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Abstract

Brown seaweeds are found in abundance alongigtedoastline and investigations
of purification of specific compounds including pehccharides are still increasing to
develop new markets. A preliminary investigation tbe differences obtained on the
polysaccharide extraction from three brown spe(fiesus vesiculosydaminaria digitata
and Ascophyllum nodosuniad been initiated and the algaenodosunhad been identified
as the most suitable biomass for an industrial tpainview. A full factorial experimental
design was performed to define the influence ofaetibn parameters (time, temperature
and the volume of extractant per gram of biomagsid/biomass ratio) on the main water
soluble compounds extractable from industrially ggssedA. nodosum Additionally,
seasonality was also investigated by applying tkeeemental design on two seaweed
batches harvested at different time points of tharyThis statistical approach aimed to
figure out the yields and the composition variati@h one step aqueous extracts, to optimise
the protocol to extract specific compounds (polghacides, phenolics...) and mathematical
models were proposed to anticipate the extracteduymts. Moreover, extraction protocols
had been shown to statistically affect the compmsiand size of the polysaccharide
extracted (fucoidans, laminarans and alginateggllyi the different extracts prepared were
tested for their potential prebiotic activity. A gliminary screening of the ability of
potentially pathogenic bacterial strains and probistrains to grow on seaweed extracts
was achieved. Results on bioactivity were then etated to the protocol used and, by
extension to the extract composition (relative rdipn of each component of the extract
and composition of the polysaccharides). The pdisgibf scaling up the extraction was
investigated in order to anticipate the productiadnthe most promising extract to run a

human clinical trial.
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Chapter 1

1.1 General Overview: The context and objectives ahis research

Ocean vegetation is dominated by the algae whiah @enerally regarded as
evolutionarily primitive plants. Seaweeds, alsolechlkelps, are marine macroalgae that
produce organic matter using the combination ofrs@nergy, carbon dioxide and sea
nutrients. Always macroscopic, the size of thegaearanges from few cm to over 60 m for
the giant kelps. Seaweeds play a crucial role iasta areas by maintaining the fragile
physico-chemical equilibrium as well as providirigeker for many marine species; alive or
cast ashore, seaweeds are also a source of foodafoy species of marine life (Lobban &
Harrison 1994). The use of seaweeds by human kihonig-standing and quite wide and
varied. The oldest records of an application favweseds dates back to 14,000 B.C, where
seaweeds remains were excavated from a Shamam Mdrite Verde in Chile, implying
that it was used back then as food, or potent@alsn as a form of medicine (Dillehay et al.
2008).

Seaweeds have always been of economic importangmahi kind has used and
exploited seaweed since time immemorial for purpod®t range from use as a soil
conditioner to use as a food source. For centagesin cultures have used various types of
seaweeds as natural remedies/medicines for a Hadifferent illnesses. The nutritional
value of marine macroalgae has long been recoginizéae Orient, but in the western world
the use of seaweeds for human consumption is timiteey exist as additives in so-called
health foods. Seaweeds are low in fat and represaytcomplete sources of a range of
macronutrients and key micronutrients, includintamiins and minerals (Wilkinson 1992).
They also contain a large proportion of charadieriaucilaginous polysaccharides such as
carrageenans, alginates, agars, laminarans, galagtphates and fucoidans (Popper et al.
2011). In scientific research the various pharnagioal properties of algae have been well
documented for a number of years (Stengel et a0t is only in the last few decades that
the actual mechanisms of actions have come undgirsc

The west coast of Ireland is influenced by the @Githeam current, which sustains an
abundance of macroalgal species (more than 500espem particular brown macro-algae
(147 species) such @scophyllum nodosum, Fucus gnd Laminaria sp.Traditional hand
harvesting of many species of marine algae has baeied out on this coast for centuries.
The main commercially harvested specie8.imodosumwhich is dried and sold as a meal
product or for alginate extraction, or the prodactof products for soil improvement and
animal feeds. These primary products only selldmmmodity prices in the range of $500-
$800 per tonne. At present, there is little highseaprocessing of algae in Ireland even

though, in the last ten years, a few companiesu(ardl0 companies on the west part of
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Ireland but the origin of the used is not alwaysntiomed) have initiated production and
commercialization of higher value products. Sciangstimates indicate that a sustainable
annual harvest foA. nodosunof 75,000 tonnes is possible, which is more thanbte the

current annual harvest of 35,000 tonnes (Morrissegl. 2001). Hence, according to this
rather old study, a doubling of the existing hatvesuld be accommodated without

interfering with the sustainability of this resoarc

Why are seaweeds good for us? What is the sciemi#sis for this declaration? From
the work that will be presented in this thesisestfic data documenting levels of one type
of polysaccharide, fucoidan, within a seaweed gseof commercial value, as well as its
compositional analysis, will highlight the potehtieealth benefits of an algal-rich diet. The
research has also highlighted the valueAohodosumas a source of extracts enriched in
fucoidan and other polysaccharides (alginates, narmains) and non-carbohydrate
biomolecules (including phenolic substances) witheptial prebiotic and selective anti-

microbial properties.

“Let food be thy medicine, let medicine be thy féodaid Hippocrates. While this
principle remains true and relevant, it has beengizated by the intransigence of dietary
habits in Western society, but facilitated by temlogical advances permitting incorporation
of an enriched form of the ‘medicine’, into foodopuct(s). This approach to integrate a
‘medicine’ into food is more convenient in terms mieparation, consistency of supply,
palatability, acceptability, benefit, shelf-life cduprofit (Sako et al. 1999). In contemporary
society, Hippocrates’ dogma is described by ‘fumwl food. Functional foods have a
variety of physiologically beneficial effects (Girs & Roberfroid 1995). One such benefit
involves the use of prebiotic compounds that anataral constituent of, or a pre-formulated

additive to, staple dietary foodstuffs.

The impetus behind this project was to investigaig composition and function of
extracts from a brown algal source of commercighantance in Ireland, in order to have
scientific evidence to support claims for potentimiman health benefits. The working
hypothesis for the research was that these brogaeatould be a source of novel agueous
extracts and enriched polysaccharide fractions \pittential to modulate positively the
growth of beneficial gut bacteria (i.e. have prébigpotential). To test this working
hypothesis, the first experimental approaches statsiof selecting the most relevant
seaweed species for polysaccharide extraction awestigating different polysaccharide

purification techniques (Chapter 3). Once selectied,effect of extraction parameters was

3
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investigated on one speciel. (nodosumto establish their effects on extraction yields
(important scientifically and for sustainability mtdustrial scale), extract composition and
the yields and composition of specific polysacatesi(Chapters 4 and 5). The findings also
revealed new aspects on the real seasonal abunadniteeoidan and laminaran (and
alginates) inA. nodosunwhich highlights the value and sustainability afng this seaweed
as a source of these polysaccharides. Finallyesarg of different extracts to investigate
potential prebiotic activity was performed (ChaggrThe value of the bioactivity tests was
underpinned by correlating activity to compositiand extraction method in this study
(Chapter 6). A novel, reproducible and scalableeaqg-based extraction method was
developed based on the results of laboratory rese@gn Chapters 3 to 5), which was
subsequently used to produce sufficient quantifethe best candidate ‘prebiotic’ extract,
identified from research presented in Chapter 6, &0 on-going clinical trial (dietary

intervention study).

1.2 Seaweeds and Macroalgae

1.2.1 Types and classification of Seaweeds

Three main categories of seaweeds are generallgrided, classified by the
predominant colour of the category, as green, neblbsiown seaweeds (Dring 1991). In the
classical five-kingdom classification systeRigure 1.1, macro-algae have been assigned to
the kingdom Prostista. In this kingdom, algae hlagen grouped for convenience into three
divisions (phyla), i.e. Rhodophyta (red seaweedBhaeophyta (brown seaweeds),
Chlorophyta (green seaweeds), largely on the ldsi®lour, although they mainly differ

with regard to their reserve and cell wall polyserides. In an earlier classification of algae

Classification of living organisms

v v v Vi
Monera Protista Plantae Fungi Animalia
[
] v v v
Cyanophyta(blue algae) Phaeophyta (brownalgae) Rhodophyta(red algae) Chlorophyta (green algae)
I
v v

Laminariales Fucales

— —y

Laminariaceae Fucaceae

— g | Y

L.digitata F.vesiculosus A.nodosum

Figure 1.1Classification of macroalgae under the kingdom Pisig, and classification oAscophyllum
nodosum, Fucus vesiculosugucales) andLaminaria digitata (laminariales)(Descombes 2006)
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a fourth phylum existed, the Cyanobacteria (blugegralgae), which has been subsequently
re-classified as cyanobacteria (Kingdom Monerak Blown macro-algal investigated as a
source of bioactive polysaccharides, iA&scophyllum nodosunand Fucus vesiculosus
belong to the other order Fucales, fankilycaceae wheread aminaria digitatabelongs to

the order Laminariales, familyaminariaceae

1.2.2 Division Phaeophyta (Brown Algae)

The division Phaeophyta constitutes an importasem@ablage of marine algae,
classified into about 265 genera and consistingwdr 1500 species (Bold et al. 1978).
Although originally regarded as plants, more reaasearch has re-classified the brown
algae as Strameophiles, a distinct evolutionargalge from land plants. The Phaeophyta
occur mainly in the marine environment, where they a conspicuous and predominant
intertidal component, extending from the uppeoildt zone into the sublittoral zone. The
Phaeophyta appear to flourish in temperate to dabpegions where they exhibit the
greatest diversity with regard to species and nmlgafical expression (Davis et al. 2003).
Many forms, in particular members of the order Fesawithstand long periods of daily
immersion during high tide.

The cell and cell wall composition are also biotagjifeatures used to define seaweed
classification. Indeed, the divisions are definedoading to the colour resulting from the
pigment composition. Moreover, cell wall polysaadties are specific for each division as
well as storage polysaccharides. The main seawemdpaunds, by category, are
summarized inTable 1.1 All seaweeds contain chlorophyll but in differgmbportions
(higher content in green algae); the brown colduhe Phaeophyta is due to a high content

of carotenoids (fucoxanthin).

Table 1.1Cell wall and structural carbohydrates and pigmeritsthe macroalgal division(Davis et al. 200:

Cellulose in many (8-
1,4-glucopyroside),

Chlorophyll a,b; a-, 8- Starch (amylose and hydroxy-proline
Chlorophyta Green algae and y-carotenes and amylopectin) {oil in glucosides; xylans and
several xanthophylls some) mannans; or wall

absent; calcified in
some

Chlorophyll a,c; 8- Laminaran (8-1,3- Cellulose, alginic acid,
carotene and glucopyranoside, and sulfated muco-
Phaeophyta Brown algae fucoxanthin and several predominantly); polysaccharides
other xanthophylls mannitol (fucoidan)

Chlorophyll o (d in some
Florideo-phyceae); R-
and C-phycocyanin,
Rhodophyta Red algae allophycocyanin; R- and
B-phyco-erythrin. a-
and B-carotene and
several xanthophylls

Cellulose, xylans,
several sulfated
Floridean starch polysaccharides
{amylopectin-like) (galactans) calcification
in some; alginate in
corallinaceae
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1.2.3 Fucaceae

In the Fucaceae family, only 24 species have ligemntified to date, including 15
species under the genkacus (for exampleFucus vesiculosysand only one in the genus
Ascophyllum(Ascophyllum nodosumThe growth rate of th&ucaceaeis very low with
many variations according to the localisation. Ajothe French coast, Lemoine (1913)
recorded a growth-rate fét. vesiculosusf between 2.5 and 3.3 cm per month and a growth
rate of 1.6 cm per month was recorded in Englanmuigit & Parke 1950). The same study
showed an effect of water salinity and sun exposurghe growth rate inducing a lower

= __"l.:f-"" 5‘ % \‘._ "-4’ T A 4y

g

Figure 1.2 A) Fucus vesiculosus and B) Ascophyllunodosum(this research

growth rate during winter (Knight & Parke 1950). Mover, the natural habitat of the
Fucaceaeis located in the intertidal zone. Consequentig, $eaweeds are exposed to two
different environments twice a day: air and wafehus, theFucaceaehave generally a
higher content of antioxidants (like phenolic sabstes and pigments) that are thought to
help these seaweeds withstand abiotic stresses asudbV radiation and air oxidation
(Stengel et al. 2011)Ascophyllum nodosurgmain species studied in this work) forms a
single bladder centrally in long, strap-like frondehe fronds hang downwards, gently
draping sheltered intertidal rocks. A number ohfite grow from each basal holfast, and the
plant generally regenerates new fronds from thee hasen one of the larger fronds are
damaged. Reproduction takes place in beautifubyeleceptacles in spring. These develop
in reponse to short days in the autumn, maturenduttie winter, and are at their most
prolific in spring. Eggs and sperm are released the water, and the eggs release a low
molecular weight sperm attractant known as Finnavgrnamed for the village of Finavarra
("wood by the sea") in north Co. Clare in Ireland.
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1.2.4 Laminariaceae

TheLaminariaceadamily contains more species than thecaceaewith 61 species
including 26 in theLaminaria genus (for exampléaminaria digitatg and 21 in the
Saccharina genus (e.g.Saccharina latissima In contrast to theFucaceage the
Laminariaceaetend to live in deeper water and are rarely expdeethe air environment
thus reducing the exposure to light, especiallyirduwinter. Nevertheless, growth of
Laminariaceaels much faster thaRucaceagespecially during winter and spring. During
those seasons, the seaweeds can growth up to 1geiciaay, although in the winter and
autumn periods the growth is much lower (around OB per day) (Parke 1948).
Consequently, although the same types of compoaneldound in the two families, the

relative proportions of each are different.

Figure 1.3 Laminaria digitata at low tide (this research

A recent study shows a worrying fact in relatiortiie Laminaria digitatabiomass
along the French coast, in that it has decreaggtfisantly due to the increase in coastal
water temperatures; this change is likely to hawemaportant impact on the ecosystem
(Raybaud et al. 2013).

1.3 Main compounds in brown algae

1.3.1 Low molecular weight compounds

Without considering the metabolic products in sesdge low molecular weight
carbohydrates (focusing on free monosaccharides)pegsent and specific to each main

group of seaweed. While some of these materialsuatcfor a considerable proportion of
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the dry weight of the algae, others are present ontrace quantities. In brown seaweeds,
D-mannitol is universally present and can reach 26%e dry matter of somkeaminaria
species in autumn. Another seven carbon sugar @icdolemitol, has been identified in
Pelvetia canaliculatalPfetzing et al. 2000). Furthermore, mannitol-glwmanosides have
been found in all brown seaweeds and methylinositodl laminitol were identified
previously inLaminaria hyperboreaiiPercival & McDowell 1968). Finally, trace quargii

of sucrose, and free galactose and mannose hauealseereported (Percival & McDowell
1968).

Due to their living environment, salty water anawth on rocks, brown seaweeds are
particularly rich in different micronutrients andpecially different divalent cations g
M