to 72% w/w
H,SO, at 30 °C for exactly 1 h; the reaction mixture was then
diluted for the 2™ step to 4% w/w H,SO, and the hydrolysis
continued for 40 min at 120 °C in an autoclave (method A).° A
milder 2™ step adapted from Moxley and Zhang® was per-
formed using a 2% w/w solution of H,SO, reacting for 30 min at
120 °C (method B). After hydrolysis, the hydrolysates were
calibrated and filtered through a filter crucible (pore size 4;
Schott, Germany).

Perchloric acid hydrolysis. A 2-step hydrolysis treatment was
performed by adding 0.02 mL 70% w/w HClO, per 1 mg of dry
sample and allowing the hydrolysis to proceed for 10 min at
room temperature. The hydrolysate was then diluted with 0.2
mL water and the second hydrolysis step was then done at
120 °C for 60 min. After cooling, each sample was adjusted to
neutral pH with 2 M KOH. Precipitated KClO, was separated by
centrifugation. The supernatants were collected.”® The remain-
ing precipitate was re-dissolved in hot water and then passed
through a filter crucible (pore size 4).

Trifluoroacetic acid (TFA) hydrolysis. Samples were weighed
into screw-cap vials and 2 M TFA was added (10 mg dry material
per mL). Each vial was tightly sealed and heated at 121 °C for 2
h. Hydrolysates were lyophilized at —20 °C under N,. Prior to
chromatographic analysis the lyophilized samples were re-dis-
solved in deionized water, calibrated and filtered through a
filter crucible (pore size 4; Schott, Germany).> The acid-insol-
uble content, as well as the moisture content of all samples,
were determined gravimetrically as the residue remaining after
drying the filter crucibles at 103 °C overnight.

Enzymatic hydrolysis. The enzymatic treatment of the samples
was conducted at 2% (w/w) substrate concentration in 0.1 M
phosphate citrate buffer pH 5.1 at 50 °C and treated with 20%
Cellic®CTec2 (enzyme/substrate level in % by weight). Cel-
lic®CTec2 is a commercially available cellulase preparation
derived from Trichoderma reesei containing at least the two
main cellobiohydrolases EC 3.2.1.91 (Cel6A and Cel7A), five
different endo-1,4-B-glucanases EC 3.2.1.4 (Cel7B, Cel5A,
Cel12A, Cel61A, and Cel45A), B-glucosidase EC 3.2.1.21, B-
xylosidase EC 3.2.1.37, and particular proprietary hydrolysis-
boosting proteins (Novozymes A/S, Bagsveerd, Denmark). The
activity in filter paper units (FPU) of the enzyme preparation was
155 FPU mL . During the enzymatic hydrolysis samples were
taken out at 2, 4, 6 and 24 h. The reaction was stopped by mixing
the sample with 5 M NaOH.

Carbohydrate analysis. Monomeric sugars, 5-hydroxy-methyl-
furfural (5-HMF), sugar alcohol mannitol and uronic acids in the
hydrolysates were separated by a Dionex ICS-3000 HPAEC-PAD on
a Dionex CarboPac PA20 column using the three eluents: A
deionized water, B 200 mM NaOH and C 1 M NaOAc in 200 mM
NaOH, all CO, free and dosed in % volume/volume (v/v). Prior to
analysis, the samples were filtered through a 0.2 pm syringe tip
filter and diluted appropriately in 200 mM NaOH. Chromato-
graphic elution was carried out at a flow rate of 0.4 mL min "
using B at 1% in A for 25 min for separation of neutral sugars and
sugar alcohol. Subsequently, separation of uronic acids was
performed by a linear gradient from 3 to 50% B plus 3 to 20% C in
A for 20 min and completed with a linear gradient of C to 40% in
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60% B and A within 5 min. The separated carbohydrates were
detected using pulsed amperometric detection (PAD) with a gold
working electrode. To increase the sensitivity of the detector after
column addition of 200 mM NaOH was applied at a flow rate of
0.2 mL min~" for the first 25 min and with a linear gradient down
to 20 mM NaOH for the following 25 min.

The contents of glucose, xylose and mannose in the hydro-
lysates were also analyzed by borate-anion-exchange-chroma-
tography with post column derivatization and UV detection at
560 nm (HPAEC-Borate) as described in detail by Sinner et al.**
and Willfoer et al.’® For identification and quantification of the
carbohydrates the Dionex software Chromeleon 6.80 was used.

Total uronic acids (UAs) in the hydrolysates were detected
spectrophotometrically at 525 nm based on the method
described by Filisetti-Cozzi and Carpita.”® Prior to the color
reaction samples were filtered through a 0.2 pm syringe filter
and diluted appropriately in deionized water. Then 4 M sulfa-
mate (prepared after Filisetti-Cozzi and Carpita*) was added to
the sample in proportion 1 : 10. The H,SO, concentration was
adjusted to 80% w/w by mixing the sample with H,SO,
(analytical grade) containing 120 mM Na,B,0-. After adding the
color reagent m-hydroxydiphenyl (prepared after van den Hoo-
gen et al.*®) the absorbance, 525 nm, was monitored for 20 min
and the maximum was reported. Background absorbance was
determined individually and subtracted before the UA content
was determined as galacturonic acid (GalA) equivalents from
the corresponding GalA reference curve. For estimation of the
recovery factor (RF) GalA was treated according to the relevant
sulfuric acid hydrolysis procedure and GalA was then quantified
colorimetrically as described above.

Proximate, ultimate and metal analysis. C, H, N and S
contents were measured by elemental analysis (vario EL cube,
Elementar Hanau/Germany). The relative percentage of each was
determined and the oxygen content was estimated as the differ-
ence and corrected for ash content. The ash contents were
obtained and determined gravimetrically after low temperature
oxidation (550 °C) of the samples in a furnace. For metal analysis
the samples were digested with concentrated (65%) HNO; in a
Milestone MLS Stat 1200 lab microwave and analyzed by induc-
tively coupled plasma spectrometry (ICP) with mass spectro-
metric detection (Thermo Scientific iCAP 6300).

Analysis of amino acids and fatty compounds. Amino acid
analyses (AAA) were performed according to Barkholt and Jen-
sen.”” Extraction of fatty compounds was carried out with the
solvent petrol in an ASE apparatus (Accelerated Solvent
Extractor, Dionex Corp.) in two cycles at 70 °C and 100 bar.*®

FTIR spectroscopy. Residues from the 2-step sulfuric acid
hydrolysis (method A) were measured on a Bruker Vector 33
FTIR-spectrometer. The spectra were recorded between 3750
and 583 cm ' on a DTGS detector using attenuated total
reflection; resolution 4 cm™'; 60 scans; analysis software OPUS
6.5 (Bruker, Germany).*

2.3 Statistics

One-way analyses of variances (one-way ANOVA): 95% confi-
dence intervals were compared as Tukey-Kramer intervals

This journal is © The Royal Society of Chemistry 2014
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calculated from pooled standard deviations (Minitab Statistical
Software, Addison-Wesley, Reading, MA).

3 Results and discussion

3.1 Monomeric carbohydrate yields from the decomposition
techniques

Different plant polysaccharide acid hydrolysis methods for
obtaining monomeric carbohydrates were investigated.
Primarily, the employment of trifluoroacetic acid (TFA) hydro-
lysis (121 °C, 2 h) was inefficient on the brown seaweed samples
(only April samples tested) and left behind a significant amount
of residue making up approx. 30% by weight of the dry raw
material weight (data not shown). In comparison, the amount of
unhydrolysed residue on the same samples constituted ~5-10%
w/w after the perchloric or the sulfuric acid hydrolysis treat-
ments (Table 2). The amounts of hydrolysis residues obtained
after perchloric acid hydrolysis on the seaweed were generally a
little higher than those obtained for both sulfuric acid hydro-
lysis methods (Table 2). For the barley straw, the residue after
perchloric acid was 41.6% w/w as opposed to that of ~30% w/w
(also known as Klason Lignin) obtained after the sulfuric acid
hydrolyses. Significantly lower monomeric carbohydrate yields,
glucose, fucose and uronic acids, were obtained with the
perchloric acid as compared to the strong acid hydrolysis,
especially for the April harvested samples (Table 2). Determi-
nation of the fucose levels was less affected by the type of acid
treatment, but as expected, the fucose levels tended to be higher
in the samples harvested in the spring than in August (L. dig-
itata Apr'12 vs. Aug'12, Table 2). The levels for mannitol were in
the same range of 4 to 10% w/w for all brown seaweed samples
after acid treatment, but the values tended, as expected, to be
higher in the samples harvested in August (Table 2). Ostgaard
et al.** measured mannitol directly in the supernatant of thawed
S. latissima and found mannitol contents of 4% for spring and
16% for autumn respectively. Adams et al.* used a 5 mM sulfuric
acid hydrolysis on ground L. digitata and also observed a
seasonal variation of the mannitol ranging from a minimum of
5% w/w in the beginning of the year to a peak in June before the
mannitol levels determined remained constant between 15 and
20% wiw.

Perchloric acid hydrolysis was demonstrated to give high
glucose yields when applied on the highly polymerized
substrate carboxy-methyl-cellulose.?® Glucose levels determined
for L. digitata and S. latissima from the April harvest, were
significantly lower after HCIO, treatment than after sulfuric
acid hydrolysis, e.g. for S. latissima only 0.9% w/w compared to
4.6 and 6.8% w/w, respectively were recovered (HPAEC-PAD
data, Table 2). A similar trend was observed for the glucose
determined after acid hydrolysis on the pretreated straw (Table
2). Sulfuric acid hydrolysis performed by Ostgaard et al** on
Laminaria saccharina (now classified as Saccharina latissima)
gave glucose concentrations, accounted for as laminarin, that
were below 1% w/w for seaweed samples harvested in the
spring, but 20% w/w for samples harvested in the autumn.

All acid hydrolysates were checked for 5-HMF as a degrada-
tion product of hexoses.® 5-HMF was not detected in any of the
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mildly treated sulfuric acid samples, i.e. with method B (except
for the pretreated straw; 2 mg 5-HMF per g biomass). However,
in the stronger sulfuric acid hydrolysates (method A) as well as
after the HClO, treatment, 5-HMF was present in the samples
having high glucose content, but only in minor amounts of
<5 mg per g biomass (data not shown). Low contents of degra-
dation products and hydrolysis residues indicated appropriate
acid hydrolysis conditions for the decomposition of brown
seaweed carbohydrates into monomers. Residues of the sulfuric
acid hydrolysis (method A) were analyzed by FTIR, and this
analysis indicated the presence of a variety of reaction products
from the different polymers (data not shown). Elemental anal-
ysis revealed N contents below 3% by weight, very low contents
of sulfur and 40-50% of C based on dry residues. Potentially,
hydrolysis residues consist of condensed proteins, inorganic
compounds and insoluble polysaccharides from incomplete
hydrolysis, in particular alginic acid. Overall, the amounts of
residue correlated with the ash content for all seaweed samples,
but the amounts of residue were below 10% by weight of dry
algae for all hydrolysis methods (Table 2).

Sulfuric acid hydrolysis with post-hydrolysis at 4% H,SO,
(method A) is widely used for lignocellulosic biomass analysis,
and the method resembles the protocol recommended by the
US National Renewable Laboratory (NREL) for acid hydrolysis of
lignocellulosic feedstocks” — except that in NREL's protocol the
second step includes autoclave heating for 60 min, not 40 min.
Surprisingly, the highest monosaccharide levels of brown
seaweed were generally achieved with H,SO, hydrolysis
(method A), notably with regard to the detection of uronic acids
(UA), presumed to be mainly derived from alginate, as the
uronic acid yields were significantly above those obtained with
the other hydrolysis methods (Table 2). This finding was in
accord with what was reported early by Percival and McDowell,®
namely, that polysaccharides containing high levels of uronic
acids like alginic acid, need drastic hydrolysis conditions to
achieve a satisfactory decomposition into their carbohydrate
monomers. The data obtained for uronic acids (Table 2)
reflected the expected amount of alginic acid. Hence, the
reported values for alginic acid content in L. digitata range from
17 to 44% by weight correlating with the seasonal variation - the
highest levels are generally found in samples harvested winter/
early-spring, whereas the lowest levels are found in samples
harvested late summer/early autumn.™** Uronic acids are dis-
cussed further in Section 3.2.

Additionally, the available glucans were enzymatically
cleaved using the commercial enzyme preparation Cellic®C-
Tec2 (Novozymes, Denmark). For the L. digitata samples har-
vested in August, high levels of hydrated glucose of 64 to 77% by
weight were released by the enzymatic treatment within 6 h, and
no further increase was noted. The HPAEC-PAD results for
enzymatic glucose liberation from the April L. digitata harvest
stayed constant at 10.7% already after 2 h of hydrolysis, whereas
for the pretreated straw, the glucose yield increased over the
whole duration of 24 h during the enzymatic treatment without
releasing all potential monomeric glucose (Table 2). Adams
et al.* used laminarinases, active only on B-1,3 glucan, to esti-
mate the concentration of laminarin dependence on the season
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for L. digitata. However, the data obtained by the use of a high
dosage of the Cellic®CTec2 showed that the enzymatically
released glucose levels were consistently higher than those
obtained by any of the sulfuric acid hydrolysis methods or the
HClO, method. The cellulase treatment thus catalyzed the
decomposition of the glucose containing polysaccharides in the
seaweed, and also efficiently catalyzed mannitol liberation
(Table 2). No alginate degradation took place during cellulase
treatment (the levels of uronic acids were nil), and cellulase
treatment also released lower yields of other monomeric
carbohydrates than the chemical hydrolysis methods (Table 2).

HPAEC-borate has been established as an optimal analytical
method for analysis of lignocellulosic carbohydrates.>** For
separation of common compounds in acid hydrolysates of
brown seaweed, glucose, xylose and mannose, this chromatog-
raphy method produced highly reproducible results (Table 2).
However, it was only possible to detect all carbohydrates espe-
cially sugar alcohols and uronic acids by HPAEC-PAD (Table 2).

3.2 Uronic acids

Uronic acids (UA) of brown seaweed can be separated and
electrochemically quantified by HPAEC-PAD (Table 3). Small
amounts of glucuronic acid, below 2% w/w in each sample, were
determined in all the brown seaweed samples (Table 3). The
detection of glucuronic acid was in agreement with what was
reported in an early study by Knutson and Jeanes.*

Furthermore, guluronic acid was identified and quantified,
but galacturonic acid was not found in any of the seaweed
samples. Mannuronic acid (M) in its monomeric form is only
available commercially as the lactone of mannuronic acid.
Hence, mannuronic acid was quantified as galacturonic acid
equivalents, but was found to be the dominant uronic acid in
the brown seaweed samples (Table 3).

According to the literature M/G ratios depend on seaweed
species but also vary within the different species. For L. digitata
and S. latissima M/G ratios from 1.1 to 2.1 and up to 3.1 have been
reported.>*> The M/G ratio for the L. digitata seaweed harvested in
April 2012 from the Danish Baltic Sea was 2.0, for S. latissima it
was 2.4, but ratios were higher (2.8-3.0) for the samples harvested
from the North Sea in late summer 2012 (Table 3). Quantification
of mannuronic acid (ManA) as galacturonic acid (GalA)

RSC Advances

equivalents and summation of the values with guluronic acid
(GulA) as alginic acid led to estimated levels of about 32-33% w/w
alginate in the seaweed samples harvested early spring versus
~20% w/w alginate in the samples harvested late summer (Table
3). The different fractions of alginic acid MM, GG, GM and MG
blocks depolymerize at different rates in response to acid treat-
ment,’ and GulA has a relatively high acid lability.** Nevertheless,
despite the uncertainties regarding the application of GalA as a
standard for ManA and monomer recovery, the total amounts of
the individually quantified uronic acids (Table 3) reflected those
reported previously in the literature. Moreover, the response
factor of ManA for HPAEC analysis can tentatively be concluded
to be similar to the response of GalA and likely between that of
glucuronic and guluronic acid. In this regard, the application of
the present method also provides a reasonably reliable option for
presenting all uronic acids directly as GalA equivalents probably
because the response factor of GalA is close to that of the domi-
nant uronic acid. Values were in the same range as the total of all
individual monomers, but only when expressed as GalA equiva-
lents (Table 3).

Filisetti-Cozzi and Carpita® recommend the measurement of
total uronic acids as GalA equivalents by colorimetric analysis
with the absorption of GalA being close to that of ManA after
addition of 120 mM tetraborate to the reaction. However, Per-
cival and McDowell® noted an influence of the M/G ratio on the
absorbance. In this colorimetric method uronic acids react
with concentrated sulfuric acid producing 5-formyl-2-fur-
ancarboxylic acid (5FF) which, in the absence of water, further
reacts with 3-phenylphenol to produce a colored red-pink
chromogen.* In the present work, yields quantified in gal-
acturonic acid equivalents for total uronic acids only gave half
of the amount of uronic acids as the HPAEC-PAD analysis on the
same sulfuric acid hydrolysate (Table 3). The values were
nevertheless in agreement with those reported previously for S.
latissima,*® where low contents of total uronic acids of 15% and
23% in the spring were noted by use of a similar method.
Spectrophotometric determination of alginic acid after HCI
treatment gave slightly higher quantities of 20 to 30%,*
whereas Rioux et al.,** by use of the 3-phenylphenol method,
reported total uronic acids mostly being below 10% w/w for
different brown seaweeds.

Table 3 From left to right: yields (£SD) of individual determined monomeric uronic acids (UA) and ratio of mannuronic acid to guluronic acid
after pre-treatment with 72% H,SO,4, 4% post-hydrolysis and subsequent HPAEC-PAD analysis; determined as total UA displayed as equivalents
(eq.) after HPAEC-PAD or colorimetric analysis out of the same hydrolysates; and corrected with recovery factor for colorimetric measurement®

UA monomers by HPAEC"

Total UA by HPAEC" as equivalents Total UA by UV

GulA GluA Total GalAeq GluAeq GulAeq GalAeq GalAeq RF*
Sample [%] [%] ManA [%]* [%)] M/GP[-]  [%] [%)] [%] [%] [%]
L. digitata (Apr'12) 104 +1.1 1.7+02 20.6+22 32.7+3.5 1.994+0.04 32.5+3.5 203+2.2 388+42 172+1.4 28.0+23
S. latissima (Apr'12) 9.0 +1.6 1.4+0.2 21.4+3.6 31.8+54 241 +0.04 31.8+54 19.9+3.4 38.0+6.5 15.3+3.6 24.9+5.9
L. digitata (Aug'12; 5.7 £<0.1 1.0 £<0.1 172+ 0.6 23.9+ 0.8 3.00£0.09 24.4+0.7 152 +04 29.1+0.8 103 £6.5 16.7 £ 10.6
washed)
L. digitata (Aug'12) 45+07 07+£01 122+18 174+2.6 2.81 £0.06 17.2+£25 10.8+1.5 20.6 +2.9 87+29 142 +4.8

¢ Gu1A = guluronic acid; G1uA = glucuronic acid; ManA = mannuronic acid; GalA = galacturonic acid; eq. = equivalent. 'All values are given from
hydrated monomers; *given as GalA equivalents; *ratio of ManA (M) to GulA (G); “recovery factor (RF) 61.4 + 5.9 [%].
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HPAEC-PAD measurement is principally superior to the
chromogenic measurement of total uronic acids, since the
HPAEC assesses the actual individual monomer(s) and not the
reactivity of a degradation product. Potentially, the gap between
the methods may be due to the formation of further degrada-
tion products during the recurrent exposure of the hydrolysate
to strong acid during preparation of the colorimetric measure-
ment. An assessment of the recovery factor for galacturonic acid
was performed along the sample chronology. For the first two
step sulfuric acid hydrolysis (method A), a recovery of 57.0 +
3.0% of galacturonic acid was achieved by HPAEC-PAD analysis.
The overall recovery including the preparation for UV-
measurement with 80% sulfuric acid was 61.4 £ 5.9% of the
5FF-chromogen by colorimetric analysis. This factor was
applied and found to be more in agreement with the results of
the HPAEC measurements (Table 3). However, application of
the 57% as recovery factor for galacturonic acid to the HPAEC
results produced a too high recovery in relation to the overall
mass balances. An independent second determination for the
recovery of galacturonic acid after 2-step sulfuric acid hydrolysis
gave a recovery of only ~42% which further challenges the
applicability of recovery factors for determination of uronic acid
based polysaccharides™. Hence, determination of recovery
factors by exposing monomers, particularly uronic acids, to the
same acid hydrolysis conditions as the sample containing the
hetero-polymeric polysaccharides appears error-prone due to
different degradation behaviors.

3.3 Amino acids, fats, minerals and ash

Generally, brown seaweed contains significantly more protein
than lignocellulosic biomass, but variations in the amounts and
the amino acid composition are significant. L. digitata and S.
latissima from April contained about 9% and 10% by weight of
amino acids, respectively (Table 4), whereas L. digitata from
August only contained about 3% w/w and the pretreated straw
only of 0.4% w/w (Tables 4 and 7 in the Appendix). The protein
content is known to range from 3-21% by weight for L. digitata
and S. latissima,"*° the difference in the levels being due to the
source and harvest season but also affected by the application of
different nitrogen-to-protein factors, the most commonly used
being 6.25. Lourenco et al.** collected seaweed (although not L.
digitata or S. latissima) along the Brazilian coast line and found
75-99% of N related to protein with a factor of 5.38 & 0.5, amino

Table 4 Total of amino acids (AA) after amino acid analysis (£SD),
nitrogen (N) content determined by elemental analysis (+SD) and N-
to-protein factor (AA divided by N) for brown seaweed samples and
the overall average. (For complete amino acid analysis see Table 7 in
Appendix)
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acid residues divided by nitrogen, for brown seaweed. By
dividing the total amino acids by nitrogen content L. digitata
revealed an N-to-protein ratio of 3.4 for the April harvest and 4.4
for the August harvest, and the ratio for S. latissima was found to
be 3.8 (Table 4). This indicates that application of nitrogen-to-
protein factors should be used carefully in order to avoid a
potential risk of overestimation. Oppositely, the degradation of
proteins during acid hydrolysis, considered to be 5-10% of most
of amino acids, could also be taken into account.?”

Fatty compounds were quantified gravimetrically with
maximum amounts of 1% by weight after extraction with petrol
and the levels were in accordance to the literature.” Ash content
and mineral composition differed highly from terrestrial plants
and varied with the harvest time (Tables 5 and 8 in Appendix).
In general, the brown seaweeds have higher ash contents than
other seaweed types.’® A significantly low content of approx. 3%
ash and 0.4% w/w minerals was found for the straw sample
compared to the brown algae. Seaweeds from April contained
more than 6% by weight of minerals and had an ash content of
over 30% w/w (Table 5). In contrast, when carbohydrate
contents of glucose and mannitol were high, L. digitata con-
tained only 11.9% w/w of ash (Table 5), a level similar to that
reported by Adams et al.* By applying washing as pretreatment
the ash content was lowered to 7.9% and the mineral content to
2% w/w (Table 5). The lower level of minerals after washing was
primarily due to the removal of sodium and potassium as salts
by the washing. Together with sodium and potassium, calcium,
phosphorus, and sulfur are the major minerals in brown
seaweed.

For L. digitata Ruperez*® found an ash content of 37% and
total cations of 17% by weight. Ross et al.*” noted ash contents
of 11% to 38% w/w along with 6 to 15% minerals and up to 11
mol g~ ' of halogens for different brown seaweeds (L. digitata:
25.8% ash and 11.3% minerals). Adams et al.' studied the
seasonal variation of L. digitata and found total metal content
in samples harvested in April of 13.7% and about 7% for
samples collected in August and September. Seaweed ash is
known to contain carbonates and sulfates.>® The contents of
carbonates and sulfates may partly explain the discrepancy
between the total of ICP tracked minerals and determination
of the ash content, not considering the amount of halogens
like iodine and chlorine. The high discrepancy in mineral
contents to the literature derived mainly from the concentra-
tion of Na, where analyzed L. digitata gave low contents of
maximum 10 000 ppm.

Table 5 Total of minerals after ICP-MS (+SD) and ash content after
incineration (£SD) for brown seaweeds and barley straw. (For
complete mineral analysis see Table 8 in Appendix)

AA N
Sample [% dry material] factor N-to-protein
L. digitata (Apr'12) 9.3 + 0.4 2.7 £<0.1 3.44 +0.13
S. latissima (Apr'12) 10.1 £ 0.1 2.6 £ <0.1 3.83 £ 0.04
L. digitata (Aug'12; washed) 3.2 +£0.4 0.7 £ <0.1 4.34 + 0.61
Average 6.4 1.7 4.02

25742 | RSC Adv., 2014, 4, 25736-25746

Sample Minerals [%] Ash [%]

L. digitata (Apr'12) 6.2 + 0.1 31.0 £ 0.1
S. latissima (Apr'12) 6.4+ 0.1 34.6 4 0.2
L. digitata (Aug'12; washed) 2.0 + <0.1 7.9 £+ <0.1
L. digitata (Aug'12) 2.9 £ <0.1 11.9 + 0.1
Barley straw (pretreated) 0.4 +0.1 2.8 +0.2

This journal is © The Royal Society of Chemistry 2014
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Table 6 Mass balance of analyzed brown seaweeds and barley straw. From left to right: yields (+5D) of elemental CHNO;? individual determined organic compounds and added up to its total

organic matter (TOM) after treatment with 72% H,SO,, 4% post-hydrolysis and subsequent HPAEC-PAD analysis for carbohydrates;* amino acid hydrolysis for proteins and extraction for fats;
ash contents (+SD) after incineration and gravimetric determination; and the overall amount of total of individual determined organic compounds plus ash content. Levels of each compound

were compared (ANOVA) to determine significant differences per yield within each individual compound of sample. Significant differences are denoted by superscript letters a and b for
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3.4 Overall map of compounds

Additional determination of total amino acid and fats to
carbohydrate analysis allowed quantification of total organic
matter (TOM). For both April harvested L. digitata and S. lat-
issima Table 6 accounts about 56% for TOM with only minor
differences along protein and dehydrated monomeric carbo-
hydrate composition. Hence, L. digitata from August consisted
of about 84% TOM, about 30% more compounds of organic
matter compared to April's L. digitata. This was primarily due to
the extremely change in the glucose content to 51% which was
dominant in this sample. In April the most dominant organic
compounds were the uronic acids. The uronic acids constituted
about 30%, mainly derived from the alginic acid, but also the
level of proteins was higher in April. The difference of
measurements of all neutral sugars, mannitol, proteins and fats
as total organic matter to determination of C, H, N and O
detected by elemental analysis (Table 6) was calculated as the
theoretical amount of uronic acids. For the early spring har-
vested samples, the calculated averages were found to be
slightly elevated as compared to those from August, 39.1% vs.
32.7% for L. digitata and 35.4% vs. 31.8% for S. latissima. In
general, taking the standard deviations into account, all
HPAEC-PAD measurements agreed satisfactorily with the theo-
retical calculations.

As stated above, washing mainly affected the ash content but
also mannitol appeared to be washed out. Overall, the relative
proportion of organic matter compounds increased from about
84 to 89 % even though the mannitol level decreased from 10.4
to 8% (Table 6).

By summing up the overall map of compounds, the recovery
added up to about 90% for all samples by the addition of the ash
content to the TOM (Table 6). The difference to a fulfilled
composition (of 100%) can probably be found in the heteroge-
neous hydrolysis residues. For straw this difference was
accounted for as lignin, but the nature of the remaining mass is
uncertain for seaweed. On the other hand, inaccuracies due to
application of four different methods - carbohydrate analysis,
amino acid analysis, quantification of fatty compounds and
incineration - including their losses should be kept in mind. In
particular, the values for total organic matter (TOM) are below
estimation of CHNO by elemental analysis. For seaweed
samples from April only 56% of the TOM were estimated as
compared to 67.3% to of C, H, N and O after elemental analysis,
respectively 64% for S. latissima, whereas estimation for TOM of
L. digitata from August was close to CHNO analysis. The values
of individually determined TOM were only about 3% below the
sum of elements of 87%, and 91%, respectively for the washed
seaweed (Table 6).

However, taking standard deviations into account the total of
individually determined organic matters of all samples agreed
well with the sum of the elementals CHNO (Table 6) which does
not specify the origin of the carbon. Adams et al.* found CHNO
contents of L. digitata with less seasonal variation between 66
and 83% along with a maximum of 25% glucose determined as
laminarin. Ostgaard et al.*® similarly found less seasonal devi-
ation for total organic matter. Like the results for April collected

RSC Adv., 2014, 4, 25736-25746 | 25743
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seaweed their compositions for spring harvested S. latissima
were dominated by ash and alginate. In contrast, the dry matter
composition of samples in autumn was almost equally distrib-
uted between ashes, laminarin, mannitol and alginate.
However, not all organic matter could be identified. Rioux
et al.** analyzed all compounds from brown seaweed. A sum-up
of all extracted fractions of carbohydrate including proteins and
lipids leads to a maximum yield of 2/3 of what was expected as
carbohydrates by difference of ash, proteins and lipids.
However, even if uncertainties probably derived from the
carbohydrate analysis remain by adding the ash the balance was
acceptable for all brown seaweed samples and the benchmark
data for straw (Table 6).

4 Conclusions

HPAEC-PAD analysis after a 2-step treatment with first 72%
sulfuric acid for 1 h at 30 °C and then 4% at 120 °C for 40 min
turned out to be the best methodology for quantitative deter-
mination of the brown seaweed carbohydrate composition. The
high heterogeneity in the type of monomeric compounds and
the high amounts of B-bonds in the polysaccharides in the
brown seaweed along with high ion load challenged the analysis
and could cause elevated deviations compared to lignocellulosic
material. In contrast to the underestimating colorimetric
measurements of total uronic acids the HPAEC-PAD analysis of
the total individually measured uronic acids reflected the
expected values. Furthermore, additional measurements for
amino acids and fats the matter of total organic compounds was
determined and successfully cross-verified with the sum of C, H,
N and O as total organic compounds received from elemental
analysis. Thereby, a full map of brown seaweed compounds was
achieved. In contrast to pulsed amperometric detection
(HPAEC-PAD), HPAEC-borate is an accurate and highly repro-
ducible method but only detects glucose, xylose and mannose

Paper

monomers. HPAEC analysis of enzymatically decomposed
seaweed with a commercial enzyme solution revealed higher
glucose yields as compared to all acid treatments for all the
seaweed samples. Nevertheless, decomposition was incomplete
as almost only glucose and mannitol were released.

The brown seaweeds Laminaria digitata and Saccharina lat-
issima collected in April in the Danish Baltic Sea showed only
minor differences in their composition. L. digitata harvested in
August in the Danish North Sea had a total of organic matter
(TOM) of 84% dominated by glucose (51% w/w) and therefore
predestinated for e.g. biofuels. In the samples harvested in April
the content of alginic acid and ash dominated where changes in
the M/G ratio from 2 in April to 2.8 in August also indicate
different structures in the composition of alginic acid (although
it cannot be ruled out that some of the differences were also
caused by geographical differences). Total amino acid content
of 3% in August is low compared to 10% present in April. In
contrast, the N-to-protein factor was higher in August. Addition
of the ash content to the TOM completes the mass balance.
With the optimal 2-step sulfuric acid hydrolysis followed by
HPAEC-PAD analysis a procedure for obtaining the full mono-
meric composition of neutral sugars, the sugar alcohol
mannitol, and the uronic acids, where mannuronic acid was
quantified as galacturonic acid equivalents, was achieved.
Overall, a conclusive map of compounds for all brown seaweed
samples was thus obtained.

5 Appendix
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Table 7 Amino acid (AA) composition after amino acid analysis (+SD) for brown seaweed and barley straw (additional information to Table 4)

L. digitata (Apr'12) S. latissima (Apr'12)

L. digitata (Aug'12; washed)

L. digitata (Aug'12) Barley straw (pretreated)

Amino acid  AA/biomass [pug mg~']  AA/biomass [ug mg~'] AA/biomass [pg mg~ '] AA/biomass [pg mg ']  AA/biomass [ug mg ']
Total 93.3 + 3.7 101.0 £ 1.0 31.7 £ 4.5 31.3+24 3.8+ 0.1
Asp 12.6 £ 0.4 12.8 £ 0.3 3.7+ 0.5 3.2+0.1 0.4 £ <0.1
Thr 5.1+£0.2 5.2+0.4 1.8 £ 0.3 1.3+0.1 0.4 £ <0.1
Ser 4.5 £ 0.2 4.7 £ <0.1 1.6 £ 0.2 1.2 + 0.1 0.3 £ <0.1
Glu 12.0 £ 0.3 15.2 £ 0.6 4.4 £ 0.6 3.5+£0.3 0.9 £ <0.1
Pro 4.3+ 0.2 4.6 £+ <0.1 1.6 £ 0.2 1.3 £ 0.1 0.6 + <0.1
Gly 4.7 £0.2 5.1 £<0.1 1.8 £ 0.2 1.4 +0.1 0.4 £ <0.1
Ala 10.8 £ 0.6 11.0 £ 0.2 2.6 £0.4 2.2 £0.2 0.5 £ <0.1
TPCys 2.4 +£0.5 1.9 £0.1 0.5 £ <0.1 0.4 £ 0.1 <0.1

Val 5.0 £ 0.1 5.6 £ <0.1 1.9 + 0.3 1.6 + 0.1 <0.1

Met 1.9+ 0.1 2.2 £<0.1 0.8 £0.1 0.7 £ 0.1 0.1 £ <0.1
Ile 3.7+ 0.1 4.1+ 0.1 1.4 £ 0.2 1.1 £ 0.1 0.3 + <0.1
Leu 6.2 £0.2 7.4 £0.1 2.5+ 04 2.1+£0.1 0.6 £ <0.1
Tyr 3.4+0.2 3.5+0.1 1.1 + 0.2 1.0 £ 0.1 0.2 £ <0.1
Phe 4.7 £0.1 5.5 £ 0.1 1.9 £ 0.3 1.6 £ 0.2 0.4 £ <0.1
His 2.7 £0.2 1.8 £ 0.1 0.8 £ 0.1 0.9 £ 0.1 0.2 £ <0.1
Lys 5.2+ 0.1 5.4 +£0.1 1.7 £ 0.3 1.7 £ 0.1 0.1 £ <0.1
Arg 4.3 +£0.2 4.8+ 0.1 1.7 £ 0.3 1.5+ 0.1 <0.1
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ABSTRACT

Carbohydrates and proteins of brown seaweeds (kelps) can meet requirements to substitute oil
derived products and energy. Around Denmark Laminaria digitata and Saccharina latissima
are especially common species. Glucose levels of L. digitata appeared to be superior

S. latissima for bioenergy applications. Glucose levels in wild L. digitata from Kattegat
peaked in October with 37.0 % by dry weight compared to 22.6 % in wild S. latissima,
accompanied by lower ash contents (18.5 compared to 26.5 % w/w). However, wild

L. digitata from the North Sea exceeded these values with >50 % glucose and a lower ash
content of approx. 11 % w/w in August for three consecutive years (2012-2014). Cultivation
of S. latissima for bioenergy applications in Limfjorden, Denmark was not possible, due to the
occurrence of biofouling in the summer. Variation in the composition of the seaweeds was
found for all compounds, mainly relating to season but there was also variation between
species, locations, years, and even within populations. Total alginate content was less variable
but M/G ratios differed highly between species and location from 1.33 to 3.64. Of the

analyzed environmental variables, only temperature was found to correlate with the chemical
1
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composition of the seaweeds. Application of a common N-to-protein factor cannot be
recommended, since total nitrogen content fluctuated more between samples than the actual
protein contents. Amino acid profiles were dominated by glutamic acid, aspartic acid and
alanine and varied with season (especially for L. digitata from the North Sea) but also with

the location.

Keywords: glucose, biochemical composition, Laminaria digitata, Saccharina latissima,

carbohydrates, bioenergy, nitrogen-to-protein factor

INTRODUCTION

A growing portion of the total anthropogenic emission can be attributed to the production of
goods that are then globally traded (IPCC 2014). Cultivation of biomass as a resource for the
production of bioenergy and biomass derived chemicals has the potential to reduce global
interdependencies and provide positive socio-economic and environmental effects (Venghaus

and Selbmann 2014; Creutzig et al. 2014; Raman et al. 2015).

In the search for new biomass resources, there is growing interest in carbohydrates from
macroalgae (Brown and Tustin 2010; Dave et al. 2013). Currently, neutral sugars, such as
glucose, mannose, xylose, galactose, etc., are the most developed candidates for bioenergy
production, due to intensive research into lignocellulosic biomass. Moreover, the most
common fermenter Saccharomyces cerevisiae uses glucose as resource (Lee et al. 2011). Of
these sugars, glucose is potentially available in sufficient quantities in brown seaweeds. In
the Northern Hemisphere, brown seaweeds such as S. latissima and L. digitata have been
described as being rich in carbohydrates (Adams et al. 2011; Manns et al. 2014; Schiener et

al. 2015).
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The structural polymer cellulose contributes up to 10 % w/w of the total glucose content of
brown seaweed (Black 1950; Siddhanta et al. 2009). More significant amounts of glucose can
be found in the principal and unique carbohydrate reserve substance, laminarin. Laminarin
consists of B-1,3-linked glucose moieties with B-1,6-linked branches (Rioux et al. 2010).
However, laminarin composition varies strongly with season by 0-33 % by weight of the total
dry matter (w/w) (Adams et al. 2011; Holdt and Kraan 2011). In a recent study, we found that
L. digitata harvested from the Danish North Sea in August 2012 contained about 51 % (w/w)
glucans (Manns et al. 2014). The level of the second reserve substance, mannitol in brown
seaweed varies widely due to seasonal variation from 5-26 % w/w (Adams et al. 2011,
Schiener et al. 2015). Mannitol cannot be easily fermented, and only a few organisms can
utilize it. Mannitol needs to be converted to fructose-6P before being further metabolized

(Wei et al. 2013).

The major cell wall polysaccharide in brown seaweeds, alginate, consists of glycosidically
linked guluronic acid (G) and mannuronic acid (M), which are present in varying proportions
and form linear chains with M/G ratio ranges of 1.2 to 3.0 or higher for S. latissima and L.
digitata (Percival and McDowell 1967; Kloareg and Quatrano 1988; Manns et al. 2014). The
seasonal variation of the total alginate concentration in brown seaweed is less pronounced
(Black 1950; Schiener et al. 2015). Nevertheless, recorded concentrations of alginate still vary
from 17 to 45 % within the literature (Jensen and Haug 1956; Holdt and Kraan 2011).
Fucoidans constitute another unique type of brown seaweed polysaccharide. Primarily,
fucoidans from S. latissima and L. digitata are composed of a backbone of fucopyranose
residues with sulfate substitutions and occasionally other glycosyl such as galactose, xylose,
glucuronic acid and/or acetate substitutions (Bilan et al. 2010; Ale and Meyer 2013).
Fucoidan makes up up to 10 % of the total dry matter of brown seaweed per weight

(Obluchinskaya 2008; Holdt and Kraan 2011).
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Currently, the two matrix carbohydrates from brown seaweed, fucoidans and alginate, are not
utilized for bioconversion to biofuels. However, they are highly valuable in industries related
to food, pharmaceuticals and cosmetics (Morrissey et al. 2001; Kraan 2013). Furthermore,
new attempts to metabolize alginate into biofuels are under investigation (Wargacki et al.
2012). Seaweed carbohydrates have enormous potential as the basis for generating renewable
bioenergy and bio-based products in the future. However, since glucan based carbohydrates
are of primary interest at the moment, the choice of brown seaweed harvest time is crucial for
optimal exploitation. Due to the seasonal variation laminarin, i.e. glucose, and mannitol have

are at their peak concentrations in autumn (Black 1950; Adams et al. 2011).

Besides polysaccharides, the minerals and proteins that compose a significant proportion of
the dry weight of brown seaweeds, are interesting for application as food for human and
animals (Holdt and Kraan 2011). In contrast to carbohydrate concentrations, protein and
mineral contents are highest in winter to early spring. Mineral levels range from 15 to 39 %
w/w and the protein content is known to range from 3-21 % by weight for L. digitata and

S. latissima (Indegaard and Minsaas 1991; Morrissey et al. 2001). The observed protein levels
are dependent on seaweed species, location and harvest season, but are also artificially
affected by the application of different N-to-protein factors, 6.25 being most commonly used

for biomass in general (Lourenco et al. 2002; Angell et al. 2015).

Although variations and changes in composition of brown seaweed biomass have been known
for long time in Europe (Black 1950), the topic of seasonal variation in macroalgae
composition is currently of high interest due to increasing demands, particularly as a biofuel
feedstock (Adams et al. 2011; Schiener et al. 2015). Also, in Denmark there is a need for
thorough analysis of the parameters important for the growth of wild and cultivated

S. latissima and L. digitata, in order to understand which areas could be suited for future

cultivation practices. Danish marine waters are subjected to large temporal and spatial
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variations in environmental growth parameters, such as salinity, temperature, nutrients,
exposure and light, among many others factors which may influence biomass yield and
biochemical composition (Nielsen et al. 2016; Jgrgensen and Richardson 1996; Conley et al.

2000).

The present study attempts to fill a gap in knowledge regarding the occurrence of variation in
the chemical composition of brown seaweed compounds, with an emphasis on sugar
compositions. Therefore, the compositions of four sources of brown seaweeds of S. latissima
and L. digitata from three different Danish locations, including a cultivation site, were

investigated and mapped for one year of growth.

MATERIALS AND METHODS

Materials

Seaweeds

This study was based on seasonal sampling of four brown seaweeds populations of S.
latissima and L. digitata originating from three different geographic locations between

October 2012 and November 2013:

e Wild L. digitata from Hanstholm, Danish North Sea (57° 7'9.86"N, 8°39'14.11"E) at a
depth of 1-3 m, with a distance to shore of approx. 150 m and a salinity of approx.
30 %o. The sandy seafloor was covered with small limestone boulders acting as a
substrate for the seaweeds with strong exposure in terms of wind and waves in the
area. In the summer months the North Sea is fully stratified, predominantly by a
thermocline.
Sampling: 2012-08-29, -11-28, 2013-01-18, -03-07, -04-02, -05-21, -07-01, -08-27, -

11-28 and 2014-08-08.
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e Wild L. digitata from the Bay of Aarhus, Danish Kattegat (56°10'8.74"N,
10°13'35.55"E) at a depth of 1-3 m, with distance to shore of 2-8 m and a salinity of
approx. 22 %o.. Huge rocks build up the harbor’s pier and act as substrate for the
seaweeds. The shallow and calm water in the area may cause the build-up of a
pycnocline during summer — therefore in summer months, salinity tends to drop below
19 %o above the pycnocline (Nielsen et al. 2014).

Sampling: 2012-11-29, 2013-01-24, -02-20, -03-22, -04-25, -05-24, -06-28, -07-17, -
08-20, -09-04 and 2013-10-24.

e Wild S. latissima from the same site (Bay of Aarhus; 56°10'8.74"N, 10°13'35.55"E)

e Cultivated S. latissima from lines deployed at depths of 1-3 m in September 2012 in
Feerker Vig, Limfjorden, Denmark (56°50'8.81"N, 9° 4'34.28"E). The total depth in
this area was of 6-10 m, with a distance to shore of 100-200 m and an annual average
salinity of approx. 27-28 %o.. The site is sandy/muddy with no suitable substrate for
wild populations of kelps. The calm and protected area undergoes periods of reduced
water movement which causes the build-up of a pycnocline with reduced salinity and
elevated temperature.

Sampling: 2013-02-06, -03-07, -04-03, -04-22, -05-07, -07-01 and 2013-08-27.

After collection, all seaweeds were frozen, transported in frozen conditions and remained at -

20 °C until use.

Chemicals

Sulfuric acid (H,SO,4), NaOH, D-(+)fucose, L-rhamnose, L-(+)arabinose, D-(+)galactose, D-
(+)xylose, D-(+)mannose, D-(+)galacturonic acid, and D-(+)glucuronic acid were from Sigma-
Aldrich (Steinheim, Germany). Sodium acetate (NaOAc), and D-mannitol were from
Fluka/Sigma-Aldrich (Steinheim, Germany). Guluronic acid was purchased from Chemos

GmbH (Regenstauf, Germany) and D-(+)glucose was from Merck (Darmstadt, Germany).
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Biochemical analysis

Sample preparation. Before carbohydrate analysis, entire seaweed individuals were oven-
dried at 40 °C until equilibrium moisture and weighed afterwards. Nitrogen and ash contents
were determined from freeze dried material. The dried material was ground by vibrating disc
milling to pass a 100 um sieve. For studies on the variations of the four different populations
from Kattegat, the North Sea and Limfjorden, three seaweed individuals were pooled
proportionally to their weight into a single representative sample. For the study on the
variation within the L. digitata population from the North Sea on analysis was performed on
true biological seaweed individuals. Samples from November 2013 were separated into
holdfast, stipe and blade, and analyzed individually.

Sulfuric acid hydrolysis. A 2-step sulfuric acid treatment was applied in triplicates according
to Manns et al. (2014). For the study of the variation within the population, the samples were
treated individually.

Carbohydrate analysis by HPAEC-PAD. Monomeric sugars, the sugar alcohol mannitol and
uronic acids in the sulfuric acid hydrolysates were separated by high performance anion
exchange chromatography with pulsed amperometric detection (HPAEC-PAD) as described
in detail previously by Manns et al. (2014).

Determination of ash and nitrogen content. The ash contents were obtained and determined
gravimetrically after low temperature oxidation (550 °C) of the samples in a furnace for

2 hours. Nitrogen (N) contents were analyzed using a Perkin EImer 2400 Series Il CHN
Analyzer (PerkinElmer Inc.Waltham MA, USA). Seasonal variations in the total protein
concentrations were calculated using an N-to-protein factor and the N contents determined by
elemental analysis. An N-to-protein factor of 4 was chosen in accordance with Manns et al.
(2014).

Amino acid analyses (AAA) were kindly performed by Annette Blicher, DTU System

Biology, according to Barkholdt and Jensen (1989).
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Calculation of N-to-protein factors, protein and non-protein related nitrogen (N). N-to-
protein factors were calculated by dividing the total of amino acid residues by total N after
elemental analysis. For protein related N, the specific amount of each amino acid residue was
divided by its molar mass and multiplied with the molar mass of N present in the amino acid.

Subtracting the protein related nitrogen from the total N gave the non-protein nitrogen.

Statistics

One-way analyses of variances (one-way ANOVA): 95 % confidence intervals were
compared as Tukey—Kramer intervals calculated from pooled standard deviations (Minitab

Statistical Software, Addison-Wesley, Reading, MA-United States).

Analytical data of the chemical compositions (carbohydrates mannitol, glucose, alginic acid
monomers and other COH, as well as N and ash contents) were correlated against the
corresponding environmental data in a partial least squares regression (PLS) using leave-one-
out cross validation. Prior to analysis, both dependent and independent variables were
preprocessed utilizing autoscaling and mean centering (PLS Toolbox 6.0.1., Eigenvector
Research Inc., WA, USA). The location specific data of the physicochemical variables
(salinity, oxygen, ammonia, nitrate and nitrite, total nitrogen, phosphate and total phosphorus)
were retrieved from the nearest monitoring station of the Danish National Aquatic Monitoring
and Assessment Program (DNAMAP). The data from a single date (10 days of sampling

date) represented the physicochemical conditions around the time of sampling.
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RESULTS AND DISCUSSION

Variation in composition of carbohydrates

Seasonal and spatial variation

The seasonal variation of the composition of carbohydrates in brown seaweeds is well known,
e.g. in the detailed documentation of Black (1950). At the beginning of spring
(February/March), glucose and mannitol storages were exhausted at all sites. Subsequently,
enhanced photosynthetic activity allowed the mannitol and laminarin (i.e. glucose) contents to
rise again (Figure 1). Exceptionally, for the cultivation site at Limfjorden the carbohydrate
levels, particularly mannitol, of S. latissima had already begun to decrease in May

(Figure 1c). The low levels of carbohydrates were constantly accompanied by extraordinary
high ash contents (discussed in Section 3.1.2). The data of the cultivated S. latissima, which is
to our knowledge the first carbohydrate documentation for cultivated seaweed over a growth
period, should be considered with care. First, after placement of the seedling lines in the
cultivation site in September 2012, sampling of individuals was not possible until the
following February. Second, from May onwards, growth was increasingly hampered by
settling and growth of various biofouling organisms on the S. latissima fronds. In August, the
biofouling caused massive losses and the last sample was obtained in August, which showed
only small amounts of remaining carbohydrates (Figure 1c). Biofouling has been documented
elsewhere at sheltered and shallow sites including Limfjorden (Buck and Buchholz 2004;
Marinho et al. 2015b). Biofouling organisms have also been recorded in Norwegian waters on
cultivated S. latissima, close to a salmon aquaculture and partly sheltered from the open ocean
(Handa et al. 2013). Hence, cultivation of brown seaweed to generate glucose for bioenergy
may not be possible at sheltered locations such as Limfjorden.

A high glucose content is essential for the optimal exploitation of brown seaweed in sugar

based biorefineries, e.g. for the production of ethanol. However, glucose contents showed the
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most seasonal variation in all samples, followed by mannitol (Figure 1). Mannitol contents in
the seaweeds always peaked before glucose contents, as mannitol synthesis occurs first in the
metabolic process (Percival and McDowell 1967). For the wild brown seaweeds populations
of Kattegat, the content of mannitol peaked in June for S. latissima at 18.7 % w/w (Figure 1a)
and in May at 19.2 % wi/w for L. digitata (Figure 1b). Glucose levels increased steeply to

20.2 % wiw in July for S. latissima, and 29.2 % w/w for L. digitata, respectively. After a
decline (S. latissima 15 %, L. digitata 16 % w/w) in August, glucose contents more than
doubled the following month to 37.0 % wi/w, the peak glucose level for L. digitata at Kattegat
(Figure 1b). The glucose content of S. latissima increased by approx. 3.5 % w/w/month from
August to 22.6 % w/w in October (Figure 1a). In contrast, L. digitata collected from the North
Sea demonstrated maximum concentrations of mannitol (19.9 % w/w) and glucose (54.0 %
w/w) in July and August, respectively (Figure 1c). The outstandingly high glucose contents in
August were also documented from samples from August 2012 and 2014 (Figure 2). The
recorded glucose yield from the North Sea population exceeded levels of the site at Kattegat
at the peak by 17 % when compared to L. digitata and 31 % when compared to S. latissima
(compare Figure 1c to a/b). However, high glucose contents in samples of S. latissima and

L. digitata have previously been discovered in Kattegat in August 2012, though only in more
open water sites than Aarhus Bay (Nielsen et al., 2016).

The observation of higher glucose level for L. digitata growing in open-sea rather than in an
inlet was contradictory to the results of Black (1950). However, Black (1950) only determined
the glucose extracted from laminarin, whereas our measurement included the total glucose
content. For mannitol, content levels in the open sea were similar to the levels in the inlet over
the period of investigation (Black 1950). A shorter period between the maximum of the two
reserve substances was observed by of Adams et al. (2011) for L. digitata from the Irish Sea,
UK. There, the highest level of mannitol was recorded in June at 32.1 % w/w and glucose,

derived from laminarin, at 24.6 % w/w in July. Further north, in Scotland, Schiener et al.
10
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(2015) analyzed four brown seaweeds for the carbohydrates alginate, mannitol, cellulose and

laminarin between August 2010 and October 2011. The cellulose content was between 10 and

15 % throughout. Total glucan, i.e. glucose from cellulose and laminarin, varied due to

fluctuations in the laminarin content and peaked shortly after mannitol, later in the autumn.

None of the four species investigated by Schiener et al. (2015) contained glucose

concentrations higher than 25-30 % w/w, whereas mannitol levels (up to 26 % w/w) exceeded

those of the samples presented in this study.
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Figure 1: Seasonal variation from November 2012 to November 2013 of carbohydrate compositions of (a) S. latissima and

(b) L. digitata from Danish Kattegat, (c) S. latissima from the cultivation in Limfjorden, Denmark and (d) L. digitata from

the Danish North Sea. Each data point represents average values of independent triplicates; error bars indicate the standard

deviation; population at given timepoint is represented of three randomly pooled seaweed individuals. All values are given as

hydrated monomers; alginic acid: mannuronic acid and guluronic acid; other carbohydrates: fucose, galactose, arabinose,

rhamnose, mannose, xylose and glucuronic acid.
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Alginate or alginic acid consists of mannuronic (M) and guluronic acid (G) as blocks of MM,
GG, MG and GM with different M/G ratios. High value compounds are currently
predominately extracted from hydrocolloidal alginate, and preferably from seaweeds with
high total alginate concentrations and proportionally high concentrations of guluronnate in the
alginate. For Northern Europe in particular, Laminaria hyperborea with M/G ratios of >1 is
exploited for high value compound extraction (McHugh 2003; Fertah et al. 2014). The total
alginate content in our brown seaweeds was less fluctuant between seasons than the storage
carbohydrates. In fact, there was no overall pattern of the total alginate concentration, because
the patterns differed with species and site (Figure 1). Contrary to the storage carbohydrate
levels, alginate levels were highest in spring, at up to 30 % and 36 % (w/w) for the species in
Kattegat and North Sea, respectively (Figurela, b, d). For more turbulent waters, higher
contents of alginate have been recorded previously (McHugh 2003). The lowest levels of
alginate, at about 16 % (w/w), were found for samples in July at all sites (Figurel). Seasonal
variation in alginate concentrations agreed with previous reports, with alginate concentrations
between 15 % and 35 % w/w (Schiener et al. 2015). However, a closer look revealed seasonal
differences in the M/G ratio (Table 1). Generally, values varied from 1.3 to 3.6, but were
mostly around 2.0 (Table 1). Therefore, the data were in agreement with the M/G ratios
found and discussed previously (Manns et al. 2014). However, M/G ratios of the cultivated

S. latissima (Limfjorden) differed without correlation to the season (1.3 to 1.8), being
relatively rich in guluronic acid but with constantly low total alginate concentrations of <17 %
w/w (Table 1 and Figure 1). In contrast, M/G ratios of S. latissima from Kattegat exhibited a
strong correlation to the season. Starting with the highest value of 3.5 in November 2012, the
M/G ratio decreased stepwise towards the summer of 2013. From May to September, the
values were mainly around 1.8, except for June (2.3). In October 2013, the ratio increased to
2.2 again (Table 1; S. latissima, Danish Kattegat). In a qualitative study on S. latissima from

the Norwegian coast, Indegaard et al. (1990) found a similar trend. Blades from wild
12
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seaweeds exhibited an M/G ratio of 1.8 in March and 1.4 in August, higher than the cultivated
seaweed (Indegaard et al. 1990). In contrast to S. latissima, L. digitata of the North Sea had its
lowest M/G ratios in November 2012 and May 2013 (2.0 = 0.1). Higher ratios were found
during the summer with 3.6 in July and 3.8 in August (Table 1). Nonetheless, the M/G ratio of
L. digitata from Kattegat remained between 1.5 and 2.2 over the whole period of
measurement. Overall, no general seasonal pattern for M/G ratios could be seen. The variation
was apparently due to the specific location and the individual population, with no correlation
to the total amount of alginate (data not shown). Most likely, factors in the process of
epimerization of 3-D-mannuronic acid to a-L-guluronic acid were different between location
and/or species (Indegaard et al. 1990). High concentrations of total alginate accompanied with
high proportions of guluronic acid (i.e. low M/G ratio) were documented for L. digitata at
both Kattegat and the North Sea. Between January and April L. digitata from Kattegat and the
North Sea were particularly interesting for alginate extraction and application as

hydrocolloids (Kraan 2013).
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Table 1: Relation of mannuronic to guluronic acid (M/G ratios) of analyzed brown seaweeds from Danish
Waters over the period of November 2012 to November 2013. Each data point represents average values of
independent triplicates + the standard deviation; population at given timepoint is represented of three pooled
seaweed individuals; n.d. = not determined. Different roman superscript letters indicate significant differences

(0 < 0.05) column-wise per season.

S. latissima L. digitata L. digitata S. latissima
Month

(Kattegat) (Kattegat) (North Sea) (Limfjorden)
Nov’12 3.53%+0.02 2.08% +0.08 1.91°+0.14 n.d.
Jan’13 3.12°+0.03 1.57°+0.01 2.57°+0.04 n.d.
Feb’13 3.04" £0.03 1.79° + >0.00 n.d. 1.33°+0.03
Mar’13 2.48°+0.04 1.47°+0.05 2.81°+0.17 1.39°+0.01
Apr'13 2.52°+0.03 1.81°+0.05 1.89%+0.03 1.82%+0.03
May’13 1.807+0.04 2.16°+0.11 2.06% +0.09 1.44°+0.02
Jun’13 2.34%+0.07 1.50% +0.03 n.d. n.d.
Jul'13 1.82"+0.04 2.01°+0.03 3.64°+0.19 1.40°+0.01
Aug’13 1.76" + 0.02 2.11% +0.06 3.26° +0.08 1.64° +0.04
Sep’13 1.877+0.01 2.09% +0.08 n.d. n.d.
Oct’13 2.21°+0.10 2.21%+0.05 n.d. n.d.
Nov’13 n.d. n.d. 2.50°+0.30 n.d.

Other carbohydrates measured in the seaweeds, as presented in Figure 1, were generally a mix

of mainly fucose but also mannose, xylose and glucuronic acid with occasional traces of

galactose, arabinose and/or rhamnose (data not shown). Supposedly, these sugars compose

sulfated fucans (Ale and Meyer 2013). Amounts of this matrix polysaccharide, also known as

fucoidan, were generally below 9 % (w/w) and similar to those previously reported for

L. digitata and S. latissima (Obluchinskaya 2008; Manns et al. 2014). Although the
contribution of fucoidan related carbohydrates made up a negligible fraction of the total
carbohydrates, fucoidans are of great economic interest (Holdt and Kraan 2011).

Total carbohydrates were subject to seasonal variation, especially the storage carbohydrates
glucose and mannitol, with two peaks during the summer. Furthermore, the M/G ratio of

alginate differed strongly with seasonal for the sites in Kattegat and the North Sea.

Interestingly, erratic values occurred within the season, apparently contradictory to a general
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trend; see for example the drastic decline in glucose content for the Kattegat population of

L. digitata in August (Figure 1b). Potentially, this could be a consequence of sudden nutrient
impulses. The total nitrogen in the seaweed rose from 1.4 % w/w dry matter in July to 2.2 %
in August. Following the assimilation of nutrients, glucose from laminarin was most likely
remobilized and supported the growth of the seaweed. Consequently, this would have caused
the decline of glucose in August for L. digitata, and, although less pronounced, for

S. latissima (Figure 1b/a). The role of nutrients is further discussed with the impact of site-

specific physicochemical conditions on the chemical profile.

Variation within the population of L. digitata (North Sea)

Variation of carbohydrate composition was not only influenced by season, species and
location but also fluctated between the years and within a seaweed population (Figure 2).
Seaweed individuals of L. digitata from the North Sea from August 2012 to 2014 and
November 2012 and 2013 were analyzed individually. A significant difference between the
individuals of a given population at a specific time and at the same time over the years was
evident (Table S in the supplementary material). For example, in August 2013 the three
individuals A, B and C contained 61.1, 54.6, 39.5 % w/w of glucose; 6.2, 8.4, 19.3 % w/w of
mannitol and 22.3, 19.7, 30.1 % wi/w of alginate. In August 2014 the differences between
individuals were less severe but still significant (Table S in the supplementary material) and
glucose levels varied from 46.9 to 55.4 % w/w, while alginate levels varied from 19.2 to
26.0 % wiw (Figure 2). Additionally, there was no correlation (ANOVA analysis, 0>0.05)
between the individual carbohydrate concentrations, e.g. glucose concentration, and the
weight, i.e. plant size, i.e. age approximately. Weight ranged from 9 g up to 239.7 g with
median size of 54.8 g, but high glucose contents were found in both small individuals (e.g.
Aug’13 #A, 36.7 g, 61.1 % w/w glucose) and large individuals (e.g. Aug’14 #B, 190.6 g,

55.4 % wiw glucose) as well as vice versa (e.g. Aug’13 #C and Aug’12 #A) (Figure 2). At

15
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higher growth densities, competition with respect to light and nutrition are known to influence
the chemical composition of seaweeds (Kerrison et al. 2015). Furthermore, the three seaweed
individuals from November 2013 were compartmentalized to plant parts, i.e. holdfast, stipe
and blade (data not shown). There was variation in the relative composition and total of

carbohydrates of the different fragments, in agreement with previous reports from Black

(1950).
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Figure 2: Variation of carbohydrate composition and weight (i.e. size) of seaweed individuals within the population of
Laminaria digitata of the Danish North Sea at August 2014, *13 and ’12, as well as at November 2012 and 2013. Each data
point represents average values of independent triplicates; error bars indicate the standard deviation. All values are given as
hydrated monomers; alginic acid: mannuronic acid and guluronic acid monomers; other carbohydrates: fucose, galactose,
mannose, xylose and glucuronic acid. For ANOVA analysis through the different carbohydrate compounds to see Table S in

the supplementary material.

Variation in composition of total carbohydrates, proteins and ash

In order to better understand the overall composition of the samples, the total amounts of
carbohydrates, ash (as minerals) and protein were considered (Figure 3). The protein content
was assessed from the total nitrogen content applying an N-to-protein-factor of 4 as proposed

earlier (Manns et al. 2014). Carbohydrates were the dominant component in all seaweeds
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except the cultivated S. latissima from Limfjorden (Figure 3c). At the cultivation site, the
carbohydrate content increased until May, before growth was severely hampered by massive
biofouling. Samples from the North Sea had the highest amounts of carbohydrates ranging
from 44 % wi/w in April 2013 to 90 % w/w in August. In Kattegat both, S. latissima and

L. digitata, had the lowest contents in February (30 % w/w) and remained around 60 % w/w
from May to October (Figure 3). Concentrations of minerals (i.e. determined as ash) and
protein were complementary to carbohydrate concentrations. Accordingly, the brown
seaweeds were rich in protein and minerals during winter and spring (Figure 3). Ash contents
of L. digitata from the North Sea were found to be 29.5 % in April and only 11.4 % w/w in
August. For August 2012, correspondingly low levels of ash (11.9 % w/w) were reported for
this site (Manns et al. 2014). Furthermore, in Wales, Adams et al. (2011) found an analogous
ash profile (13.8 to 34.8 % w/w) for L. digitata from the Irish Sea. However, the ash content
of L. digitata and S. latissima from Kattegat ranged between 20-30 % w/w (Figure 3a/b). The
relative ash content of the cultivated seaweed remained high (33-40 % w/w) through the
entire period of investigation (Figure3c). Marinho et al. (2015a) also described high ash
contents of up to 40 % in young, cultivated S. latissima in Limfjorden, Denmark. However,
ash concentrations were <30 % w/w between May and September (Marinho et al. 2015a).
Generally, ash levels from 20 to 42 % of the dry matter present in the four analyzed seaweeds
agree with recent findings of Schiener et al. (2015), who reported ash levels of 20 to 40 % of
the dry matter of L. digitata and S. latissima. Seaweed minerals are used for fertilizers (Kraan
2013). The overall system productivity and sustainability of a biorefinery can be improved by
integrating co-products, such as the production of fertilizers and the extraction of proteins

(Kraan 2013).

The highest protein levels in the seaweeds from Kattegat and Limfjorden were achieved in

February with about 20 % w/w (Figure 3a-c), while then highest protein level for L. digitata

17



369

370

371

372

373

374
375

376

377

378

379

of the North Sea was in March with 15 % (Figure 3d). The lowest potential protein amounts

were found in the months of July and August, constituting between 2.3 and 8.4 % of the dry

weight depending on the site. Contents of 3-21 % by weight are well in agreement with

protein levels previously summarized (Morrisey et al. 2001; Holdt and Kraan 2011).

100

90 +
80 o
70 H

Compounds [% of dry biomass]

40 A
30 +
20 +
10 A

0

Figure 3: Seasonal variation from November 2012 to November 2013 of the main components minerals (determined as
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(determined as the sum of hydrated monomers presented in Fig 1). (a, b) S. latissima, respectively L. digitata from the

Danish Kattegat, (c) S. latissima from the cultivation in Limfjorden and (d) L. digitata from the Danish North Sea. Each

data point represents average values of independent triplicates; error bars indicate the standard deviation.

Nitrogen to protein conversion factor

For the samples with the maximum and minimum protein concentrations (Figure 3) detailed

amino acid analyses were performed. Samples from February and March had lower protein

levels of 109 to 125 pg/mg dry biomass (Table 2) than calculated by total nitrogen from

elemental analysis (Figure 3). For example, S. latissima from Kattegat was assumed to

contain 21.4 % w/w from N-to-protein conversion, but was found to have a total of only
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11.1 %, i.e. 111.1 pg amino acid residues per mg dry biomass after amino acid analysis
(compare Figure 3a with first column of Table 2). For July samples of S. latissima, the N-to-
protein factor of 4 underestimated the values found by amino acid analysis (compare
populations of S. latissima from Figure 3 with Table 2). In contrast, a factor of four
corresponded well to the total amino acid content of L. digitata samples from Kattegat in July
and in the North Sea from August, respectively (55 pg/mg and 24 pg/mg in Table 2;
compared to 54 pg/mg and 23 pg/mg in Figure 3b/d). In general, total amino acid
concentrations varied between 23.9 and 127.0 pg/mg dry biomass for L. digitata populations
and 48.1 to 141.6 pg/mg for S. latissima populations (Table 2). Similarly, Schiener et al.
(2015) reported total protein contents of 49-82 ug/mg for L. digitata and 51-99 pg/mg dry
weight for S. latissima over the season, using the Lowry method with bovine serum albumin
(BSA) as the standard. Notably, the total amino acid concentration in S. latissima at the
cultivation site at Limfjorden increased from February to July and was significantly higher
than the other sites during summer (Table 2). However, the total nitrogen content decreased in
the same period of time (February to July), for all sites documented (Figure 3). Hence,
increased relative protein concentrations were most likely an artefact of the comparably very
low carbohydrate concentrations. Nevertheless, total nitrogen levels of above 3 % w/w dry
matter in May and >2 % in August (Figure 3) emphasizes the potential of cultivation of

S. latissima as a bioremediation tool (Marinho et al. 2015b).
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Table 2: Distribution of nitrogen, calculation of nitrogen-to-protein factors and mapping of amino acids, related to total biomass and
relatively to the amino acid (AA) composition, of brown seaweeds from Danish waters containing the highest and the lowest level of
nitrogen within the period of sampling (November 2012 to November 2013). ANOVA-analysis through the different samples (with

pooled standard deviation of 10 %). Different roman superscript letters indicate significant differences (a < 0.05) row-wise.

S. latissima ~ S. latissima L. digitata L. digitata L. digitata L. digitata S. latissima S. latissima

Kattegat Kattegat Kattegat Kattegat North Sea  North Sea  Limfjorden  Limfjorden

Feb'13 Jul'l3 Feb'13 Jul'l3 Mar'13 Aug'l3 Feb'13 Jul'l3

Nbiorass [M9/MGbiomass] 53.4° 10.3° 45.8° 13.6° 37.1° 5.8° 46.5° 24,0
Nion-protein [M9/MGbiomass] 38.7° 3.8° 28.7° 6.3 20.8° 2.6¢ 317 53¢
Nprotein [19/MQbiomass] 14.8° 6.4° 17.0® 7.3 16.3* 3.23¢ 14.8° 18.7°

total AA [M9/MGhiomass] 111.1° 48.1° 127.0® 54.8° 125.4%® 23.9¢ 109.0° 141.6°
Niiomass t0 protein factor 2.1° 47° 2.8% 40" 3.4% 4.1 2.3° 5.9°
M9/ MGbiomass] 13.6® 6.4° 15.78 8.0° 11.9° 3.5¢ 12.8° 16.2°

a [% of total AA] 12.2%¢ 13.4%° 12.4%¢ 14.6 9.5 14.5 11.7%° 11.4>
[Mg/MGbiomass] 5.5% 2.9° 6.3® 3.2¢ 4.9° 1.4° 4.8° 6.7

Thr [% of total AA] 4.9 6.1 4.9 5.9% 3.9° 5.9% 4.4° 4.7
or [M9/MUbiomass] 47° 2.7 5.7° 3.0° 4.5° 1.3° 4.9 7.0°
[% of total AA] 4.2° 5.7% 4.5 5.4% 3.6° 5.5% 45> 4.9%

M9/ MGbiomass] 17.5° 6.1 18.8° 7.3 33.2° 3.1¢ 14.6° 30.0°

e [% of total AA] 15.7° 12.7° 14.8° 13.4° 26.5 12.9° 13.4° 21.2*
M9/ MGbiomass] 5.0° 2.4° 5.7° 2.8° 5.8 1.2° 5.3 6.2
Fro [% of total AA] 45 5.0° 4.5 5.0° 4.7 5.12 4.9 4.4
oly M9/ MGbiomass] 5.8% 2.9° 6.7° 3.0° 5.0° 1.4° 6.8° 11.0°
[% of total AA] 5.2 6.1° 5.2 5.4° 4.0° 5.9° 6.3 7.8

M9/ MGbiomass] 14.3° 3.3% 17.2° 43¢ 19.5% 1.8° 13.4° 10.2°
Al [% of total AA] 12.9° 6.8° 13.5% 7.8° 15.5? 7.4° 12.3° 7.2
TPCys M9/ MGbiomass] 1.7 1.3 2.5° 1.7 2.9 0.6 - 3.8
[% of total AA] 1.5 2.7 1.9 3.1? 2.3 2.3" - 2.7
val [M9/MGbiomass] 5.8% 2.6° 6.5% 3.0° 5.0° 1.3¢ 6.1% 7.1°
[% of total AA] 5.2% 5.4° 5.1% 5.4 4.0° 5.5 5.6 5.0°
Vet [M9/MGbiomass] 2.5 1.1° 2.6° 1.2° 21° 0.6 1.9° 2.3%
[% of total AA] 2.2% 2.3 2.0%* 2.3 1.6° 2.3 1.8 1.6°
e M9/ MGbiomass] 4.4® 2.0° 4.9° 2.2 3.7 0.9 4.9° 4.8
[% of total AA] 3.9% 4.1%* 3.9 4.0% 3.0° 3.9% 45 3.4
Lo [M9/MYbiomass] 8.2% 3.7° 9.0° 4.0° 6.8 1.77° 8.8 8.4%®
[% of total AA] 7.4 7.7° 7.1%e 7.3% 5.4° 7.4% 8.1° 5.9%
T [M9/MYbiomass] 3.8™ 1.9° 4.4° 1.9¢ 3.3° 0.8° 3.9 5.3
[% of total AA] 3.4% 3.9 3.4 3.5 2.6° 35 3.6 3.7
M9/ MGbiomass] 5.7% 2.6° 6.8° 2.9° 4.7° 1.3¢ 6.6% 6.9°
e [% of total AA] 5.1% 5.4% 4.9 5.2% 3.7 5.5% 6.1 4.9"
e [M9/MYbiomass] 1.9° 1.0° 1.9° 1.0° 1.9° 0.6 1.7° 2.4°
[% of total AA] 1.7 2.0% 1.5° 1.7 1.5° 2.3 1.6™ 1.7
Lys M9/ MGbiomass] 5.8% 2.6° 6.9° 2.9° 5.3° 1.40° 6.5% 6.5%
[% of total AA] 5.2%¢ 5.4% 5.5% 5.2%¢ 4.2° 5.9 6.0* 4.6™
A [M9/MYbiomass] 5.0° 2.5° 6.1% 2.8 5.1° 1.2¢ 5.9° 6.9°
[% of total AA] 4.5% 5.2 4.8 5.0 4.0° 5.1% 5.4 4.9%
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The presence of non-protein nitrogenous substances such as pigments and dissolved inorganic
nitrogen affects the N-to-protein conversion factor (Lourenco et al. 2002). Levels of inorganic
nitrogen in seawater vary seasonally (Zimmerman and Kremer 1986; Carstensen et al. 2006).
Hence, non-protein related nitrogen made up 20-30 pug/mg in L. digitata and 30-40 pg/mg in
S. latissima of dry weight for the samples of early 2013, equal to 56 to 72 % of the total
nitrogen. Later in the year, nitrogen contents decreased drastically. Hence, most of the
nitrogen was attributed to the presence of amino acids, and non-protein N such as dissolved
nitrates was <40 % of the total nitrogen content for L. digitata and >40 % of the total nitrogen
content for S. latissima (Table 2). The conversion factors were low in winter, during times of
high total algal nitrogen, and vice versa in summer (Table 2). Total algal nitrogen contents
show more seasonal variation compared to the protein content (Zimmerman and Kremer
1986; Marinho et al. 2015a/b). A literature study on all available data for protein
concentration of seaweeds revealed no correlation between internal N content and N-protein
factor (Angell et al. 2015). Conclusively, the suggested protein concentrations in Figure 3
display the total nitrogen content rather than the real protein content, visualizing the problems
related to the simple and often used N-to-protein conversion factor for protein estimation.
The factor for conversion of N-to-protein depends on the applied method for the nitrogen
determination. Generally, factors are higher for the Kjeldahl method than for total nitrogen
measured by elemental analysis with a broad range from 2.7 to 5.4 (Gonzalez et al. 2010;
Slocombe et al. 2013). Differences in N-to-protein factors for brown seaweed species were
previously reported by Lourenco et al. (2002), with factors on average 5.4 + 0.5 for four
brown seaweeds collected during the austral winter (although not L. digitata or S. latissima).
Overall, the average conversion factor of N-to-protein from Table 2 was calculated as 3.7,
well in agreement with earlier reports for Danish seaweed (Manns et al. 2014; Nielsen et al.
2016). Also in agreement with these studies, the sampling site appeared to influence the

protein content (Table 2). Therefore, the determination of the total protein content by
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application of global factor of 3.7 £ 1.3 risks enormous miscalculation due to the high
standard deviation of £ 1.3. In the present study, the conversion factors for L. digitata were
less variable, i.e. higher during winter (Kattegat: 2.8, The North Sea: 3.4) but lower in the
summer (approx. 4 at both sites) compared to S. latissima populations varying between 2.1 to
5.9 (Table 2). The extreme variance of S. latissima protein factors was in agreement with a
previous literature study of 459 brown seaweed samples (including 40 samples of
Laminaria/Saccharina), which reported a variance of 2.1 to 6.25 with an average protein
factor of 4.6 (Angell et al. 2015). In the study by Angell et al. red and green seaweed were
included and a global N-protein factor of 5 was suggested. However, seasonal fluctuations of
non-protein related nitrogen sources, such as nitrates and ammonia were not considered in the
suggestion of a global conversion factor of 5 (Angell et al. 2015).

Table 2 presents the amino acid profiles of the analyzed brown seaweeds. Individual amino
acid contents vary significantly between spring and summer (first rows of each amino acid in
Table 2). But interestingly, the total individual amino acid levels are more dependent on the
location than on the species of seaweed. ANOVA analysis revealed only minor differences
between L. digitata and S. latissima from the same location i.e. Kattegat. However, the amino
acid composition of both seaweeds differed significantly from the same seaweed at other
locations. The amino acid compositions of Kattegat populations were quite similar at both
sampling times, while the amino acid profile of L. digitata from the North Sea varied with the
season. Glutamic acid made up 26.5 % of the total amino acids content of L. digitata from the
North Sea in March, but only 12.9 % in August. In contrast, the concentration of aspartic acid
increased from 9.5 to 14.5 % to become the most abundant amino acid in August (Table 2).

S. latissima from Kattegat in the present study differed in profile and total protein content
from a previous study of cultivated Kattegat seaweed (Marinho et al., 2015a). Overall, the

most abundant amino acids were glutamic acid, aspartic acid and alanine, accounting for 30-
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50 % of the amino acid content in all samples, which is in agreement with previous reports for

most seaweed species (Holdt and Kraan 2011).

Impact of site-specific physicochemical conditions on the chemical profile

Several previous studies have shown the impacts of single variables such as nutrients, carbon
dioxide/pH, salinity, water motions, temperature, light or salinity, among others mainly on the
biomass growth and composition (Indegaard et al. 1990; Sanderson et al. 2008; Marinho et al.
2015a; Nielsen et al. 2015b). However, the correlation of a single variable with a single group
of results disregards the possibility of interdependence of the multiple impacts of
environmental variables and/or the biochemical composition. Hence, this study attempts to
include all available input factors (environmental variables) and output data (biochemical
composition) in a single statistical cross validation (PLS regression) in order to model the

biochemical composition regarding the related specific condition.

Compositional analyses of the four populations of S. latissima (2 populations from

2 locations, n=18) and L. digitata (2 populations from 2 locations, n=19) from the three
different locations over one season (2012/13) were correlated with the site-specific
physicochemical conditions retrieved from the Danish National Aquatic Monitoring and
Assessment Program (Figure 4). The PLS regression tool suggested two main influencing
factors (loadings) to describe 71.0 % of the variance in the biochemical composition of the
brown seaweeds (data not shown). The first loading was dominated by the seasonal variation
of the reserve substances mannitol and glucose, and behaved contrary to nitrogen and ash
content. This was in agreement with the findings above where mineral (ash) and protein levels
were complementary to carbohydrate levels and total carbohydrate concentration were
seasonally influenced by the storage carbohydrates laminarin, i.e. glucose, and mannitol, in
particular (see section seasonal and spatial variation). Furthermore, not the alginate content
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but the group of other COH (supposed as fucoidan derived carbohydrates, see Figure 1 other
COH) characterized loading 1. Alginate, though, was the main strong variable for loading 2.
Fucoidan, nitrogen and glucose were acknowledged to influence loading 2 in addition.
Generally, the finding of high statistical residuals indicated little or no correlation between the

biochemical composition and the environmental parameters (data not shown).

=
g - =
= = =)
g 400 g = 20
o = i)
g 2z S
rar} ©
‘e 300 = € 15
g -~ 5
¥
S 200 ko 210
Jo S S
g 100 e}
B 200 400 600 0 200 400 0 50 100
measured total nitrogen [ug/I] measured nitrate [ug/I] measured ammonia [pg/I]

28 |

predicted salilinity [0 psu]

predicted temperature [°C]

predicted phosphate [ug/I]

21 ¥ A
4
7 | 20 A
0 10 20 10 20 30 0 10 20 30
measured temperature [°C] measured salinity [%o psu] measured phosphate [ug/I]
— actual fit ¢ L. digitata (Kattegat) A | digitata (North Sea)
perfect fit ] S. latissima (Kattegat) W S.latissima (Limflorden)

Figure 4: PLS regression of site-specific physicochemical variables total nitrogen, nitrate, ammonia, temperature, salinity
and phosphate against the biochemical compositions (mannitol, glucose, alginic acid, other COH (see figure 1) as well as ash
and nitrogen (see figure 3)) of S. latissima and L. digitata from the Danish Kattegat, S. latissima from the cultivation in

Limfjorden, Denmark and L. digitata from the Danish North Sea. The closer perfect fit and actual fit the more significant the

influence of the variable.
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In accordance to high statistical residues, the statistical cross validation of the multiple
environmental variables identified temperature (R* = 0.616) as a significant physicochemical
parameter (Figure 4). The physicochemical conditions at the three different locations were
very heterogeneous across the season. The heterogeneity of the studied sites was particularly
apparent for salinity, with high salt content over 30 PSU in the North Sea (L. digitata at
Hanstholm, dark blue upright triangles), around 25 PSU with little variance in Limfjorden at
the cultivation site (light blue upside down triangles) and a seasonal variation from 15 to

25 PSU in Kattegat at the Bay of Aarhus (Figure 4). As salinity gradient of 16-31 PSU in
Kattegat has been previously documented as a significant factor on the biochemical
composition of L. digitata and S. latissima using one-way ANOVA analysis (Nielsen et al.
2016). However, in this study different salinities had no influence (R* = 0.038) on the

biochemical composition of the seaweeds (Figure 4).

Nutrient levels in the seaweeds presented in Figure 4 differed with the seaweed growth
location. At the Bay of Aarhus, Kattegat, yearly nutrient concentrations (>10 ug/L for
ammonia) were steadily lower compared to higher and more fluctuating levels in Limfjorden
(5-51 pg/L) as well as in the North Sea averaging 23 pg/L (Figure 4), in agreement with
earlier reports (Conley et al. 2000; Carstensen et al. 2006). The optimal uptake requirements
for bioavailable nitrogen (ammonia and nitrates) is >5 puM (5 uM = 85 pg/L ammonia or

5 UM = 310 pg/L nitrate) and >0.3 puM (28.5 pg/L) for phosphates (Kerrison et al. 2015).
However, concentrations of phosphate never reached the optimum at any time or site and the
sum of nitrate and ammonia only reached optimum levels for three measurements, once for
L. digitata at Hanstholm (dark blue upright triangles) and twice for S. latissima at Limfjorden
(light blue downright triangles) (Figure 4). The relationship between between nutrition
requirements and uptake is not a simple because the algae assimilate and store nitrogen, it

makes more sense to evaluate their nutritional status by looking at the tissue N concentrations
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(Dalsgaard and Krause-Jensen 2006). A tissue concentration of <1.7 % N of dry seaweed is
considered critical for optimal growth (Pedersen and Borum 1997). In contrast to the
bioavailable nitrogen requirement, N concentrations of the seaweed exceeded the critical
concentration of 1.7 % for most of the year. Only during summer months of May-July were
there lower tissue concentrations for S. latissima (Kattegat), July (Kattegat) and May-August
for L. digitata (North Sea) (Figure 3). In fact, the total nitrogen concentration of the seaweeds
was a significant factor of the PLS regression in both loadings of the biochemical
composition. Nevertheless, the nitrogen available in the sea water in forms of ammonia,
nitrate and phosphate apparently did not influence the biochemical composition of the
seaweed (R% nitrate = 0.377; ammonia = 0.030; phosphate = 0.134). Furthermore, no
correlation was found between total sea water nitrogen concentration and biochemical
composition of the seaweeds (R? = 0.257) (Figure 4). Therefore, tissue N might be a more
reliable indicator of the physiological nutrient status of the seaweeds than the environmental
concentrations. However, to verify this relationship it is necessary to distinguish between
inorganic tissue N and cumulated organic tissue N (i.e. gained over the period investigation)

from the organic tissue N present before the investigated period.

Temperature is known to influence growth rate, with the optimal temperature for brown
seaweed in the range from 5 to 15 °C (Kerrison et al. 2015) but no literature is currently
available that describes a direct correlation with chemical composition. However, the
temperature of sea water is directly linked to the amount of incoming light during the season
and therefore the growth strategy of the perennial seaweed, linking the storage/exhaustion of
nitrogen and buildup of the reserve carbohydrates mannitol and laminarin during periods of
limited growth. Optimum temperature conditions were found at the North Sea in every month
except March 2013 (2.3 °C). In contrast, the temperature fluctuations were larger in Kattegat,

where it was colder on average during winter and warmer throughout the summer months.
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Moreover, the highest variance in temperature were seen at the cultivation site at Limfjorden
with temperatures above 20 °C in the summer, which potentially contributed to the restricted
growth of the seaweed during the summer (Kerrison et al. 2015; Marinho et al. 2015b).
Accordingly, the highest concentrations of glucose were found for the population of the North
Sea, while for the seaweed at the cultivation site, glucose was present at the lowest

concentrations (Figure 1).

The cross data validation identified temperature as the only physiochemical variable with
significant influence on the chemical composition of the seaweeds. Further investigations
should rule out if temperature is just a proxy for the incoming light. Light and other known
influencing parameters, such as ultra-violet radiation, related depth, pH, carbon dioxide
concentrations, water motion, water flow rate or population growth density were available

and therefore could not be considered in this validation.

CONCLUSIONS

The chemical composition of brown seaweed varied with respect to location, season, species
and environmental conditions. The cultivated seaweed from Limfjorden was- very different
from the three wild populations, but similar to other cultivated seaweeds from Denmark.
Cultivation was feasible, but a favorable biochemical profile with high carbohydrate
concentrations for bioenergy purposes was not achievable. The seasonal pattern of the
composition depended on location and was more variable in populations of L. digitata than
S.latissima. L. digitata accumulated more glucose than S.latissima, along with lower ash
contents, making it preferable as a source for bioenergy. In particular, for the population in
the North Sea, outstandingly high glucose levels (>50 % w/w) were documented for three
sequential years (2012-2014) in August. Furthermore, in times when the glucose levels

became depleted, L. digitata from the North Sea was an interesting candidate for the
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extraction of other valuable products, as it consisted of over 30 % total alginate, rich in
guluronic acid and a concentration of amino acids of 12.5 % w/w of the dry seaweed.
Variations within populations also have to be considered for optimal cultivation strategies.
Analytical carbohydrate analysis of population individuals of L. digitata from the North Sea
showed significant differences at the given months of sampling and between the different
seasons. Generally, alginate was the most abundant carbohydrate polymer at all sites from
December to June/July, before glucose levels rose to at least the same magnitude. Alginate, or
alginic acid, as the sum of its monomers mannuronic and guluronic acid was relatively
unaffected by seasonal changes. However, M/G ratios differed strongly throughout the year
from 1.3 to 3.6, but with no certain pattern regarding season, species or location.

Conversion of N-to-protein with a factor of four emphasized high protein contents of up to

20 % of dry weight in the beginning of the year. However, total protein determination through
amino acid analysis did not confirm these findings. The average conversion factor was 3.7,
with variance from 2.1 to 5.9, leading to less variance in the total protein content. Affected by
season and location, the amino acid profile was dominated by aspartic and glutamic acid in
the beginning of the year, while glutamic acid and alanine dominated during the summer.
Many environmental parameters have been described throughout the literature as exerting an
influence on brown seaweed growth conditions and composition. However, in this study
temperature was the only variable found to influence the chemical composition of seaweeds
with optimal conditions found at the site of Hanstholm, Danish North Sea. Furthermore, the
promising brown seaweed L. digitata from the North Sea was exposed to stronger water
motions than the other seaweed populations from the Danish inner waters, indicating
correlations between water motion and chemical composition. Future work should include
assessments of the local environmental conditions growing conditions such as wind exposure,
light exposure, the availability and uptake of nutrients, or perhaps other factors like genetic

differences and the demography of the population. Such work would help to develop
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strategies for cultivating and harvesting seaweed to ensure optimum chemical profile for

developing bioenergy and bio-based products from macroalgae.
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729 SUPPLEMENTARY MATERIAL

Table S: ANOVA-analysis through the different carbohydrate
composition of L. digitata from August 2012, 2013 and 2014, as well
as November 2012 and (see also figure 2). Different roman letters
indicate significant differences between the individuals (o < 0.05)
row-wise per group; first letter within a population at the given date
(August 2014, August, 2013, August 2012, November 2012,
November 2013); second letter between the three years at the same

month (August, November).

Sample Alginic Acid  Glucose Mannitol ~ Other COH

Aug'l4 #A a, b b, cd a, b a, ab
Aug'l4 #B b, d a, ab c, fg a, ab
Aug'14 #C b, d b, cd b, de a, ab
Aug'l14 #D b, d b, cd bc, ef a, ab
Aug'l4 #E b, d a, ab b, de a, ab
Aug'l13 #A b, cd a,a ¢, g a, ab
Aug'13 #B c,d b, ab b, cd b, b
Aug'13 #C a,a c,d a,a a,a
Aug'12 #A a, bc a, cd b, g a, a
Aug'12 #B b, d a, be b, ef a, ab
Aug'12 #C b, d a, bc b, g a, ab
Aug'12 #D a, ab a, ab ab, de a, ab
Aug'l2 #E a, bc a, ab a,c a, ab
Nov'12 #A a, a b, cd a, a a, a
Nov'12 #B a,a a, b a,a a,a
Nov'12 #C b, b a, b b, b a, a
Nov'13 #A b, c b, b b, b a,a
Nov'13 #B a, b a, a a, a a, a
Nov'13 #C a,b ab, b a,a a,a

730



Sourcing and bioprocessing of brown seaweed for maximizing glucose release

PAPER 11I

Brown seaweed processing: enzymatic
saccharification of Laminaria digitata requires no
pre-treatment

Dirk Manns

Stinus K. Andersen
Bodo Saake

Anne S. Meyer



J Appl Phycol
DOI 10.1007/s10811-015-0663-9

@ CrossMark

Brown seaweed processing: enzymatic saccharification
of Laminaria digitata requires no pre-treatment

Dirk Manns' - Stinus K. Andersen' - Bodo Saake” - Anne S. Meyer'

Received: 24 February 2015 /Revised: 6 July 2015 /Accepted: 7 July 2015

© Springer Science+Business Media Dordrecht 2015

Abstract This study assesses the effect of different mill-
ing pre-treatments on enzymatic glucose release from the
brown seaweed Laminaria digitata having high glucan
(laminarin) content. Wet refiner milling, using rotating
disc distances of 0.1-2 mm, generated populations of dif-
ferently sized pieces of lamina having decreasing average
surface area (100-0.1 mm?) with increased milling sever-
ity. Higher milling severity (lower rotating disc distance)
also induced higher spontaneous carbohydrate solubiliza-
tion from the material. Due to the seaweed material
consisting of flat blades, the milling did not increase the
overall surface area of the seaweed material, and size
diminution of the laminas by milling did not improve
the enzymatic glucose release. Milling was thus not re-
quired for enzymatic saccharification because all available
glucose was released even from unmilled material.
Treatment with a mixture of alginate lyase and a cellulase
preparation (Cellic®CTec2) on large-sized milled material
released all available glucose within 8 h. Application of
the cellulase preparation alone released only half of the
available glucose. The alginate lyase catalysis apparently
induced selective removal of alginate to improve the
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cellulase catalyzed degradation of laminarin and cellulose
in the material.

Keywords Brown seaweed - Phaeophyceae - Milling -
Enzymatic glucose release - Alginate lyase

Introduction

Macroalgae, or seaweeds, have recently been prospected as a
potential new biomass resource for bioenergy and chemicals
production (Brown & Tustin, 2010; Roesijadi et al., 2010). In
the Northern Hemisphere, mainly brown seaweeds of the type
“kelp” (Phaeophyceae), including species such as Saccharina
latissima and Laminaria digitata, have been studied to assess
their glucose potential in relation to bioenergy production
(Adams et al., 2011). It is well known that the biomass compo-
sition of brown seaweeds varies throughout the year and that
also the carbohydrate composition differs with the algae species
and the geographical location for growth (Adams et al., 2011;
Black, 1950; Percival & McDowell, 1967). We recently found
that L. digitata harvested from the Danish North Sea (off
Hanstholm) in August 2012 contained about 84 % by weight
of total organic matter dominated by glucose moieties consti-
tuting 51 % by weight of the dry matter (Manns et al., 2014).
This high glucose content, which is accompanied by a content
of 8 % by weight of mannitol and a low ash content (<10 %),
indicates that L. digitata is particularly promising as a brown
seaweed source for biorefining and bioenergy production when
harvested at the right time and place (Manns et al., 2014).

The brown seaweed plant tissue is soft and in the case of kelp
mainly made up of flat longitudinal blade structures (lamina)
(John et al., 2011; Manns et al., 2014; Percival & McDowell,
1967; Roesijadi et al., 2010). Whereas enzymatic hydrolysis of
lignocellulosic feedstocks is inefficient without a hydrothermal
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or other physicochemical pre-treatment to help increase enzy-
matic accessibility to the cellulose (Alvira et al., 2010; Kumar
et al., 2009), such harsh pre-treatment may not be required for
enzymatic seaweed saccharification since seaweed does not con-
tain lignin. Pre-treatment of Laminaria japonica with very low
sulfuric acid concentrations of <0.1 % followed by heat treat-
ment at 170 °C for 15 min has been reported to enhance enzy-
matic glucan hydrolysis of the seaweed compared to just
employing hot water pre-treatment (Lee et al., 2013).
However, it has also been reported that some of the classical
types of lignocellulose pre-treatments induce significant losses
of convertible seaweed biomass (Schultz-Jensen et al., 2013). A
comparison of five pre-treatment technologies for processing of
the green seaweed Chaetomorpha linum for ethanol production
showed that a ball milling pre-treatment producing particles of
2 mm was superior to classical lignocellulosic biomass bench-
mark pre-treatments (Schultz-Jensen et al., 2013). Mechanical
grinding pre-treatment has also been shown to enhance ethanol
yields on S. latissima biomass (Adams et al., 2009). The dimi-
nution of seaweed biomass to smaller particles by milling has
been envisaged to increase the substrate surface area which in
turn would enhance the enzymatic processing and fermentation
to ethanol (Roesijadi et al., 2010; Wargacki et al., 2012).
However, no systematic study assessing the influence of the
degree of milling on brown seaweed particle size or the influ-
ence of substrate particle size on enzymatic saccharification re-
sponse for brown seaweed is available.

Phylogenetically, the kelp type brown seaweeds
(Phaeophyceae) belong to the Stramenopiles phylum that uses
laminarin as storage polysaccharide. Recent genome annotation
evidence has confirmed that pathways for sucrose, starch, and
glycogen synthesis are absent in this type of seaweed (Michel
et al., 2010). Laminarin is made up of a backbone of (3-1,3-
linked glucose moieties with (3-1,6-linked branches (John et al.,
2011; Rioux et al., 2010). In addition, brown seaweeds have
been reported to contain some cellulose (Schiener et al., 2015;
Siddhanta et al., 2009). The presence of laminarin and cellulose
agrees with the experimental findings that enzymatic liberation
of glucose from brown seaweeds is effectively accomplished
by enzyme cocktails harboring 3-1,3-glucanases and cellulases
(Adams et al., 2009; Adams et al., 2011; Kim et al., 2011b;
Yanagisawa et al., 2011). Another difference from terrestrial
biomass is that in brown seaweeds, the main matrix polysac-
charide is alginic acid or alginate as its salt. Alginate thus con-
stitutes a key component of the brown seaweed cell walls but
also appears to be present in the intercellular space matrix
(Adams et al., 2011; Davis et al., 2003; Kloareg & Quatrano,
1988; Mabeau & Kloareg, 1987). Alginate consists of 1,4-gly-
cosidically linked o-L-guluronic acid (G) and [3-D-mannuronic
acid (M), which are present in varying proportions in different
brown seaweeds. The G and M moieties form linear chains
with M/G ratio ranges of 1.2 to 3.0 and higher. Alginate lyase,
encompassing EC 4.2.2.3 mannuronate lyase and EC 4.2.2.11

@ Springer

guluronate lyase, catalyzes alginate degradation via a [3-
elimination reaction and mainly acts via endo-attack, i.e., cata-
lyzing bond cleavage within the alginate backbone chain
(Wong et al., 2000). The potential of employing alginate lyases
for pre-treatment or saccharification of macroalgae for biofuel
production has been suggested in the literature (Kim et al.,
2011a). However, an evaluation of the significance of alginate
lyase in relation to enzymatic glucose release from brown sea-
weed is currently not available.

The objective of this study was to assess the significance of
milling pretreatment and substrate particle size diminution on
enzymatic saccharification of glucan-rich L. digitata biomass.
Another aim was to develop an optimal enzymatic saccharifi-
cation treatment to achieve maximal glucose release from the
brown seaweed biomass.

Materials and methods

L. digitata was harvested from the Danish North Sea coast end
of August 2012 (Manns et al., 2014). Prior to processing, the
material was washed successively four times with water to re-
move residual sand and salt. After washing, the biomass was
stored at —20 °C until use. The dry matter content was deter-
mined after thawing. By weight, the dry biomass consisted of
51 % glucose moieties (dehydrated monomers), 8 % mannitol,
23 % mannuronic and guluronic acid, and ~4.5 % of other
carbohydrates (Manns et al., 2014).

Pure laminarin was from Sigma-Aldrich (Steinheim,
Germany). D-(+)glucose was from Merck (Darmstadt,
Germany).

Mechanical size reduction

Mechanical wet milling was performed in a Sprout-Bauer 12”
lab refiner. Wet seaweed material was fed to the mill through a
central screw feeding. The milling severity was adjusted by the
distance between the discs; disc distances of 0.1, 0.2, 0.3, 0.6,
1.0, 1.5, and 2.0 mm were applied at a rotating speed of
3000 rpm. Heating of biomass and blocking of the milling
system were prevented by adding water to the seaweed during
the processing. The resulting dry matter of all milling slurries
were determined after drying at 105 °C overnight, and dry
matter of all slurries was adjusted to 7.5 % by weight by addi-
tion of water prior to enzymatic saccharification. After milling,
the samples were analyzed directly by microscopy (see below).
Some sample aliquots were stored frozen at —20 °C until enzy-
matic treatment.

Particle size determination

A KEYENCE digital microscope (VHX-500FD) along with
its integrated software was used for evaluation of the surface



J Appl Phycol

area of milled particles. The image analysis software was first
set to mark all particles by a process based on color differ-
ences. Subsequently, all unnecessary markings, such as back-
ground noise, were removed by filtering. Finally, holes in the
marking were filled using the filler function in the VHX-
500FD software. For each milling fraction investigated, the
surface areas of n > 120 particles were determined.

Additionally, the available surface area was predicted from
the increase in viscosity of the particle volumes over the dif-
ferent milling degrees. Viscosities of all slurries were recorded
on a Rapid Visco Analyser (Newport Scientific, UK) from two
replicate runs of each sample at a dry matter level of 7.5 % by
weight (wet, milled seaweed). Each viscosity measurement
was based on n = 21 measurement points at an impeller
mixing of 150 rpm at 25 °C.

Enzymatic treatment

Enzymatic hydrolysis was conducted on thawn, wet sea-
weed material at 5 % (w/w) dry matter substrate concen-
tration at 40 °C, pH 5, in 0.2 M phosphate 0.1 M citrate
buffer at 60 rpm on a horizontal roller mixer. Treatment
was performed with 2 % E/S (Enzyme/Substrate level in
% by weight) of alginate lyase (EC 4.2.2.3) from
Flavobacterium multivorum (Sigma-Aldrich, Germany)
and 5 % E/S (enzyme/substrate % w/w) of the cellulase
preparation Cellic®CTec2 (Novozymes A/S, Denmark).
As a benchmark for the effect of milling on the enzymatic
deconstruction of the wet milled slurries, a single piece
non-milled fresh alga was used. Samples were taken at the
following intervals in minutes: 0, 15, 30, 60, and 90 min
and after 24 h during the enzymatic hydrolysis. Further
on, enzyme dosage studies were accomplished on the slur-
ry which had been milled at a disc distance of 2.0 mm. In
the enzyme dosage study, enzyme concentrations varied
from 0 to 2 % E/S for alginate lyase and between O to
20 % E/S for Cellic®CTec2 with sampling after (0), 4, 6,
and 8 h. Studies on pure laminarin were conducted in
1.5-mL Eppendorf tubes in a thermomixer at 1000 rpm
with similar reactions conditions as those used for the
other enzymatic hydrolysis experiments. Enzyme concen-
trations were set corresponding to the available glucan
(i.e., 51 % by weight) as in the dosage studies of fresh
seaweed to 4 % E/S alginate lyase and 20 % E/S
Cellic®CTec2. Reactions were terminated by addition of
5 M NaOH. Samples were then centrifuged at 5400x g for
10 min and filtered through a 0.2-um syringe tip filter
prior to assessment of glucose release (see below).

Enzymatic glucose determination assay

Glucose contents in enzymatic hydrolysates were determined
with the Megazyme HK/G6P-Dh D-glucose kit using a 96-

well microplate reader (TECAN Infinte 200) with data collec-
tion by the TECAN i-control® software for absorbance spec-
troscopy measurements.

Results and discussion
Mechanical particle size reduction

As expected, the milling generated seaweed particles, i.e.,
lamina pieces, of decreasing sizes (100-0.1 mm?) over
increasing milling degree assessed as disc distance be-
tween the rotating discs in the refiner mill (the smaller
the disc distance, the higher the milling degree) (Fig. 1).
At the very short disc distances of 0.2 and 0.1 mm, the
mean particle sizes of the seaweed pieces were below
0.25 mm? averaging 0.19 and 0.12 mm?, respectively
(Fig. la). However, the boxplots illustrate that a large
span of particle sizes was obtained within each type of
milling severity, and the larger disc distances did in par-
ticular produce some lamina pieces which had large par-
ticle size areas (Fig. 1a). The obtained mean particle sur-
face area (dashed line) was thus strongly affected by the
bigger lamina pieces and was always above the median of
50 % of the particles (Fig. 1a). The data imply that even
though the smaller particles outnumbered the larger ones,
the fewer bigger pieces of lamina present in the milled
samples dominated the surface area of the particle
population.

Particle size response to milling degree

The logarithm of the particle size response could be fitted
to milling degree by a polynomial correlation (R*> ~0.6).
This correlation is likely due to the dominance of a few
large pieces in each particle population (Fig. 1b). The
unusual response of the seaweed to milling is proposed
to be ascribable to the morphology of the seaweed mate-
rial; the seaweed material thus consists of elongated flat
blades producing only a two-dimensional disruption, i.e.,
scission of the seaweed blades, with milling at the larger
disc distances. The apparent lack of a three-dimensional
defibrillation of the seaweed, which is obtained with re-
finer milling of lignocellulosic materials such as straw,
wood, or pulp, indicates that the morphology and soft
state of the seaweed blades result in the refiner milling
merely cleaving the seaweed blades into smaller pieces.
This two-dimensional scission of the seaweed blades in
essence resembles the cutting of a sheet of paper into
smaller pieces, i.e., the material is cut in two dimensions
(width and length) with no effect on the thickness. In turn,
this scission does not produce a significant increase in
surface area with diminution of the size of the pieces as
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Fig. 1 Boxplots of particle size distribution after refiner milling with
decreasing severities (lefi to right; i.e., increasing disc distances from
0.1 to 2.0 mm) of each individual milling batch (a) and over milling
severity (b) of wet Laminaria digitata. The boundaries of the box
represents 50 % of the data (n; > 122), the solid line within the box

compared to what occurs from three-dimensional disrup-
tions of, e.g., lignocellulosic materials, which, when cal-
culated as a reduction of the radius, 7, of spheres, increase
the surface area to weight of the material dramatically, in
accord with the area/volume ratio for spheres being
3/r ([4rer?] | [4/370°])

To estimate the mass of the seaweed pieces per unit
area, ten randomly picked pieces of wet L. digitata bio-
mass were weighed and the surface areas of the flat blades
were measured; the surface area was calculated for the flat
blades (area on both sides, data not shown). This resulted
in an estimation of the average seaweed biomass weight
per area of 0.081 g cm ? + 0.011. Hence, assuming a
density of 1 g cm >, the average thickness of the
(milled) brown seaweed blades was estimated to be ~0.8
+ 0.1 mm. Consequently, a three-dimensional disruption
due to milling, and therefore a significant increase in
available surface area of this flat material, can only occur
via milling or refining at disc distances below this thick-
ness. The refiner milling disc distances of 2.0 to 1.0 mm
used for the L. digitata material were thus bigger than the
thickness of the L. digitata blades, which could explain
why the milling with these disc distances only resulted in
two-dimensional scission of the seaweed blades producing
no significant increase in the surface area for enzyme
attack.

Milling has been applied previously on brown sea-
weeds such as S. latissima (after cutting the blades into
smaller pieces of ~5 cm?) (Adams et al., 2009; 2011),

@ Springer

marks the median, and the dashed line the mean. Whiskers (error bars)
above and below the box indicate the 90th and 10th percentiles, and the
outliers are displayed as circles. Polynomial regression analysis (o <
0.05) as correlation between disc distance and generated particle size
was estimated using the fitting plot tool of analysis software Minitab 14.

Laminaria hyperborean (Horn et al., 2000), Undaria
pinnatifada (Lee et al., 2011), and, e.g., Alaria
crassifolia (Yanagisawa et al., 2011) employing different
types of milling technologies from blending to ultra-
centrifugal milling—the latter producing uniform sea-
weed biomass particles of less than 0.5 mm in diameter
(Yanagisawa et al., 2011). Although advanced milling
regimes such as ultra-centrifugal milling may be useful
for lab-scale research, this kind of high-intensity milling
is too energy consuming for large-scale seaweed
biorefining.

Viscosity versus particle size distribution of milled
seaweed samples

For kelp seaweed biomass, standardized methodologies
for particle size distribution assessment are not available.
In order to achieve a better understanding of the correla-
tion between refiner milling degree, true biomass material
disruption, and resulting surface area, an evaluation of the
viscosity response to the milled L. digitata particle area
measurements of the refiner slurries was conducted
(Fig. 2). The disc distances of 2.0 and 1.5 mm produced
particle volume fractions with mean particle sizes of 60
and 34 mm? (Fig. 1) and relatively low slurry viscosities
averaging approximately 400 cP (Fig. 2). However, mill-
ings at disc distances of 1.0, 0.6, and 0.3 mm, i.e., at disc
distances lower or equal than the thickness of the algae
blades, produced particles with mean sizes of 7.47, 1.9,
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Fig. 2 Fitted plot of received viscosities at shear rate of 150 rpm of the
refiner slurries (filled circles) milled at disc distances of 0.1, 0.2, 0.3, 0.6,
1.0, 1.5, and 2.0 mm (dry matter for all 7.5 %) over mean particle sizes
(polynomial regression analysis with confidence interval (CI) of 95 %
excluding the data for 0.1- and 0.2-mm disc distances): In y = 912.0 —
505.8x + 112.1x* (R* = 82.6 %). Data from two individual samples with
total data points of n = 42 was used for each slurry

and 0.64 mm?” (Fig. 1), and the viscosities of these particle
volume fractions were high, reaching 800-1050 cP,
highest with shorter disc distance at milling (Fig. 2).
The viscosity response to particle size for the milling data
with disc distances down to 0.3 mm? thus followed a
steep polynomial function (Fig. 2). In general, the viscos-
ity response to particle size diminution of suspensions of
homogenous solid particles is mainly influenced by the
so-called particle volume fraction, which is correlated to
the particle size; in other words, the viscosity increases
with particle size reduction because the particle volume
fraction increases (Mueller et al., 2009). It is tempting to
conclude that the viscosity increase at low particle size
(Fig. 2) was in accord with this solid particle volume
fraction theory. However, for the brown seaweed parti-
cles, the correlation may be more complex; first, the vis-
cosities obtained for the slurries having been subjected to
the very harsh milling at refiner disc milling distances of
0.1 and 0.2 mm were low, namely, ~320-480 cP (Fig. 2);
second, it was observed that a carbohydrate-rich exudate
was released from the seaweed material during harsher
milling, with the amount of the exudate dry matter in-
creasing at disc distances below 1.0 mm (data not shown).
The drop in the slurry viscosity with the smallest refiner
disc distances, i.e., at intensified milling, could be caused
by the agglomeration of small particles or be a result of
breakage of a gel network in the exudate carbohydrates
(notably alginate) which was released spontaneously from
the L. digitata biomass during milling. Although exudate
release would be expected to increase the slurry viscosity
as the milling degree was intensified, the RVA recording
of the aqueous fraction of the slurry viscosity was unable
to pick up any viscosity of the exudates, which all had

viscosities lower than 100 cP (data not shown). The high
content in minerals of brown seaweed (Manns et al.,
2014) may enable agglomeration between small particles
due to ionic exchange. Hence, it is likely that in addition
to particle size, forces such as ionic bonding may have a
direct influence on the rheological properties of milling
slurries of brown seaweed.

Effect of milling on enzymatic glucose release

A positive influence of particle size reduction on enzy-
matic biomass deconstruction has been observed for both
cellulose and various types of lignocellulosic biomass
(Silva et al., 2012; Yeh et al., 2010). For lignocellulosic
biomass, the effect of the substrate particle diminution has
been explained as being a result of increasing the acces-
sible surface area for enzymatic attack as well as a short-
ening of the entry and exit paths for the enzymes and
hydrolysis products with decreased particle size of porous
substrate particles (Pedersen and Meyer, 2009). However,
in the present work, reduction of the particle size did not
improve enzymatic decomposition of the L. digitata bio-
mass after refiner milling (Fig. 3, Table S1). Neither was a
positive effect of substrate milling on glucose yields com-
pared to the non-milled starting material observed since
all available glucose was enzymatically released after 24 h
(1440 min) both with and without milling pre-treatment
(Fig. 3, Table S1).

The initial glucose release rates were measured over
the first 90 min of enzymatic treatment. There was no
statistically significant difference within the range of

60 1 ® no milling

d=2.0mm
d=1.0mm
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d=0.3mm
d=0.1mm
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Glucose yield [% of dry material]

1440
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Fig.3 Glucose yields in % of dry slurry for refiner milled wet Laminaria
digitata at different degrees and non-milled L. digitata over hydrolysis
time. Each data point represents the average value of independent dupli-
cates; vertical bars indicate the standard deviation. All values are given as
hydrated monomers (ANOVA of the data is detailed in Table S1 in the
Supplementary material)
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release rates (Fig. 3, Table S1), but a tendency to higher
initial glucose release rates with lower milling severity
was evident:~120 MEolucoseSdry ma'ci:ria;1 x h71 for non-
milled material, ~110 mggiycoscary material % ! for the
mildest milling (2.0-mm disc distance), and ~100
MEgiucoscLdry material + % ™! for the harshest milling (0.1-
mm disc distance).

That the initial release rates tended to be lowest for the
samples that had been subjected to the harshest milling
could be a result of the findings that at timepoint zero,
the deconstruction of the cell wall due to milling in-
creased the presence of free glucose monomers up to
6.4 % (timepoint zero for milling with 0.1-mm disc
gap). In contrast, the glucose monomers in the non-
milled samples and in the samples milled at higher disc
gap were released only during the enzymatic treatment
(Fig. 3). The presence of free glucose monomers in the
raw material thus affected the release rate and confirmed
the finding of Ostgaard et al. (1993) that autumn harvest-
ed brown seaweed contains free glucose monomers. The
release rate data and the yields obtained were in accord
with those we obtained in a prior study on the same ma-
terial, although with a substrate concentration of 2 % (w/
w) and higher cellulase dosage (20 % (v/w) Cellic®CTec2
on the substrate) (Manns et al., 2014).

Effect of enzyme dosage on enzymatic glucose release

The slurry having been subjected to the lowest milling
intensity at disc distance 2.0 mm was studied further to
investigate the effect of enzyme dosage and alginate lyase
addition on the enzymatic glucose release from the
seaweed.
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Fig. 5 Glucose yields in % of pure laminarin after enzymatic hydrolysis
with alginate lyase (4 % w/w), Cellic® CTec2 (20 % v/w), and both in a
mixture with measurements at timepoints 4, 6, and 8 h. Each data point
represents average values of independent duplicates; error bars indicate
the standard deviation. All values are given as hydrated monomers

Increased dosage of cellulase (Cellic®CTec2) with 2 %
E/S alginate lyase produced a steady increase in glucose
yield after reactions of 4, 6, and 8 h, respectively (Fig. 4).
The statistical analysis of the data revealed that a cellulase
(Cellic®CTec2) concentration of 10 % and a reaction time
of 8 h was required to achieve release of all the glucose
present in the seaweed (Fig. 4, Table S2). Further increase
in cellulase dosage to 15 and 20 % E/S did not give an
increase of glucose yield after 8 h (data not shown).

Adams et al. (2011) used laminarinases at 2 % w/w
on ground L. digitata for 2 h to estimate the concentration of
laminarin dependence on the season. A maximum of about
20 % laminarin was determined for material harvested in
August which was much lower than the content of glucose
determined in our sample. Laminarinase is believed to be ac-
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Fig. 4 Glucose yields in % of dry material for refiner milled wet
Laminaria digitata with disc distances of 2.0 mm. Enzymatic
hydrolysis yields of glucose displayed a over Cellic®CTec2
concentration at fixed alginate lyase (2 % w/w) and b over alginate
lyase concentration at fixed Cellic® CTec2 (10 % v/w) with

@ Springer

0.00 0.25

alginate lyase [% on dry substrate]

0.50 1.00 2.00

measurements at timepoints 4, 6, and 8 h. Each data point represents
the average value of independent duplicates; verfical bars indicate the
standard deviation. All values are given as hydrated monomers
(ANOVA of the data is detailed in Tables S2, S3, S4 and S5 in the
Supplementary material)
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tive only on 3-1,3 glucan neither on cellulose nor the 3-1,6
linkages of laminarin. Yanagisawa et al. (2011) treated brown
seaweed A. crassifolia with a commercial cellulase prepara-
tion derived from Trichoderma viride for 120 h. After the first
day, glucose release almost leveled out, and after 5 days,
82.3 % of the potential glucose could be released. A mixture
of commercial Celluclast 1.5 L and Viscozyme L (f3-
glucanase and endo-glucanase activity) performed best on
L. japonica releasing 72.4 % of sugars of the theoretical yield
post—acid treatment (Kim et al., 2011b). In contrast, a prior
analytical study on the composition of brown seaweeds gave a
total glucose release of L. digitata using only
Cellic®CTec2treatment (Manns et al., 2014). Cellic® CTec2
is known as a cellulase preparation which contains at least
the two main cellobiohydrolases EC 3.2.1.91 (Cel6A and
Cel7A), five different endo-1,4-3-glucanases EC 3.2.1.4
(Cel7B, Cel5A, Cell2A, Cel61A, and Cel45A), (-
glucosidase EC 3.2.1.21, B-xylosidase EC 3.2.1.37, and
particular proprietary hydrolysis-boosting proteins. The
preparation was also proven to have activity on pure lam-
inarin (Fig. 5).

Alginate lyase addition alone, without Cellic® CTec2,
facilitated the release of glucose as glucose yields in-
creased with time in the control experiments (Fig. 4a,
point 0.0). This effect of the alginate lyase must be a
result of the material containing some free glucose mono-
mers embedded in the matrix, which were released upon
alginate degradation. The presence of free glucose is sup-
ported by the findings that some initial free glucose was
detected directly after milling, especially for the most
harshly milled samples (Fig. 3). The findings that alginate
lyase treatment alone on pure laminarin did in fact release
a little glucose of 1-2 % glucose suggest a minimal ac-
tivity on the seaweed glucan (Fig. 5).

When varying the alginate lyase concentration on a
base of 10 % E/S of Cellic®CTec2, the glucose yields
from the refiner-milled slurry of L. digitata increased over
both hydrolysis time and enzyme concentration of algi-
nate lyase (Fig. 4b, Table S4 and Table S5). Statistically,
the alginate lyase dosage effect was significant at all hy-
drolysis times up to a concentration of 1 % (w/w) lyase on
the substrate (Fig. 4b, Table S4 and Table S5). The en-
zymes apparently attacked the substrate surface directly.
The linear alginate chains in brown seaweed are made up
of different blocks of G and M and are referred to as MM
blocks or GG blocks, but MG blocks may also occur
(Indergaard et al., 1990; Kloareg & Quatrano, 1988;
Percival & McDowell, 1967). Alginate lyases exhibit a
preferred but not highly selective activity on either
MM-, GG-, or MG-blocks (Kim et al., 2011a; Wong
et al., 2000).

Hence, during the treatment with cellulase and alginate
lyase, it is presumed that the alginate lyase action cata-
lyzes the cleavage of alginate by endo-action on the sub-
strate, which both decreases the viscosity of the substrate
matrix and catalytically solubilizes the alginate to provide
access for the endo-glucanases to the laminarin and cellu-
lose in the brown seaweed cell wall matrix. This percep-
tion of the alginate lyase action is in accordance with the
described embedding matrix and an inner cell wall skele-
ton of brown seaweed (Kloareg & Quatrano, 1988;
Schiewer & Volesky, 2000).

Conclusions

Wet refiner milling as physical pretreatment of glucose-rich
brown seaweed L. digitata led to particle size reduction with
the degree of milling. Although the milling decreased the size
of the brown seaweed blade pieces, the milling was in essence
a two-dimensional disruption, which did not increase the over-
all surface area for enzymatic attack. However, the data ob-
tained showed that there is no need for milling pre-treatment
as glucose was enzymatically released also on non-milled ma-
terial. Enzyme dosage of 1 % (w/w) alginate lyase and 10 %
(v/w) Cellic® CTec2 released the potential glucose during 8 h,
and less glucose was released with lower enzyme loading (i.e.,
by either lowering the alginate lyase or the Cellic® CTec2
dosage), and the enzymes apparently attacked the substrate
surface directly. Alginate lyase improved the enzymatic glu-
cose release, presumably by improving laminarin and cellu-
lose accessibility by catalyzing alginate degradation.
Nevertheless, in order to guarantee a homogenous process, a
particle size reduction may be advisable. In addition to being
of interest in relation to using brown seaweed for
bioprocessing applications, the academic main novelty points
are that (1) the size diminution of the brown seaweed did not
increase the surface area for enzyme attack due to the milling
being a two-dimensional scission of the seaweed blades
(lamina) and that (2) the fungal cellulases developed for sac-
charification of terrestrial cellulosic plant material were able to
catalyze the degradation of the brown seaweed laminarin
structure.
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Table S1: Glucose yields at different time points and reaction rates of the first 90 minutes of
enzymatic treatments displayed in Figure 3. Mean and standard deviation of the calculated reaction
rates are displayed. Different roman superscript letters indicate significant differences (a < 0.05)
column-wise per group.
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Table S2: ANOVA-analysis through the different
glucose yields over concentration of Cellic®CTec2
within the given timepoints of hydrolysis (see also
Fig. 4A). Different roman letters indicate significant
differences (a < 0.05; a < 0.1) row-wise per group.

Table S3: ANOVA-analysis through the
different glucose yields over hydrolysis time
within the given enzyme concentrations of
Cellic®CTec2 (see also Fig. 4A). Different roman
letters indicate significant differences (a < 0.05;
a < 0.1) row-wise per group.

Cellic®CTec2
Hydrolysis time
(v/w) on dry substrate
0.0% 25% 5.0% 10.0% 4h 6h 8h
a<0.05 c b a a a<005 b ab a
o 4h 0.0%
£ a<0.1 d c a £ a<0.1 c b a
2 a<005 ¢ b ab a N 2 a<005 b a a
> 6h C 3 25%
= a<0.1 c b b a O = a<0.1 b a a
S % 5
T a<0.05 d c b a = c a<0.05 b b a
8h 8 o 5.0%
a<0.1 - - - - = a<0.1 c b a
3
— a<0.05 b b a
10.0%
a<0.1 b b a




Table S4: ANOVA-analysis through the different glucose
yields over concentration of alginate lyase within the given
timepoints (see also Fig. 4B). Different roman letters
indicate significant differences (a < 0.05; a < 0.1) row-wise

per group.

Table S5: ANOVA-analysis through the
different glucose yields over hydrolysis time
within the given enzyme concentrations of
alginate lyase (see also Fig. 4B). Different
roman letters indicate significant differences (a
< 0.05; a < 0.1) row-wise per group.

Alginate lyase
(w/w) on dry substrate

0.0% 0.25% 0.50% 1.0% 2.0%

Hydrolysis time

4h 6h 8h

4h |a<0.05 b ab ab a a

(]

€ a<0.1 b ab ab a a

é 6h |a<005 ¢ bc ab ab a

° a<0.1 d c cd bc a

S

T 8h |a<0.05 c b b a a
a<0.1 C b b a a

% 0.0% | a<0.05 b a a
7 a<0.1 b a a
S

g 0.25% | a<0.05 c a
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Impact of different alginate lyases on combined cellulase-lyase
saccharification of brown seaweed

D. Manns,’ C. Nyffenegger,” B. Saake,” and A. S. Meyer®”

Two bacterial polysaccharide lyase (PL) family 7 alginate lyases (EC 4.2.2.-) from Sphingomonas sp. (SALy) and
Flavobacterium sp. (FALy), respectively, were selected for heterologous, monocomponent expression in Escherichia coli.
The thermal stability, pH and temperature reaction optima and substrate preferences of the enzymes on different alginate
polymers were assessed and compared to the properties of a commercially available microbial alginate lyase (SigmALy).
The optimal pH range for SALy was pH 5.5-7.0, for FALy and SigmALy it was pH 7.5. The investigated reaction temperatures
of 30-50 °C had no influence on the activity of any of the enzymes, but thermal stability was reduced above 50 °C. The
FALy preferred poly-mannuronic acid as substrate, but also exhibited activity on poly-guluronic acid, whereas SALy had
highest activity on poly-guluronic acid, and the SigmALy was only active on poly-guluronic acid. When applied together
with a fungal cellulase preparation Cellic’CTec2 at pH 6 and 40 °C on a glucan rich brown seaweed Laminaria digitata
viscosity decrease took place in the initial minutes while alginate degradation occurred primarily within the first 1-2 hours
of reaction. Whereas FALy and SALy degraded up to one third more alginate in L. digitata only the SigmAly enabled release
of 90 % of the available glucose within 8 hours of combined enzyme treatment. The level of mannuronic acid moieties
released was inversely proportional to the glucose release indicating that the degradation of mannuronic acid blocks
inhibited the cellulase catalyzed glucose release from L. digitata. Nevertheless, combined alginate lyase and cellulase
treatment for 24 hours released all potential glucose regardless of the applied lyase. Moreover, the enzymatic treatment

appeared to also induce liberation of proteins from the seaweed solids as well as solubilization of sulfated fucoidan.

1 Introduction

There is a growing interest in using macroalgae, i.e. seaweeds,
as a potential new biomass resource for bioenergy and
biomass derived chemicals production.l‘2 Brown seaweed
Laminaria digitata harvested in late summer in the Danish
North Sea (off Hanstholm) has been found to have a low ash
content and a very high glucan content with glucose moieties
constituting 51 % by weight of the dry matter.’ L. digitata is
therefore considered a particularly suitable brown seaweed
glucose feedstock when harvested at the right time and place.3
Brown seaweeds are also rich in alginate, and application of
alginate lyases (EC 4.2.2.-) for brown seaweed saccharification”
and alginate lyase addition on enzymatic glucose release has
been evaluated recently.':"6
cellulases, alginate lyase addition apparently induce alginate

When combined with fungal

removal from the cell wall matrix and viscosity decrease of
brown seaweed to help cellulase catalyzed saccharification of
glucan (laminarin and cellulose) to enhance glucose release.’

Alginate polysaccharides consist of 1,4-glycosidically linked a-
L-guluronic acid (G) and B-D-mannuronic acid (M) in varying
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proportions forming linear chains with M/G ratio ranges of 1.2
to 3. The linear chains are made up of alternating long blocks
of guluronic (GG) and mannuronic (MM) acids with DP 90-100,
but less crystalline and much shorter MG/GM blocks may also
occur in brown seaweed alginates.7’8 Alginate lyases catalyze
depolymerization of alginate through a B-elimination reaction.
Alginate lyases are classified within EC number EC 4.2.2.-.
Preference towards G-blocks (poly-guluronate lyase) is
classified as EC 4.2.2.11 and specifity towards M-blocks (poly-
mannuronate lyase) as EC 4223 Alginate lyases are mainly
divided into two polysaccharide lyase (PL) families, PL 5 and 7
with preference for poly-(M) and poly-(G), respectively, but
enzymes categorized in PL family 6, 14, 15, 17, and 18 have
also been categorized to have alginate lyase activity (with
different substrate specificities including “MG-specific”).
Although an alginate lyase is classified as either M or G specific
catalytic degradation of alternating blocks and activity towards
the other homopolymer may take place. Additionally, alginate
lyases with high activity on both homopolymers have been
isolated from varies sources.'® Endolytic alginate lyases were
reported to have higher activity than exolytic lyases making
them promising catalysts for alginate degradation.u’12

The objective of this study was to examine substrate specificity
and substrate viscosity impact of microbial alginate lyases to
improve the knowledge base for their use in seaweed
biorefining to support glucose release.
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2 Experimental
2.1 Alginate lyase cloning, expression and purification

Genes encoding two alginate lyases (EC 4.2.2.3) Al-lI' from
Sphingomonas sp. (SALy) and Alg2A from Flavobacterium sp. (FALy)
were selected from literature search.”™* Protein Data Bank
accession number for SALy is 2CWS and GenBank accession number
for FALy is JF412659. For both alginate lyases, DNA constructs were
engineered to also encode an N-terminal Hisg-tag linked via a
thrombin recognition site to the ORF. Constructs were codon
optimized for expression in Escherichia coli (E. coli), synthesized and
inserted into the vector pET21b (T7 promotor) and pET21a by
DNA2.0 (Menlo Park, CA, USA), respectively. E. coli BL21 (DE3),
E. coli C41 and C43 (DE3) and E. coli Tuner (DE3) were transformed
with the resulting plasmids and selected for ampicillin resistance.
Overnight cultures from single colonies were used for IPTG- and
autoinduction of alginate lyase expression.

For IPTG induction, lysogenic broth (LB) supplemented with
50 pug/mL ampicillin, inoculated with an overnight culture to a
starting ODggo of 0.1 was grown at 37 °C. When reaching an ODgq, of
0.6, the temperature was reduced to 25 °C and expression induced
by addition of IPTG to a final concentration of 1 mM. Cells were
grown overnight post induction before harvest. Expression with
autoinduction was done as follows: an overnight culture was used
to inoculate the autoinduction medium (6 g Na,HPO,, 3 g KH,PQ,,
20 g tryptone, 5 g yeast extract, 5 g NaCl, 0.06 % v/v glycerol, 0.05 %
w/v glucose and 0.04 % w/v a-lactose, pH7.2) to a starting ODgq of
0.1, cells were grown overnight at 25°C, and harvested. The
expression of the lyases with the two expression strategies was
evaluated by sodium dodecyl sulfate polyacrylamide
electrophoresis (SDS-PAGE, BioRad, CA, US). The most promising
expression strategy was selected for scaled-up expression.

Post scaled-up expression, the cells were centrifuged and the
pellets resuspended in Ni*"-column binding buffer (20 MM Na-
phosphate buffer, 500 mM NaCl and 20 mM imidazole, pH 7),
followed by sonication to open the cells and centrifugation to
remove cell debris. The supernatant containing the lyases was
passed through a 0.45 um filter before being loaded ona 1 mL Ni**-
Sepharose HisTrap HP column (GE Healthcare, Uppsala, Sweden),
equilibrated with binding buffer, using an AKTA purifier (GE
Healthcare, Uppsala, Sweden). Unbound material was washed off
the column with 5 column volumes (CV) of binding buffer. The
alginate lyases were eluted with elution buffer (binding buffer with
500 mM imidazole) in a gradient from 0-100% elution buffer in
15 CV. Protein purity was confirmed by SDS-PAGE and the
concentration determined by the lambert beer law using baseline
corrected absorption at 280 nm and extinction coefficients of
43890 M™-cm™ (SALy) and 55350 M™-cm™ (FALy), respectively.
The benchmark alginate lyase, SigmALy, was purchased from Sigma-
Aldrich (Steinheim, Germany) (undisclosed microbial origin, but
previously Sigma-Aldrich displayed this enzyme as derived from
Flavobacterium multivorum).

2.2 Seaweed

Laminaria digitata was harvested from the Danish North Sea coast
end of August 2012. Prior to processing the material was washed
successively four times with water to remove residual sand and salt.
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After washing, the biomass was stored at -20 °C until use. The dry
matter content was determined after thawing. By weight, the dry
biomass consisted of 57.1% glucose, 8% mannitol, 17.2%
mannuronic and 5.7 % guluronic acid, and ~4.5% of other
carbohydrate moieties (hydrated monomers).> The seaweed was
processed through a lab refiner mill as described earlier.® In this
study the slurry milled at disc distance of 0.3 mm was investigated.
Characterization of the milled Laminaria digitata revealed glucose
and mannitol concentrations of 46.6 and 6.7 % of dry weight. The
contents for the other carbohydrates remained constant.

2.3 Alginate lyase characterization

To determine the optimum pH and temperature a statistical design
of the Jump®9 program (SAS) was used. The temperature was varied
between 30 and 50 °C and the pH from 4.5 to 8.5. For the thermal
stability studies the enzyme solution was incubated at different
temperatures (40 to 60 °C) at pH 6 and 7 for 0, 15, 45, 90, 240 and
480 min before the activity was measured. For pH and temperature
optima and the thermal stability the activity was measured on
sodium alginate (Sigma-Aldrich, Steinheim, Germany).

For the substrate specifity assessment, activity was measured on
sodium alginate, poly-mannuronic acid (>5000 kDa and <5000 kDa)
and guluronic acid, respectively, at pH 7. Pure substrates were
purchased from Carbosynth Ltd., Berkshire, UK. All activity
measurements were conducted on substrate concentrations of
0.2 % w/v dissolved at the particular pH in phosphate-citrate buffer.
Except for temperature optimization the temperature was set to
40 °C. Activity was determined online over time in an Infinite200
microplate reader (TECAN, Salzburg, Austria) with continuous data
collection (Tecan i-control v 1.5.14.0, TECAN, Salzburg, Austria).
Activity was quantified as formation of double bonds at absorbance
of 235 nm caused by lyase induced B-elimination.

2.4 Enzymatic decomposition of brown seaweed

Enzymatic seaweed saccharification was conducted on 650 mg by
dry weight in 13mL of slurry (5% substrate concentration).
Temperature was 40 °C in a buffer system at pH 6 with 51 mM
phosphate 14 mM citrate buffer. Treatment was performed with
1% E/S (Enzyme/Substrate level in % by weight) of the selected
alginate lyase and 10% E/S (v/w) of the cellulase preparation
Cellic’CTec2 (Novozymes A/S, Bagsvaerd, Denmark) in a horizontal
roller mixer at 60 rpm. Samples of 250 uL were taken at 0, 0.5, 1, 2,
4, 6 and 8 hours during the enzymatic liquefaction.

Viscosity assessment during enzymatic treatment was done on
1500 mg dry material (5 % substrate concentration) in a Rapid Visco
analyser RVA (Newport, UK) every 8seconds for a total of
60 minutes at 60 rpm. Subsequently, samples were transferred to
the roller mixer and extended to a total of 24 hours. Samples were
taken at 2, 4, 8, 14 and 24 hours. Reactions were stopped by
addition of 5M NaOH. After reaction the liquefied fraction was
decanted from the insoluble pellet remaining after centrifugation
for 30 min. at 14,000xg. Enzymatic treatments on pure laminarin
(Sigma-Aldrich) and poly-mannuronic acid (>5000 kDa)
conducted in Eppendorf tubes in a thermomixer at 1400 rpm. For

were
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these sequential enzymatic treatments the poly-mannuronic acid
was first enzymatically treated with the particular alginate lyase for
one hour and the reaction stopped by heat (95 °C for 10 min), then
the slurry was mixed with laminarin. Reaction conditions were set
as those used for the other enzymatic experiments described
above. Ratio of substrate concentrations of 2.4 corresponded to the
available glucan (i.e. 51 % by weight) to alginic acid (i.e. 20.8 % by
weight) as present in the fresh
deconstructed by treatment with Cellic’CTec2 for 30, 60 and
120 minutes and the reaction stopped by heat (95 °C for 10 min).

seaweed. Laminarin was

2.5 Sulfuric acid hydrolysis

After lyophilization a 2-step sulfuric acid hydrolysis was applied on
the milled slurry (disc distance 0.3 mm), the post enzymatic
treatment insoluble residues and the enzymatically released sugar
solutions according to Manns et al’.

2.6 Carbohydrate analysis

Enzymatic glucose assay. Glucose contents in enzymatic
liquefactions were determined with the Megazyme HK/G6P-Dh D-
glucose kit using a 96-well microplate reader (TECAN Infinte 200)
with automatic data collection by the TECAN i-control® software.

Alginate degradation assay. Unsaturated uronic acid residues
released were measured at 235 nm in a Tecan microplate reader
(TECAN, Salzburg, Austria) with continuous data collection. The
released was

determined via the molar extinction coefficient of 8500 M™*-cm™.*

amount (weight) of unsaturated uronic acids

Carbohydrate analysis by HPAEC-PAD. Monomeric sugars, mannitol
and uronic acids in the sulfuric acid hydrolysates were separated by
high performance anion exchange chromatography with pulsed
. . . . . . 3
amperometric detection as described in detail previously.

2.7 Elemental analysis
C, H, N and S contents in the seaweed were measured using a Vario
EL cube elemental analyzer (Elementar Hanau, Germany).

2.8 Statistics

One-way analyses of variances (one-way ANOVA): 95% confidence
intervals were compared as Tukey—Kramer intervals calculated from
pooled standard deviations (Minitab Statistical Software, Addison-
Wesley, Reading, MA).

3 Results and Discussion

3.1 Enzyme characterization

Sphingomonas sp. strain Al encodes three endotype alginate lyases
(A1-1, A1-Il [family PL-7], and A1-lll [family PL-5]) and additionally a
transformant of Al-lIl (Al-1I') has been reported.12 Based on the
enzyme’s high activity on alginate the application potential of the
Al-II" (SALy) has been proposed.B’17 Recently, another alginate
lyase, derived from Flavobacterium sp., was discovered and also
proposed to have application potential for alginate degradation and
biochemicals and biofuels production from brown seaweeds." This
Flavobacterium derived alginate lyase (FALy) was successfully

This journal is © The Royal Society of Chemistry 20xx

overexpressed in E. coli BL21 with IPTG induction. 1 However, we
found this enzyme to express best in E. coli C41 with autoinduction
(figure A.1 in the appendix). The Sphingomonas sp. (SALy) was
purified from a cell extract of E.coli transformant of BL21
(figure A.1 in the appendix).u’B’18 In terms of mode of action both
SALy and FALy were described previously as being endolytic and
belonging to family-7 of the Polysaccharide Lyases (PL).H’M'17 FALy
was previously found to mainly release tri-saccharides, but also di-
and tetra-, and penta-and hexa-oligosaccharides in lesser
amounts.”  The depolymerization pattern of alginate after
treatment with SALy was reported to result in final products of
unsaturated uronic acids of tri- and tetrasaccharides.'®

In order to assess the possible use of these alginate lyases in brown
seaweed saccharification, the pH and temperature activity
responses, thermal stabilities, and substrate specificities of SALy
and FALy were investigated and compared to those of the

commercially purchased alginate lyase (SigmALy).

3.1.1 pH and temperature optimum

When compared as the increase of absorbance at 235 nm after

4 hours of reaction the highest absorbance for FALy and SigmALy
was achieved within the range of pH 6.5 to 8, whereas the pH range
for the maximal activity of SALy was lower, namely from pH 5.5-7
(active between pH 5-7.5), regardless the temperature 30-50 °C
(figure 1). Optima for the initial rates with linear increase over the
first 30 min were determined with equal findings (data not shown).
Alginate lyases from Flavobacterium sp. were of the same pH
optimum of about 7.5 but strongly related to temperature when
tested in the range 20-35 o620
responses for FALy and SigmALy the purchased lyase showed more
activity towards lower pH (down to pH 6) and FALy more towards

When comparing only the modeled

higher pH (figure 1). Originally, optimal pH was 8.5 (optimal
temperature: 40-45 °C) with 80 % relative activity at pH 8 or 9.5,
respectively.14 40 % remained at pH 7.5 (optimum in this study) and
only 10 % with pH 6 while figure 1 illustrates about 1/3 of its max
activity at this pH. Enzyme loading of FALy was 3/10 of that of
SigmALy, but the activity of SigmALy was still of more than half of
the maximum activity at pH 6 (figure 2). Other Family 7 lyases have
been reported to have pH optimum from pH 7-8.5 and optimal
temperature at ~50 °c.1019

Due to its lower pH optimum, SALy could be an appropriate
candidate to combine with fungal cellulases to increase glucose
release from brown seaweeds. The findings for SALy (figure 1)
contrasted those reported by Miyake et al”? They reported this
enzyme to have highest activity at pH 7.5, and moreover found the
enzyme to have temperature optimum at 40 °C and a fast decrease
in activity above 45 °c.” Yoon et al.’® also expressed the alginate
(A-11) (though not the
transformant) and found it to be most active at pH 8 and 70 °C.
Recently, another alginate lyase derived from Sphingomonas sp.

lyase SALy from Sphingomonas sp.

was characterized with identical optima for pH and temperature as
the present SALy of pH 6.5 and 50°C, respectively.21
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Figure 1: Surface response as a function of temperature and pH on the activity of alginate lyases with borders of pH 4.5-8.5 and T 30-50 °C.
Aabsorbancey-,ss nm after 4h of reaction on sodium-alginate (S/V = 0.2 %), Modeled pH optima left to right: SALy pH 6.45; FALy pH 7.49, purchased lyase

SigmALy: pH 7.46. No influence of temperature in the tested range for any of

3.1.2 Thermal stability

The lyase from Sphingomonas sp. (SALy) was found to remain stable
at temperatures up to 50 °C during more than eight hours of
incubation (figure 2a). At 55°C the activity of SALy was 70%
compared to incubation at 50 °C and 15/45 min. Over the extended
period of incubation the remaining activity decreased
logarithmically to 5 % compared to the activity at timepoint 0 min.
60 °C let to further decrease in activity (figure 2a). Previously, the
SALy was reported to be less thermally stable, and to loose activity
already after a few minutes of incubation, with only 50 % activity

remaining at 45°C and with complete
oc 1218

inactivation above
temperatures of 55
Likewise, in the present work, FALy remained active at elevated
temperatures, i.e. retained 30-40 % activity at 55 °C for 4 hours but

the enzymes.

lost its activity drastically at 60 °C (figure 2b). This enzyme has been
described previously to be stable only up to 45 ¢ The
purchased lyase SigmALy was only stable at the lowest incubation
temperature of 40°C. Temperatures of 2>50°C led
immediate loss of activity, the higher temperature and the longer

into an

the incubation time the lesser the remaining activity (figure 2c).
Additionally, the thermal stability experiment was conducted at
pH7, and enzyme activity readings revealed equal thermal
stabilities as described for pH6 (data not shown). SALy was
generally more active at pH 6 while it was the other way around for
FALy and SigmALy. The data are in accordance with the determined
optima for pH and temperature (see section 3.1.1). Principally,
stability depends not only on chosen pH and temperature but also
on the choice of buffer system.22
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Figure 2: Remaining relative activity of alginate lyases SALy (a), FALy (b) and SigmALy (c) over time of thermal incubation. Incubation at pH 6 and
temperatures (T) of 40, 50, 55 and 60 °C for 0, 15, 45, 90 min and 4 and 8 h. Activity was taken as the initial rate recorded within the first 30 min of reaction
on sodium alginate at S/V 0.2 %, pH 6 and 40 °C after incubation. Activity at timepoint O min was set to 100 % activity.

3.1.3 Substrate specificity

Huang et al* reported a preference of the enzyme FALy on poly-
(G) as a substrate over poly-(M). In contrast, in this study (figure 3)
FAly preferably degraded poly-(M), in accord with data reported for
another Flavobacterium sp. derived lyase.”® Moreover, the initial
rates were almost double as high on poly-(M) than on poly-(G)
(table 1). In contrast, SALy performed better on guluronic than on
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mannuronic acid (figure 3). The preference of SALy on poly-(G)
rather than on poly-(M) and its activity on its heteropolymer was in
agreement with data reported earlier.™"”"® However, the activity
for SALy was with 63 % towards poly-(M) vs. on poly-(G) (table 1)

higher than the relative difference of 20 % reported earlier.”
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adjust margins




Table 1: Initial rates of alginate lyases on mannuronic acid (poly-M,
purity 285 %) <5000 kDa, >5000 kDa, guluronic acid (poly-G, purity
285 %) and sodium alginate. Rates calculated from figure 3 for the
linear increase of substrate recorded within the first 90 min.

Brackets indicate activity on residual impurities of poly-G.

Initial rate [% of total substrate/min]

poly-M poly-M Na-
enzyme poly-G .
<5000kDa >5000kDa alginate
SALy 0.013 0.014 0.022 0.036
FALy 0.111 0.102 0.058 0.093
SigmALy (0.034) (0.046) 0.122 0.063

Differences in the specific activity on the different substrate types

agree with another investigation where it was found that SALy was
.12

acid.

Presumably, different assay conditions for alginate lyase activity

similarly active towards mannuronic and guluronic

affect the substrate preferences; an interesting detail that should
be further investigated.20
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Figure 3: Substrate specify of alginate lyases SALy (a), FALy (b) and the
purchased lyase (SigmALy; c) on poly-mannuronic acid < 5000 kDa, poly-
mannuronic acid > 5000 kDa, poly-guluronic acid and sodium alginate at S/V
0.2 %, pH 7 and 40 °C recorded as A absorbance)-»ss ,m over the first 90 min
of reaction. Enzyme dosages E/S were 0.1 % for SALy and SigmALy,
respectively 0.03 % for FALy.
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After an initial active cleavage period of about 5 min of poly-(M) the
reaction of the purchased lyase SigmALy almost ceased (figure 3). It
is most likely that the initial cleavage was due to impurity of the
substrate with guluronic acid residues (approx. 15 % of dry weight
determined by HPAEC-PAD post sulfuric acid treatment; data not
shown). Presumably, the SigmALy was substrate specific towards
guluronic acid as described elsewhere.’* This distinct substrate
selectivity is rare as hitherto reported alginate lyases usually display
at least a moderate processivity for the other heteropolymer.9
Overall, FALy had the highest decomposition ability taking into
account the lowest enzyme loading of 0.03 % enzyme per substrate
(E/S) (figure 3). As E/S for SALy and SigmALy were set to 0.1 % SALy
performed with the lowest activity. Furthermore, after 30 min of
reaction, i.e. the initial reaction, SALy created per release of
unsaturated M-unit (>5000 kDa) 1.5 unsaturated G-units while FALy
0.8 units of unsaturated G-blocks (figure 3).

3.2 Application on brown seaweed

Combined application of alginate lyase and cellulase was
reported to be superior over cellulase application alone on the
release of glucose from Laminaria digit‘ata.s’6 The symbiotic
benefit of the two enzymes can be explained when considering
that the matrix polysaccharides (fucose-containing sulfated
polysaccharides, alginates and cellulose) are presumed to be
tightly associated in the brown seaweed cell walls as recently
proposed by Deniaud-Bouét et al?

3.2.1 Enzymatic degradation

Brown seaweed L. digitata was subjected to refiner milling
(disc distance 0.3 mm) and the milled seaweed slurry consisted
of 46.6 % dry weight hydrated glucose. Subsequently, the
seaweed was enzymatically treated with the cellulase
preparation Cellic’CTec2 together with one of each
characterized alginate lyase (figure4). The data obtained
(Figure 4a) confirmed our earlier findings with application of
the cellulase preparation Cellic’CTec2 and the alginate lyase
from Sigma-Aldrich, although at a lower rection pH of pH 5° A
glucose vyield of 40.8% of dry weight milled seaweed
corresponds to 87.6 % of the potential available glucose after
8 hours of treatment (figure 4a). Application together with the
lyases FALy and SALy was assumed to perform better. As
expected, the Ilyases showed activity towards both
homopolymers, poly-(M) and poly-(G), and the pH optimum
for SALy suited better with application of pH 6 (section 3.1).
Surprisingly, the release of glucose was significantly lower then
expected. After 2 hours FALy released 14.9 % and SALy 18.4 %
of glucose from seaweed by dry weight. This
corresponded to 58 %, respectively 71 % compared to what
has been released by the cellulase preparation applied
together with SigmALy (figure 4a). The glucose vyield for

total

treatment with SigmALy started to bend off after 2 hours.
Hence, the comparative relative yields of FALy and SALy rose
to 65 % (26.7 % w/w biomass), respectively 80 % (32.7 % w/w
biomass) after 8 hours of treatment.
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Figure 4: Yields over time of enzymatic treatment of glucose in % of dry biomass (a) and alginate degradation products of unsaturated uronic
acid residues due to B-elimination in % of dry biomass (b) of dry material of refiner milled wet Laminaria digitata with disc distance at
0.3 mm. Enzymatic saccharification with Cellic"CTec2 concentration of 10 % v/w and alginate lyase (SALy, FALy and purchased lyase SigmALy)
of 1% w/w over time with measurements at timepoints 0, 0.5, 1, 2, 4, 6 and 8 hours. Each data point represents the average value of

independent duplicates; vertical bars indicate the standard deviation

Lower lyase dosis (of the purchased lyase from Sigma-Aldrich)
but also lower substrate loading with maximum glucose
recovery of 80 % (~25 % after 8 hours) was achieved previously
on dried and milled material after 24 hours of enzymatic
treatment.® Equally overall sugar recovery (glucose and
mannitol) of over 90% was reached with a substrate
concentration of 15 % w/v but was 78 % with increased solid
loading (25 %) after 29 hours with no change over treatment
extension until 48 hours.? Both investigations were conducted
on dried material using the cellulase preparation
Celluclast 1.5L and Cellobiase 188 (Novozymes) at about pH 5.
The preparation Celluclast 1.5L released less reducing sugars
than another commercially available cellulase from
L. a’igit'at'a.25 Furthermore, drying was shown to hinder glucose
release, although from lignocellulosic material.”**’ In regard to
the pH, Celluclast remained still 80 % of the activity at pH 6
(optimum was pH5.2) when applied on brown seaweed
Macrocystis pyrifera. In contrast, the activity for alginate
lyases, including the endo-type lyase from Sigma-Aldrich, the
activity was of <10 % at pH 6 and about one third at pH7
compared to pH 7.5.%% With respect to temperature, glucose
release could be enhanced by raising the temperature as yields
were doubled by a temperature increase from 37 °C to 50 °c.’®
However, to allow suitable conditions for all alginate lyases
temperatures in the experiment of figure 5 were set to 40 °C.
The purchased lyase from Sigma-Aldrich (SigmALy) was tested
to have significant activity losses for temperatures >50 °C
(section 3.1.2).

For saccharifying the alginate within the seaweed only the first
two hours of reaction were crucial. There were unsaturated
uronic acid residues (UA) of 2-3 % by dry biomass and only
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slightly more (2.6 to 3.6 % UA) at the end of reaction
(figure 4b). This reaction pattern (leveling off) on alginate
degradation with lyase concentration of 21 % per substrate
has been seen before.” Moreover, figure 4b showed that the
initial fast degradation of the alginate was achievable already
with the application of SALy (2.9%
unsaturated uronic acid residues per dry biomass). Potentially,

within one hour

this was a result of higher enzyme activity due to the more
suitable pH conditions (pH optimum for SALy was 6.5; section
3.2.1). Likewise, Thomas et al*® reported an intermediate
initial degradation to larger oligosaccharides (DP 4 to 20)
following by a further slower chopping of the alginate into a
DP of 2 over several hours.

Whereas nearly complete glucose release was achieved from
just milled seaweed (figure 5a) a harsher pretreatment for
decomposition of alginate from brown seaweed was proposed
elsewhere.”® A 5-fold increase of uronic acids after 2 hour
treatment with exo- and endo-alginate-lyases was reported
post a sulfuric acid pretreatment compared to none.?®
However, the seaweed Macrocystis pyrifera was dried and cut
prior to use.”®

In general, yields of unsaturated uronic acids were lower with
FALy and SigmALy than compared to SALy (figure 4b). First,
pH 6 was closer to the optimum of SALy. However, SigmALy
was still efficient when pH 5 applied.5 Second, SigmALy was
not active on to poly-mannuronic acid unlike the other lyases.
Unsaturated monosaccharides, such as products from exolytic
alginate lyases, convert non-enzymatically to the stable 5-keto
structure and are not UV-visible. Hence, after an increase of
A,3s a decrease followed shortly after.® There was no
decrease observed (figure 4b). Hence, the applied lyases act
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endolytically like all PL7 family enzymes which appeared
sufficient for the release of glucose (figure 5a). Furthermore,
as the lyase activity was only important within the initial phase
reaction conditions should be further investigated for best
cellulase activity still ensuring sufficient alginate catalysis.

Nonetheless, addition of exolytic oligoalginate lyase to
produce monosaccharide units of alginate was recently
demonstrated.”** Further, these monosaccharides were

shown to be available for ethanol
. . 30
discovered organism.

production by a newly
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Figure 5: Yields of unsaturated uronic acids deriving from poly-
guluronic acids (G-units, left y-axis) and poly-mannuronic acids (M-
units, right y-axis) as % of potential total alginic acid of Laminaria
over glucose yields (% of potential glucose); after 30 (a), 60 (b) and
120 min (c) of enzymatic saccharification with Cellic’CTec2 and
alginate lyase (SALy, FALy and purchased lyase SigmALy). Potential
total content of glucose and alginic acid monomers determined by
HPAEC post sulfuric acid hydrolysis.® Each data point represents the
bars

average value of independent duplicates, bi-dimensional

indicate the standard deviation.

Regardless of the mannuronic acid content an efficient
disruption of alginate requires a lyase with high activity on G-G
Iinkages.31 Based on the initial rates derived from the lyase
activity on pure substrates (table 1) ratios of G-cleavages to M-

This journal is © The Royal Society of Chemistry 20xx

cleavages (G:M cleavage ratio) were calculated. G:M cleavage
for SALy was 1.5:1 and for FALy 0.6:1. SigmALy was not active
on mannuronic acid. Subsequently, these ratios were
transferred to calculate if the amount of unsaturated uronic
alginate
(figure 4b) whether could be attributed to the cleavage of G-
units or M-units (figure 5). The unsaturated M- and G-units
were plotted over the glucose yields for the crucial first
2 hours (30, 60 and 120 min) of alginate degradation. Hence,
the more unsaturated M-units were released the lower the
glucose yields were obtained (figure 5).

The M/G ratio in the present L. digitata was 3:1 with a total
amount of guluronic acid of 5.7 % (w/w).? Taking into account
the fact that the purchased lyase was almost only active on
poly-(G) approx. 37 % of all present guluronic acid did undergo
a R-elimination leading to unsaturated uronic acid at the
reducing end with an average DP of 2-3 (figure 5c). The mode
of action of the purchased lyase from Sigma-Aldrich (SigmALy)
was described as endolytic, releasing mainly trimers.™ In the
same study FALy was found to release oligomers of DP 5-7
within the first 20 h of reaction. Hence, the presence of longer
oligomers could describe the lower yields of unsaturated
uronic acids deriving from G-units of FALy compared to the
other two lyases (figure 5). For FALy the yield stabilized at 18 %
after 2 hours of reaction and would have produced oligomers
of average DP 5-6 (figure 5c). SALy was described to release tri-
and tetrasaccharides.’**® This corresponded with the release
of unsaturated (G)-units from seaweed using SALy of 8.6 % of
the total content of alginate (equal to 34 % of guluronic acid).
Hence, G-unit trimers were achieved already after 60 min of
reaction (figure 5b). Further, a significant consumption from of
guluronic acid after 120 min could not be observed (figure 5c).
However, also for (M)-units no significant further increase over
reaction time over 2 hours was achieved, both poly-(M) active
lyases (SALy and FALy) similarly only released unsaturated M-
units of 4-6 % of the total mannuronic acid (figure 5c).
Potentially, poly-(M) and poly-(G) interacted competitively
with the lyases active on both substrates exhibiting increased
binding affinity towards poly-(G). Iwamato et al.?® indicated a
strong reduced production of unsaturated mannuronates from
poly-(M) by the presence of poly-(G), the higher the
concentration of (M) the higher the reduction.

At a concentration of 0.1 % for both of poly-(M) and poly-(G)
the production of unsaturated UA was halved compared to (M)
as the only product and only one third at increased
concentration of poly-(M) to 0.2 % SV Conclusively, as the
total (M) in the present reaction volume of L. digitata was
about 0.9 % of (M) the presence of approx. 0.3 % of poly-(G)
might inhibited any further activity of the enzyme on the
mannuronic acid blocks in the brown seaweed. Furthermore, a
product inhibition was emphasized on the degradation of
alginate by Sphingomonas sp. deriving lyases, also when exo-
and endolytic alginate lyases were acting together.29 This could
also indicate that by addition of exolytic lyase a faster release
of glucose is most unlikely as a further increase in enzyme
loading did not enhance the decomposition of brown
seaweed.”

acids derived from seaweed saccharification
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Nonetheless, degradation of poly-mannuronic acid led to an
inhibition of glucose release from seaweed. The more activity
towards M-blocks the more the glucose yields decreased
(figure 5). Analogously, release of glucose from isolated
commercially available laminarin mixed with pretreated poly-
(M) decreased with respect to activity on poly-(M) (figure 6).
Pretreatment with the lyases SALy and FALy inhibited the
glucose release significantly after 2 hours (figure 6b). For FALy
the inhibition was significant already after 1 hour of reaction
(figure 6b). Treatment with the purchased lyase (SigmALy) did
yield in similar amounts as the control containing no lyase
(figure 6b). Hence, non-activity towards poly-(M) apparently
protected the cellulase catalyzed glucan degradation.

12 60

. a - b 5
" 10 1 a £ 504
<] a 5] ®b
[} £
IS 84
°oF E 40 Fa Tc
=i = Qb
2> 64 o
°
28 £ 30 5
%5 b o
E 4 S ® saly
S8 > 50 O FALy
= o v SigmALy
» 24 @ A
@ 8 control
= 2 10
0 Ac E)
T 06 T T T T T T
0 60 0 20 40 60 80 100 120
time [min]

Figure 6: (a) Poly-mannuronic acid (poly-M) degradation products of
unsaturated uronic acid residues due to B-elimination in % of poly-M with
alginate lyase (SALy, FALy, SigmALy) and a control without lyase after 1 hour
of reaction at 40 °C pH 6. (b) Glucose yield from an artificial mix of laminarin
and the degraded poly-M) over 2 hours of enzymatic treatment with
Cellic’CTec2 at 40 °C pH 6. Each data point represents the average value of
independent triplicates, bars indicate the standard deviation. Roman letters
indicate significant differences (a < 0.05). Poly-M consisted approx. 15 % of
guluronic acid impurities.

3.2.2 Viscosity decrease and post enzymatic treatment
insoluble residues

With application of alginate lyases the viscosity dropped
rapidly indicating the endo-type action of the ALys. The endo-
action is in agreement with previous data achieved on alginate
Iyases.zo’22 The addition of the SALy to the cellulase
preparation acted the fastest, and the SigmALy the slowest
when added at equal protein level of 1% enzyme
concentration per dry seaweed biomass (figure 7). Even
though the specific reaction viscosity decreased quickly in the
early phase of reaction the formation of unsaturated UA still
increased as the reaction proceeded (Fig. 4b). Regarding the
enzyme catalyzed release of glucose, the data did not
unequivocally reveal whether the initial viscosity decrease
affected the initial glucose release rate.

A 24 hours enzymatic treatment with the FALy or SALy
supplemented to the cellulase preparation Cellic’CTec2 left
behind an insoluble residue constituting about 20 % by weight
of the original (insoluble) seaweed substrate dry matter
(table 2). This residue could be separated from the liquid by
centrifugation. Interestingly, treatment with the SimALy, which
appeared to have high affinity for poly-guluronic acid
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(figure 3c) catalyzed the liquefaction of more of the seaweed
material and left behind 12.4 % by weight only (table 2). The
achieved degrees of enzymatic saccharification were
significantly higher than those achieved by 48h-
saccharification at pH5 at 50°C of 26 % of the original
L. digitata biomass.®

500 - m— SALy + CTec2

= FALy + CTec2
SigmALy +CTec2

=== CTec2 alone

control

450

400 -
350 \/
300 -
250

200 -

viscosity [cP]

150 4

100 A

50 4

enzymatic saccharification time [min]

Figure 7: Evolution of viscosities at shear rate of 60 rpm over 15 min of
enzymatic treatment with Cellic’CTec2 and alginate lyase (SALy, FALy,
SigmALy); Cellic’CTec2; and the control without any enzyme addition.

Compared to the raw material 70-80 % by weight of nitrogen
was recovered in the solid residue indicating that the majority
of the seaweed protein was left in this fraction (table 2).

Table 2: Yields of insoluble residues, including the nitrogen recovery
and carbohydrate monomers of the liquefied fraction after
enzymatic treatment of refiner milled wet Laminaria digitata for
24 hours with Cellic’CTec2 and alginate lyase (SALy, FALy and
purchased lyase SigmALy), as well as treatments with alginate lyase
(SigmALy), respectively CTec2 alone. Separation by centrifugation at

14,000xg for 30 min.

residue liquefaction

1 . 2 3
treatment amount N-recovery™ mannitol glucose

[% of original biomass] [% of original biomass]

SALy + CTec2 19.3 80.1 3.4 51.8
FALy + CTec2 20.3 83.5 5.9 48.2
SigmALy + CTec2 12.4 71.4 5.0 52.7
CTec2 alone 51.8 68.4 3.9 46.0
SigmALy alone 28.9 78.5 2.3 17.6

‘after elemental analysis; raw material N=0.73 %>
’hydrated monomers after HPAEC analysis

*hydrated monomers after determination with enzyme assay

The data (table 2) are in accord with the recently published
findings on the same seaweed material that a protein enriched
residue having similar amino acid profile as the raw material
remained insoluble after extensive saccharification.®
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In addition to nitrogen, the residue also contained a mixture of
carbohydrates at a level equivalent to approx. 4 % of the total
seaweed carbohydrates by dry weight (data not shown). The
separated liquefied seaweed fraction contained glucose levels
of 51.8, 48.2 and 52.7 % by weight of the dry matter (table 2),
corroborating that nearly all the potential glucose was
released.

Carbohydrate analysis by high performance anion exchange
chromatography (HPAEC-PAD) showed that the liquefied
fraction also contained mannitol besides glucose. The mannitol
levels measured (3.4 to 5.9 % of the original milled seaweed
biomass; table 2) only made up about 80 % of the original
content of mannitol in the biomass. Sulfuric acid treatment of
the liquefied fraction released fucose along with minor
monosaccharides (data not shown). The fucose indicated that
the fucoidan was dissolved but not hydrolyzed during the
enzymatic treatment. Fucoidan were described as water
soluble sulfated polysaccharide.32

In conclusion, the application of alginate lyase and cellulase
preparation Cellic’CTec2 for 24 hours enabled almost
complete release of the fermentable sugar monomers glucose
and mannitol harbored in the brown seaweed L. digitata. New
yeast strains demonstrated the ability to convert mannitol into
ethanol.®® 8 h treatment was enough to release 90 % of the
glucose if the guluronic acid specific SigmALy along with the
cellulase preparation was applied and 14 h were sufficient with
the use of SALy whereas 24 hours with FALy and cellulase were
required for complete glucose release (data not shown).

4 Conclusions

Expression of and endolytic bacterial alginate lyase from
Sphingomonas sp. (SALy) was feasible with high yields of
12.8 g/L cell extract. Furthermore, the characterization of
activity with pH range from 5.5 to 7 and thermal stability up to
50 °C made it a promising candidate to support glucose release
of brown seaweed catalyzed by the commercial, fungally
derived cellulase preparation Cellic’CTec2. Like the endolytic
lyase from Flavobacterium sp (FALy, optima pH 7.5), the SALy
was active on both alginate epimers poly-mannuronic acid and
poly-guluronic acid. In contrast, a purchased lyase (SigmALy)
was only endolytically active towards poly-(G). M/G ratio of
the investigated brown seaweed Laminaria digitata was 3:1.
Consistently, SALy and FALy showed higher activity on the
alginate of the seaweed. Precisely, the guluronic acid was
assumingly degraded to smaller oligomers of DP 3 for SALy,
DP 5-6 for FALy and DP 2-3 for SigmALy. However, only 4-6 %
of the mannuronic acid present in the seaweed was
epimerized to unsaturated uronic acids. Moreover, a
degradation of poly-(M) led into a decreased release rate of
glucose from L. digitata by the cellulase preparation. In
conclusion, not only the binding activity of the lyase towards
poly-(G) was higher, the decrease of poly-(M) was directly
linked to an inhibition of the glucose release.

Nevertheless, enzymatic treatment for 24 hours was sufficient
to release all potential glucose from the glucan rich L. digitata
(51% moieties) regardless the applied lyase. Viscosity

This journal is © The Royal Society of Chemistry 20xx

deduction occurred primarily in the first minutes of the
reaction. This emphasized that the alginate lyases were rather
required to decompose the cell wall in order to guarantee
access for the cellulase to the glucan. Furthermore, in the solid
pellet after enzymatic treatment 70-80 % of the nitrogen was
recoverable and molecules containing fucose were present in
the liquefied fraction. Assumingly, after treatment with
cellulase and alginate lyase the highly valuable by-products of
sulfated polysaccharides (fucoidan) and proteins can be
extracted from the soup of mannitol and glucose monomers.
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Supplementary Material

Appendix
autoinduction IPTG induction
FALy SALy FALy SALy
34.2k 25.9 kDa 34.2 kDa 25.9 kDa
M BD2 cd4i c43 BL21 M BL21 C41C43 BL21

38 260
150 - 150:
75+

Figure S.1: SDS-Page of alginate lyase clones deriving from
Flavobacterium sp. (FALy) and Sphingomonas sp. (SALy) expressed in the
different E. coli strains BL21, C41, C43 and Tuner via autoinduction and
IPTG induction. Protein markers (M [kDal; lane 1).
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