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ABSTRACT 

Seaweed biomass has been identified as a potential fermentation substrate for third 

generation biofuel processes due to its high carbohydrate content and its potential for mass 

cultivation without competing for agricultural land, fresh water and fertilisers. This thesis 

aimed to develop and advance existing processes to convert brown seaweeds into bioethanol. 

The main kelp species chosen as biomass candidates were Laminaria digitata, Laminaria 

hyperborea, Saccharina latissima and Alaria esculenta due to their abundance in Scottish 

waters and their identified potential for mariculturing. 

These kelp species were chemically characterised to identify seasonal variations, to 

recommend suitable seaweed candidates for bioethanol production and predict best harvest 

times. This has only been demonstrated before on one species - L. digitata. The chemical 

composition analyses were carried out over a 14 months sampling period, which focused on 

the storage carbohydrates laminarin and mannitol and the structural carbohydrates alginate, 

cellulose, fucoidan and xylose. In addition to carbohydrates the protein, nitrogen, carbon, 

polyphenol, ash and metal content was also profiled. Chemical profiling identified all four 

kelps as potential fermentation candidates, where maximum carbohydrate contents 

coincided with lowest ash and polyphenol content, usually seen in autumn. 

Biomass pre-treatment and saccharification are up-stream processes aimed at enhancing 

extraction of carbohydrates and converting those into fermentable substrates. Conversion of 

seaweed biomass into fermentation substrate evaluated acids and enzymes for seaweed pre-

treatment and saccharification. Methodologies focused on optimising saccharification yields 

were developed to identify process critical parameters and develop methods for routine 

analysis of seaweed biomass. Results demonstrated that dilute acid hydrolysis was were less 

effective in releasing fermentable sugars, and also resulted in higher salinities compared to 

enzymatic hydrolysis using hemicellulosic and cellulosic enzymes, which were the preferred 

method of saccharification.  

All seaweeds in this thesis were assessed as fermentation substrates using the yeasts S. 

cerevisiae and P. angophorae, that principally ferment glucose or mannitol, respectively. 
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Small-scale fermentation assays were developed for both yeasts to maximise ethanol yields 

and achieve process robustness. Both yeasts achieved a maximum ethanol yield of 0.17 g g-1 

using Laminaria spp.. On the basis of results, S. cerevisiae is recommended as the most useful 

yeast at this present point for ethanol fermentation from seaweed hydrolysates because of 

its tolerance to high salinity and ethanol concentrations. 

As salinity can negatively affect non-halotolerant enzymes, isolation of marine 

microorganisms was therefore carried out with the aim to highlight their enzymatic potential 

in seaweed saccharification. This was achieved through the isolation of two members of the 

genus Pseudoalteromonas, where saccharification yields using crude intracellular enzyme 

preparations exceeded those of dilute acids. In addition, the fermentative potential of 

microbial isolates as future ethanologenic strains was also evaluated. Understanding of the 

metabolic pathways is needed to fully assess the potential of those strains for genetic 

alteration. 

In conclusion, this thesis has demonstrated that up to ca. 20 g l-1 of ethanol can be produced 

from kelp species that grow on the west coast of Scotland. The procedure developed and used 

to produce ethanol requires further development, specifically the need for ethanol-

fermenting microorganisms that can utilize mannitol and alginate; use of marine-adapted 

enzymes for saccharifiction; and the development of processes to achieve substrate 

concentration with reduced salinities. Comparison of theoretical ethanol yields from seaweed 

biomass with ethanol yields from terrestrial crops showed that the complete utilisation of all 

three major seaweed carbohydrates (laminarin, mannitol and alginate) from kelp species is 

needed for the process to be able to compete with 1st generation biofuel processes. 
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1. GENERAL INTRODUCTION 

1.1. OVERVIEW 

As global fossil fuel supplies are depleted by the worldwide demand, and atmospheric carbon 

dioxide concentrations from combustion of these fossil fuels are linked to global warming, 

political pressure has changed the scientific focus to finding sustainable fuel alternatives to 

petroleum based products. Biofuels are considered to be one such alternative and could play 

an important role both in improving energy security and readdressing climate change. 

Biofuels offer the potential to reduce greenhouse gas emissions. As carbon in the plant matter 

from which biofuels are produced comes from the carbon dioxide absorbed by the plants from 

the atmosphere the carbon cycle of biomass is only a fraction of the carbon cycle of fossil 

fuels, which has been locked up underground for millions of years, and which is released into 

the atmosphere as carbon dioxide when the fuels are burnt. Furthermore, analyses have 

suggested that combustion of both biodiesel and bioethanol produce substantially less carbon 

dioxide emissions (depending on the particular feedstock (Stichnothe and Azapagic 2009) than 

their fossil fuel counterparts. 

Biofuels also provide an opportunity for rural areas to break the cycle of poverty both in the 

developed and developing world. Various policy goals, such as reducing greenhouse gas 

emissions, boosting the decarbonisation of transport fuels, diversifying fuel supply sources 

and developing long-term replacements for fossil oil while diversifying income and 

employment in rural areas, have motivated worldwide promotion of the production and use 

of biofuels. Also, domestic biofuel production has significant potential to reduce the world’s 

dependency on crude and fuel imports. In the wake of a continuation of oil-price volatility, 

biofuels can help to cushion the negative impact of this growing volatility. 

The oceans cover around 70 % of the earth’s surface and hold a significant and unexplored 

potential to become the earth’s future powerhouse and host of a new crop, seaweed. 

However, considerable research and development is needed to unlock the potential of new 

technologies for future biofuel production. The full potential for sea cultivation (mariculture) 



Chapter 1 

2 

has only recently been recognised. Until now, seaweed has been valued mainly as food, but 

also as fertiliser, animal feed and recently for a growing phycocolloid industry producing 

alginate, agar and carrageenan. The potential is that it could also become a major resource 

for biofuels. Algae are in theory an ideal alternative biofuel crop as they grow faster, require 

little maintenance and thrive in environments not used for agriculture or forestry. 

Furthermore, mariculture has the potential to improve marine environments by absorbing 

excessive nutrients from fish farming, agricultural and industrial pollution. By integrating 

aquaculture with inorganic and organic extractive aquaculture (seaweed and shellfish), the 

wastes of one resource user become a resource (fertiliser or food) for the others. Such a 

balanced ecosystem approach provides nutrient bioremediation capability, mutual benefits to 

the co-cultured organisms, economic diversification from producing other value-added 

marine crops, and increased profitability per cultivation unit for the aquaculture industry 

(Chopin 2001). The main conceptual contribution of this thesis includes the development of a 

biofuel process using an unused biomass source, such as algal biomass. This process will 

classify as an advanced biofuel process of the Third Generation (Lee 2013). These processes 

do not use sugar or starch based products from terrestrial feedstocks and therefore do not 

require costly arable land, freshwater supplies or compete with food supplies. 

1.2. BIOFUEL EVOLUTION 

Due to the depletion of fossil fuels and the rising need not only to secure our future energy 

demand but also reduce our dependency on these fuels, interest into biofuels has grown. 

Biofuels are fuels that are in some way derived from a source of biomass. The term covers 

solid biomass, liquid fuels and various biogases (Figure 1.1). Different technologies and with it 

different generations of biofuels have evolved over the last few decades.  

Especially through genetic engineering of metabolic pathways of microbes, the biotechnology 

industries are using this technology to develop microbial biofuel synthesis platforms to 

transform our global energy use from emissions-intensive, non-renewable fossil fuels to low-

carbon, sustainable energy technologies (O'Hara, I. 2011). 
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Figure 1.1: Biomass to biofuel pathways (adapted from http://www.plateforme-biocarburants.ch)

 

While global demand for transportation fuels continues to grow its combustion contributed 

to about one-fifth of the EU's total emissions of carbon dioxide in 2010 (European Commission 

2013). Producing more energy from renewable sources and using such fuels are ways to 

reduce carbon emissions. This in parallel with public discussions on biofuels, which has 

centred on issues such as food-vs-fuel debate, land-use change and environmetal impact, has 

led to the evolution of biofuels which is discussed below. 

1.2.1. FIRST GENERATION BIOETHANOL 

Unlike synthetic ethanol, which is petroleum-derived and synthesised through the catalytic 

hydration of ethylene, bioethanol comes from renewable resources. Synthetic production of 

ethanol is no longer ecologically favourable given the rise in popularity of bioethanol and it 

now accounts for approximately five percent of total world ethanol production (Berg 2004). 

The term “First Generation Bioethanol” or “Conventional Bioethanol” refers to ethanol that 

has been derived from fermentation of terrestrial sources such as starch (mainly from corn 



Chapter 1 

4 

and maize) and sugar (sugar beet and cane). Fermentation has been carried out for millennia 

and is the traditional method for most of the bioethanol produced today. Sucrose (glucose-α-

1,2-fructose) containing feedstocks such as sugar beet and sugar cane can be fermented 

directly, as the yeast Saccharomyces cerevisiae for example contains invertase, an enzyme 

responsible for the hydrolysis of sucrose into its hexose monomers, fructose and glucose, and 

both the sugars are then fermented by the yeast to ethanol. 

To produce alcohol from biomass-derived starch (glucose-α-1,4-glucose) a number of pre-

treatment processes must be applied before fermentation. These are necessary as the 

fermentative organism, usually the yeast Saccharomyces cerevisiae, is not capable of utilising 

polysaccharides such as starches directly. Figure 1.2 presents a flow chart describing the 

conversion of biomass into bioethanol.  

 

Figure 1.2: First Generation Biofuel Production Flow Chart 
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The first stage involves biomass pre-treatment to convert biomass to fermentable sugars. To 

extract simple sugars the raw material is usually milled and steeped with hot water to create 

wort. Enzymes, such as amylases, if not present naturally in the raw material, are added 

artificially and activated during steeping. Enzymes such as α-amylases help to reduce the 

viscosity of the wort and most importantly break down complex sugars into soluble sugars. 

During the next stage, termed saccharication, glucoamylases are added which convert those 

soluble sugar molecules into glucose which subsequently is converted into ethanol by yeasts. 

1.2.2. SECOND GENERATION BIOETHANOL 

Second generation biofuel technologies, also called advanced biofuel technologies, have been 

developed because first generation biofuel manufacture has several important limitations 

(see below). In contrast to first generation bioethanol, which is derived from sugar or starch 

produced by food crops, second generation biofuel may be produced from agricultural 

residues (e.g. straw, corn stover), other lignocellulosic raw materials (e.g. wood chips) or 

energy crops (miscanthus, switchgrass, etc). Hydrolysis of these complex and variable raw 

materials usually results in the creation of a mixture of different pentoses and hexoses (Figure 

1.3). 

These substrate mixtures generate problems for traditional fermentative organisms such as 

the yeast S. cerevisiae that can only take up a limited range of substrates, with generally only 

hexoses suitable for ethanol production. Different metabolic pathways have been successfully 

introduced in numerous bacterial and fungal strains to extend their substrate range and 

optimise ethanol yields (Mousdale 2008). 

The major drawbacks of first generation biofuel processes are that they cannot produce 

enough biofuel without threatening food supplies and biodiversity. Furthermore, when taking 

GHG emissions from land use change into account, life cycle assessment has shown that 

emissions from first-generation biofuels can exceed those of traditional fossil fuels, as was 

shown in the case of biodiesel made from jatropha, were GHG emission increased by 59 % 

compared to conventional diesel (Bailis and Baka, 2010). 
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Figure 1.3: Second Generation Biofuel Flow Chart 

 

Although second generation biofuel technology is still in a developmental stage and not 

available on a commercial basis yet (OECD-FAO 2010), the potential worldwide production of 

ethanol from cellulosic biomass is over an order of magnitude larger than that possible from 

corn (Demain 2005). Lignocellulosic raw materials are considered to be more sustainable than 

starch based biomass, as they not only can be supplied on a large-scale basis from different 

low-cost raw materials such as municipal and industrial wastes, wood and agricultural residues 

(Jeffries 1985) but also don’t compete with food commodities (Naik et al., 2010). Cellulose 

(glucose-β-1,4-glucose) for example is the most abundant polymer on earth yet it must be 

broken down into simple sugars prior to fermentation. This may be achieved using either acid 

or enzyme hydrolysis. Both approaches have been the subject of continuing research interest 

since the 1970s, and large investments are being made in the US and Europe to speed up 

development of this route to bioethanol. 

As concerns exist about the large scale cultivation of first generation biofuel feedstocks, 

including the impact it may have on biodiversity, competition with food crops and land-use, 

second generation biofuels can help solve these problems, as they not only can supply a larger 

Biomass

Biomass Pre-treatment

Biomass Hydrolysis

Hexose/ Pentose  Fermentation

Ethanol Recovery

Enzyme Production



Chapter 1 

7 

proportion of our fuel supply sustainably, affordably but also with greater environmental 

benefits. The goal of second-generation biofuels is to increase the amount of biofuel that can 

be produced sustainably. These processes use the residual non-food parts of crops, such as 

stems, leaves and husks that are left behind once the food crop has been extracted, as well as 

other crops that are not used for food purposes, such as switch grass, jatropha and cereals 

that produce little grain, and also industry waste such as wood chips, skins and pulp from fruit 

pressing. 

1.2.3. THIRD GENERATION BIOETHANOL 

Industrial scale third-generation bioethanol production, like second-generation processes, is 

still under development. Biomass from non-food and non-terrestrial resources, such as micro 

and macro algae are under investigation as feedstocks for bioethanol production. The key 

challenge for developing the next generation biofuels is acquiring economical produced 

feedstocks. As previously mentioned, production costs are strongly dependent on the 

feedstock costs, which can make up 50-70 % of the overall bioethanol production cost. There 

are several main advantages that micro and macro algae have over traditional terrestrial 

feedstocks such as corn, soybean and palm oil. 

1. Foremost is the advantage of minimal land-use. Emissions or sequestration of CO2 can 

occur as land uses change. Seaweed production methods do not need arable land, which 

largely mitigates the land-use change issue. Given the current global focus on CO2 

emissions and global warming, this aspect of algae production is immensely important to 

the industry, and often overlooked. 

2. Mariculture does not require fresh water. Water has become one of the most limiting 

factors for most agricultural expansion. 

3. Seaweed is not a major food product such as sugar or corn and therefore does not 

threaten food production. 

4. Algal productivity can be much higher when compared to terrestrial crops such as soybean 

or corn, where yields of around 1-4 dry t ha-1yr-1 are common (Agrimoney 2013), compared 

to yields of Laminaria japonica of up to 20-35 dry t ha-1yr-1 (Table 1 2, Buxton 2009). 
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5. Algae have a relatively low-nutrient requirement, making the cost of fertilisers negligible. 

6. Environmental impact of seaweed farms can act as a biofilter for the absorption of 

excessive nutrients in eutrophic waters (Lüning 2001) and also function as sanctuaries for 

juvenile fish (Baine 2003). 

Algae-based biofuels industry appears to have achieved a number of scientific breakthroughs 

such as the discovery of a advanced fermentative microorganism (Wargacki 2012) that have 

improved the potential of seaweed biomass and put it on an equal economic and strategic 

footing as other biofuels. There is likely to be room in the marketplace for all biofuel 

generations and processes, where different biofuel technologies not only broaden the 

feedstock usage but also work in synergy with industries. 

1.3. WORLDWIDE BIOETHANOL PRODUCTION 

Currently the most prominent biofuel worldwide is bioethanol. Worldwide bioethanol 

production in 2012 was around 85 billion liters (Licht 2012). The history of bioethanol as a fuel 

dates back to the early days of motorized vehicles. However, cheap petrol quickly replaced 

ethanol as the fuel of choice, and it was not until the first oil crisis in the early 1980s when the 

Brazilian government launched the Proálcool program, that ethanol made a comeback in the 

market place. In the 1970’s ethanol started to be used in the USA, as a blend of up to 10 % 

(gasohol). The reasons behind the introduction of bioethanol in the USA varied between 

security of energy supply (energy crisis in the 1970s), reduction of vehicle pollution in the 

1990s and again security of energy supply after 2000. In 2005 the USA overtook Brazil as the 

biggest bioethanol consumer (in terms of volume). Between them, these countries produce 

more than 90 % of the bioethanol produced worldwide using food crops such as sugar cane 

and maize. Other regions such as the EU represent a minor fraction of total worldwide bio-

ethanol production (Figure 1.4). 
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Figure 1.4: : Bioethanol production chart for U.S.A., Brazil and E.U. between 2004 and 2011 (Licht 2012; RFA 
2013). 

 

1.4. EU AND UK PRODUCTION 

Historically, bioethanol was not used in Europe as a tranportation fuel until the introduction 

of the first Biofuel Directive in 2003. Until then, bioethanol was mainly used in traditional 

sectors i.e. for beverage and industrial applications. However, with the arrival of new biofuel 

policies the EU increased bioethanol production from 528 million litres in 2004 to 4.4 billion 

litres in 2011. This represented a significant increase of over 800 % (Figure 1.4). In 2009, 90 % 

of EU renewable fuel ethanol was produced from wheat, maize and sugar beet while the 

remaining 10 % came from other sources such as straw and organic waste materials. Today 

around 70 % of bioethanol is used as a fuel additive. 

The UK is not yet a significant bioethanol producer. Consumption of ethanol is far above the 

domestic production levels. Most is imported from Brazil. In 2008, the UK increased its 

production rate by 375 % from the previous year and produced approximately 75 million litres 

of bioethanol. British Sugar began producing bioethanol in 2007 from sugar beet making it the 

first company to manufacture bioethanol at a large scale in the UK. 

Since then, industrial biofuel companies such as Ensus, Abengoa Bioenergy, Vivergo and Vireol 

have started to produce ethanol or are about to commission new ethanol production facilities, 

with a total production of 320 million litres in 2011 (ePURE 2012) using largely agricultural 
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grain as a feedstock material. However, this was well below the combined production capacity 

of over 1 billion litres, due to delays in plants coming on-line, the implementation of the EU's 

Renewable Energy Directive, and sustained imports of cheaper ethanol from the US and Brazil. 

1.5. SEAWEED BIOFUEL PROCESS FLOW 

In 2011 over 17 million metric tons of seaweed were grown in Asia and the Pacific, which 

contributed to over 99 % of world-wide production (Holmyard 2011). Much of the cultivated 

seaweed (~66 %)(Zemke-White 1999) has been used for human consumption with the 

remaining 33 % being being used by the phycolloid industry to produce products such as 

alginate, agar and carrageenan (Glicksman 1987, Zemke-White 1999, McHugh 2003). Because 

of its high metal content seaweed has also been used as a fertiliser and animal feed additive 

(Aitken and Senn 1965), mainly by coastal communities. 

Industrial scale seaweed cultivation is limited and most seaweed comes from coastal island-

dwelling communities. Modern science and biotechnology achievements have benefited 

agriculture, but traditional seaweed cultivation has not changed much since it originated. 

Traditional cultivation methods and techniques are based on, or start from, the individual 

plant or the cultivated seaweed population. For renewable energy production, algal 

production is not based on harvesting natural populations but will have to focus on farming 

seaweed species that can attach to underwater ropes or similar support structures. For large-

scale seaweed cultivation (1000s ha), seaweed that has a high productivity, resilience to 

climatic conditions, durability and life expectancy, whilst allowing easy harvesting and re-

planting, is a significant challenge to achieve and will require a considerable level of research 

and development. New ways of seaweed cultivation must be developed and new techniques 

must be perfected to allow economical production of seaweed. 

Raw material costs account for up to 63 % of the total costs for bioethanol facilities using 

wheat straw, molasses or corn according to the work of (Paul 1980). It is not expected that 

this figure will be very different for a third generation bioethanol process using seaweed 

biomass. In 2010, a Norwegian company called Seaweed Energy Solutions (SES) developed a 

mass seaweed cultivation device called Seaweed Carrier, where seaweed grows on giant 
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sheets instead of ropes. According to the company such seaweed farms could potentially yield 

75 million tons of seaweed if applied to only 0.05 % of Europe’s coastal regions. Pilot testing 

of such devices are currently underway in Norway and Portugal. Company calculations reveal 

that such farms are able to produce around 1.6 % of Europes fuel consumtion as bioethanol 

per year (Halvorsen 2011). Expansion of this idea was carried out by Radulovich and the 

conclusion of his hypothetical study was that about three per cent of the world's oceans could 

provide enough biomass from mariculture to fully substitute for fossil fuels (Radulovich 2008). 

As yet, seaweed has not been used for biofuel production on an industrial scale. The outlined 

bioethanol process flow (Figure 1.5) is based on common industrial bioethanol processes using 

terrestrial biomass. The following sections describe the hypothetical process flow from 

biomass production to conversion into alcohol. The following process steps are described in 

more detail: 

a) Seaweed propagation 

b) Mari culturing and harvesting 

c) Seaweed pre-treatment 

d) Seaweed saccharification 

e) Seaweed fermentation 

 

Figure 1.5: Seaweed to bioethanol flow schematic. 
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1.5.1. SEAWEED PROPAGATION 

Kelp thallus is divided into three zones: holdfast, stipe and 

blades (Figure 1.6). Seaweed cultivation systems can be 

seeded from spores or through vegetative propagation. In 

vegetative cultivation, sections of seaweeds are cut and 

attached to structural elements that will support their 

growth. Once grown to full size harvesting of mature plants 

is carried out by either removing the entire plant or by 

removing most of it but leaving a small piece that will grow 

again (e.g. Gracilaria spp. (Dawes 1995)). 

Many seaweeds cannot be grown from cuttings and must 

undergo a complete reproductive cycle. This is typical for 

many of the brown seaweeds such as members of the Laminariales. Seaweed life begins as a 

spore that is released by fertile sporophytes and grows into tiny male and female plants called 

gametophytes. The gametophytes become fertile, release sperm and eggs that fuse to form a 

germling. Once grown to a mature plant the sporophytes release many new spores to start 

the process over again (Lobban and Harrison 1997). The principal difficulty with this kind of 

cultivation lies in the management of the transitions from spore to gametophyte to embryonic 

sporophyte; these transitions are usually carried out in land-based facilities with careful 

control of water temperature, nutrients and light (McHugh 2003). In Table 1-1 the growth, life 

span and generation times of specific brown seaweed species that are potentially appropriate 

species for mass cultivation is given. 

Table 1-1: Species information for some potential members of the Laminarales for mariculturing (adapted 
from www.marlin.ac.uk). 

 Life span 
(years) 

Generation time 
(years) 

Growth rate 
(meters/month) 

Alaria esculenta 3-5 1 0.20 
Laminaria hyperborea 11-20 3-5 0.29 
Saccharina latissima 3-5 1-2 0.33 
Laminaria digitata 6-10 1-2 0.40 
Saccorhiza polyschides <1 <1 0.58 

 

Figure 1.6: Adapted froom Sáez, C.A., 
et al. (2012) 
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1.5.2. MARICULTIVATION AND HARVESTING 

Site selection is an important aspect of achieving high biomass yields. For example estuaries 

or places with a high flux of incoming fresh water are not suitable for all seaweed species. 

Species belonging to Laminariales for example require adequate salinity levels and should not 

be sited near estuaries. Also flow patterns of the site will influence the suitability for certain 

species. The minimum depth at low tide should also be considered when searching for the 

ideal site. Nursery plantlets of 1-2 mm length are ideal for transfer to sea. Usually the seeded 

string containing the plantlets is coiled around the culture rope and attached to buoys. The 

depths of the culture ropes is adjusted to a suitable depth and left untouched to allow for 

growth. Periodic measurements of lengths may be carried out in situ after a few months. A 

literature review undertaken by a number of researchers (Buxton 2009) has shown that 

seaweed biomass yields of potentially 25 tonnes ha-1 yr-1 of seaweed (dry weight) is achievable 

in British waters (Table 1-2). 

Table 1-2: Productivity of cultivated macroalgae. Adapted from Buxton (2009). 

Species Biomass yield 

tdry ha-1 yr-1 

Location Source Notes 

L. japonica 31 Japan Yokoyama et al, citing Japan 

Ocean Industries Association 

Corrected from dry ash-free 

value 

L. japonica 25 China Kelly, citing China Fish 

Annals 2003 

Commercially achieved 

yields 

L. japonica 60 China Kelly, citing Tseng 1987 Experimental plots, high 

costs and poor quality 

Alaria spp. 12 Ireland Kelly, citing Kraan 2007 Hybrid species 

S. latissima 15 Scotland Kelly, citing Sanderson 2006 

unpublished 

Experimental plots near fish 

farms as nutrient source 

S. polyschides 25.5 Scotland Kelly, citing Sanderson 2006 

unpublished 

Experimental plots near fish 

farms as nutrient source 

Ulva spp. 22.5 USA Rasmussen 2007, citing Moll 

1998 

Converted to annual yields 

using 6 months growth 

Ulva spp. 45 Denmark Rasmussen 2008 Based on extrapolation of 4-

months trials 

 

Historically, seaweed harvesting has been carried out manually at low tides along rocky shores 

to collect species such as Ascophylum nodosum and other Fucus species (Kelly et al. 2001). 

Drift seaweeds can also be collected from beaches after heavy storms. However, this method 

is considered unreliable and not viable for large-scale biofuel generation as drift seaweed also 
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has an ecological role to play supporting a vast array of insects and birds (Orr 2013). Today, 

harvesting is undertaken mechanically with boats that either cut the seaweed canopy or twist 

and break holdfasts by traction (Scoubidou). Using either a dredge or the Scoubidou allows 

one man in a boat to collect several tonnes of seaweed per day. 

As the requirement of biomass to produce large amounts of biofuels would impact the 

ecological integrity of any natural system, artifical cultivation using aquaculture is considered 

to be the only viable option to reduce the impact on nature. However, mass cultivation of any 

single species, either terrestrial or marine will have an effect on any biodiversity (Díaz et al. 

2005). In addition, as species have different life spans, generation times and growth rates (see 

Table 1-1) it is thought that a mixed population of seaweeds potentially will not only enhance 

biodiversity but also may enable a prolonged growing season as the chemical composition can 

vary within and between species (Manivannan 2009). The choice of appropiate species is 

usually based on fast growth rates but should also accomodate the specific environmental 

requirements of each seaweed such as salinity, wave and light exposures, population 

densities, and water temperatures which need to match with those of the chosen cultivation 

location. 

1.5.3. SEAWEED PRE-TREAMENT 

Pre-treatment of biomass describes all process stages which are applied before 

saccharification and fermentation (Figure 1.2). They often include the mechanical maceration 

of the plant tissue, mainly to homogenise biomass and break-down the structural integrity of 

the biomass and increase its surface area, an important factor to improve hydrolysis 

efficiencies. Drying and milling of biomass as outlined in Figure 1.2 is only necessary if long-

term storage is required. As high water containing plants such as seaweeds are difficult to 

preserve, immediate processing is usually carried out. Mechanical maceration is commonly 

followed by thermochemical pre-treatment processes, designed to potentially deactivate 

inhibitory compounds, pasteurise biomass and inactivate seaweed associated 

microorganisms, and/ or remove unwanted structural polymers, with the aim of improving 

the recovery of sugars. Plant and macroalgal tissue are naturally designed to withstand 
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environmental challenges. For example, cell walls are complex and recalcitrant to 

degradation, potentially locking-in glucose-based storage products. They also contain 

defensive chemicals such as polyphenols that protect the plant against microbial and 

herbivoral attack. Polyphenols and other highly charged polymers are known to adsorb 

enzymes (Ximenes 2010), thus reducing the catalytic potential for enzymatic saccharification. 

As polyphenols can also make up a large proportion of seaweed (>10 %) and have shown to 

inhibit microbial activities, deactivation of polyphenols using formaldehyde has already been 

investigated with improvements in methane production by anaerobic digestion being 

reported (Moen et al. 1997). In addition, high polyphenol containing seaweeds such as 

members of the Fucales are considered unsuitable for fermentation processes if left 

untreated, as polyphenols have shown to negatively impact growth of fermentative organisms 

such as Saccharomyces and Lactobacillus spp. (Segovia Bravo et al. 2007). 

Given the refractory nature of cellulosic and hemicellulosic biomass, it is not surprising that 

chemical processing techniques using mainly acids and elevated temperatures have been used 

for pre-treatment of terrestrial biomass (Zheng et al. 2009) and seaweeds (Ge et al. 2011, 

Yazdani 2011, Jang et al. 2012) before the application of cellulosic enzymes. In the case of 

extracting soluble compounds such as laminarin from seaweed biomass, acid pre-treament 

was reported to negatively impact ethanol production using S. latissima (Adams et al. 2009). 

In addition to acids and alkalis, sodium chlorite pre-treatment has also been successfully 

applied as a pre-treatment method on the red seaweed Gelidium amansii before enzymatic 

saccharification were glucose yields improved from 5 to 70 % for pre-treated samples (Wi et 

al. 2009). 

Pre-treatment is among the most costly steps in biochemical conversion of biomass, 

accounting for up to 40 % of the total processing cost (Percival Zhang et al. 2009). Mechanical 

size reduction has been unavoidable and has both economic and energy costs unless 

fragmented waste or by-products are used as the starting material (McMillan James 1994). 

Diverse techniques have been explored and described for the pretreatment of size-reduced 

biomass materials, with the aim of producing substrates that can be more rapidly and 

effectively hydrolysed by either chemical or enzymatic means to yield mixtures of fermentable 
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sugars. Chemical, physical and thermochemical methods are used to increase the surface area 

and create conditions for enzymatic attack. Therefore, pre-treatment using thermal, physical, 

chemical, biological or a combination of these is crucial in the conversion of biomass to a 

suitable fermentation substrate. 

1.5.4. SEAWEED SACCHARIFICATION 

Saccharification describes methods used for the extraction of carbohydrates from organic 

matter using either acids or enzymes as a catalyst. Biomass saccharification using acid 

hydrolysis has a long history, dating back to 1898 (Simonsen 1898). Since then, complex 

hydrolysis processes have been developed for the saccharification of lignocellulosic biomass 

employing largely a combination of thermo-chemical stages (Lee et al. 1999) (Lenihan et al. 

2010). In contrast, the suitability of seaweed biomass as a feedstock material has only been 

investigated recently with the focus of seaweed saccharification being largely on the cellulose 

(Ge et al. 2011, Yazdani 2011, Jang et al. 2012), laminarin (Horn et al. 2000, Adams et al. 2009), 

carrageenan/ agar (Candra 2011) content of seaweed biomass. 

In contrast to thermo-chemical degradation using acid in combination with heat, the use of 

enzymatic degradation of biomass to increase saccharification yields has several advantages 

(Hsu 1996): 

 Lower energy inputs 

 Modest hardware demands 

 Less environmentally damaging wastes generated 

 Avoidance of hazardous chemicals and conditions 

All of these features have associated economic cost savings and therefore enzymatic 

saccharification of pre-treated biomass has gradually supplanted acid hydrolysis for 

saccharifacation of lignocellulosic material. 

So far, the storage components laminarin and mannitol and the structural component 

cellulose have been the focus of research of bioethanol production from brown seaweed 

biomass (Adams et al. 2009, Horn 2009, Ge et al. 2011). More recently the structural 
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polysaccharide alginate has come to the forefront of biofuel research as a potential 

fermentation substrate as alginate is one of the major carbohydrates in brown seaweed 

biomass (Takeda et al. 2011, Wargacki et al. 2012). 

So far mainly laminarinases and cellulases have been applied on brown seaweed biomass as 

mannitol does not require hydrolysis. 

1.5.5. FERMENTATION PROCESS 

In microbiology, fermentation is defined as a metabolic process leading to the generation of 

ATP and in which degradation products of organic compounds serve as hydrogen donors as 

well as hydrogen acceptors. Typically the fermentation process is described as the third stage 

of the overall process after the pre-treatment and saccharification steps (see Figure 1.3). 

Microorganisms, usually yeasts, convert the sugars into alcohol, principally ethanol. 

Saccharomyces strains are responsible for almost all the current industrial production of 

alcohol by fermentation. Saccharomyces converts glucose, fructose, galactose, mannose, 

maltose, and maltotriose by the glycolytic pathway to ethanol and carbon dioxide. Two 

molecules of ATP are produced per molecule of glucose metabolised, which the yeast cells use 

for growth. Once growth of new yeast cells is reduced, glucose is used for metabolism to 

ethanol. This biochemical process was defined by Gay-Lussac in 1810 as: 

Equation 1.5.4: Formula describing the conversion of glucose to ethanol.  

 

This represents a fully fermentative state where no glucose is respired and no side 

fermentation products are formed. For every molecule of glucose consumed, two molecules 

of ethanol are formed, or 0.51 g of ethanol produced per 1 g of glucose (Equation 1.5.4). Any 

measurable side-product formation, as well as the conversion of glucose to yeast biomass, will 

reduce the conversion efficiency of glucose to ethanol from the theoretical maximum. 

Bacteria, traditionally seen as contaminants in wine production, are now being seen as having 

a potentially important role in industrial-scale bioethanol production. Escherichia, Klebsiella, 
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Erwinia and Zymomonas species have all received serious and detailed consideration. This is 

due to their higher ethanol productivity rates, the ability to utilise both hexose and pentose 

sugars, as well as a variety of other carbohydrate substrates for the production of ethanol. 

Missing or unwanted genetic components can be easily added or removed via gene transfer 

techniques (Feldmann et al. 1992). 

Ethanol production from the pentose sugar xylose is rare amongst yeasts. This has led to 

exploring the use of the yeast Pichia stipitis, which possess the ability to utilise xylose its 

polymeric form, xylan, for ethanol fermentation (Toivola 1984). P. stipitis has been the most 

widely used host organism for genes of a xylose metabolism pathway, probably because it is 

more efficient in converting xylose to ethanol rather than into by-products such as xylitol 

(Skoog et al. 1992). However the strain does not possess a high tolerance to ethanol. Overall, 

the development of bioethanol production requires that the fermentative strain is not 

inhibited by high concentrations of substrate, salts and ethanol and expresses a broad 

substrate range. More recently two bacteria, E. coli and a species of the genus Sphingomonas 

were genetically modified to utilise the polysaccharide alginate for bioethanol production 

(Takeda et al. 2011, Wargacki et al. 2012). E. coli was reported to utilise the main three 

substrates from saccharification of brown seaweed biomass with an ethanol yield of 0.28 g g-

1 using L. japonica (Wargacki et al. 2012). It is unclear whether Sphingomonas spp. was able 

to utilise mannitol but ethanol yields of 0.26 g g-1 from alginate were reported (Takeda et al. 

2011). So far no data is available if these strains can tolerate high salt and ethanol 

concentrations, two important criteria for industrial fermentation strains using seaweed 

biomass. 

As there is no marine derived ethanologenic microorganism used on an industrial scale for 

bioethanol production two terrestrial yeasts, S. cerevisiae and P. angophorae were studied on 

brown seaweed biomass. As S. cerevisiae is the most advanced ethanol producing strain 

currently available this strain was used to evaluate the fermentation potential of seaweed 

biomass and compared against P. angophorae which had a wider substrate range than 

Saccharomyces. 
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1.6. BIOCHEMISTRY OF SEAWEED 

One of the key challenges to using seaweed to make bioethanol is the unique chemistry of 

seaweeds compared to terrestrial lignin-cellulosic biomass. The following section outlines 

some of the major components of seaweeds that are the target source of sugars for ethanolic 

fermentation, but also material that could be inhibitory to fermentation. 

Macroalgae like terrestrial plants are incredibly diverse in the kind of simple and complex 

carbohydrates that they use for carbon storage and cell structure. If carbohydrates are to be 

used as fuel precursors, for example for fermentation to produce alcohols, it is important to 

determine the predominate types that are present. As the biochemical composition of 

seaweed is influenced not only by the type of species studied (Wong and Cheung 2000, 

Marinho-Soriano et al. 2006) but also by its environmental conditions (Dawes 1998), its 

maturity (Jones 1957), its gender (Moss 1952) and also the season (Black 1949, Adams et al. 

2011), sampling of four different kelp species over longer periods will be conducted to fully 

understand their impact on biomass composition. Much of this work on the chemical 

composition of seaweed biomass will help in identification not only of the most suitable type 

of seaweed but also to determine best harvest times. The major carbohydrate components of 

brown seaweed biomass include alginate, laminarin, cellulose, mannitol and fucoidan (Mian 

and Percival 1973, Zvyagintseva et al. 1999) and non-carbohydrates such as metals, proteins, 

lipids (Fleurence 1999, Adams et al. 2011, Nelson 2005) and in some instances polyphenols 

(Ragan and Jensen 1978). 

1.6.1. MACRO-AND MICRONUTRIENTS OF SEAWEED 

Historically seaweed has been used around the world because of its nutritional value, where 

the available seaweeds have been integrated into local societies since ancient times. Its high 

metal content has made seaweed an ideal and ready available fertiliser to improve poor soil 

conditions or become an animal food additive (Indergaard 1991). Some species, in particular 

members of the Rhodophyceae, contain high protein and vitamin content and have been used 

for human consumption mainly (Norziah 2000). The discovery of the phycocolloids such as 
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agar, carrageenans and alginates has created industrial interest in seaweeds. And more 

recently seaweed biomass is being considered as a feedstock resource for the biofuel industry 

to substitute food ingredients associated with first generation biofuels. 

The main macronutrients found in seaweeds are carbon, nitrogen, sulphur, magnesium, 

phosphorus, calcium, sodium and potassium. Carbon is found not only in carbohydrates but 

also in proteins, lipids, polyphenols and many more and was found to make-up an average of 

31 % of the dry weight of L. digitata over one season (Adams et al. 2011). Comparison of the 

carbon content in different seaweeds and energy crops such as miscanthus, oat straw and 

willow showed that carbon content in terrestrial plants was higher (43-46 %) compared to six 

members of the Phaeophyceae (F. vesiculosis, C. filum, L. digitata, F. serratus, L. hyperborea 

and M. pyrifera), were carbon made-up between 27-39 % of the biomass (Ross et al. 2008). 

Nitrogen in seaweed can be either in organic or inorganic form, with L. digitata containing an 

annual average of 2.2 % of its biomass content as nitrogen (Adams et al. 2011). Comparison 

of six members of the Phaeophyceae (see above) against terrestrial sources also showed that 

nitrogen content in seaweed can be higher ranging between 0.9-2.5 % of the biomass 

compared to 0.5-1.1 % in oat straw, willow and miscanthus (Ross et al. 2008). Proteins are the 

main organic nitrogen storage component and are derived through either the nitrate which is 

reduced to ammonium or the direct assimilation of ammonium to amino acids (Taylor and 

Rees 1999). Ammonium and nitrates have been reported to be easily absorbed by algae (Naldi 

and Viaroli 2002) and are used for growth of new thallus or stored as a nitrogen resource 

(Taylor et al. 1999). Phosphorus is relatively scarce in the marine environment and this is 

reflected in the median C:N:P ratio of seaweeds of 550:30:1, which is much lower proportion 

than reported in marine phytoplankton of 106:16:1 (Atkinson 1983). In addition, Adams and 

co-workers have shown that the C:N ratio in L. digitata varied significantly throughout a 

season with high values of 31.9 in summer and low values of 7.8 seen during winter (Adams 

et al. 2011). The C:N ratio in oat straw, miscanthus and willow varied between 40-110 and was 

significantly higher compared to the ratio of 13-35 seen for the six seaweeds (see above). The 

proportion of carbon in seaweed was largely attributed to the high content of structural and 

storage carbohydrates that are normally not found in phytoplankton. Marine algae are also 
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characterised by their abundance of sulphated polysaccharides, which have no equivalent in 

land plants (Kloareg 1988). Sulphate containing polysaccharides have been reported in 

fucoidans (Ponce et al. 2003), agars and carrageenans (Rochas et al. 1986) and in 

hemicelluloses (Ghosh 2009), and in L. digitata sulphur made-up 0.8 % of the biomass over 

one season (Adams et al. 2011). Sulphur concentrations in six brown seaweeds (see above) 

were significantly higher, ranging between 1.3-2.4 % compared to sulphur levels in 

miscanthus, willow and oat straw, which was <0.2 % (Ross et al. 2008). Metal analysis of L. 

digitata revealed that sodium and potassium were the dominant metals contributing 3.6 and 

4.8 % to the biomass respectively (Adams et al. 2011). Sodium levels in six members of brown 

seaweeds (see above), which ranged between 2.9-5.4 %, exceed by far those seen in terrestrial 

crops were levels in oat straw were highest accounting for 0.2 % compared to 0.01 % in 

miscanthus and willow. This trend was also the case for potassium were levels were between 

0.7-6.8 % in seaweeds (see above), with the exception of oat straw which had a similar 

potassium content, making up 2 % of its biomass (0.3 % in miscanthis and willow) (Ross et al. 

2008). Magnesium is an essential part of chlorophyll that is present in all seaweeds and, along 

with calcium which is strongly associated to agarcolloids (Melo et al. 2002) and alginates (Haug 

1967) represented also a significant part of L. digitata, accounting for 0.7 to 1 % of its biomass 

respectively (Adams et al. 2011). Again, magnesium and calcium levels were significantly 

higher in seaweeds (Ca: 1.1-3.1 %; Mg: 0.7-1.0 %) compared to miscanthus and oat straw (Ca: 

0.1 %; Mg: 0.03 %) with the exception of willow, were calcium levels were equal (Ca: 1.1 %; 

Mg: 0.1 %) (Ross et al. 2008). Like all the other mentioned macroelements, phosphorus was 

also found in higher concentrations in seaweeds, with very high levels of 2.4 % found in F. 

vesiculosis. Other members of the Phaeophyceae (C. filum, L. digitata, F. serratus, L. 

hyperborea and M. pyrifera) contained phosphorus between 0.9-1.4 %, still much higher 

compared to the 0.03-0.05 % in terrestrial crops (oat straw, miscanthus, willow) (Ross et al. 

2008). 

The main nutrients required in smaller amounts than macronutrients belong to the group of 

micronutrients include iodine, iron, zinc, copper, selenium, molybdenum, fluoride, 

manganese, boron, nickel and cobalt. Metal analysis of brown seaweeds have shown that the 
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majority of metals in seaweed exceeded that of terrestrial crops. In the species F. vesiculosis, 

C. filum, L. digitata, F. serratus, L. hyperborea and M. pyrifera the metal content ranged 

between (Fe: 1980-2860 mg kg-1; Cu: 11-130 mg kg-1, Mn: 8-291 mg kg-1, Pb: 6-13 mg kg-1, Si: 

1215-5875 mg kg-1, Sr: 480-1155 mg kg-1, Zn: 84-1225 mg kg-1, As: 46-126 mg kg-1, Se: 27-70 

mg kg-1). In contrast, metal content in oat straw, miscanthus and willow as follow: (Fe: 24-137 

mg kg-1; Cu: 0-38 mg kg-1, Mn: 0-181 mg kg-1, Pb: 0-63 mg kg-1, Si: 6-690 mg kg-1, Sr: not 

detected, Zn: 12-196 mg kg-1, As: not detected, Se: not detetced) (Ross 2008).  

Higher metal content in seaweeds is also reflected in higher ash contents which was higher in 

brown seaweeds (30-39 % in F. vesiculosis, L. digitata, U. pinnatifida) compared to red 

seaweeds (~21 % in C. crispus and P. tenera) (Rupérez 2002). In a separate study of the ash 

content in species of the order Caulerpa, Ulva, Sargassum, Eucheuma, Gracilaria, Gelidiella 

and Kappaphycus the highest levels of ash were also found in brown (40.5 %) and green 

seaweeds (37.3 %), with the lowest amounts found in red seaweed (20.6 %) (Krishnaiah 2008). 

Comparison between the ash contents in brown seaweeds (F. vesiculosis, C. filum, L. digitata, 

F. serratus, L. hyperborea and M. pyrifera) and terrestrial biomass (willow, oat straw and 

miscanthus) also highlighted that ash content in seaweeds was significantly higher than in 

terrestrial crops (10-19 % versus 2-7 %) (Ross et al. 2008). 

1.6.2. POLYPHENOLS OF SEAWEED 

Polyphenols are an important part of seaweeds defense mechanism against mechanical 

bruising, UV radiation, and injury by predators such as herbivores (Van Alstyne 1988, Tugwell 

and Branch 1989). The distribution of polyphenols in seaweeds have been studied extensively 

and the highest levels were found exclusively in brown seaweed species in the thin outer 

meristoderm of these plants, while the inner cortex and medullary tissue, forming most of the 

bulk of the plants, contained very low levels of polyphenols (Tugwell and Branch 1989). Marine 

polyphenols are complex polymers based on the phenol derivative phloroglucinol. 

Polymerization of phloroglucinol creates a mixture of polyphloroglucinols with molecular 

weights ranging from low (100-1,000 Da), intermediate (1,000-10,000 Da) to more than 

10,000 Da (Ragan 1976). High molecular-weight polyphenols form the majority of the 
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polyphloroglucinols (Ragan and Craigie 1976, Ragan and Jensen 1978, Schoenwaelder 2008) 

and are also responsible for the remarkable accumulation of heavy metal ions due to their 

highly charged nature (Hider et al. 2001). 

Phenotypic variation in seaweeds phenolic content are complex and have been found to be 

interlinked with seasons (Geiselman and McConnell 1981), regions (Van Alstyne 1999), light 

intensities (Cronin 1996), herbivore pressures (Alstyne 1988, Hay 1988), reproductive states 

(Ragan and Jensen 1978), salinities (Pedersen 1984) and nutrient limitations (Ilvessalo and 

Tuomi 1989, Yates and Peckol 1993, Arnold 1995). Polyphenols have been shown to affect 

microbial activities through inhibition of enzymes such as α-amylase, trypsin, lipase and α-

glucosidase (Griffiths 1986, Barwell et al. 1989, McDougall et al. 2005, Nwosu et al. 2011) as 

well as endo-β-1,3- glucanases in mollusks (Yermakova 2002) and alginate lyases (Moen et al. 

1997). It is understood that polyphenolic compounds not only interact with proteins to form 

insoluble polyphenol-protein complexes (Zucker 1983) but also absorb heavy metals (Ragan 

et al. 1979, Pedersen 1984, McDonald et al. 1996). Because of the potential inhibition 

potential of algal phenolic compounds to enzymes used in saccharification processes, knowing 

the distribution and accumulation of polyphenols will be essential for the successful 

fermentation of algal biomass. 

1.6.3. POLYSACCHARIDES OF SEAWEEDS 

The degradable components of plant tissue, mostly polysaccharides, are the principal target 

for bioconversion to biofuels. Polysaccharide compositions in algae are different to terrestrial 

plants. Algae contain neutral sugars and uronic acids in common with terrestrial plants, but 

algae contain sulphate moieties attached to hydroxyl groups of the sugars, which are not 

found in land plants. Seaweeds lack lignin and the cellulose content in their cell walls is usually 

lower (1-20 %, (Koyama et al. 1997)) compared to terrestrial plants where it is the major 

chemical component of fiber wall and contributing 40-45 % of the wood’s dry weight (Sjostrom 

1993). In addition, cellulose obtained from algal species was found to form porous or sponge 

like networks, which is substantially different from the lay-out of cellulose in higher plant 

(Strømme et al. 2002). Thus, seaweeds should be an easier material for biological degradation. 
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However, seaweeds have a complex composition that is not so easily degraded using standard 

methodologies. For example the hexose sugars, glucose, galactose and mannose, present in 

many of these polysaccharides have different specific arrangements and together with their 

linkage, results in a large number of polysaccharides with different shapes and, in 

consequence, different properties (Li et al. 2008). The presence of pentoses, xylose and 

arabinose, and the deoxyhexoses, rhamnose and fucose, further increases the range of 

polysaccharide structures possible. Uronic acids, glucuronic, mannuronic and guluronic and 

the half ester sulphate groups mediate metal ion affinity, as well as contributing to different 

structural conformations. 

1.6.3.1. STORAGE POLYSACCHARIDES 

One of the main functions of polysaccharides in plant tissues is the provision of sources of 

energy, immediate or delayed. Storage polysaccharides of algae are almost exclusively glucans 

(glucose polymers). These are like terrestrial starches, but exhibit differences which are 

characteristic of the seaweed orders in which they are found. The similarity to the starches of 

land plants is greatest in the green algae, less in red, and least in the brown algae. The well-

documented seasonal variation in seaweed carbohydrate constituents, which reflects 

seasonal fluctuations and environmental parameters that affect seaweed growth, also suggest 

that energy is generated at the expense of stored carbohydrates when ambient conditions do 

not allow photosynthetic surplus production of assimilates (Raven 1976). 

LAMINARIN 

Laminarin is a storage carbohydrate of the kelps and phytoplankton (Meeuse 1962, Painter 

1983) analogous to the starch of terrestial plants and is stored intracellularely in vacuoles 

(Chiovitti et al. 2004) were it can account for up to 80 % of the total carbon in diatoms and 

Phaeocystis (Meeuse 1962, Alderkamp et al. 2006). Laminaran structure and composition vary 

greatly between algae species (Chizhov et al. 1998) with the laminaran backbone composed 

of β-1,3-linked D-glucan (Zvyagintseva et al. 1999) and β-1,6-branching (Nelson and Lewis 

1974) (Figure 1.7). The degree of branching is species dependent, and it is suggested that 

highly branched laminarins found in species such as L. hyperborea and L. saccharina (Annan 
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1965), are more soluble then laminarins with a lower degree of branching (Maeda 1968). 

There are two types of laminaran chains (M or G), which differ in their reducing end sugars. M 

chains are terminated by a non-reducing mannitol residue and have been found in species 

such as Laminaria cloustoni and Laminaria digitata (Goldstein 1959) whereas G chains end 

with a reducing glucose residue. Laminaran’s molecular weight is approximately 5000 Da 

depending on the degree of polymerisation (usually 25 glucose moieties). 

The content of laminarin in brown algae is subject to seasonal variation (Black 1948, Black 

1948, Iwao et al. 2008) with the highest levels (21 %) seen in July and lowest levels (2 %) in 

April (Black 1948). It was also found that seasonal changes are greater in plants growing near 

the shore than in plants growing in the open sea, and greater in the fronds than in the stipes.  

As laminarin represents a potential glucose resource for fermentation seasonality studies are 

necessary to identify laminarin accumulation in order to predict the best harvest times. 

 

Figure 1.7: Chemical structure of beta-1,3-1,6-glucan (laminarin) (picture adapted from Wikipedia.com). 

 

MANNITOL 

Carbon is commonly stored as polymers but may also be stored in monomeric compounds 

such as mannitol (Figure 1.8), which is commonly found in marine brown algae. Its content 

can be over 20 % of dry weight in the summer and autumn 

(Black et al. 1951, Usov et al. 2001). Mannitol can be 

remobilised from mature or old tissue to provide energy and 

carbon skeletons for new growth. In addition to intermediates Figure 1.8: Mannitol structure 



Chapter 1 

26 

in metabolic processes, mannitol also serves a role in osmoregulation. As mannitol does not 

need to undergo saccharification before fermentation and can be fermented by many yeasts 

and bacteria, seasonality studies should also aim to profile mannitol to predict maximum 

yields. 

1.6.3.2. STRUCTURAL POLYSACCHARIDES 

Macroalgae synthesise a wide range of structural polysaccharides that compose their cell walls 

structure. Structural polysaccharides can be classified as neutral polysaccharides (e.g. 

cellulose), polyuronides (e.g. alginates) and sulphated polysaccharides (e.g. fucoidans). The 

structural cell wall components provide mechanical strength and flexibility to the plant to to 

help it withstand water and tidal fluctuations. The main structural components of brown 

seaweed biomass are described below. 

FUCOIDANS 

Fucoidans are heteropolysaccharides containing substantial amounts of fucose and sulphate 

ester groups (Figure 1.9). They are found in all brown seaweeds, but to a greater extent in the 

rocky shore seaweeds and less in the deeper water species such as Laminaria. The chemical 

composition of most fucoidans is complex. In addition to fucose and sulphate, they contain a 

range of other monosaccharides (mannose, galactose, glucose, xylose etc.) and uronic acids, 

acetyl groups and protein. Furthermore, the structures of fucoidans from different brown 

algae vary from species to species (Figure 1.9). It is not clear if fucoidans are part of the 

structural carbohydrates, as it has been shown that they can form part of an amorphous 

matrix between the cells (Kloareg 1984). Fucoidan content, like most algal constituents, 

appears to be subject to seasonal variation. Crude fucoidan extracts from Undaria pinnatifida 

increased markedly from April to July (from 3 to 16 % dry weight)(Skriptsova et al. 2010). A 

maximum fucoidan content of 7 % of dry weight was found in Sargassum wightii (Eluvakkal 

2010). 
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Figure 1.9: Chemical structures of fucoidans, isolated from different members of the order Fucales (adapted 
from http://www.staff.dtu.dk/mata/Fucoidan/Structures). 

 

Again this group of carbohydrates should also be monitored throughout a growing season. But 

their role in fermentation will be very species specific, as already stated Fucales have higher 

fucoidan content than the Laminariales. 

ALGINATES 

Alginates are believed to be amongst the most abundant marine biopolymers which makes 

them a potentially important target carbohydrate for biofuel production. The major source of 

alginate is found in the cell walls and the intracellular spaces of brown seaweed where it can 

constitute up to 40 % of the L. hyperborea dry weight (Horn et al. 1999). Alginate is composed 

of mannuronic acid (M) which is β -1,4-linked and guluronic acid (G) which is α-1,4-linked in 

alginate (Figure 1.10). 

 

Figure 1.10: Building blocks of alginate (from www.kimica-alginate.com 

 

http://www.staff.dtu.dk/mata/Fucoidan/Structures
http://www.kimica-alginate.com/
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The alginate molecules provide the plant with both flexibility and strength, which are 

necessary for plant growth in the sea. Variations in alginate composition are considered to 

reflect functional differences of the tissue, giving flexibility to blade and stipe and rigidity to 

the holdfast. Consequently, brown seaweeds that grow in more turbulent conditions usually 

have a higher alginate content than those in calmer waters. In Durvillaea antarctica blades 

contained more alginate than stipes, with the laminae and stipes more rich in mannuronic 

acids and holdfasts more rich in guluronic acids (Kelly and Brown 2000). Variations are also 

found in the plant during the growth season. In general, the stiffness of the plant reflects the 

content of G-blocks, as a result of the G-blocks ability to form strong gels by crosslinking with 

calcium. The M/G composition varies between species of brown algae (Table 1-3). 

Table 1-3: Typical M/G composition and structural sequences of various species of brown algae (Smidsrød 
1996). 

Seaweed M/G  %M  %G  %MM  %GG 

L. hyperborea (stem) 0.45 30 70 18 58 

L. hyperborea (leaf) 1.22 55 45 36 26 

L. digitata 1.22 55 45 39 29 

Macrocystis pyrifera 1.50 60 40 40 20 

Lessonica nigrescens 1.50 60 40 43 23 

A. nodosum 1.86 65 35 56 26 

L. japonica 1.86 65 35 48 18 

Durvilea antarctica 2.45 71 29 58 16 

Durvilea potarum 3.33 77 23 69 13 

m, mannuronic acid; g, guluronic acid 

Alginate structure varies according to the monomer position on the chain, forming either 

homopolymeric MM (Figure 1.11) or GG (Figure 1.12) or heteropolymeric (MG or GM) 

segments (Figure 1.13). The molecular weight of alginate ranges generally between 500 and 

1000 kDa. Its solubility is influenced by factors such as pH and the presence of divalent ions 

(Draget 2005). 

Alginic acid content has been shown to vary and reach its maximum (ca. 32 %) in August for 

two Cystoseira species, but was highest in April and August in S. linifolium (Abdel-Fattah and 

Hussein 1970). 

Alginates are the main structural carbohydrates in brown seaweed biomass and are therfore 

of great interest to the biofuel researchers. Not only do they represent a significant portion of 
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the carbohydrate pool but also as a structural carbohydrate they undergo less fluctuation in 

their contents. 

 

Figure 1.11: M blocks : comprised only of M-M bonding (from www.kimica-alginate.com) 

 

Figure 1.12: G blocks : comprised only of G-G bonding (from www.kimica-alginate.com) 

 

Figure 1.13: M&G random blocks: comprised of M-G random bonding (from www.kimica-alginate.com) 

 

CELLULOSE 

Cellulose is a naturally occurring polysaccharide and the most abundant organic polymer on 

Earth, which consists of a chain of β-1,4-linked glucose residues (Figure 1.14). Primary cell wall 

cellulose polymers have about 8,000 glucose units per chain (dp = 8,000), whereas secondary 

wall cellulose has a higher dp, up to 15,000. Native cellulose is found in two crystalline forms 

and described as cellulose I and cellulose II. The glucan chains in cellulose I are oriented 

parallel to form the nanostructure known as a microfibril. In cellulose II, the molecules are 

organised in an antiparallel orientation, and through additional hydrogen bonds, form a 

http://www.kimica-alginate.com/
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thermodynamically more stable structure (Brown 2004). Cellulose II is less common in nature 

and found primarily in several algae as well as some bacteria (Canale-Parola 1970). These 

highly organised and tightly packed crystalline structures of cellulose molecules, in association 

with other polymers such as hemicelluloses, give it a resilient structure towards enzymatic 

and acid attack. 

Cellulose of the type I was found to be around 13 % in agarophytic (especially G. acerosa) and 

alginophytic algae, whereas the cellulose content in carrageenophytes was low (~2 %) 

(Siddhanta et al. 2011). Compared to terrestrial cellulose, which appears in abundance and 

contributes to 40-45 % of the cell wall structure in wood (Sjostrom 1993), cellulose content in 

algal cell walls was found to be much lower (1-20 %), depending on the type of seaweed where 

green seaweeds usually contain more cellulose than red and brown varieties (Koyama et al. 

1997). In addition, cellulose obtained from algal species was found to form porous or sponge 

like networks, which is substantially different from the lay-out of cellulose in higher plant 

(Strømme et al. 2002). 

As S. cerevisiae is the most advanced fermentation strain and glucose its main substrate, 

cellulose because of its is abundance is at the forefront of scientific research for its processing 

to a biofuel. This again will be an important factor in the production of biofuels from brown 

seaweed biomass. 

 

 

Figure 1.14: Chemical structure of cellulose (adapted from (Gao et al. 2005)). 
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HEMICELLULOSES 

Hemicelluloses are classified as heteropolysaccharides composed of pentoses (arabinose and 

xylose) and hexoses (glucose, rhamnose, galactose, mannose and their corresponding uronic 

acids), which together form polymers that include xylans, glucans, mannans and arabinans. 

Hemicelluloses are tightly associated with other cell wall components such as cellulose and 

lignin. Xylans are characteristics for hardwoods, softwoods and grasses (Rai 2009) and are 

believed to have originated from algae (Popper and Tuohy 2010). The beta-1,3-linked xylans 

are only found in marine algae such as the green seaweed Caulerpa filiformis (Dekker and 

Richards 1976, Konishi et al. 2012). Those containing a combination of ß-1,3 and ß-1,4-linkages 

have been mainly found in red seaweeds such as Rhodymenia palmata (Hirst 1962) and 

Palmaria palmata (Rai 2009), and in green algae such as Micrasterias denticulata only (Eder 

et al. 2008). Biochemical analysis of green algae belonging to the group Charophytes showed 

the presence of mainly cellulose and mannose-containing hemicelluloses. However these 

algae lacked xyloglucans (Popper 2003). Genetic approaches and new analytical techniques 

such as immunolabelling have given more insight into cell wall components. Popper and co-

researchers (Popper and Tuohy 2010) have mapped cell wall diversities of plants and algae 

using evolutionary relationships (Table 1-4). 

Hemicelluloses are usually considered of less value for bioethanol production compared to 

cellulose as it is usually less abundant and largely consists of pentose sugars and uronic acids. 

These components seldomly can be fermented by wild-type S. cerevisiae but can be 

metabolised by a number of ethanologenic bacteria. 

Table 1-4: Occurrence of cell wall components in plant and algal cell walls (Popper and Tuohy 2010) 

Plant group Algal Cell Wall Components 

Cellulose Xylan Mannan Xyloglucan (1,3),(1,4)-Β-Glucan Lignin 

Brown algae +    ± - 

Diatoms     ±  

Rhodophytes + + +  - + 

Chlorophytes + + +  + - 

Charophycean + + + + - - 

+, Component is likely to be present; ±, component may be present; −, component is likely to be absent 
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1.7. MICROBIAL SEAWEED SACCHARIFICATION PROCESSES 

Bacteria are abundant on the surfaces of all algae, where some form symbiotic associations 

with their hosts (Giroldo et al. 2007, Goecke et al. 2013). In many cases, the bacterial 

population is found to be host specific, with changes occurring throughout the year or the life 

span of the algal surface (Lachnit et al. 2011). As seaweeds represent a large reservoir of 

carbon and energy for microorganisms like bacteria and fungi, a number of them produce 

enzymes responsible for the degradation of macromolecular structures such as cell wall 

components. Seaweed epibionts are not the only seaweed degrading microorganisms, as 

others can be also be found in digestive tracts of grazing invertebrates such as sea urchins 

(Sawabe et al. 1995), abalone (Erasmus et al. 1997), molluscs (Boyen et al. 1990), crustaceans 

(Adachi et al. 2012) and fin fish (Ray et al. 2012). A study looking for mannan-degrading 

bacteria found that the population density of mannan-degrading bacteria in the intestinal 

tracts of marine and fresh water fish were two orders of magnitude higher than populations 

found in any of other marine environments tested, such as water and plant materials (Araki 

and Kitamikado 1978). Gut content of animals feeding on seaweeds are an ideal resource of 

highly adapted bacteria. For example, sheep from the Scottish island of North Ronaldsay have 

thrived in this area for thousands of years living on mainly seaweeds, and their digestive 

system has adapted to this unusual diet. 

The use of enzymes derived from the degradation of seaweed biomass represent a potentially 

important area of research in the saccharification of the two most common polysaccharides 

of brown seaweed biomass – laminarin and alginate. 

1.7.1. ENZYMATIC LAMINARIN DEGRADATION 

Enzymes involved in the degradation of the β-1,3-linked glucose polymer laminarin belong to 

the β-1,3-glucanases which are widely distributed among bacteria, fungi and higher plants 

(Gueguen et al. 1997) (Figure 1.15). They are classified as either exo- or endo-β-1,3-

glucanases. The endo-type enzymes produce new ends at random within a polysaccharide 

chain, and therefore create a relative abundance of reducing sugar ends for exo-type enzymes 
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to act on. Synergism in the complete enzymatic degradation of glucans is not simply explained 

by the sequential attack of these endo- and exo-glucanases, but was found to depend greatly 

on the ratio of endo-glucanase and exo-glucanases, as well as on the degree of polymerisation 

of the substrate (Beldman et al. 1988). Studies using endo-β-1,3-glucanases have 

demonstrated β-1,3-glucans are hydrolysed producing end-products composed mainly of 

glucose, laminaribiose, and laminaritriose (Gueguen et al. 1997). Exo-glucanases subsequently 

cleave these di and trimers to glucose. This glucose can then be readily utilized by 

ethanologenic organisms such as S. cerevisiae, where it is metabolised to ethanol via the 

glycolysis pathway. Laminarinases are widely distributed amongst marine bacteria were 13 % 

of isolated bacteria associated to phytoplankton blooms and belonging to different 

phylogenetic groups (Vibrio, Pseudoalteromonas, Cobetia, Sulfitobacter spp.) have been 

reported to use laminarin as a carbon source (Davis 1992, Alderkamp et al. 2007). 

 

Figure 1.15: Mode of action of different glucanases such as cellulases and laminarinases (adapted from 
www.sigma.com). 

 

1.7.2. ENZYMATIC ALGINATE DEGRADATION 

As alginate is a hetero-polyuronic acid, the enzymes that depolymerise alginates are classified 

as either mannuronate or guluronate lyases and display variable specificities for the 

homopolymeric and heteropolymeric sequences. These enzymes catalyse the de-

polymerisation of alginate by a mechanism called β-elimination, that yields unsaturated 

oligouronic acids with C=C double bonds at C4 and C5 sites in nonreducing terminal uronic 

http://www.sigma.com/
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acid residues (Ochiai et al. 2010). Mannuronate lyases cleave at the β-1,4- mannuronic bonds 

of alginic acid residues to yield oligosaccharides with 4-deoxy-α-L-erythro-hex-4-

enopyranuronosyl groups at their non-reducing terminus (Nakada and Sweeny 1967). 

Guluronate lyases cleave polysaccharides containing a terminal α-L-guluronate group, to give 

oligosaccharides with 4-deoxy-α-L-erythro-hex-4-enuronosyl groups at their non-reducing 

ends. Like laminarin, the abundance of alginate has also lead to a wide-spread distribution of 

bacteria with alginate degrading activities and have been reported in Vibrio spp. (Davis 1992), 

Psychrobacter, Psychromonas and Polaribacter (Dong et al. 2012), Pseudomonas (Li et al. 

2011), Sphingomonas (Hashimoto et al. 2000), Pseudoalteromonas (Li et al. 2011) and many 

more. In addition, these bacteria were also isolated from marine invertebrates such as sea 

cucumber (Alekseeva et al. 2004) and from intertidal sands below decomposing seaweeds 

(Wainwright 1981). 

Studies on degradation of alginate and its constituents, polymannuronate (polyM) and 

polyguluronate (polyG), by gut bacteria isolated from sea urchins and abalones, found that 80 

% of the total 600 isolates had alginolytic activity. The alginolytic bacteria were predominantly 

fermentative, but some differences were observed in their substrate specificity as well as 

between the flora in the gut of sea urchins and the abalones. Seventy percent of the alginolytic 

bacteria isolated from the sea urchins showed no degradative preference for polyM or polyG 

blocks, with most able to degrade both the substrates simultaneously (Sawabe et al. 1995). 

Most of the alginolytic bacteria (97 %) from sea urchins belonged to the genus Vibrio. The 

majority of alginolytic bacteria (68 % on average) from abalones only degraded polyG and they 

were predominantly non-motile fermenters (Sawabe et al. 1995). From these results, it 

appears that a different type of association exists between alginolytic gut microflora and the 

marine algal feeders with respect to the level of contribution by bacteria to the host's 

digestion of alginate (Sawabe et al. 1995). 



Chapter 1 

35 

1.8. SEAWEED SPECIFIC MICROBIAL METABOLIC PATHWAYS 

As the saccharification and extraction products of brown seaweeds - uronic acids and mannitol 

- present a metabolic challenge to many ethanologenic strains this section discusses these 

challenges in more detail and how they have been overcome in recent years. 

1.8.1. MICROBIAL URONIC ACIDS PATHWAYS 

Uronic acids are metabolised by a number of different pathways by micro-organisms such as 

Escherichia coli (Ashwell 1958), Aeromonas spp. (Farmer and Eagon 1969), Pseudomonas spp. 

(Chang 1969, Bateman et al. 1970), Agrobacterium spp. (Zajic 1959) and fungus such as 

Aspergillus niger (Elzainy 1973), Asteromyces cruciatus, Corollospora intermedia, and 

Dendryphiella salina (Schaumann and Weide 1990). However, none of these strains was able 

to produce ethanol from alginate or its degradation products, and only until recently the 

alginate to ethanol pathway was not described in literature. The metabolic alginate hydrolysis 

pathway was first described by (Preiss and Ashwell 1962)) (Figure 1.16). Results from a pre-

adapted Pseudomonas spp. grown on alginic acid showed that a dihydronicotinamide adenine 

dinucleotide phosphate - linked dehydrogenase (NADPH) converted the alginate hydrolysis 

end-product 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH) into 2-keto-3-deoxy-d-

gluconate (KDG), also an intermediate in the bacterial utilisation of glucuronic and 

galacturonic acids by Escherichia coli (Hickman 1960). Figure 1.16 presents the subsequent 

metabolism of DEH involving the formation of 2-keto-3-deoxy-6-phospho-n-gluconate (KDGP) 

which is then cleaved into two 3 carbon fragments, pyruvate and triose phosphate. Pyruvate 

is a key intersection in many metabolic pathways, including that for ethanol fermentation. 

 

Figure 1.16: Schematic of alginic acid metabolism in bacteria after Preiss et al. (Preiss and Ashwell 1962). 
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So far two bacteria have been metabolically designed and altered to cope with a broader 

substrate range from brown seaweed biomass. A strain belonging to the genus Sphingomonas, 

was found to import alginate without degradation and metabolise the polymer intracellular 

by three cytoplasmic alginate lyases into di-, tri- and tetrasaccharides. These oligosaccharides 

are then cleaved by oligoalginate lyases into monosaccharides which are non-enzymatically 

converted to an α-keto acid, namely, 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH) and 

metabolised to pyruvate and triose phosphate, as described above (Figure 1.16). As this strain 

was not a natural ethanol producer, the construction into a recombinant ethanologenic strain 

was carried out using Zymomonas mobilis genomic DNA, encoding pyruvate decarboxylase 

(pdc) and alcohol dehydrogenase to incorporate a new bioethanol production pathway. Over-

expression of pdc copies in combination with the gene disruption of lactate synthesis, a 

metabolic by-product, ethanol conversion efficiencies of 54 % from alginate were achieved 

resulting in 0.26 g of ethanol per g of alginate (Takeda, Yoneyama, Kawai, Hashimoto and 

Murata, 2011). As alginate degradation does not produce as much energy as glycolysis, this 

low conversion yield was due to the competition for pyruvate through the tricarboxylic acid 

cycle (TCA) which was needed to generate energy. In addition, as this strain was an obligate 

aerobe, oxygen was needed for fermentation, were ethanol production was suppressed when 

oxygen was limited or provided in excess, suggesting controlled oxygen supply was required 

for maximum ethanol yields. 

Another bacterial model was also used recently for bioethanol production from alginate. In E. 

coli a 30,000 base-pair region DNA fragment from Vibrio splendidus, including encoding 

enzymes for alginate transport and metabolism, was incorporated successfully into the host’s 

DNA. Insertion of genes encoding pyruvate decarboxylase and alcohol dehydrogenase also 

taken from Z. mobilis and the knock-out of lactate synthesis genes produced a strain which 

was able to utilise 80 % of the carbohydrate content, resulting in an ethanol yields of 0.28 g of 

ethanol per g of seaweed (Wargacki et al., 2012). This higher conversion yield was achieved 

by counterbalancing excess- reducing equivalents (NADH) produced by mannitol catabolism 

and the subsequent consumption of NADH through the alginate to ethanol pathway. 

Therefore the catabolic pathway of alginate would not only provide both an additional source 
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of sugars but also provide an electron shunt, making anaerobic fermentation of alginate 

possible. 

As these strains are not natural ethanol producers, it is not known how these recombinant 

strains will perform under industrial conditions, when exposed to high strength feeds and 

increased salinity. As the mechanisms underlying microbial tolerance to ethanol are very 

complex and not fully understood (Jeffries and Jin 2000) and the alcohol thresholds for those 

strains are not known, it is difficult to predict if any of these cultures will eventually become a 

final candidate as an industrial strain. However, the metabolically engineered E. coli strain is 

currently the most advanced fermentative strain for fermentation of brown seaweed biomass. 

1.8.2. MICROBIAL MANNITOL PATHWAYS 

Mannitol is the most abundant monosaccharide in brown seaweeds, and consequently, it is 

of economical interest to ferment this sugar to ethanol. Mannitol fermentation to ethanol has 

only been reported in a number of yeasts such as Pichia angophorae (Horn et al. 2000, Adams 

et al. 2011) and Zymobacter palmae (Horn et al. 2000), where ethanol was produced only 

under aerobic conditions. No mannitol pathways for those ethanologenic strains have been 

described in the literature and for mannitol to become ethanol it has to to undergo a number 

of catabolic reactions. 

For the catabolic conversion of mannitol to fructose-6-phosphate two pathways are known to 

exist (Figure 1.17). The first pathway involves the enzyme mannitol kinase which 

phoshorylates mannitol first to mannitol-1-phosphate followed by the action of a mannitol-1-

phosphate dehydrogenase which oxidises it to fructose-6-phosphate. Mannitol-1-phosphate 

dehydrogenase was found to be either NADH-dependent or NADPH-dependent. The second 

pathway oxidises mannitol first to fructose using a hexokinase followed by phosphorylation 

to fructose-6-phosphate using mannitol dehydrogenase, which can be either NAD+-dependent 

or NADP+-dependent. In both cases the end product fructose-6-phosphate is then converted 

into pyruvate and subsequently ethanol through the yeast’s own metabolic pathway. 
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Figure 1.17: Mannitol utilisation pathways to yield Fructose-6-phosphate using either oxidation to fructose 
or phosporylation to Mannitol-1-phosphate.  

 

For the catabolic conversion of mannitol S. cerevisiae has shown that this yeast is using the 

oxidative pathway (2nd pathway) for mannitol conversion to fructose-6-phosphate involving a 

mannitol 2-dehydrogenase and a hexokinase (Quain and Boulton 1987, Kegg 2012). When 

compared to glucose, the metabolism of mannitol caused an NADH burden due to formation 

of an additional NADH molecule at the reaction catalysed by mannitol-1-phosphate 

dehydrogenase (Van Dijken 1986). Excess NADH is oxidised to NAD+ by the action of oxygen 

as a final electron acceptor, and therefore the oxidative pathway is strictly dependent on 

oxygen in S. cerevisiae for recycling of NADH, which is the reason why S. cereviae cannot 

ferment mannitol under anaerobic conditions. 

Anaerobic fermentation of mannitol to ethanol is possible and has been recently reported - a 

bacterium belonging to the genus Enterobacter produced ethanol using the mannitol 

dehydrogenation pathway with yields of 1.15 mol of ethanol per mol of mannitol (Wang et al. 

2012), which also equated to 57 % of the theoretical maximum (Equation 1-1). 
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Equation 1-1: Redox balance of mannitol catabolism (Quain and Boulton 1987) 

𝑀𝑎𝑛𝑛𝑖𝑡𝑜𝑙 + 3𝑁𝐴𝐷+ + 2𝑁𝐴𝐷𝐻 + 2𝐴𝑇𝑃 + 4𝐴𝐷𝑃 → 2𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 2𝐶𝑂2 + 2𝐴𝐷𝑃 +

4𝐴𝑇𝑃 + 2𝑁𝐴𝐷+ + 3𝑁𝐴𝐷𝐻  

 

1.9. CURRENT STATE OF THE ART FOR FERMENTATION OF SEAWEED TO 

ETHANOL 

As the chemical carbohydrate composition varies between different seaweed species, so does 

the sugar composition after saccharification. This unique cocktail of monosaccharides requires 

specific fermentative microorganisms to be employed to maximise utilisation of these sugars. 

So far wild type-strains of S. cerevisiae have been used to ferment glucose liberated from 

cellulose or laminarin in brown seaweeds (Adams et al. 2009, Ge et al. 2011), galactose and 

glucose from red seaweeds (Candra 2011) or from mixed (green, brown and red) seaweeds 

(Yanagisawa et al. 2011). Because of the substrate limitation of S. cerevisiae which can mainly 

ferment glucose, galactose and mannose anaerobically other yeasts have been used to utilise 

the other major seaweed carbohydrate, mannitol. 

Amongst mannitol users Pichia angophorae is probably amongst the most used yeast. It has 

been used for the fermentation of brown seaweeds (Horn et al. 2000, Adams et al. 2011, Cho 

et al. 2013) largely because of its ability to utilise mannitol under aerobic conditions. Other 

mannitol fermenters such as the bacterium Zymobacter palmae and the yeasts Pacchysolen 

tannophilus and Kluyveromyces marxianus (Horn et al. 2000) have been also tested. Pichia 

stipitis has also been used because of its broad substrate range; utilising glucose, xylose, 

fructose, and mannose liberated from brown seaweed (Lee et al. 2012). 

Recombinant ethanologenic bacteria such as Escherichia coli KO11 (Kim et al. 2011) have been 

used to ferment red, brown and red seaweeds and Sphingomonas (Takeda et al. 2011) and 

another recombinant E. coli (Wargacki et al. 2012) have been specifically engineered to 

ferment alginate to ethanol. 
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The popularity of S. cerevisiae in metabolic engineering is partly because of its complete 

analysis of its genomic sequence (Goffeau et al. 1996), but also because it is classified as GRAS 

(generally regarded as safe) by the U.S. Food and Drug Administration (FDA), and its 

outstanding capacity to produce ethanol with high productivity, titre, and yield (Nevoigt 

2008). There have been different approaches aimed at overcoming the problems of this yeast 

such as the effects of “glucose repression”, where the presence of glucose prevents the 

simultaneous utilisation of other sugars such as maltose, sucrose and galactose. An inverse 

metabolic engineering approach has been undertaken in S. cerevisiae to improve ethanol 

yields from red seaweed biomass containing galactose. Overexpression of a rate limiting 

metabolic gene phosphoglucomutase and two novel targets, coding for a small nuclear RNA 

and a truncated form of TUP1 coding for a general repressor of transcription were targeted 

and improved fermentation yields from galactose by two and a half fold . This also reduced 

fermentation times by 2/3rd (Lee et al. 2011). 

Metabolic engineering has been successfully applied either broadening its substrate range for 

ethanol production by inserting amylase, cellulase and hemicellulase encoding genes into the 

genome of the yeast (Randez-Gil et al. 1999, Ostergaard et al. 2000, Dequin 2001) or attaching 

these enzymes to the yeast’s outer surface (Khaw et al. 2006). Examples of the co-expression 

of cellulolytic enzymes in S. cerevisiae have been mentioned in the literature with ethanol 

yields of 10-30 % (w w-1) from amorphous cellulose being achieved (Fujita et al. 2004, Den 

Haan et al. 2007). Examples of gene expressions in S. cerevisiae to incorporate pentose 

utilisation pathways are numerous and have been reported for xylose, arabinose and others 

with various degree of success (Richard et al. 2003, Karhumaa et al. 2007, Wiedemann and 

Boles 2008); however specific production rates are still low when compared to ethanol 

production rates using glucose (van Maris et al. 2001). 

So far, alginate up-take through S. cerevisiae has not been suggested. For alginate assimilation 

proteins and enzymes such as ATP binding proteins (ABC transporters), alginate-binding 

proteins, endo-/exo-type alginate lyases, keto acid reductase, kinase and aldolase are needed 

to transfer alginate into pyruvate which is converted by the yeast’s own pathways into 

ethanol. Alginate degradation has shown to act as an electron shunt, which in the case of E. 
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coli (Wargacki et al. 2012) was able to balance the excess production of NADH from the 

mannitol pathways and therefore enable anaerobic fermentation of both substrates. 

NADH re-oxidation in wild-type S. cerevisiae is strictly dependent under anaerobic conditions 

on reduction of sugar to glycerol in a NADH depending reaction (Hahn-Hagerdal et al. 1996) . 

However, as glycerol production represents a loss in the carbon flux, deletion of the two genes 

encoding NAD-dependent glycerol-3-phosphate dehydrogenase led to elimination of glycerol 

production and an inability for S. cerevisiae to grow anaerobically. Genes from E. coli encoding 

the acetylating NAD-dependent acetaldehyde dehydrogenase were expressed and anaerobic 

growth was restored. This study provided a proof of principle for the potential of this 

metabolic engineering strategy to improve ethanol yields, eliminate glycerol production, and 

partially convert acetate, which is a well-known inhibitor of yeast performance to ethanol 

(Medina et al. 2010). 
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1.10. RESEARCH AIMS AND OBJECTIVES 

The principal aim this thesis is to develop a process or processes to exploit the potential of 

marine biomass for bioethanol production. As seaweeds have a high carbohydrate content, 

this makes them a potentially valuable source of biomass for biofuel production. However, 

the carbohydrate composition is different to that of terrestrial biomass, and this therefore 

requires the modification of existing or new procedures to be developed to be able to exploit 

it. 

Most historic work concerning bioconversion of seaweed has been related to biogas 

production and only a relatively little work has been carried out on seaweed saccharification 

and fermentation to liquid biofuel. Based on the limited literature available, the following 

objectives have been identified as key milestones: 

1.10.1. RESEARCH AIM 1: IDENTIFY THE MOST SUITABLE SEAWEED 

SPECIES FOR BIOETHANOL PRODUCTION 

Objective 1: Identify the most potentially useful seaweeds in terms of fermentable sugar 

content 

As the chemical make-up of seaweed polysaccharides varies between macroalgae, the 

purpose is to identify species that are the most suitable as a feedstock for ethanol 

fermentation. The work will focus on the brown seaweeds Laminaria digitata and hyperborea, 

Alaria esculenta and Saccharina latissima because the Phaeophyceae are dominant species 

around the British coastal waters (Fuller 1999) and preferred candidates for mass cultivation 

using rope cultures (Buxton 2009). Palmaria palmata (Rhodophyta) and Ulva lactuca 

(Chlorophyta) will also be examined during this study to support the development of a 

universal small scale seaweed to bioethanol procedure. 
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Objective 2: Determine how the chemical composition of different seaweeds varies across 

the seasonal cycle 

Characterisation of the chemical composition of seaweed plays a fundamental part in the 

assessment of seaweed suitability for bioethanol production because current evidence from 

the literature has shown that the concentrations of seaweed storage and structural 

components vary throughout the season and are also impacted by their environment. 

Materials from each species will be collected on a two-month basis over a period of two years 

to evaluate their carbohydrate, polyphenol, moisture, C/N ratio and ash content. Findings will 

allow us to evaluate the suitability of seaweed as a resource for bioethanol production and 

predict seasonal variations. 

1.10.2. RESEARCH AIM 2: ESTABLISH PROCEDURES FOR THE 

SUGAR EXTRACTION FROM SEAWEED 

Objective 3: Identify conditions for seaweed pre-treatment 

The process path from seaweed to bioethanol includes various process stages. Seaweed pre-

treatment describes all processes before hydrolysis. The purpose of this objective is to look at 

storage conditions for seaweed. As seaweed composition varies throughout the year, storage 

of seaweed harvest may be of importance to overcome the problem of feedstock supply. 

Conditions such as air drying, oven drying and freeze drying will be evaluated on their changes 

on carbohydrate and polyphenol content and its effect on subsequent fermentation. 

Maceration is not part of this project. 

Objective 4: Identify conditions for seaweed hydrolysis 

The fundamental challenge of this project will be to access both structural and storage 

components of seaweed biomass and convert them into a suitable substrate for fermentation. 

This will be carried out in the hydrolysis stage and has been identified therefore as being the 

central part of this project. The hydrolysis stage will use traditional approaches such as 

chemical and enzymatic conditions to hydrolyse polymeric carbohydrates. Both approaches 

will be evaluated for their suitability to support a fermentation process. The overall aim for all 
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stages is to understand process requirements and identify process critical parameters. Using 

bioreactors will aid our efforts to achieve these project goals. 

1.10.3. RESEARCH AIM 3: IDENTIFICATION OF NOVEL 

MICROORGANISMS FOR SEAWEED HYDROLYSIS AND ETHANOL 

FERMENTATION 

Objective 5: Assess whether existing ethanologenic strains can be used to ferment sugars 

from marine seaweeds 

Fermentative strains such as Saccharomyces cerevisiae and Pichia stipitis are at the end of the 

process cascade converting sugars into ethanol. A test programme will investigate their 

suitability to convert seaweed hydrolysates into ethanol and also look at the salt tolerance of 

those strains. Adaptation to higher levels of salt in media may lead to higher salt tolerance 

and the impact on ethanol yields will be investigated. The aim is to identify a micro-organism 

that can convert seaweed hydrolysates effectively to ethanol and tolerate high salinity in 

seaweed extracts. 

Objective 6: Isolate marine hydrolytic and ethanologenic strains 

As already identified in this report the hydrolysis stage, using preferably enzymes, is the 

central part of this project. A rational approach to identify suitable marine micro-organisms 

producing such enzymes is to investigate their surrounding environment. Selective screening 

of samples from seaweed, water, soil, digestive tracts of vertebrates etc. will be carried out 

throughout the project period. Microbial isolates will be assessed on their hydrolytic potential 

to degrade polysaccharides, in particular alginates. 
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2. GENERAL MATERIALS AND METHODS 

This Chapter outlines the general procedures used for: pre-treatment of seaweeds; chemical 

characterization studies of seaweed; cultivation and fermentation studies used to assess 

ethanol yields; and microbial isolation, cultivation and identification of microbial isolates. 

2.1. SEAWEED COLLECTION 

Three different seaweed harvesting sites were used during this project (Figure 2.1). Seaweeds 

belonging to the order of Laminariaceae and 

Fucaceae were collected at low tides from Clachan 

Sounds on the Isle of Seil, Scotland (OS grid 

coordinates: NM 78517 19700) between August 

2010 and October 2011 on a two monthly basis. 

Of each species around 10 kg of thalli was 

collected. These species were primarely used for 

the chemical composition studies discussed in 

Chapter 3. 

Seaweed belonging to the order Palmariaceae 

and Ulvaceae were collected at low tide near 

Dunstaffnage (OS grid coordinates: NM 88005 

34499) and used for general optimisation studies 

using acid hydrolysis. Cultivated Sacchoriza 

polyschides was collected from Arduaine, Loch 

Melfort, in October 2011 (OS grid coordinates: 

NM 799 112) and chemically analysed and 

described in Chapter 3. Of each species around 1-2 kg of thalli was collected. Seaweeds used 

for evaluation and assessment studies are shown in Table 2-1 and Table 2-2. 

 

Dunstaffnage Castle 

Loch Melfort 

Clachan Sound 

Figure 2.1: Harvesting sites at Dunstaffnage 
Castle, Clachan Sound and Loch Melfort; Map 
adapted from Google. 
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Table 2-1: Collection dates of harvested seaweeds 

Seaweed Collection dates Reason for collection 

L. digitata Aug.10 – Oct.11 Possible candidate for rope cultivation * 

L. hyperborea Aug.10 – Oct.11 Possible candidate for rope cultivation * 

S. latissima Aug.10 – Oct.11 Identified candidate for rope cultivation * 

A. esculenta March 11 – July 11 Identified candidate for rope cultivation * 

S. polyschides July 11 – Oct.11 Identified candidate for rope cultivation * 

F. serratus Feb.11 – May 11 High polyphenol containing seaweed ** 

F. vesiculosis Feb.11 – May 11 High polyphenol containing seaweed ** 

A. nodosum Feb.11 – May 11 High polyphenol containing seaweed ** 

U. lactuca Aug and Oct.10, July 11 Representative of the Chlorophyta 

P. palmata Aug and Oct.10, July 11 Representative of the Rhodophyta 

* (Buxton 2009); ** (Ragan and Jensen 1978) 

 

During July in 2011 S. latissima and S. polyschides, were harvested from rope-lines sited in 

Loch Melfort. Repeated collection of S. polyschides was not possible as it grew in deeper 

waters, and was only accessible at extreme low water spring tides or through diving. Therefore 

collection of this seaweed was done in September 2011 after heavy storms washed up intact 

material and in July 2011 after a one-off harvest of cultivated seaweed. A. esculenta was 

harvested during the months March to July in 2011, after which no more seaweed was found 

in the intertidal zones. 

Table 2-2: Harvesting time table of wild and cultivated seaweeds, collected between August 2010 and 
October 2011 

Seaweed 

collection 

Aug. 

2010 

Oct. 

2010 

Feb. 

2011 

March 

2011 

May 2011 July 

2011 

Sept. 

2011 

Oct. 

2011 

L. digitata 10st 7th 1st 21st 26th 27th 21st 24th 

L. hyperborea 10st 7th 1st 21st 26th 27th 21st 24th 

S. latissima 10st 7th 1st 21st 26th 27th 21st 24th 

A. esculenta    21st 26th 27th   

S. polyschides      27th 21st 24th* 

F. serratus   1st 21st 26th    

F. vesiculosis   1st 21st 26th    

A. nodosum   1st 21st 26th    

U. lactuca 13th** 7th**    21st**   

P. palmata 13th** 7th**    21st**   

Collection location: Clachan Sound *Arduaine, Loch Melfort **Dunstaffnage Castle 

Type of seaweed: Wild seaweed Cultivated seaweed Wild seaweed 

OS Grid Coordinates: NM 78517 19700 NM 799 112 NM 88005 34499 
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2.2. SEAWEED PRE-TREATMENT 

Following collection of seaweed, a number of pre-treatment steps were undertaken to 

produce a homogenized product that was suitable for long term storage. 

2.2.1. MACERATION 

The first stage of seaweed pre-treatment was visual inspection to clean and remove holdfasts 

and foreign materials such as stones, other seaweeds and invertebrates. A large industrial-

sized mincer (Hobart, Model E4522) was used to shred the seaweed into smaller particles 

using a 6 mm plate. Shredded and homogenized seaweed was divided into 0.5-1 kg portions. 

2.2.2. FREEZING AND SEAWEED DRYING 

Each portion of macerated seaweed was then sealed in a plastic bag, excess air removed and 

stored at -20 oC. Frozen material was then transferred to a laboratory vacuum freeze dryer 

(Christ, Alpha 1-2 LD), and desiccated at -50 oC and <0.001 bar for between of 3-5 days, or 

until no frozen material was evident on inspection. 

2.2.3. MILLING AND SIEVING 

Dried seaweed was then ground to a fine powder in a twin cutting stainless steel blade coffee 

grinder (DeLonghi 170 W, Model KG40) until particles passed through a 1 mm laboratory test 

sieve (Endecotts BS 410-1). Sub-samples of the seaweed powder (500 to 1000 mg) were 

removed to determine residual moisture content (see Section 2.3.1). Seaweed powders were 

stored in brown airtight plastic or glass containers at room temperature (~23 oC). 

2.3. ANALYTICAL METHODS 

2.3.1. DETERMINATION OF TOTAL SOLIDS 

This method is based on removing the moisture content of organic matter by a convection 

oven drying procedure at 105 oC until the weight remained constant (Sluiter 2008). Moisture 
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content of seaweeds was carried out in triplicate on fresh and freeze-dried seaweeds using 

the following procedure: 

1. Freshly homogenized seaweed (~100 g) was placed into glass dishes and oven dried in 

a convection oven (Thermo Heraeus, Model T6) at 105 oC for two days until constant 

weight was achieved. 

2. For the analysis of residual moisture of freeze-dried seaweed approximately 1 g of 

desiccated material was weighed into porcelain crucibles and oven dried overnight 

(~17 hours at 105 oC) in a convection oven (Thermo Heraeus, Model T6). 

3. All dishes were allowed to cool to room temperature in a desiccator before weighing. 

Analytical balances with an accuracy of 0.01 g were used for the analysis of moisture 

content from fresh seaweed and 0.00001 g in case of pre-dried seaweed. All dishes 

were pre-dried before use and weights were recorded. Total weights of dishes with 

seaweeds were also recorded before and after drying. 

4. Moisture content was expressed as the percentage of volatiles driven off against the 

amount of seaweed used (Equation 2-1). 

Equation 2-1: Determination of Total Solids with m1 = initial fresh weight (dish and biomass) before 105 oC 
drying, m2 = weight of dish only and m3 = weight (dish and dried biomass) after 105 oC drying. 

 T𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 ( %) =
m3 − m2

m1 − 𝑚2
 × 100 

 

2.3.2. DETERMINATION OF ASH CONTENT 

For this method oven dried (105 oC) seaweed from Method 2.3.1 was used and transferred to 

porcelain crucibles where the organic (volatile) content was removed through oxidation. A 

standardized method was used (Sluiter 2005) to determine the ash content of seaweed using 

the following procedure: 

1. To remove volatile compounds, samples were combusted at 550 oC over a period of 

12 hours in a muffle furnace (Nabertherm, Model L15/11). The temperature profile in 
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the furnace was set to rise from ambient to 550 oC within a 30 minute period, after 

which the temperature was maintained for 12 hours. 

2. Once the temperature had dropped below 80 oC crucibles were allowed to cool to 

room temperature in a desiccator before weighing. 

Ash content was expressed as a percentage of residuals remaining after combustion against 

the amount of oven dried seaweed used. Ash contents were calculated using Equation 2-2. 

Equation 2-2: Determination of ash content of seaweed with m1 = initial weight of oven dried seaweed (105 
oC), m2 = weight of crucible and m3 = weight of seaweed after 550 oC combustion. 

 Ash ( %) =
m3 − m2

m1 − 𝑚2 
𝑥 100 

 

2.3.3. DETERMINATION OF SEAWEED POLYPHENOLS 

Acidified aqueous acetonitrile was used for polyphenol extraction from freeze-dried 

seaweeds. A Folin Ciocalteau colourimetric method was applied (Waterhouse 2001) to 

determine the total phenolic content of the extracts using the following procedure: 

1. Samples were extracted using a solvent mix consisting of equal amounts of acetonitrile 

and deionised water containing 0.2 % (v v-1) formic acid (see Appendix P: Buffers and 

miscellanenious solutions). Approximately 100 ± 10 mg of freeze-dried sample was 

weighed into 2 ml micro centrifuge tubes and 1 ml of solvent added. 

2. Tubes were mixed by inversion for 1 hour at room temperature using a rotating wheel, 

set at 20 rpm with seaweed extracted twice. 

3. After each extraction, tubes were spun for 2 minutes at 16,200 g and supernatant 

collected in a 5 ml volumetric flask. Samples were washed once with 1 ml of solvent 

mix before repeating the extraction procedure. Solvents used for extraction and 

washing was combined and final volume made-up with solvent to 5 ml. 

4. A 20 μl centrifuged sample (2 minutes at 16,200 g) from the previous step and standard 

solutions were diluted with 1580 μl of deionised water in 2 ml microcentrifuge tubes, 
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to which 100 μl of Folin Ciocalteau reagent was then added. This was mixed by brief 

vortexing and incubated for up to 8 minutes at room temperature. 

5. A 300 μl volume of 20 % (w v-1) sodium carbonate solution was then added and 

incubated for 2 hours at room temperature. The absorbance of sample and standards 

were measured at 765 nm. 

Absorbances were transformed into concentrations (Equation 2-3) using the empirical data 

from the slope intercept equation ( 𝑦 = 𝑚𝑥 + 𝑏 ) of the gallic acid calibration curve (see 

Appendix B, Figure - Appendix 3). 

Equation 2-3: Transformation of absorbances at 765 nm into concentrations of gallic acid concentrations 
(GAE). 

𝐺𝐴𝐸 (𝑚𝑔 𝑙−1) =
𝐴𝑏𝑠765 − 𝑏

𝑚
 

To express the polyphenolic content as a percentage of the seaweed biomass, the 

concentration of GAE from Equation 2-4 was divided by the total solid content used for the 

solvent extraction. 

Equation 2-4: Transformation of GAE concentrations into a percentage of total solids. 

𝑃𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙𝑠 ( %) =
𝐺𝐴𝐸 (𝑚𝑔 𝑙−1)

𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
𝑥 100 

 

2.3.4. DETERMINATION OF ALGINATE CONTENT 

Alginate content in samples was analysed according to a colourimetric method described by 

Ramus (1977) using the cationic copper phthalocyanine dye Alcian Blue. The quantity of dye 

removed from solution is proportional to the quantity of alginate in solution. Adaptation of 

this method is described in Chapter 3. Recipes for all solutions used in this Section are 

described in Appendix P. Alginate was extracted and measured according to the following 

procedures: 
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1. Alginate was extracted from freeze-dried seaweed by steeping 30 ± 3 mg in 10 ml of a 

6 % (w v-1) sodium carbonate solution in a 25 ml volumetric flask, placed in a shaking 

water bath (Grant, Model OLS 200) for 3 hours at 60 oC. Final volume was made-up 

with deionised water. 

2. Sodium carbonate extracts from seaweed samples were centrifuged in micro-

centrifuge tubes for 2 minutes at 16,200 g to remove residual solids. 

3. A 100 µl volume of supernatant or alginate standard solutions were added to 800 µl of 

0.5 M acetic acid, to which 100 µl of 0.5 % (w v-1) Alcian Blue stock solution was then 

added and mixed briefly. 

4. The solutions were incubated overnight at room temperature and centrifuged for 2 

min at 16,200 g. The absorption of the supernatant was read at 610 nm (OD610). If 

OD610 readings were outside the absorbance range of 0.1 - 0.9, sample volumes were 

adjusted accordingly. For OD610 readings below 0.1 sample additions were reduced in 

increments of 25 μl and for OD610 readings greater than 0.9 sample additions were 

increased in increments of 25 μl. In both cases the volume of 0.5 M acetic acid was 

adjusted accordingly to give a final volume of 900 µl. Readings were taken the 

following day. 

Absorbances were transformed into mass (Equation 2-5) using the empirical data from the 

slope intercept equation ( 𝑦 = 𝑚𝑥 + 𝑏 ) of the sodium alginate calibration curve (Appendix B, 

Figure - Appendix 4).  

Equation 2-5: Determination of alginate mass in the sample. 

𝐴𝑙𝑔𝑖𝑛𝑎𝑡𝑒 (𝑚𝑔) =  
𝑂𝐷610 − 𝑏

𝑚
 

 

As the sample volumes had to be adjusted occasionally from the standard 100 μl to achieve 

readings within the linear range of the calibration curve, changes in total solids due to changes 

in sample volumes were reflected in Equation 2-6. 
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Equation 2-6: Correction of Total solid content of sample after dilution. 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝑔) =  𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝜇𝑙) ×  𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (mg µl−1) 

 

To express the alginate mass from Equation 2-5 as a percentage of total solids a balance of 

the extracted alginate from the total solids present in the sample volume (Equation 2-6) was 

carried out (Equation 2-7): 

Equation 2-7: Conversion of alginate concentration into a % alginate. 

𝐴𝑙𝑔𝑖𝑛𝑎𝑡𝑒 ( %) =  
𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒 (𝑚𝑔)

𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 in sample (𝑚𝑔)
×  100 

 

2.3.5. CARBOHYDRATE ANALYSIS 

Two different methods were used for the measurement of the carbohydrate content of 

seaweed extracts. First, the colorimetric method which is based on DuBois et al. (1956), which 

is a non-specific test to measure the total reducing sugar content of carbohydrate polymers 

and monomers. Second, the HPLC method used was only suitable for the detection of 

monosaccharides, which allows a more precise analysis of hydrolysis efficiencies. 

2.3.5.1. COLOURIMETRIC CARBOHYDRATE ANALYSIS 

The colorimetric carbohydrate assay used was based on the phenol-sulphuric acid method and 

is described in “Current Protocols in Food Analytical Chemistry” (Fournier 2001), as originally 

developed by DuBois et al. (1956). This method is based on the absorbance at 490 nm of a 

coloured aromatic complexes formed between phenol and the carbohydrates. The amount of 

sugar present was determined by comparison to a glucose calibration curve. As the 

carbohydrate content of samples is compared against a glucose calibration curve results are 

expressed as % Glucose Equivalents ( % GEq). 
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Procedure 

1. Glassware such as test tubes, pipettes and cuvettes were washed with deionised water 

and dried in an oven before analysis to remove any organic matter such as dust. Acid 

and phenol resistant bottle dispensers were used to dispense stock solutions. The 

reagents used were a 4 % (w v-1) phenol solution and 96 % analytical grade 

concentrated sulphuric acid. Glucose standards were prepared to a concentration of 

2, 4, 6, 8 and 10 mg ml-1 in deionised water. 

2. A 10 µl volume of sample to be analyzed or standard solution was transferred to a 10 

ml test tube, to which 500 μl of 4 % phenol followed by 2.5 ml of 96 % sulphuric acid 

were added and mixed. 

3. The phenol-acidified sample solutions and standards were then transferred to glass 

cuvettes by glass pipette and the absorbance measured at 490 nm (OD490). If 

absorbance was > 1.0 samples were diluted accordingly. The spectrophometer was 

zeroed with a blank solution of 500 μl of 4 % phenol and 2.5 ml of 96 % sulphuric acid. 

The concentration of reducing sugar present in the samples were calculated using the 

empirical data from the slope intercept equation ( 𝑦 = 𝑚𝑥 + 𝑏 ) of the glucose calibration 

curve (Appendix B, Figure - Appendix 2). Results were expressed as % Glucose equivalents ( % 

GEq) (Equation 2-8): 

Equation 2-8: Transformation of total carbohydrate results using the DuBois method (Method 2.3.5.1) into 
percentages of glucose equivalents (GEq). 

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 (𝑚𝑔 𝑙−1) =
𝑂𝐷490 − 𝑏

𝑚
 

Saccharification yields were expressed as the percentage of glucose equivalents against the 

concentration of biomass used (Equation 2-9): 

Equation 2-9: Saccharification yield is expressed as the release of total carbohydrates from seaweed 
biomass. Total carbohydrates were determined using a colourimetric method. 

S𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 glucose equivalents (mg l−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (mg l−1)
 𝑥 100 
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2.3.5.2. CHROMATOGRAPHIC CARBOHYDRATE ANALYSIS 

Analysis and sample preparation were carried out according to the “Standard Biomass 

Analytical Methods” which was adopted and modified from a National Renewable Energy 

Laboratory (“NREL”) procedure (Ruiz 1996). 

Procedure 

1. In a microcentrifuge tube, 2 ml of seaweed extract was acidified with 20 µl of a 2 M 

sulphuric acid solution, mixed and then incubated for 30 minutes at room temperature 

(~23 oC) to allow alginic acid precipitation to occur. Samples were then centrifuged for 

2 minutes at 16,200 g. 

2. The supernatant was filtered through a 0.45 μm PTFE membrane filter into HPLC glass 

vials and stored at 4 oC until analysis. 

The following conditions were used for the HPLC analysis (Table 2-3): 

Table 2-3: HPLC conditions for carbohydrate analysis 

Carbohydrate analysis conditions: 

Column Phenomenex Resex ROA 150 mm x 7.8 mm, equipped with a 
micro-guard cation-H+column 

Injection volume 20 μl 
Mobile phase 5 mM sulphuric acid 
Flow rate 0.5 ml min-1 
Temperature 60 oC 
Detection UV @ 220 nm and RID 

 

Standard solutions of glucose and mannitol were prepared in concentrations ranging from 0.5 

to 10 g l-1. 

As the HPLC peak area is directly proportional to the concentration of each component, peak 

areas of each standard were plotted against their corresponding concentration, which 

resulted in a linear calibration curve. Individual peaks from samples were identified according 
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to their retention times and concentrations determined according to the calibration curves of 

their known standards (Appendic B, Figure - Appendix 6 and Figure - Appendix 14). 

The concentrations of glucose and mannitol present in the samples were calculated (Equation 

2-10) using the empirical data from the slope intercept equation ( 𝑦 = 𝑚𝑥 + 𝑏 ) of the glucose 

and mannitol calibration curves, with m being the slope, b being the y-intercept and y being 

the HPLC peak area of each sample. 

Equation 2-10: Determination of glucose and mannitol concentrations using HPLC 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑜𝑟 𝑚𝑎𝑛𝑛𝑖𝑡𝑜𝑙 𝑜𝑟 𝑓𝑢𝑐𝑜𝑠𝑒 (𝑚𝑔 𝑙−1) =  
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 − 𝑏

𝑚
 

 

Glucose, fucose and mannitol concentrations were expressed as a percentage of the total solid 

content according to Equation 2-11 to Equation 2-13. The glucose HPLC calibration curve 

(Appendix B, Figure - Appendix 6) was used for calculation of fucose and xylose concentrations 

as the peak areas of 10 g l-1 standards of each of these sugars were found similar (Appendix F; 

Figure - Appendix 14). 

Equation 2-11: Determination of % mannitol yields of acid hydrolysed seaweed extracts. 

𝑀𝑎𝑛𝑛𝑖𝑡𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑛𝑛𝑖𝑡𝑜𝑙 (𝑚𝑔 𝑙−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
𝑥 100 

 

Equation 2-12: Determination of % glucose yields of acid hydrolysed seaweed extracts. 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑚𝑔 𝑙−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
𝑥 100 

 

Equation 2-13: Determination of % fucose yields of acid hydrolysed seaweed extracts. 

𝐹𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑢𝑐𝑜𝑠𝑒 (𝑚𝑔 𝑙−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
𝑥 100 
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Equation 2-14: Determination of % xylose yields of acid hydrolysed seaweed extracts. 

𝑋𝑦𝑙𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑥𝑦𝑙𝑜𝑠𝑒 (𝑚𝑔 𝑙−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
𝑥 100 

 

2.3.6. ETHANOL ANALYSIS 

Fermentation product analysis of ethanol and residual sugars were adapted from the 

“Standard Biomass Analytical Methods” described by Ruiz (1996). 

Procedure 

1. In a microcentrifuge tube, 2 ml of centrifuged fermentation broth (10 minutes @ 3,200 

g) was acidified with 20 µl of a 2 M sulphuric acid solution, mixed and then incubated 

for 30 minutes at room temperature (~23 oC). Samples were then centrifuged for 2 

minutes at 16,200 g. 

2. The supernatant was filtered through a 0.45 μm PTFE membrane filter into HPLC glass 

vials and stored at 4 oC until analysis. 

The following conditions were used for the HPLC analysis (Table 2-4): 

Table 2-4: HPLC conditions for ethanol analysis 

Fermentation analysis conditions: 

Column Phenomenex Resex ROA 150 mm x 7.8 mm, equipped with a 
micro-guard cation-H+column 

Injection volume 20 μl 
Mobile phase 5 mM sulphuric acid 
Flow rate 0.5 ml min-1 
Temperature 60 oC 
Detection UV @ 220 nm and RID 

 

Ethanol standards ranging from 0.5 to 10 g l-1 were plotted against HPLC areas (Appendix B, 

Figure - Appendix 7) and expressed as a concentration using the empirical data from the slope 

intercept equation ( 𝑦 = 𝑚𝑥 + 𝑏 ) of the ethanol calibration curve (Equation 2-15). 
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Equation 2-15: Determination of ethanol concentrations: 

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 (𝑚𝑔 𝑙−1) =  
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 − 𝑏

𝑚
 

 

Ethanol concentration was expressed as a percentage of the total solid content according to 

Equation 2-16: 

Equation 2-16: Determination of % ethanol yield of acid hydrolysed seaweed extracts. 

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑚𝑔 𝑙−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
𝑥 100 

 

2.3.7. TOTAL CARBON AND NITROGEN ANALYSIS 

Procedure 

1. Freeze dried and ground seaweeds were prepared for analysis by folding 2 ± 0.2 mg of 

sample into tin-foil disks. Samples were analysed with an ANCA NT prep system 

coupled with a 20-20 Stable Isotope Analyser (PDZ Europa Scientific Instruments, 

Northwich, UK). 

2. Calibration was performed using a solution of isoleucine (L-Isoleucinie, Europa STD) at 

concentrations of 1 μg N and 6.6 μg C. Standards were placed in tin caps (with 

Chromosorb W, PDZ Europa ltd) and oven dried at 60 ˚C overnight. Calibrations were 

performed with a series of standards from 5 to 200 μg N (33– 1320 μg C) run at the 

beginning of each analysis. Calibration curves typically gave an r2 of 0.99 for both C and 

N (n=15). 

The carbon:nitrogen ratio (C:N) was calculated by dividing the total carbon content by the 

total nitrogen content. 
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2.3.8. MICRONUTRIENT ANALYSIS 

Seaweed samples were subsampled using a calibrated balance to a final mass of 200 ± 50 mg. 

Samples were transferred to 100 ml acid cleaned capped Teflon beakers and digested using 

high purity acids (SpA grade, ROMIL Ltd, Convent Drive, Waterbeach, Cambridge, UK) in a 

clean room fitted with 100 micron air filters. The organic component of the samples was 

initially oxidised at room temperature using 3 ml of HNO3 (69 %) and 1 ml of HClO4 (70 %) and 

1 ml of HCl (35 %) for initial 20- 30 minutes and then transferred to a Teflon hotplate and 

gently heated to 150 °C for complete dissolution. After 8 hours the samples were allowed to 

cool to room temperature before beaker lids were removed and the samples were evaporated 

to near dryness. To digest any silicate a 3 ml of HNO3 (69 %), 1 ml of HF (40 %) and 1 ml of HCl 

(35 %) (3:1:1 ratio) mix was added to the dry residue and heated to 170 °C. Samples were 

refluxed for 8 hours. Solution was gently evaporated to dryness to remove chloride and acid 

residues. Final volume was made up to 25 ml with volumetric flasks, before transferring to 

acid cleaned 30 ml HDPE sample storage bottles with a final concentration of 5 % HNO3 (v v-

1). Plankton reference materials BCR414 (Institute for Reference Materials and 

Measurements, European Commission Directorate-General Joint Research Centre Institute for 

Reference Materials and Measurements Retieseweg 111, Geel, Belgium obtained from LGC, 

Hatfield, UK) and a reagent blank were digested and processed in conjunction with every batch 

of unknown samples. 

2.3.9. TRACE METAL ANALYSIS VIA ICP-MS 

All trace metals analysis was performed on a Thermo Scientific X-Series (II) quadrupole 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS), equipped with Collision Cell 

Technology (CCT hexapole mass analyser) and Cetac auto-sampler (Table 2-5). Prior to sample 

analysis the instrument was pre-conditioned and tuned for both optimal analyte intensity and 

signal stability using a 5 µg l-1 multi element tuning solution. Performance checks in ‘Standard 

Mode’ (Argon only) were then carried out to check mass calibration, peak widths, peak 

positions, optimise lens/gas/torch conditions for maximum count rate at 7Li, 115In and 238U and 

to achieve CeO and BaO oxide ratios of <0.02. A subsequent performance check was also 
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carried out in ‘CCT mode’ (using the 93 % He: 7 % H2 gas mixture) Count rates were obtained 

for 59Co, 78Ar, 115In, 140Ce, 238U and the 156CeO/140Ce ratio monitored. 

All standard, blank and sample solutions were prepared from high purity water, obtained from 

an Elga water purification system (Elga LabWater, High Wycombe, UK). Calibration standards 

were prepared using 10 mg l-1 certified multi-element solutions (ME1, ME2A & ME4) and a 

range of certified single trace element standard stock solutions (at 10 mg l-1, 100 mg l-1 and 

1000 mg l-1), obtained from SpexCertiprep Ltd. (Middlesex, UK). All samples, standards and 

washes contained internal standards Rh, In and Bi at 10 µg l-1. This allows the monitoring of 

any calibration drift and instrument performance. Calibration drift at the monitored mass 

range over the course of an analytical session is small and typically <2 %. 

Table 2-5: Operating conditions for ICP-MS 

Mass Analyser Simultaneous Quadrupole Hexapole Collision Cell 

RF Power 1410 W 
Acquisition Mode Continuous 
Mass Range 7 – 240 amu 
Gas Type Argon 

93 % He: 7 % H2 (Collision Cell) 
Auxiliary Flow rate 0.70 L min-1 
Nebuliser Flow rate ~0.80 L min-1 
Coolant Flow Rate 13.00 L min-1 
CCT Gas Flow rate 3.50 ml min-1  

 

Abundances of 7Li, 9Be, 11B, 27Al, 48Ti, 51V, 52Cr, 55Mn, 56Fe, 59Co, 60Ni, 64Zn, 65Cu, 71Ga, 75As, 78Se, 

85Rb, 88Sr, 90Zr, 90Mo, 113Cd 133Cs, 138Ba, 140Ce, 205Tl 208Pb, 232Th, and 238U in seaweed biomass 

were monitored over a 14 month period. 

2.3.9.1. ICP-MS QUALITY CONTROL  

Procedures were in place to monitor the performance of the instrument and the data quality. 

These included: 

1. Standard Mode and CCT Mode performance checks were carried out before every 

sample run according to the manufacturer’s instructions. This ensures quality of the 



Chapter 2 

60 

mass calibration, peak width, peak position, count rate, signal stability, background 

counts, oxide ratio and resolution, prior to analysis. 

2. An Internal Cross calibration was carried out to ensure collected data was correctly 

converted with the most up to date calibration between Analogue and Pulse Counting 

detector modes. Detector Plateau was also carried out to ensure detector was 

operating at the optimum voltage. 

3. A Rh-In-Bi internal standard solution was added to all samples, calibration and wash 

solutions at the same concentration. This ensures that any changes in instrument 

response due to drift or matrix suppression were compensated for. Percentage 

recovery was recorded and limits were 85-125 %. If the recovery was outside these 

limits, the sample (or batch as appropriate) was repeated. Washes were also 

monitored to ensure no residual sample build up throughout the sequence. 

4. Two ‘check’ standards were run for every batch of 12 samples. The concentration of 

these two samples was based on a high and low value calibration standard to monitor 

instrument drift. 

5. A complete set of calibration standards were run every 12 samples. 

6. Fully Quantified Calibration Standard results (integrated counts per second vs. 

concentration) were plotted for each sample batch and had to give a straight line graph 

with a Correlation Coefficient better than 0.999. 

7. Certified Reference Materials and Procedural Blanks were run for every batch of 

samples. 

8. Samples were diluted accordingly to ensure concentrations from ppt to ppb were 

within calibration limits. 

2.3.9.2. ACCURACY AND PRECISION 

Each batch of samples dissolved for trace metal analysis contained a blank and a BCR414 

sample of 100 ± 50 mg (Institute for Reference Materials and Measurements, European 

Commission Directorate-General Joint Research Centre Institute for Reference Materials and 

Measurements Retieseweg 111, Geel, Belgium). The precision of this technique was assessed 

using repeat measurements of this standard. For trace metal analysis via ICP-MS, 
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reproducibility of the monitored isotopes for this standard was < 10 % for 7Li, 9Be, 51V, 52Cr, 

55Mn, 56Fe, 59Co, 60Ni, 65Cu, 66Zn, 71Ga, 75As, 82Se, 85Rb, 92Zr, 95Mo, 113Cd, 133Cs, 138Ba, 140Ce, 

152Sm, 208Pb, 232Th, 232U. 

2.3.10. MACRONUTRIENT ANALYSIS 

Major element analysis was performed for the elements calcium, sodium, potassium and 

magnesium on a Perkin Elmer Optima DV4300 ICP-OES equipped with an AS93 plus auto-

sampler, a Scott-type spray chamber and GemTip cross-flow nebulizer. The operating 

conditions are listed in Table 2-6. 

Table 2-6: Operating conditions for ICP-OES 

Forward power 1500 W 

Coolant gas 15 l min-1 
Auxiliary gas 0.2 l min-1 
Carrier gas 0.7 l min-1 

Sample uptake rate 1.0 ml min-1 
Spray chamber temperature 38 oC 

 

The wavelengths of ten elements were monitored: Ca, K, Mg and Na. Their respective 

wavelengths, internal standards and integration parameters are given in Table 2-7. 

Table 2-7: Wavelengths, integration parameters and viewing modes for ICP-OES 

Element Wavelength Associated Internal 
standard 

Integration 
time 

Read time Viewing mode 

Ca 317.933 Sc 424.683 0.010 5.000 Radial 
K 766.490 Sc 357.253 0.005 5.000 Axial 
Mg 285.213 Sc 357.634 0.050 5.000 Radial 
Mg I 285.213 None 0.010 5.000 Radial 
Mg II 280.271 None 0.010 5.000 Radial 
Na 589.592 Sc 357.634 0.050 5.000 Radial 
Sc 357.634 None 0.050 5.000 Radial 
Sc 424.683 None 0.010 5.000 Radial 
Sc 357.634 None 0.020 5.000 Axial 
Sc 357.253 None 0.005 5.000 Axial 

 

A multi-elemental calibration protocol was adopted, and the details are given in Table 2-8. 
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Table 2-8: Calibration protocol for ICP-OES 

Element Calibration units Cal Blank Std4 Std5 Std6 

Al mg l-1 0.00 20.0 40.0 100 
Ba mg l-1 0.00 0.50 1.00 2.50 
Ca mg l-1 0.00 40.0 80.0 200 
Fe mg l-1 0.00 20.0 40.0 100 
K mg l-1 0.00 10.0 20.0 50.0 
Mg mg l-1 0.00 10.0 20.0 50.0 
Mn mg l-1 0.00 1.00 2.00 5.00 
Na mg l-1 0.00 10.0 20.0 50.0 
Sr mg l-1 0.00 0.20 0.40 1.00 
Ti mg l-1 0.00 1.00 2.00 5.00 
Sc mg l-1 10.0 10.0 10.0 10.0 

 

All standard, blank and sample solutions were prepared from high purity water, obtained from 

an Elga water purification system (Elga LabWater, High Wycombe, UK). Stock solutions (1000 

mg l-1) for Al, Ba, Ca, Fe, K, Mg, Mn, Na, Sr, Ti and Sc were obtained from Sigma, our calibration 

standards were then made from these. Nitric acid was Aristar grade, obtained from VWR 

(Lutterworth, UK). All stock solutions and final dilutions for analysis were prepared in 5 % (v v-

1) nitric acid solution. 

Procedure 

A number of procedures are in place to monitor the performance of the instrument and the 

data quality: 

1. Fully Quantified Calibration Standard results (integrated counts per second vs. 

concentration) were plotted for each sample batch and had to give a straight line graph 

with a Correlation Coefficient better than 0.999. 

2. Axial and radial alignments and performance checks are carried out according to the 

manufacturer’s instructions for every run. The data is recorded and monitored. 

3. A Sc internal standard solution was added to all samples, and calibration solutions at 

the same concentration. This ensures that any changes in instrument response due to 

drift or matrix suppression were compensated for. Percentage recovery was recorded 

and limits were 85-125 %. If the recovery was outside these limits, the sample (or batch 

as appropriate) was repeated. 
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4. A synthetic drift control solution, with the same composition of Cal4 (see Table 2-9), 

was run every 10 samples. The drift solution has limits of ±10 % for all elements. If the 

analyite falls out with these limits, it is repeated. If it fails a second time, the instrument 

is recalibrated before continuing with the analysis. The drift control data is plotted in 

the form of a shewhart chart for each element. 

Certified Reference Materials and Procedural Blanks were run for every batch of samples. 

Table 2-9: Concentration of drift control solution 

Analyte Units Concentration 

Ca mg l-1 40.0 
K mg l-1 10.0 
Mg mg l-1 10.0 
Na mg l-1 10.0 

 

2.3.11. PROTEIN DETERMINATION 

Extraction of total protein content was carried out using a combined acid and alkaline 

extraction method developed for release of proteins from microalgal biomass (Slocombe et 

al. 2013). Acid hydrolysis was used as a pre-treatment of seaweed biomass to release bound 

protein and therefore enhance extraction yields. The procedure was as follow: 

1. Addition of 50 ± 5 mg of freeze dried seaweed was weighed into 10 ml glass tubes with 

screw caps and 2 ml of a 24 % (w v-1) trichloroacetic acid solution added. 

2. Tubes were heated to 100 oC for 15 minutes in a boiling water bath. 

3. Tubes were cooled to room temperature and diluted with 6 ml of deionised water and 

centrifuged for 20 minutes at 3,200 g at 10 oC. 

4. Supernatant was discarded and cell pellet dissolved in 4 ml of Lowry D reagent and 

incubated for 5 minutes at 55 oC in a water bath; solution was transferred into 5 ml 

volumetric flasks and topped up to volume. 

5. 2 ml of protein extract was transferred into 2 ml micro centrifuge tubes and spun for 

2 minutes at 13,200 g to remove any residual solids. 
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6. 50 µl of supernatant was removed for the protein determination using the following 

Folin-Ciaulteau method: 

7. To the remaining, 975 µl of Lowry reagent D (see Appendix P) , was added, mixed and 

incubated for 10 minutes at room temperature. 

8. To this 100 µl of Lowry reagent E (see Appendix P) was added, mixed and incubated 

for 30 minutes at room temperature. 

The absorption of samples was measured using a spectrophotometer at 750 nm (OD750). 

The concentrations of protein in the samples were calculated (Equation 2-17) using the 

empirical data from the slope intercept equation ( 𝑦 = 𝑚𝑥 + 𝑏 ) of the Bovine Serum Albumin 

calibration curve (Appendix B, Figure - Appendix 8). 

Equation 2-17: Determination of protein concentrations using a colorimetric method. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑔 𝐵𝑆𝐴 𝑙−1) =  
𝑂𝐷750 − 𝑏

𝑚
 

 

Protein concentrations were expressed as a percentage BSA equivalent of the total solid 

content of seaweed biomass according to the following equation (Equation 2-18): 

Equation 2-18: Transformation of protein concentration into a percentage of BSA equivalent. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐵𝑆𝐴 𝑒𝑞𝑢. ( %) =  
𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑔 𝑙−1)

𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
×  100 

 

2.3.12. DETERMINATION OF SALINITY 

Salinities of centrifuged extracts (5 minutes at 3,200 g) were measured using a handheld 

refractometer (Sper Scientific, Model 300006). As the refractometer was calibrated for sodium 

chloride, results were expressed as a percentage of sodium chloride equivalents ( %). 



Chapter 2 

65 

2.4. SEAWEED SACCHARIFICATION 

In this Section the use of acid, either concentrated or dilute, as well as enzymes and the 

combination of both acid and enzymes are described for the saccharification of seaweed 

biomass. The methods described here represent the final methods used, following their 

development, as described in Section 4.2.1 and 4.2.2. 

2.4.1. CONCENTRATED ACID HYDROLYSIS 

A modification of the method described in the Technical Report NREL/TP-510-42618 (Sluiter 

2008) for the determination of structural carbohydrates and lignin in biomass was used. 

Modification of this method is described in Section 4.2.2. Concentrated acid hydrolysis was 

used to determine the insoluble glucan and xylan contents of seaweed. The procedure was as 

follow: 

1. A sample of 200 ± 20 mg of freeze dried seaweed was weighed into 20 x 100 mm glass 

pressure tube (Pyrex) fitted with a PTFE lined screw cap, to which 1 ml of a 72 % (v v-1) 

sulphuric acid solution (ρ = 1.74 g ml-1; 17.8 M) was added, mixed and incubated for 

60 minutes at 30 oC in a water bath. 

2. Next, 16.8 ml of deionised water was added and then the sample autoclaved for 15 

minutes at 121 oC. 

3. BaCO3 powder was used to adjusted the pH of the solution to ~ 3.0 using pH paper as 

an indicator. This solution was clarified using centrigugation ( 2 minutes at 16,200 g). 

Preparation and analysis of the carbohydrate content were carried out according to Method 

2.3.5.2. The glucose and xylose content of the acid hydrolysate was calculated according to 

Equation 2-12 and Equation 2-14. 

2.4.2. DILUTE ACID HYDROLYSIS 

In the following procedure, a 4.9 % (w v-1) (0.5 M sulphuric acid, ρ = 1.0268 g ml-1) sulphuric 

acid solution was used to hydrolyse seaweed biomass. Experiments describing these 

modifications are presented in Section 4.2.1. Dilute acid hydrolysis was used to determine the 
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soluble components mannitol, laminarin and fucoian of seaweed biomass. The procedure was 

as follows: 

1. A sample of approximately 600 ± 60 mg of seaweed powder was weighed into 20 x 100 

mm heat resistant and PTFE lined screw capped glass tubes, to which 3 ml of 0.5 M 

sulphuric acid solution was then added, and autoclaved for 15 minutes at 121 oC. The 

solution was then adjusted with a 1 M NaOH solution to a pH of 6.0 ± 0.5, and the final 

volume adjusted to 25 ml with deionised water in volumetric flasks. 

2. Pasteurization of this solution was carried out for a further 15 minutes at 100 oC. 

Preparation and analysis of the glucose content was carried out according to Method 2.3.5.2.  

 

2.4.3. AQUEOUS EXTRACTION 

Approximately 100 ± 20 mg of seaweed powder was weighed into 10 x 100 mm Pyrex® screw 

capped glass tubes with 5 ml of deionised water added. Extraction was carried out for 15 

minutes at 121 oC using an Astell Scientific 30L benchtop autoclave. Each sample was extracted 

once (n =1). Aliquots of 2 ml were spun for 2 minutes at 13,200 g in a micro centrifuge tube 

and 940 μl of clarified aqueous extract used for hydrolysis. Hydrolysis was carried out in 2 ml 

glass vials equipped with autoclavable screw caps by addition of a 60 μl of a 17.8 M sulphuric 

acid solution to give a 1 M final acid concentration. Vials were heat treated for 15 minutes at 

121 oC. Samples were filtered through 0.2 μm PTFE filters for HPLC analysis. Glucose 

concentrations from HPLC analysis were corrected by a dilution factor Df 

 

𝑤𝑖𝑡ℎ 𝐷𝑓 =
𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
=

1000 𝜇𝑙

940 𝜇𝑙
= 1.06 

and calculated according to Equation 2-19: 

Equation 2-19: Determination of % glucose yields of acid hydrolysed aqueous seaweed extracts. 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑚𝑔 𝑙−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
 𝑥 100 𝑥 𝐷𝑓 
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2.4.4. ENZYME HYDROLYSIS 

The cellulosic enzyme blend NS 22086 formed the majority of the enzymes added for 

enzymatic saccharification with a recommended addition of 5 % (w w-1) by the manufacturer 

Novozymes (Appendix H). NS 22086 was supplemented with 0.4 % (w w-1) of NS 22118 that 

contains β-glucosidase. Enzymatic hydrolysis was carried out as follows: 

1. A sample of approximately 300 ± 30 mg of freeze-dried seaweed was weighed into 100 

ml glass bottles to which 15 ml of 0.01 M Citrate buffer solution (pH 4.8, see Appendix 

P) added. Bottles were then autoclaved for 15 minutes at 121 oC. 

2. After cooling to 45 oC in a water bath, enzymes were added to the bottles and then 

were incubated for approximately 22 hours at 45 oC at 150 rpm in an orbital shaker 

(New Brunswick Scientific, Innova 4230). Volumetric enzyme additions were calculated 

using Equation 2-20, taking the specific densities and dosage recommendation of the 

enzyme solutions into consideration, which were given by Novozymes (see Appendix 

H). 

3. Preparation and analysis of the carbohydrate content was carried out according to 

Method 2.3.5.2. The carbohydrate content was corrected for the amount of glucose 

present in the commercial enzyme blends. 

4. Enzymatic digestate was then transferred into sterile 15 ml conical centrifuge tubes 

and spun for 10 minutes at 3,200 g at 4 oC to remove residual solids. Supernatant was 

used for fermentation studies. 

Equation 2-20: Determination of volumetric enzyme additions 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 (𝑚𝑙) =
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑚𝑔)

𝑠𝑝𝑒𝑐. 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚𝑔 𝑚𝑙−1)
×

 % 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 

100
 

 

Adjustments to the glucose yields had to be carried out as commercial enzyme stock solutions 

contained glucose. An empirically determined glucose calibration curve from diluted enzyme 
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solutions (ranging from 0.2 to 3.6 μl ml-1) was used to normalize glucose peak areas from 

enzymatically treated hydrolysates (Appendix B, Figure - Appendix 9). To determine the 

glucose correction factor (y) the slope intercept equation (y = mx + b) was used with x being 

the enzyme concentration used in μl ml-1, m1 being the slope and b1 being the y-intercept 

(Equation 2-21). 

Equation 2-21: Determination of corrected glucose HPLC area from enzymatic digestion using NS22086/ 
NS22119 at 5 and 0.4 % addition 

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 peak 𝑎𝑟𝑒𝑎 = 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 − (𝑚1𝑥 − 𝑏1) 

 

The concentrations of glucose present in the samples was calculated (Equation 2-22) using the 

empirical data from the slope intercept equation (𝑦 = 𝑚𝑥 + 𝑏) of the glucose calibration 

curves (Appendix B, Figure - Appendix 6), with m being the slope, b being the y-intercept and 

y being the corrected peak area of each sample. 

Equation 2-22: Determination of glucose concentrations using HPLC 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 (mg l−1) =  
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 − 𝑏

𝑚
 

 

2.5. FERMENTATION ASSAYS 

To evaluate the fermentability of seaweed hydrolysates, two different fermentation assays 

were developed and described in their final form here. Developmental experiments are 

described in Section 5.2.2 and 5.2.3. 

2.5.1. SACCHAROMYCES CEREVISIAE FERMENTATION 

1. Inoculation medium was made-up from the following components (g l-1): Glucose (20; 

SigmaAldrich), soya peptone (10; Oxoid) and yeast extract (5.2; Oxoid) were 

autoclaved for 15 minutes at 121 oC. An aliquot of 50 ml of sterile media was 

transferred to pre-sterilized 250 ml shake flasks. 
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2. The medium was inoculated with 100 μl of a working S. cerevisiae stock that had been 

maintained at -80 oC in 10 % (v v-1) glycerol (SigmaAldrich) containing spent medium, 

and grown for up to 24 hours at 25 oC and 200 rpm in an orbital shaker (New Brunswick, 

Innova 4230). 

3. Cell enumeration of the inoculum was carried out using a hemocytometer, from which 

inoculum volumes were calculated to achieve a 5.3 x 108 cells ml-1 concentration in 5 

ml of fermentation media. The following equation was used: 

Equation 2-23: Formula to establish required inoculum volumes to achieve desired seeding densities with c1 
= desired seeding density in fermentation media (109 cells ml-1), c2 = cells in inocula (109 cells ml-1) and 𝒗 = 
Fermentation media volume (ml). 

𝐼𝑛𝑜𝑐𝑢𝑙𝑢𝑚 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙) =
𝑐1

𝑐2
× 𝑣 

 

4. Calculated volumes of inocula were pipetted aseptically in to pre-sterilized 8.5 ml 

screw capped test tubes and centrifuged for 10 minutes at 3,200 g. 

5. The supernatant was removed with sterile disposable Pasteur pipettes and discarded. 

6. A volume of 5 ml fermentation medium or seaweed hydrolysate was then added to 

the cell pellet and solution briefly mixed. The screw caps were loosened slightly (ca. 

1/8th of a turn) and incubated at 32 oC. 

2.5.2. PICHIA ANGOPHORAE  FERMENTATION 

1. The inoculation medium was made-up from the following components (g l-1): Glucose 

(15; SigmaAldrich), mannitol (5; SigmaAldrich), soya peptone (10; Oxoid), yeast extract 

(5.2; Oxoid) and autoclaved for 15 minutes at 121 oC. A 50 ml volume of sterile medium 

was transferred into pre-sterilized 250 ml shake flasks. 

2. The medium was inoculated with 100 μl of a working P. angophorae stock that had 

been maintained at -80 oC in 10 % glycerol containing spent medium, and then grown 

for up to 24 hours at 25 oC and 200 rpm in an orbital shaker (New Brunswick, Innova 

4230). 
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3. The medium was inoculated with 100 μl of a working P. angophorae stock that had 

been maintained at -80 oC in 10 % glycerol containing spent medium, and then grown 

for up to 24 hours at 25 oC and 200 rpm in an orbital shaker (New Brunswick, Innova 

4230). 

4. Cell enumeration of the inoculum was carried out using a hemocytometer, from which 

inoculum volumes were calculated to achieve a 2.0 x 109 cells ml-1 concentration in the 

fermentation medium (Equation 2-23). 

5. Calculated volumes of inocula were pipetted aseptically in sterile 50 ml Falcon tubes 

and spun for 10 minutes at 3,200 g. 

6. Supernatant was taken up with sterile disposable Pasteur pipettes and discarded. 

7. 30 ml of fermentation media or seaweed hydrolysates was added to the cell pellet and 

solution briefly mixed. Fermentation medium was transferred into pre-sterilized 100 

ml shake flasks and incubated at 32 oC and 100 rpm. 

2.6. CULTURE ENRICHMENT CULTIVATION 

Enrichment culturing was carried out in 250 ml shake flasks using the following procedure: 

1. Approximately 1-5 g of biological sample, with the addition of ~5 g of seaweed biomass 

was added to 50 ml of sterile seawater. 

2. Flasks were incubated over a number of weeks, at 25 oC and 200 rpm on an orbital 

incubator. Periodically a loopfull of enrichment medium was transferred onto an agar 

surface using a sterile platinum wire. Petri dish cultures were incubated at room 

temperature until colonies were visible. 

2.7. CULTURE ISOLATION 

Culture isolation from mixed cultures was carried out by serial transfer of single colonies onto 

fresh agar plates. This isolation procedure was repeated until the purity of each isolate was 

visually confirmed, which was at least twice. 
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Marine solid growth medium was made-up from the following recipe (g l-1) ( 

Table 2-10): 

1. Agar, bacteriological peptone and yeast extract were dissolved in 240 ml of deionised 

water and diluted with the remaining 750 ml of filtered seawater. 

2. The solution was divided into equal portions in two 500 ml bottles and autoclaved for 

15 minutes at 121 oC. After sterilizations the bottles were allowed to cool to 55 oC in a 

temperature controlled water bath before adding 5 ml of sterile 100x marine 

supplement solution (Appendix P). 

3. Agar solution was gently swirled to mix solutions and poured into 90 mm Petri dishes 

and allowed to solidify. Agar dishes were sealed in plastic bags to avoid drying out of 

the agar and stored at room temperature. 

Table 2-10: ZoBell solid growth medium (ZM 1) 

Ingredient Oxoid No. Concentration (g l-1) 

Bacteriological Agar LP0011 15 
Bacteriological Peptone LP0037 5 
Yeast Extract LP0021 1 
Marine supplement solution (Appendix P)  10 ml 
Deionised water  240 mL 
Filtered seawater  750 mL 

 

2.8. CARBOHYDRATE SELECTIVE MEDIA 

Isolates were grown in selective growth medium (CHselect) that was based on the recipe of 

liquid dilute basal marine medium (ZM 10) (see Table 2-11): 

1. Peptone and yeast extract were dissolved in 240 ml of deionised water and diluted 

with the remaining 750 ml of filtered seawater. The solution was autoclaved for 15 

minutes at 121 oC. 

2. After sterilizations the bottles were allowed to cool to 55 oC in a temperature 

controlled water bath before adding 10 ml of sterile 100x Marine supplement solution. 
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Table 2-11: Dilute liquid basal medium (ZM 10) 

Ingredient Oxoid No. Concentration (g l-1) 

Bacteriological Peptone LP0037 0.5 
Yeast Extract LP0021 0.1 
Marine supplement solution (Appendix P)  10 ml 
Deionised water  240 mL 
Filtered seawater  750 mL 

 

Carbon selective media (CH select) was made-up by supplementing the basal media (ZM 10) 

with the following carbon sources: 

Table 2-12: Carbon selective (CHselect) media ingredients 

Supplementation Concentration Source 

Sodium alginate 5 (g l-1) Fisher Scientific, Cat.No. 10468800 
Laminarin 2 (g l-1) Carbosynth,  Cat.No. ML02421 
Glucose 5 (g l-1) SigmaAldrich, Cat.No. G5767 
Mannitol 5 (g l-1) SigmaAldrich, Cat.No. 9647 
Ethanol 1 (ml l-1) SigmaAldrich, Cat.No. E7023 
Alginate oligomers 5 (g l-1) Sodium alginate hydrolysed using alginate lyase 

(SigmaAldrich, Cat.No. A1603 

 

Alginate oligomers were enzymatically prepared from sodium alginate using alginate lyase. 1 

ml of an 10 unit ml-1 alginate lyase stock solution was added to 5 g of sodium alginate dissolved 

in 240 ml of deionised water and incubated over night at 37 oC and 200 rpm in an orbital 

shaker. Alginate oligomer solution was diluted with 750 ml of filtered seawater in which 0.5 g 

of bactopeptone and 0.1 g of yeast extract was dissolved. Media was autoclaved for 15 

minutes at 121 oC and once cooled 10 ml of sterile 100x marine supplement solution added. 

Laminarin, mannitol, glucose, sodium alginate or alginate oligomers were added before 

autoclaving the solution at 121 oC. Ethanol was added to the sterile medium after sterilisation. 

2.9. CULTURE MAINTENANCE 

Long-term storage of microbial cultures was achieved using the following cryo-preservation 

procedure: 



Chapter 2 

73 

1. A loophole of single colonies grown on solid marine medium were transferred into 50 

ml of sterile liquid basal medium and grown for ca. 3 days at 25 oC and 200 rpm. A 3 

day period was generally sufficient for the cells to reach stationary phase. 

2. Sterile 80 % (v v-1) glycerol solution (Sigma Aldrich, Cat. No. G5512) was added to the 

cell suspension to give a 10 % final glycerol concentration. The prepared cells were 

stored in cryogenic vials at -80 oC. 

2.10. CULTURE IDENTIFICATION 

The morphology of pure isolates was examined using three different methods. 

2.10.1. COLONY MORPHOLOGY 

Isolates were grown for 3 days on solid basal medium and described based on their color, 

texture, surface, size and colony shape (Table 2-13) using a Olympus SZH-ILLD microscope at 

64 magnification. 

Table 2-13: Morphological description of colonies 

Texture dry, mucoid, fluid or viscous, butyrous, friable, membranous 

Color opaque, cloudy, translucent, iridescent. 
Surface glistening or dull, smooth, rough, sectored, folded, ridged, hirsute 
Size tiny colonies are referred to as punctiform (<1 mm) otherwise described as small (1-

2mm) and large (>2 mm) 
Cell shape ellipsoid (ovoid shaped cells), cylindrical (elongated cells with hemispherical ends), 

apiculate (lemon shaped), ogival (elongated cell rounded at one end and pointed at 
other), flask shaped (cells dividing by bud fission), miscellaneous shapes (triangular, 
curved, spherical, stalked), pseudohyphal (chains of budding yeast cells that have 
elongated without detachment), hyphal (branched or unbranched filamentous cells 
which form germ tubes, Hyphae may give rise to blastopres), dimorphic (yeasts that 
grow vegetatively in either yeast or filamentous form) 

 

2.10.2. MICROSCOPIC EXAMINATION 

Samples from marine basal media were used for microscopic examination determining the 

size and shape of cells using a Zeiss Axio Imager 2 microscope. A 100x magnification was used 

on dilute sample preparation using sterile seawater. 
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2.10.3. MOLECULAR IDENTIFICATION 

The 16S rDNA gene was used to establish the phylogenetic identity of bacterial isolates. 

Amplification of rDNA genes were carried out using the following procedure: 

1. The bacterium was freshly streaked out onto a suitable agar (ZM 10) 1-3 days prior to 

analysis. 

2. The polymerase chain reaction (PCR) was set up and 25 µL of the Master Mix prepared 

with a 2x Taq Master Mix (Qiagen, UK) (see Table 2-14) added per PCR tube. The 

universal bacterial 16S rRNA gene PCR primers 27F (AGRGTTTGATCMTGGCTCAG) and 

1492R (CGGKTACCTTGTTACGACTT) were used to amplify the near-full length of the 

bacterial 16S gene. 

3. A single colony from an actively growing culture was picked aseptically using a sterile 

toothpick from ZM 10 agar plate and transferred to a PCR tube. A negative control (no 

colony added) was always carried out in parallel. 

4. The suspension was mixed gently and centrifuged briefly before PCR amplification. The 

PCR cycler (MJ Research, PTC 200, Peltier Thermal Cycler) was preheated was cycled 

according to the following protocol: 95 oC for 5 minutes; then 30 cycles of, 94 oC for 10 

seconds, 55 oC for 30 seconds and 72 oC for 2 minutes; then finally the reactions were 

incubated at 72 oC for 10 minutes. 

After PCR amplification, the amplicons were analysed by 0.8 % (w v-1) agarose gel 

electrophoresis. 

Table 2-14: Master Mix preparation 

 Final Concentration Volume (µL) 
1 reaction 

Volume (µL) 
17 reactions 

2x Master Mix 1x 12.5 212.5 
10 µM Primer 27F * 0.4 µM 1 17 
10 µM Primer 1492R * 0.4 µM 1 17 
dH2O  10.5 178.5 
Total Volume  25 425 

* a 10 µM working stock of primers 27F and 1492R were prepared from a 100 µM primer stock prepared with 
TE buffer (10 mM Tris-HCl; 1 mM EDTA; pH 8.0) stored at -20˚C. 
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2.10.3.1. AGAROSE GEL ELECTROPHORESIS 

PCR products were re-suspended in loading buffer and 4 µl of sample was loaded onto the gel 

with an appropriate DNA ladder (1 kb DNA Ladder, Invitrogen, UK). The DNA amplicons were 

electrophoresed in 0.5x in Tris-borate-EDTA running buffer at 120 V for 20 minutes, and 

subsequently visualized by ethidium bromide staining (0.5 µg ml-1) on a UV transilluminator. 

2.11. BIOCHEMICAL CHARACTERIZATION 

Isolated cultures were grown in selective growth medium that was based on the recipe of 

liquid marine basal medium (ZM 10) and supplemented with the following carbon sources (g 

l-1):  

1. Ethanol (1), sodium alginate (5), alginate oligomers (5), mannitol (5), glucose (5) and 

laminarin (2) (see Section 6.2.1). 

2. Each culture was also grown in non-supplemented basal marine medium (ZM 10) and 

compared against growth of selective media. Disposable 6-well-plates (Greiner Bio-

one, Cat.No. 651760) were used as the culturing system and each well was filled with 

7 ml of each media type and inoculated with 100 µl of flask culture. The 6-well plates 

were incubated for 3 days on a rocking platform (Stuart Scientific, Gyro rocker, 25 rev 

min-1) at room temperature allowing gentle mixing of each culture. 

Growth was analysed measuring the optical density at 600 nm (Implen, S-101114 Nano 

Photometer), and fermentation activity was assessed by measuring the pH. Values were 

compared against values from the control culture, grown in basal medium (ZM 10) without 

supplementation. Differences in growth and pH were expressed numerically using the 

following equations: 

Equation 2-24: Determination of response factors using Optical density (OD600) and pH 

𝑎) 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟(𝑔𝑟𝑜𝑤𝑡ℎ) =
𝑂𝐷600 𝑓𝑟𝑜𝑚 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑑𝑖𝑎

𝑂𝐷600𝑓𝑟𝑜𝑚 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛 𝑏𝑎𝑠𝑎𝑙 𝑚𝑒𝑑𝑖𝑎
 

𝑏) 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑝𝐻) = 𝑝𝐻 𝑎𝑓𝑡𝑒𝑟 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛 𝑏𝑎𝑠𝑎𝑙 𝑚𝑒𝑑𝑖𝑎 − 𝑝𝐻 𝑎𝑓𝑡𝑒𝑟 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑑𝑖𝑎 
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and expressed as a response factor symbol (o,+,++) using Table 2-15: 

Table 2-15: Evaluation criteria for growth of strains in selective growth media 

Response factor symbol Growth pH 

Weak response (o) 0.0-2.0 0.0-2.0 units 
Positive response (+) 2.0-3.0 2.0-3.0 units 
Strong response (++) >3.0 >3.0 units 

 

In addition to the selective media used for biochemical identification commercial BIOLOG GN2 

plates (Biolog, Cat.No. 1011) were used that provided a 96-well format for the analysis of the 

metabolic pattern of aerobic gram-negative bacteria, in which 95 wells contain a unique 

carbon source and the metabolic indicator tetrazolium violet. Reduction of tetrazolium violet 

indicates that organisms are able to metabolize a specific carbon source. This simultaneous 

test can distinguish between fermentative, non-fermentative and fastidious organisms. While 

utilizing carbon substrates, microbes reduce a colorless dye to violet formazan. The color can 

be measured spectrophotometrically, however in our case it was scored visually. 

BIOLOG GN2 Marine Dilution Medium was made-up from the following (g l-1): 

Sodium chloride (25), magnesium chloride 2H2O (8) and potassium chloride (0.5) were 

dissolved in deionised water and autoclaved at 121 ˚C for 15 minutes. Strains were cultivated 

using the following method: 

1. Single colony of bacterium was streaked out (e.g. 24 hours before) so cells were freshly 

grown on ZM 10 agar plates. 

2. To 18 ml of Marine Dilution Medium, 180 µl of 100x Marine Supplements was added. 

3. Media was inoculated with bacterial colonies from an agar plate (optimally, they 

should be freshly grown), and re-suspended by vortex. 

4. Allow to stand for a few minutes to allow any clumps to settle. 

5. Each well was inoculated with 150 µl per well. 

6. Colour changes were noted immediately. 

7. Plates were incubated in a sealed plastic container containing moistened paper towel 

to maintain humidity. 
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8. Incubation period were between 1-4 days at 28 ̊ C. Wells that gave a purple colouration 

were recorded. 

2.12. ISOLATION OF INTRACELLULAR ENZYMES FROM CULTURE ISOLATES 

Various assays were used to assess the enzymatic activity of the cultured isolates according to 

the following procedure: 

1. A loophole of culture from frozen stocks were added to 7 ml of ZM 10 media and 

incubated in 6-well-plates for 3 days on a rocking platform (Stuart Scientific, Gyro 

Rocker) at 25 rev min-1 and room temperature. 

2. Each culture isolate was then grown in two different media to evaluate intracellular 

and extracellular enzyme production. The first medium (Media 1) consisted of the 

following ingredients (g l-1): Sodium alginate (5), laminarin (4), bacto peptone (5), 

mannitol (5) and yeast extract (1). Sodium alginate was dissolved in 250 ml of 

deionized water to avoid precipitation. All other ingredients were dissolved in 750 ml 

of filtered seawater. Both solutions were autoclaved for 15 minutes at 121 oC and once 

cooled to room temperature combined. The second medium (Media 2) was made-up 

from (g l-1): Laminaria hyperborea, October 2011 harvest (25) and yeast extract (3) in 

75 % seawater. The solution was also sterilized for 15 minutes at 121 oC. 

3. 50 ml of Media 1 was transferred to pre-sterilised 250 ml Erlenmeyer flasks and 

inoculated with 100 µl of inocula from Step 1; flasks were incubated for ca. 3 days at 

25 oC and 200 rpm in an orbital incubator. 

4. Culture medium was then transferred to 50 ml sterile Falcon tubes and centrifuged for 

20 minutes at 10,000 g. The supernatant was then used to assess enzymatic activities 

(see Method 2.13, Method 2.14, Method 2.15). 

5. The remaining cell pellet was sub-divided, with a portion kept aside for immediate 

intracellular enzyme assessment. 

6. Approximately 1 g of cells was re-suspended in 10 ml of ice-cold 50 mM TRIS buffer, 

pH 7.5 and sonicated on ice for 20 minutes using a 750 W sonicator (Sonics Vibra Cells) 

on a cycle of 20 seconds sonication and 10 seconds pause. The sonicated suspension 
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was centrifuged for 10 minutes at 10,000 g at 4 oC and supernatant clarified by 

filtration through a sterile 0.22 μm PES membrane filter. 

7. Protein content in the supernatant was analysed using the Folin-Ciaulteau Method 

described in Section 2.3.11. 

8. The remaining cell pellet from step 5 was transferred to 50 ml of Medium 2 and 

incubated in a 250 ml pre-sterilised shake flask for 3 days at 25 oC and 200 rpm. 

9. Following growth, content of Medium 2 was centrifuged for 10 minutes at 10,000 g. 

Solids were discarded and the supernatant was used for enzymatic assays (see Method 

2.13, Method 2.14, Method 2.15). 

2.13. ALGINATE LYASE ACTIVITY TEST 

Determination of alginate lyase activity was carried in liquid culture. 

Procedure 

1. 100 μl of a filtered bacterial sample (<0.22 μm) was added to 900 μl of a 1 % (w v-1) 

sodium alginate solution, buffered in 0.01 M citrate buffer (pH 6.2) (Appendix P) and 

900 μl of 0.01 M citrate buffer without alginate (blank). 

2. Solutions were incubated for 30 minutes at 37 oC in a water bath. 

3. Absorption was measured in a 1 cm quartz cuvette at 235 nm. 

4. Absorption results were subtracted from the blank solution, as it was found that 

bacterial filtrates from growth media resulted in a background reading at 235 nm. 

One unit of alginate lyase activity was defined as an increase of 1.0 in absorption at 235 nm 

per min. Specific activity was expressed as units mg-1 of protein and determined according to 

Equation 2-25: 

Equation 2-25: Calculation for determination of specific alginate lyase activity 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
∆ (𝐴𝑏𝑠2 − 𝐴𝑏𝑠1)

∆(𝑡2 − 𝑡1)
 𝑥 

1

𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
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with: Abs2= absorbance at 235 nm after 30 minutes, Abs1=absorbance at 235 nm from blank 

solution and Δt being 30 minutes; protein mass in the applied sample was calculated according 

to following equation: 

Equation 2-26: Calculation of protein content in mg in sample applied for assay. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑚𝑔) =
𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝑔 𝑙−1)

1𝑥106 (𝜇𝑙 𝑙−1)
𝑥 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝜇𝑙)  

 

2.14. LAMINARINASE ACTIVITY ASSAY 

Laminarinase activity was also carried out in liquid culturing. 

Procedure: 

1. 250 μl of filtered sample (<0.22 μm) was added to 750 μl of a 3 g l-1 Laminarin stock 

solution, buffered in 0.01 M citrate buffer at pH 6.2 (Appendix P) in 2 ml 

microcentrifuge tubes. 

2. Incubation was at 37 oC for 1 hour in a water bath. The solution was acidified with 10 

μl of a 2 M sulphuric acid solution and analyzed for glucose using Method 2.3.5.2. 

Specific activity was expressed as mg l-1 of glucose released after 1 hour from laminarin and 

related to the amount of protein used as mgprotein
-1 (Equation 2-27): 

Equation 2-27: Laminarin activity calculation, with a unit being the amount of glucose released from a known 
amount of protein at a specified time 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦(𝑢𝑛𝑖𝑡 𝑙−1 ℎ𝑟−1) =
𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑚𝑔 𝑙−1)

(ℎ𝑜𝑢𝑟)
 𝑥 

1

𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑔)
 

 

2.15. SEAWEED DEGRADATION ASSAYS 

Seaweed degradation studies utilised a rotating disc for homogenisation of insoluble seaweed 

matter and enhancement of enzymatic activity. Initial enzymatic assays were carried out using 
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A. esculenta media to study saccharification yields (Procedure 1). Further assessment of the 

enzymatic potential of enzyme preparations was carried out using L. hyperborea and S. 

latissima media, coupled with fermentation assessment (Procedure 2). 

Procedure 1 

1. 500 μl of filtered sample was transferred into sterile 2 ml Eppendorf style 

microcentrifuge tubes with 1500 μl of an A. esculenta medium (made-up in deionised 

water at a concentration of 25 g l-1) and incubated for 17 hours at 37 oC on a rotating 

disc. 

2. Samples were prepared and analyzed using Method 2.3.5.2. 

Results were adjusted by a dilution factor df, 

𝑤𝑖𝑡ℎ 𝐷𝑓 =
𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝜇𝑙)

𝑚𝑒𝑑𝑖𝑎 𝑣𝑜𝑙𝑢𝑚𝑒 (𝜇𝑙)
=  

2000

1500
= 1.33  

 

and calculated according to Equation 2-28: 

Equation 2-28: Determination of enzymatic acitivity using seaweed medium. 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑚𝑔 𝑙−1)

𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
𝑥 100 𝑥 𝐷𝑓  

 

Procedure 2 

Further assessment of enzymatic activities and the ethanologenic potential of enzyme 

hydrolysates was carried out with L. hyperborea and S. latissma media. Both seaweeds were 

harvested in October 2011 and made-up to concentrations of 25 g l-1 with deionised water. 

An 8 and 20 % volumetric addition of cell lysate (see Section 2.12) to media was applied to 

both media by adding either 2 ml of cell lysate to 23 ml of seaweed media or 5 ml of cell lysate 

to 20 ml media. Saccharification for both concentrations was carried out in 100 ml bottles 
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incubated for 24 hours at 37 oC and 100 rpm in a temperature controlled orbital shaker (New 

Brunswick, Innova 4230). 

Final seaweed concentration after dilution with cell lysate was calculated according to 

Equation 2-29 taking the residual moisture of the freeze-dried seaweed (r), volume of cell 

lysate (V1), volume of seaweed media (V2) and its initial concentration (C1) in g l-1 into 

consideration. 

Equation 2-29: Determination of the final seaweed concentration, expressed as normalised seaweed 
concentration, used for saccharification of seaweed after addition of cell lysate. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑠𝑒𝑎𝑤𝑒𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔 𝑙−1) =
𝑉2

𝑉1 + 𝑉2
 𝑥 (1 −

𝑟

100
) 𝑥 𝐶1  

 

Saccharification yields were expressed according to Equation 2-12. Fermentation using S. 

cerevisiae was carried out in triplicate according to Method 2.5.1 and ethanol concentration 

was measured after 24 hours incubation at 32 oC and expressed according to Equation 2-16. 

 

2.16. STATISTICAL ANALYSIS 

Data was analysed using the statistical software Minitab 15.1.0.0. A 1-way analysis of variance 

was used to determine whether the group means (where a group was defined as the month 

of collection) were all equal or not (Adams et al. 2011). Significance of variation was expressed 

using the probability factor P, with P ≤0.05 indicating a high variability amongst all groups. 

Pearson correlation - moment analysis was used to identify the strength of association 

between two variables, where a positive correlation factor r indicates that both variables 

increase or decrease together, whereas negative correlation indicates that as one variable 

increases, so the other decreases, and vice versa. A probability factor P ≤0.05 also indicates if 

a correlation between two variables is statistically significant or not (P ≥0.05). 
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3. CHEMICAL CHARACTERISATION OF SEAWEED 

BIOMASS AS A FERMENTATION SUBSTRATE 

3.1. INTRODUCTION 

Historically seaweed has been used around the world as a fertiliser, soil improver, animal food 

additive (Indergaard 1991) or for human consumption (Norziah 2000). The majority of 

fermentation substrate of current bioethanol processes is of terrestrial origin, but alternatives 

are required owing to pressures on agricultural land amongst other things such as competing 

for food crops. Marine environments generate approximately 50 % of the total global biomass 

(Carlsson 2007) and seaweed biomass has been assessed as a feedstock resource for the 

biofuel industry as a substitute for the food substrates typically associated with first 

generation biofuels. 

European Union policy (Commision 2012) states that biofuels shall achieve a greenhouse gas 

emission saving of at least 35 % until 31 December 2017 and at least 50 % from 1 January 2018 

compared to fossil fuels. This makes brown algae an interesting candidate for biofuel 

production due to its abundance in the Northern hemisphere, its higher photosynthetic 

efficiencies (6-8 % versus ~2 %) and associated higher growth rates compared to terrestrial 

plants (Ross et al. 2008, Bruton 2009). In addition, brown macroalgae are rich in carbohydrates 

and lack recalcitrant compounds such as lignins and cellulose (Delwiche et al. 1989, Martone 

et al. 2009) and also contribute essential elements needed for microbial nutrition e.g. nitrogen 

(Mara and Horan 2003). 

As substrates for fermentation, it is important to determine the biochemical composition, 

financial and environmental costs of production for candidate species. Alginate is one of the 

major carbohydrates of brown algal biomass and is believed to be one of the most abundant 

marine biopolymers. The major source of alginate is found in the cell walls and the intracellular 

spaces of brown seaweed and may contribute up to 40 % of L. hyperborea dry weight (Horn 

et al. 1999). In addition, the laminarin, mannitol and fucoidan contents can also make up a 
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significant proportion of the carbohydrate pool of brown seaweeds (Black et al. 1951, Usov et 

al. 2001) and have already been investigated for bioethanol production (Horn et al. 2000). 

The inorganic content (in particular alkali metals, sulphate and halogens) of kelps is 

significantly higher than in terrestrial biomass (Ross et al. 2008, Roesijadi et al. 2010) with 

possible consequences for fermentation, downstream processing and disposal of wastes. 

Brown seaweed biomass, in particular species of the Fucaceae contain secondary metabolites 

such as polyphenolic compounds, which have been shown to inhibit enzymes and therefore 

affect microbial activities (McDougall et al. 2005, Vijayabaskar 2011). All these factors, even if 

initially present only in small concentrations can become process limiting factors if feedstock 

concentration is applied, a common technique in the brewing industry to achieve high 

strength substrates. 

The search for the ideal fermentation substrate usually starts with a full chemical analysis of 

the raw material to identify its fermentable components. Besides protein and mineral content, 

carbohydrate and lipid profiles have been the focus of many seaweed analysis studies (Black 

1950, Qasim 1991, Polat and Ozogul 2008, Banerjee et al. 2009, Manivannan 2009, Gressler 

et al. 2011). However, as the biochemical composition of seaweed is influenced not only by 

the species studied but also by its environmental conditions, its maturity, its gender and also 

the season (Ito and Hori 1989, Murakami et al. 2011), sampling of different species over longer 

periods needs to be conducted to fully understand their impact on biomass composition. 

The work described in this Chapter focuses primarily on identifying the main seaweed 

components - carbohydrates, proteins, ash and polyphenol - of Saccharina latissima, 

Laminaria digitata, Laminaria hyperborea and Alaria esculenta over one season, with the aim 

of evaluating seaweed biomass as a potential feedstock material for ethanol fermentation. In 

addition to identification of the seasonal impact on the chemical composition of seaweeds, 

the variance between individuals of the species of A. esculenta and S. latissima over a five 

month period was assessed. Finally the fermentability of seasonal harvests of S. latissima, L. 

digitata, L. hyperborea and A. esculenta was assessed using a minaturised fermentation assay. 
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Three members of the family Fucaceae and belonging to the order Fucales, Ascophylum 

nodosum, Fucus serratus and Fucus vesiculosis and one member of the family Phyllariaceae 

and belonging to the order Tilopteridales, Sacchoriza polyschides were also investigated as 

potential biomass resources. As these seaweeds were not chemically characterized 

throughout an entire season, they are discussed separately and in less detail. 
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3.2. MATERIALS AND METHODS 

Organic and inorganic content of seaweed biomass (structural or extractable) was monitored 

between August 2010 and October 2011 to evaluate seaweed biomass as a raw material for 

biofuel production.  

For chemical composition analysis of seaweed biomass, freeze-dried and ground (<1 mm) (see 

Section 2.2) harvests of ~1 kg homogenized portions of thalli of L. digitata, S. latissima, A. 

esculenta and L. hyperborea, collected over a 14 months period between August 2010 and 

October 2011 were evaluated. Homogenised seaweed biomass was used for the evaluation of 

the impact of seasonality on chemical composition. Statistical analysis was used to determine 

whether significant differences of seaweed components occurred across the 14 months 

period and to identify important associations between individual carbohydrates and 

fermentation results. Post-hoc tests were carried out if the ANOVA result were significant. 

Pairs of data were compared simultaneously, to gain more information as to why a significant 

result was obtained for the overall ANOVA. 

As this preparation method resulted in homogenized biomass from different individual 

species, a separate preparation method was applied to investigate the variation in chemical 

composition of individual thalli from the same species and habitat. Heterogeneity analysis 

amongst thalli of S. latissima and A. esculenta was carried out on three individual thalli 

collected over three harvests. Individual thalli was prepared according to Methods described 

in Section 2.2.2 and 2.2.3. The variation of the distribution of the chemical composition within 

a community of the same species was determined by comparison against results from 

homogenized biomass of multiple species. Statistical analysis of variance between the two 

sets of data was carried out using a paired Student’s t-test. Pearson-moment correlation 

analysis was used to correlate the weight to length ratio of seaweed to individual components 

to identify if this ratio can be used to predict best harvest times. 

As there are no standardised procedures for the chemical analysis of seaweed biomass a 

number of different extraction procedures using dilute acid, alkaline solutions and solvents 

were adapted to extract the seaweed components fucoidan, laminarin, mannitol, alginate and 
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polyphenols, respectively and described below. Procedures such as determination of protein, 

ash and moisture contents followed standardised procedures. 

3.2.1. MOISTURE AND ASH 

Moisture and ash content were evaluated according to standardised methods after oven 

drying seaweed biomass at 105oC (Sluiter 2008) and subsequent combustion of oven dried 

biomass at 550 oC (Sluiter 2005) (see Methods 2.3.1 and 2.3.2). 

Moisture content was determined from two to three samples of freshly macerated seaweed, 

while ash content was determined from three samples of freeze dried and ground seaweeds. 

3.2.2. SOLUBLE CARBOHYDRATES 

Routine extraction procedures were used for quantification of mannitol and laminarin content 

of seasonal seaweed harvests and followed the procedures outlined in Section 2.4.2. 

Fucoidans were determined from aqueous extracts using Method 2.4.3. 

Measurements of mannitol and glucose was done from three acid extracts of seaweeds using 

the HPLC Method 2.3.5.2. The fucose and xylose content was determined from a single acid 

hydrolysis of aqueous seaweed extract. 

3.2.3. STRUCTURAL CARBOHYDRATE: ALGINATE 

Commonly viscosity measurements have been used to determine alginate yields in aqueous 

extracts. In this thesis a colourimetric method described by Ramus (1977) was trialled (see 

Section 2.3.4). Alginate content in all seaweed extracts was analysed using the colourimetric 

method described in Section 2.3.4. 

As there are no standardised laboratory procedures for alginate extraction using seaweed 

biomass, different extraction conditions were trialled to investigate their impact on alginate 

yield. As acid pre-treatment of seaweeds is commonly applied at industrial scale before 

alkaline extraction, the impact of acid pre-treatment on alginate extraction yields was also 

investigated at the laboratory scale as follows: 
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For the pre-treatment approximately 30 ± 3 mg of L. digitata powder was weighed into 2 ml 

plastic micro centrifuge tubes with 1 mL of 0.1 M sulphuric acid solution. Tubes were placed 

onto a rotating wheel at 20 rpm and mixed by inversion for 30 minutes at room temperature 

(~23 oC). The pre-treated seaweed slurry was centrifuged for 2 minutes at 16,200 g and the 

remaining cell pellet re-suspended in 1 ml of fresh 0.1 M sulphuric acid followed by re-

centrifugation. Both supernatants were discarded. Pre-treated seaweed was transferred into 

glass tubes with 10 ml of a 4 % or 6 % (w v-1) sodium carbonate solution. Non pre-treated 

seaweed was weighed directly into glass tubes with the addition of 10 ml of a 4 or 6 % sodium 

carbonate solution. All tubes were incubated for 25 hours at 60 oC in a Techne Dri-Block® DB-

3D heater block. Each tube was sampled after 1, 2, 3, 4, 6 and 25 hours of incubation and 

mixed before each sampling. Quantification of the alginate content was carried out by the 

colorimetric method described above. 

The results of the alginate analysis of seaweed in this thesis are expressed as the organic form 

alginic acid so standard calibration curves for alginic acid and sodium alginate was used to 

investigate: a) the suitability of the Alcian Blue method for evaluation of alginate extraction 

yields; b) identify if there was a difference between the two calibration curves and c) if heat 

treatment (used during the alginate extraction) influences absorption characteristics of 

extracted alginate. The following procedure was applied: 

Stock solutions were made-up by the addition of 25 mg of sodium alginate or alginic acid 

to 25 ml volumetric flasks. Sodium carbonate solution (10 ml, 6 %) was added to each 

flask containing sodium alginate and alginic acid solution and incubated for 3 hours at 

60 oC in a water bath. In addition, the same sodium alginate solution was incubated for 

3 hours at 25 oC. All solutions were finally made up with deionised water to 25 ml and 

subsequently diluted further with deionised water to strengths of 100-900 µg ml-1. 

Development of all alginate extraction procedures described in this section were carried out 

using freeze dried and milled (<1 mm) L. digitata, harvested in November 2010. Extraction of 

alginate was carried out in heat resistant 13 x 100 mm round bottom glass tubes equipped 

with Teflon lined screw caps using a Techne Dri-Block® DB-3D heater block. 
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For routine alginate analysis two samples of freeze dried seaweed were extracted and 

analysed using Method 2.3.4. 

3.2.4. OTHER STRUCTURAL CARBOHYDRATES 

A modified version of a National Renewable Energy Laboratory (NREL) method described by 

Sluiter (2008) was used for the determination of structural carbohydrates in seaweed biomass, 

which is outlined in Section 2.4.1. Sample preparation and sugar HPLC analysis was carried out 

according to Method 2.3.5.2. 

As this method quantifies the total carbohydrate content (soluble + insoluble) of biomass, the 

insoluble structural glucan content such as cellulose was determined from the balance 

between the total and the soluble fraction (such as laminarin) using the following equation: 

Equation 3-1: Determination of insoluble carbohydrate glucan content - cellulose. 

𝐼𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑔𝑙𝑢𝑐𝑎𝑛 = 𝑇𝑜𝑡𝑎𝑙 𝑔𝑙𝑢𝑐𝑎𝑛 − 𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑔𝑙𝑢𝑐𝑎𝑛 

3.2.5. POLYPHENOLS 

Experiments were carried out using a simplified and rapid micro-scale extraction system using 

a rotary wheel (45o) instead of a rotary shaker for extracting polyphenols. This system also 

reduced the amount of plant material from initially 25 g per 250 ml to 100 mg per ml of 

solvent. Different extraction procedures using between 1 to 3 extraction stages were also 

trialled to investigate their impact on yield. For polyphenol extraction development, freeze-

dried F. serratus collected in February 2011 was used as the model seaweed due to its 

naturally high polyphenol content. 

Tests were carried out using a solvent mix of equal amounts of acetonitrile and water 

containing 0.2 % formic acid and compared to methanol as the control extraction solvent. 

Each method was carried out in triplicate by weighing approximately 100 ± 10 mg of freeze-

dried seaweed into 2 ml micro centrifuge plastic tubes. To each tube 1 ml of solvent was 

added. Tubes were taped on to a rotary wheel, rotating at a 45o angle and mixed at 20 rpm at 

room temperature. After completion of each extraction stage, tubes were centrifuged for 2 
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minutes at 16,200 g and supernatants transferred to 5 ml volumetric flasks. Extraction was 

repeated for multi-stage extraction processes by the addition of fresh solvent and re-

suspension of the cell pellet. Extraction time varied according to each method (Table 3-1). 

Table 3-1: Polyphenol extraction: Experimental design using different extraction stages and extraction times 
of F. serratus 

Method  Extraction stages Total extraction time Solvent 

1  1 1 hour Acidified acetonitrile 

2  2 2 hours Acidified acetonitrile 

3  2 3 hours Acidified acetonitrile 

4  3 3 hours Acidified acetonitrile 

5  2 2 hours Methanol 

 

The first extraction stage was 1 hour for all experiments, whereas the second extraction stage 

varied between 1 hour (Method 2) and 2 hours (Method 3). A three-stage extraction process 

applied a series of three 1 hour stages (Method 4). In Method 5 aqueous acetonitrile was 

replaced with 100 % methanol in a two-stage extraction process for two hours. After each 

extraction stage the resulting cell pellet (centrifugation for 1 minute at 13,200 g) was washed 

once with 1 ml of fresh solvent and re-centrifuged. Solvent from all washing stages and 

supernatants from centrifugation were combined and the final volume adjusted to 5 ml using 

acidified acetonitrile for Method 1-4 and methanol for Method 5. Re-centrifugation of the 

final extract removed any residual solid carried over during the extraction processes. 

Analysis of the total polyphenol content was carried out on two to three samples using the 

extraction method and the Folin-Ciocalteau Colourimetric Method, described in Chapter 2, 

Method 2.3.3. 

3.2.6. PROTEIN 

Extraction of total protein content was carried out using a combined acid and alkaline 

extraction method developed for the release of proteins from microalgal biomass (Slocombe 

et al. 2013). Three samples from each harvest were extracted and analysed for proteins using 

the methods, which are described in more detail Section 2.3.11. 
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3.2.7. CARBON AND NITROGEN 

The following procedure for the analysis of the stable isotope ratio of the elements carbon 

and nitrogen was carried out according to a standarised procedure, described in Section 2.3.7. 

Three samples of each harvest point were used for determination of C and N content. 

3.2.8. STATISTICAL ANALYSIS USED TO IDENTIFY DIFFERENCES 

AND RELATIONSHIPS IN SEAWEEDS 

Thalli of the species S. latissima and A. esculenta were collected from Clachan Sound on the 

Isle of Seil during March, May and July 2011. Three individual thalli were picked from a 

collection of seaweeds. Length and weight of each individual thalli was measured. Each 

individual thalli was cut into smaller pieces using a knife, bagged into a plastic bag, frozen at -

20 oC and prepared according to Section 2.2. Analyses of seaweed components were carried 

out according to Methods 3.2.1 to 3.2.7. Data sets from individual thalli were compared 

against data sets from homogenised biomass of multiple thalli. Heterogeneity studies were 

carried out to investigate the variation in the chemical composition of individual thalli and 

identify the distribution of algal components within a closed community using a paired t-test. 

A Pearson moment – correlation analysis was also applied to highlight correlations of these 

two data sets. 

In an attempt to establish if the weight to length ratio of seaweeds can be used as a simple 

measure to predict best harvesting times, the association between this ratio and the main 

carbohydrates was also investigated using Pearson analysis. 

3.2.9. FERMENTATION ASSAY 

Acid hydrolysates of seasonal seaweed harvests were fermented according to the procedures 

outlined in Section 2.5.1. Two samples from each sample point were acid digested and 

fermented. Analysis of fermentation products and residues were carried out in triplicate using 

Method 2.3.5.2 and resulting in six fermentation results. 
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Two members of the order Fucales were enzymatically digested to investigate the effect of 

polyphenols on fermentation yields. The Novozymes cellulosic enzyme blend NS22086 

containing largely cellulases in combination with the enzyme blend NS 22118, containing 

hemicellulases (Appendix H), were applied in dosages of 5 and 0.6 % (w w-1) respectively. 

Approximately 300 ± 30 mg of freeze dried seaweed powder was autoclaved with 15 ml of 

0.01 M citrate buffer (pH 4.8) in a 100 ml Duran bottle for 15 min at 121 oC. Once cooled to 45 

oC enzyme solutions were added and bottles were shaken for 20 hours at 45 oC and 100 rpm 

in a temperature controlled incubator (New Brunswick, Innova 4230). After saccharification 

enzymatic digests were centrifuged for 10 minutes at 3,200 g and two 5 ml volumes were used 

for fermentation as described above. Results were expressed as the ethanol yield per biomass 

on a weight to weight basis (g g-1).  
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3.3. RESULTS AND DISCUSSIONS 

This section is divided into two parts with the first part outlined in Section 3.3.1 to 3.3.7 

describing the results from chemical composition analyses of the Laminariaceae L. digitata, L. 

hyperborea, S. latissima and A. esculenta. In Section 3.3.8 to 3.3.10 associations and variances 

of individual seaweed components are described; and Section 3.3.11 highlights the results 

from fermentation of seaweed biomass. Section 3.3.12 reports the results from members of 

the family of the Fucaceae - A. nodosum, F. serratus and F. vesiculosis. This section also 

includes a member of the family of Phyllariaceae – S. polyschides, as there was only a limited 

dataset available. This derived from three harvests only, from two different sample locations 

as well as from cultivated and wild stocks. 

3.3.1. MOISTURE CONTENT OF LAMINARIACEAE 

Average, minimum and maximum moisture contents are summarised in Table 3-2 and 

seasonal moisture profiles displayed in Figure 3.1. Moisture content of the four kelp species 

were similar and followed a seasonal pattern with low moisture contents in the autumn 

months followed by high moisture contents during winter. Average annual moisture content 

was 84.5 ± 5.7 %, 87.2 ± 2.2 %, 84.9 ± 2.9 % and 85.5 ± 2.5 % for L. digitata, L. hyperborea, S. 

latissima and A. esculenta respectively (Table 3-2).  

Table 3-2: Statistical analysis of the moisture content of the kelp species L. digitata, L. hyperborea, S. 
latissima and A. esculenta 

 L. digitata L. hyperborea S. latissima A. esculenta 

Average ± SD 84.5 ± 5.7 % 87.2 ± 2.2 % 84.9 ± 2.9 % 85.5 ± 2.5 % 

high 88.5 % 89.9 % 89.9 % 88.3 % 

low 76.3 % 84.5 % 81.9 % 83.9 % 

Fdf/error F6/14= 21.8 F5/12= 42.4 F6/14= 5.3 F2/6= 98.6 

P P < 0.001 P < 0.001 P < 0.001 P < 0.001 

Moisture contents are expressed as a % of the dry weight; F and P values highlight the variability of moisture 

content across the sampling period and were determined using 1 way ANOVA. 
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This decline of moisture content from highs around winter time to lows towards summer was 

also seen by Adams et al. in L. digitata (Adams et al. 2011). The variation of moisture content 

throughout the sampling season was found to be highly significant (P <0.001) for all four kelp 

species throughout the 14 month sampling period with a higher variation of 6 % seen in L. 

dgitata compared to around 3 % for L. hyperborea, S. latissima and A. esculenta (Table 3-2). 

Comparison of the means of monthly moisture contents against the mean of seasonal 

moisture content (14 month period) has shown that only the months of August and October 

2010 were significantly different (P <0.02) for all four seaweeds. 

 

Figure 3.1: Moisture content of four kelp species A. esculenta, L. digitata, S. latissima and L. hyperborea 
between August 2010 and September 2011. The error bars are the means ± SD of three analyses. 

 

3.3.2. ASH CONTENT OF LAMINARIACEAE 

Average, minimum and maximum ash contents are summarised in Table 3-9 and seasonal ash 

profiles displayed in Figure 3.2. In addition, a more detailed analysis of the metal content in 

seaweeds was also carried out and seasonal profiles of the combined top 4 cations sodium, 

potassium, calcium and magnesium are displayed in Figure 3.3. Average, minimum and 

maximum content of the top 9 metals are given in Table 3-3. The results from the total 

elemental analysis of seaweed biomass are shown in (Appendix D). Average ash profiles over 

the 14 month sampling period of the four kelp species ranged between 31.6 ± 7.1 %, 32.0 ± 
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9.6 %, 31.7 ± 7.6 % and 25.3 ± 5.8 % for the species L. digitata, L. hyperborea, S. latissima and 

A. esculenta, respectively (Figure 3.2).  

 

Figure 3.2: Ash content of the Laminariales A. esculenta, L. digitata, S. latissima and L. hyperborea during the 
sampling period August 2010 and October 2011. The error bars are the means ± SD of three analyses and are 
usually hidden behind the line markers. 

 

Seasonal fluctuations in ash content were highest in L. hyperborea (~10 %) and lowest in A. 

esculenta (~6 %). In line with these results, ash contents in L. digitata of 37.5 % have been 

reported from unknown harvesting times (Ruparez 2002) and 24.7 ± 6.5 % throughout the 

2008 season (Adams et al. 2011). Highest levels of ash were seen for all species during winter 

months with a decline to low levels seen in late summer. In addition, ash contents of different 

species belonging to the Laminarinaceae have been reported with minimum and maximum 

peaks seldomly being repeated within the same month and concentration in the following 

year (Black 1950). This trend was also discovered more recently on L. digitata (Adams et al. 

2011). Variation in ash content throughout the 14 months testing period was highly significant 

(Table 3-9) with P <0.001 for all four kelps. Metal analysis of the four seaweeds have revealed 

that high ash contents are due to the accumulation of mainly potassium and sodium ions, 

which more than doubled in concentration between lows in the summer months and highs 

during the winter months (Figure 3.3). This observation has also been described in L. digitata 

by Adams et al. (2011). In our research the major four metal cations in the four seaweeds were 

in the following order: Potassium > Sodium > Calcium > Magnesium followed by Strontium, 
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Iron, Arsenic and Aluminium, Zinc and Titanium. Levels of these elements were significantly 

lower and the order in concentration varied between each species (Appendix D). 

 

Figure 3.3: Sum of the alkali metals Ca, Mg, Na and K (mg kg-1) showing seasonal variations in the kelp 
species S. latissima, L. hyperborea, L. digitata and A. esculenta during the sampling period August 2010 and 
October 2011. 

As high salinity can cause osmotic stress and specific ion toxicity for yeast cell (Ren et al. 2012) 

the high mineral content in seaweed biomass may cause process difficulties for fermentation. 

The ash content of seaweed biomass consists largely of the ions - sodium, potassium, calcium 

and magnesium - with chloride and sulfate as the main counter-ions (Adams et al. 2011). High 

sodium concentrations (1 M) have shown to lead to reduced growth and higher specific 

glucose up-take rates rates in S. cerevisiae largely due to diversified cell maintenance functions 

such as the accumulation of osmoregulants such as glycerol (Watson 1970). Calcium has also 

been shown to inhibit growth of Saccharomyces spp. when compared to the same 

concentrations of potassium and magnesium chloride (Bautista-Gallego 2008). Yeast cells 

maintain very low cytosolic levels of calcium and sodium ions and higher external levels of 

those elements will therefore cause physiological stress to the cell. Potassium uptake and 

efflux in actively growing cultures on the other hand is much higher and large external 

concentrations will therefore not possess an imminent problem to the cells. Sulphate can be 

assimilated and stored intracellularly by yeasts in the form of glutathione (Walker 1998) and 

therefore should not present a problem. There is no evidence of toxicity of chloride but it is 

believed that chloride may be involved in the cell water regulation (Andre 1995). 
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Table 3-3: Summary of metal analysis (top 9) of S. latissima, L. digitata, L. hyperborea and A. esculenta during the sampling period August 2010 to October 
2011 

Metal ions Concentration  L. digitata S. latissima L. hyperborea A. esculenta 

  (mg kg-1) 

Potassium average ± SD 47,784 ± 15,059 47,024 ± 20,018 51,069 ± 18,008 35,120 ± 15,345 
high ~66,000 3,4 ~70,000 2,3 ~70,000 4,5 52090 4 
low ~30,000 1,8 16,500 8 ~30,000 2,7 22060 6 

Sodium average ± SD 33,104 ± 6,306 29,424 ± 6,391 33,595 ± 6,863 33,297 ± 6,774 
high ~41,000 3,4 ~35,000 2-5 ~40,000 3,4,5 39070 4 
low ~25,000 1,8 22,000 1,6,8 ~24,000 1,2 25840 5 

Calcium average ± SD 8,047 ± 853 15716 ± 8382 9,624 ± 1666 10,435 ± 2879 
high ~8,600 2,3,7,8 ~28,000 7 ~11,000 1,3,7,8 12790 4 
low ~7,200 5,6 3700 8 ~8,000 2,4,5,6 7225 6 

Magnesium average ± SD 6,209 ± 706 8445 ± 5326 6,222 ± 898 7,042 ±903 
high ~7,100 3,4 ~8,000 2,8 ~7,000 3,4,5 8048 4 
low ~5100 1 ~5,500 6 ~5,000 1,2 6303 5 

Strontium average ± SD 711 ± 86 506 ± 292 615 ± 266 795 ± 593 
high ~800 3,4 ~650 1,3-7 ~800 3,6 963 4 
low ~600 1,2,5,6 14 2 ~80 7 593 6 

Aluminium average ± SD 57 ± 40 703 ± 597 160 ± 259 279 ± 202 
high ~110 3,5 ~1800 5 789 7 508 4 
low ~10 1,8 13 2 2 2 123 6 

Iron average ± SD 139 ± 57 586 ± 452 232 ± 212 271 ± 174 
high ~170 3-7 ~1200 5,7 700 7 431 4 
low ~80 1,2,8 16 2 ~60 1,2 86 6 

Zinc average ± SD 40 ± 6 23 ± 8 31 ± 16 38 ± 15 
high ~40 3-7 ~30 2,3,5 50 6 55 5 
low ~30 1,2,8 8 8 1 2 28 6 

Arsenic average ± SD 96 ± 16 37 ± 27 73 ± 45 45 ± 9 
high ~100 2,3,4,6,7 ~80 1,6,7 ~110 3,5,6 54 5 
low ~70 1,8 3 8 ~5 3,7 35 6 

Average numbers were expressed as the mean of seasonal values ± standard deviation. Supscripted numbers highlight the months of occurences of high and 
low concentrations: 1, August 2010; 2, October 2010; 3, February 2011; 4, March 2011; 5, May 2011; 6, July 2011; 7, September 2011; 8, October 2011; Metals 
were determined using an inductively coupled plasma spectrometer with two detection methods: optical emission spectrometry (IC-OES) for the analysis of 
Ca, Mg, Na and K, and mass spectrometry (ICP-MS) for the analysis of Sr, Al, Fe, Zn and As. 
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3.3.3. SOLUBLE CARBOHYDRATES OF THE LAMINARIACEAE 

Average annual mannitol content of the species L. digitata, S. latissima, L. hyperborea and A. 

esculenta were highly variable and accounted for 19.4 ± 6.6 %, 18.6 ± 4.7 %, 17.5 ± 7.4 % and 

12.1 ± 3.5 % of the seaweed biomass respectively (Figure 3.4). Results from statistical analysis 

using 1-way ANOVA showed that the variation of mannitol throughout the season was highly 

significant for all species (P <0.001, Table 3-4). Comparison of average mannitol contents of 

individual months against each other (Post-hoc test) has shown that similarities in mannitol 

content can be repeated in the previous or following months (Table 3-5). However no clear 

trend was apparent to conclude that mannitol contents can be repeated the following season. 

Table 3-4: Summary of the soluble carbohydrate content in L. digitata, L. hyperborea, S. latissima and A. 
esculenta between August 2010 to October 2011.  

 % soluble 
carbohydrates 

Statistical 
analysis 

L.  
digitata 

S.  
latissima 

L.  
hyperborea 

A.  
esculenta 

Laminarin average ± SD 6.7 ± 6.0 8.2 ± 5.3 7.4 ± 8.0 11.1 ± 7.2 

high 17.2 1 14.4 7 23.6 2 15.9 6 

low 1.6 3 1.2 4,3 1.3 3,4,5,6 2.4 4 

Fdf/error 
P 

F7,8 =20249 
<0.001 

F7,8 =3119 
<0.001 

F7,8 =2253 
<0.001 

F2,6 =343 
<0.001 

Mannitol average ± SD 19.4 ± 6.6 18.6 ± 4.7 17.5 ± 7.4 12.1 ± 3.5 

high 27.7 1 24.6 6 25.0 1,7 17.0 6 

low 9.1 3 9.5 3 7.9 5 9.6 4 

Fdf/error 
P 

F7,8 =794 
<0.001 

F7,8 =149 
<0.001 

F7,8 =1179 
<0.001 

F2,6 =294 
<0.001 

Fucoidan average ± SD 3.30 ± 0.88 3.12 ± 0.96 3.16 ± 0.83 1.78 ± 0.20 

high 4.4 6 4.5 1,7 4.3 6 2.0 5 

low 2.2 3,4 2.2 3,4,5 1.7 3 1.6 4 

Fdf/error 
P 

no statistical data analysis as there was only 1 measurement per sample 

Xylan average ± SD 2.18 ± 0.19 2.15 ± 0.19 1.81 ± 0.21 1.81 ± 0.10 

high 2.5 1,2 2.5 2 2.2 2 1.9 4,5 

low 2.0 5,6,7 1.9 6 1.6 3,4,5 1.7 6 

Fdf/error 
P 

no statistical data analysis as there was only 1 measurement per sample 

Supscripted numbers highlight the months of occurences of high and low concentrations: 1, August 2010; 2, 
October 2010; 3, February 2011; 4, March 2011; 5, May 2011; 6, July 2011; 7, September 2011; 8, October 
2011. F and P values highlight the variability of carbohydrates across the sampling period. 
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Table 3-5: P values derived from comparison of monthly average mannitol contents against each other 
(Tukey simultaneous test) 

L. digitata Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

Oct-10 0.0001       

Feb-11 0.0001 0.0001      

Mar-11 0.0001 0.0001 0.195     

May-11 0.0001 0.0001 0.0001 0.0001    

Jul-11 0.0001 0.0001 0.0001 0.0001 0.016   

Sep-11 0.0001 0.0001 0.0001 0.0001 0.139 0.685  

Oct-11 0.0001 0.0001 0.0001 0.0001 1.000 0.014 0.121 

L. hyperborea Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

Oct-10 0.0001       

Feb-11 0.0001 0.0001      

Mar-11 0.0001 0.0001 1.000     

May-11 0.0001 0.0001 0.292 0.236    

Jul-11 0.0001 0.887 0.0001 0.0001 0.0001   

Sep-11 1.000 0.001 0.0001 0.0001 0.0001 0.0001  

Oct-11 0.0001 0.014 0.0001 0.0001 0.0001 0.066 0.0001 

S. latissima Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

Oct-10 0.001       

Feb-11 0.0001 0.0001      

Mar-11 0.0001 0.0010 0.0001     

May-11 0.0001 0.654 0.0001 0.003    

Jul-11 0.980 0.0001 0.0001 0.0001 0.0001   

Sep-11 0.0010 1.000 0.0001 0.001 0.525 0.0001  

Oct-11 0.0001 0.030 0.0001 0.069 0.274 0.0001 0.022 

A. esculenta Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

May-11    0.0001    

Jul-11    0.0001 0.0001  
 Numbers in bold represent P values ≥0.05 with no significant difference between the means of the 

corresponding month 

It has been documented that carbon reserves such as laminarin and mannitol in the kelp 

species L. longicruris (Chapman and Craigie 1977), S. latissima (Haug 1954, Johnston 1977) L. 

digitata (Haug 1954, Adams et al. 2011) and L. hyperborea (Haug 1954) accumulated during 

the summer to autumn with levels over 20 % of dry matter been reported (Black et al. 1951, 

Usov et al. 2001). Average annual laminarin contents of the species L. digitata, S. latissima, L. 

hyperborea and A. esculenta also showed a high degree of variability and accounted for 6.7 ± 

6.0 %, 8.2 ± 5.3 %, 7.4 ± 8.0 % and 11.1 ± 7.2 % of the dry weight respectively (Figure 3.4) and 

confirmed findings reported in the literature (Black 1950, Adams et al. 2011). Analysis of 
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variances showed that the monthly differences in the laminarin content across the season 

was, like mannitol, also highly significant for all species (P <0.001, Table 3-4). In the case of L. 

hyperborea a lag phase of laminarin was seen between the months of February to July (Figure 

3.4) which was also confirmed through a post hoc test (Table 3-6), where no significant 

difference between the means was shown. Peak laminarin content was for all species during 

the summer and autumn months and dropped to low levels in winter. 

Table 3-6: P values derived from comparison of monthly average laminarin contents against each other 
(Tukey simultaneous test) 

L. digitata Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

Oct-10 0.0001       

Feb-11 0.0001 0.0001      

Mar-11 0.0001 0.0001 0.195     

May-11 0.0001 0.0001 0.0001 0.0001    

Jul-11 0.0001 0.0001 0.0001 0.0001 0.020   

Sep-11 0.0001 0.0001 0.0001 0.0001 0.139 0.685  

Oct-11 0.0001 0.0001 0.0001 0.0001 1.000 0.014 0.121 

L. hyperborea Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

Oct-10 0.0001       

Feb-11 0.0001 0.0001      

Mar-11 0.0001 0.0001 0.068     

May-11 0.0001 0.0001 0.090 1.000    

Jul-11 0.0001 0.0001 0.970 0.226 0.295   

Sep-11 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001  

Oct-11 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.001 

S. latissima Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

Oct-10 0.0001       

Feb-11 0.0001 0.0001      

Mar-11 0.0001 0.0001 0.998     

May-11 0.0001 0.0001 0.0001 0.0001    

Jul-11 0.002 0.0001 0.0001 0.0001 0.0001   

Sep-11 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001  

Oct-11 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

A. esculenta Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 

May-11    0.0001    

Jul-11    0.0001 0.205   

Numbers in bold represent P values ≥0.05 with no significant difference between the means of the 
corresponding month 

Soluble heteropolysaccharides such as fucoidans have been identified in brown seaweed (Silva 

et al. 2005, Bilan et al. 2006, Li 2008). As fucoidans can make-up a significant part of brown 
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seaweed biomass, accounting for up to 16 % of the dry matter (Skriptsova, A., et al. 2010) this 

carbohydrate was included in the chemical profiling. As this complex polymer consists of a 

combination of the sugar monomers fucose, galactose, xylose, rhamnose, glucose and uronic 

acids in various ratios it can also provide sugar monomers for fermentation. The deoxy sugar 

arabinose has been linked to arabinogalactans and has been found largely in members of the 

Chlorophyta (Rao et al. 1991, Ciancia et al. 2007). In contrast arabinose was not detected in 

the brown seaweeds L. digitata, Sargassum muticum and S. latissima in a June and July harvest 

(van Hal 2011). The HPLC method used for the identification of sugar components in 

hydrolysates in this thesis was not able to separate the monomers galactose from xylose and 

fucose from arabinose (see Appendix F, Figure - Appendix 15). Based on the facts that 

fucoidans are soluble polymers and arabinogalactans are insoluble structural cell wall 

components, detection of arabinose in an aqueous extract would be unlikely. Also the fact 

that arabinose has not been detected in three brown seaweeds underpins the conclusion that 

the peak initially classified as either fucose or arabinose was most likely fucose. From the 

carbohydrate profiles shown in Figure 3.4, fucoidan content in brown seaweed biomass also 

undergoes seasonal fluctuations. Average fucose contents of the species L. digitata, S. 

latissima, L. hyperborea and A. esculenta were 3.3 ± 0.9 %, 3.1 ± 0.9 %, 3.2 ± 0.8 % and 1.8 ± 

0.2 %, respectively (Table 3-4). Fucoidan profiles followed the same trend as laminarin with a 

high degree of variability throughout one season (~30 %). Highest levels were measured 

during summer and autumn months while dropping to lows in winter.  

It was noticed from HPLC analysis of fermentation studies that the peak associated with 

galactose and xylose still existed after S. cerevisiae fermentation (data not shown here) 

suggesting that this peak was xylose rather than galactose, of which the latter can be utilised 

by Saccharomyces strains. However, due to the low peak area, xylose will not make a 

significant contribution to the potential substrate pool for fermentation. All results in this 

thesis which are associated to this HPLC peak are reported as xylose. The annual xylose 

content of the species L. digitata, S. latissima, L. hyperborea and A. esculenta was low and 

accounted for 2.2 ± 0.2 %, 2.2 ± 0.2 %, 1.8 ± 0.2 % and 1.8 ± 0.1 % of the biomass respectively 

(Table 3-4).  
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A B 

  

C D 

  

Figure 3.4: Soluble carbohydrate profiling of L. digitata (A), S. latissima (B), L.hyperborea (C) and A. esculenta (D) . Fucoidan and xylose were determined by 
HPLC from an acid hydrolysis of aqueous extracts, while laminarin and mannitol were analysed from a direct acid extraction of seaweed harvested between 
August 2010 and October 2011. The error bars for mannitol and glucose are the means ± SD of three analyses, all other profiles were done as a single point 
analysis. 
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3.3.4. STRUCTURAL CARBOHYDRATE ALGINATE IN THE 

LAMINARIACEAE 

Establishment of the calibration curve in Figure 3.6 showed that absorbances for sodium 

alginate and alginic acid were identical. As sodium alginate contains approximately 25 % of its 

dry weight as ash (data not shown here) and was used for making up calibration standards 

this correlation allowed the direct conversion of the inorganic sodium form to its ash free 

organic form alginic acid. The calibration curves also showed that there was linearity of the 

slope between 200 to 500 µg alginate ml-1. However, exposure of a sodium alginate solution 

to heat treatment (3 hours at 60 oC) changes the slope of the calibration curve resulting in a 

~30 % decrease in alginate yield. This is important as alginate standards made up without 

exposure to heat treatment and alkaline solution will result in overestimation of alginate 

yields. 

Alginate extraction studies focused on three extraction variables using L. digitata as the model 

seaweed. Acid pre-treatment of seaweed before alkaline extraction was carried out using a 4 

% and 6 % (w v-1) sodium carbonate solution (Figure 3.5). Using a 4 % sodium carbonate 

solution at 60 oC, alginate was extracted within the first hour from acid pre-treated seaweed 

and yields were constant within a 25 hour period. Yields for non pre-treated seaweed were 

only 92 % of the pre-treated seaweed after 25 hours. The alginate profile using a 6 % sodium 

carbonate solution was different and acid pre-treated seaweed yielded more alginate only 

within the first three hours. Between 3 and 25 hours the same alginate yields were seen for 

both conditions suggesting that acid pre-treatment was not required if a 6 % sodium 

carbonate solution was used. The findings from these alkaline extraction studies were similar 

to the findings of Mateus et al. (1977), were highest alginate yields were achieved from 

Macrocystis pyrifera by using a 4 % or a 6 % sodium carbonate solution at 60 oC. 

Acid pre-treatment of seaweed biomass was only effective when using lower sodium 

carbonate solutions for extraction. Whereas, using a 6 % solution, no difference in extraction 

yields was observed. Statistical analysis also showed that only the means of the 25 hour 

alginate yield using non pretreated L. digitata and a 4 % sodium carbonate solution was 

statistically different from all other yields with P ≤0.02.  
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The aim of reducing the extraction time was not achieved by using higher temperatures (see 

Appendix E). For example, Chee et al. (2011) noted that hot alginate extraction (50 oC) of 

brown seaweeds can result in depolymerisation of alginates but depended largely on the 

seaweed species. Lower temperatures (Chee et al. 2011) and reduced extraction times 

(Vauchel et al. 2008) both resulted in a more viscous solution with alginate possessing a lower 

degree of depolymerisation. Depolymerisation of polymeric alginates was found to be 

dependent on its mannuronic to guluronic acid ratio with the mannuronic fraction being more 

susceptible to acid hydrolysis than the G-rich alginates (Holme 2003). From the difference 

seen between the three calibration curves in Figure 3.6, heat treated sodium alginate was 

more effective in dye precipitation than non heat-treated alginate, leading to lower 

absorbances for the same amount of alginate polymer. The generation of new non-reducing 

ends from β-elimination caused by alkaline hydrolysis were identified by Holme (2003). This 

could potentially explain the higher degree of interaction seen with dye molecules. 

 

Figure 3.5: Effect of acid pre-treatment (PT) on alginate extraction from L. digitata using 4 % and 6 % sodium 
carbonate at 60 oC over a 25 hour period. Results are expressed as the percentage of alginate extracted from 
dry weight biomass (w w-1) with the error bars being the means ± SD of three extractions. 
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extraction and the make-up of alginate calibration standards. Linearity of the absorption curve 

for heat treated alginate between 0.02-0.05 mg of alginate was used for to establish a alginate 

calibration curve (Figure 3.6). As the calibration curve for both alginate and alginic acid were 

identical all results will be expressed as the percentage of alginic acid of seaweed biomass. 

Seasonal studies of alginate show less fluctuation in its content resulting in variations of 

around 10-15 % throughout the sampling period. The annual average of seasonal harvests of 

the species L. digitata, S. latissima, L. hyperborea and A. esculenta accounted for 34.6 ± 3.1 %, 

28.5 ± 3.9 %, 33.2 ± 3.8 % and 37.4 ± 4.0 % of the seaweed biomass (Table 3-7). Seasonal 

profiles of the alginate contents are highlighted with other structural carbohydrates in Figure 

3.7. Variations in the alginate content throughout the season in homogenised biomass from 

multiple thalli were highly significant in all four kelps with P <0.001; (Table 3-7). However, 

variation in alginate content between August 2010 and October 2011 was around 10 % and 

less pronounced than, for example, laminarin and mannitol, where variations were in excess 

of 100 % (see previous Section 3.3.3). 

 
Component R2 Equation 

Sodium alginate 0.9858 y = -15.69x + 1.2811 

Alginic acid 0.9672 y = -16.11x + 1.2949 

Heat treated sodium alginate 0.9904 y = -34.39x + 1.9689 

Figure 3.6: Alginate calibration curves using the Alcian Blue colourimetric method. Investigation into the 
impact of a) heat treatment (3 hours at 60 oC) of sodium alginate and b) of using alginic acid instead of 
sodium alginate on absorption at 610 nm. The values are the means ± SD of three samples. 
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The genetic modification of bacterial species of the genus Sphingomonas and Eschericha to 

utilise alginate as a fermentation substrate has made alginate a potential new resource for 

bioethanol production (Hashimoto 2010, Wargacki 2012). As this thesis has shown that the 

seasonality of alginate is less pronounced than for mannitol and laminarin, due to the 

necessity of maintaining the structural integrity of seaweeds, this means that alginate is a 

more stable substrate resource throughout the year for biofuel production. Alginate accounts 

for around 20-30 % of the seaweed biomass. Therefore, utilisation of all the main 

carbohydrates, glucose, mannitol and alginate which collectively account for up to 80 % of the 

biomass content, could significantly improve the economics of this process. 

3.3.5. OTHER STRUCTURAL CARBOHYDRATES IN THE 

LAMINARIACEAE 

The principal structural carbohydrates analysed were alginate, cellulose and xylan. Average, 

minimum and maximum carbohydrate contents are summarised in Table 3-7 and seasonal 

carbohydrate profiles displayed in Figure 3.7. 

Average total glucan levels, combining soluble and insoluble glucans, were similar between 

the four species ranging from 18.7 ± 5.2 %, 19.2 ± 6.2 %, 18.5 ± 7.6 % and 22.5 ± 7.6 % of the 

dry matter of the species L. digitata, S. latissima, L. hyperborea and A. esculenta respectively. 

In particular, the high relative standard deviation of the total glucan content was due to the 

variations in the soluble glucan laminarin across the season. In contrast, average contents of 

the insoluble glucan components such as cellulose were between 11 to 12 % with a reduced 

fluctuation rate of around 10 %, compared to over 100 % seen with laminarin. Reports of the 

cellulose content of the species L. digitata (3.5-5 %) and S. latissima (7-8 %) between 1946 and 

1947 (Black 1950) also highlighted the reduced variability of cellulose compared to other 

carbohydrates over one season. It was also shown that cellulose content in stipes of L. digitata 

(6-8 %), L. hyperborea (8.5-10 %) and S. latissima (7-8 %) was higher than in fronts of the three 

kelps (3-5 %) (Percival and McDowell 1967). However, methods used here for cellulose 

determination were different, with residual weights being weighed after acid and alkaline 

extraction of seaweeds. As β-1,3- linked glucans can occur as a soluble (laminarin) and 

insoluble form in seaweeds (Annan 1965, Maeda 1968), the presence of insoluble β-1,3-glucan 
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cannot be excluded and may have contributed to the total glucan content. As β-1,3-glucans 

have been reported to also form crystalline structures (Osumi 1998) like cellulose, it is not 

known if a dilute or concentrated acid hydrolysis would have been required to totally 

hydrolyse the polymeric structures. Therefore, results in this thesis were reported as insoluble 

glucan as no differentiation between cellulose and other insoluble glucans were carried out. 

Variations in the total glucan content throughout the season were highly significant for all four 

kelp species (P < 0.001). It was shown that high values of around 30 % of the dry matter, which 

were usually seen in autumn, were mirrowed by low values of around 13 % in winter months 

(Table 3-7). 

Other sugar monomers which also can be part of the heteropolysaccharide structures are 

reported in this thesis as galactose / xylose as our HPLC method was not able to distinguish 

between the two sugars. It is known that galactose and xylose can be part of fucoidans (Li et 

al. 2008). As agar and carrageenan are members of the galactans, galactose is more commonly 

found in red seaweeds, whereas xylans have been reported mainly in red and green seaweeds 

(Venugopal 2011). As the HPLC peak still remained after fermentation (data not shown here) 

it is believed that this peak consisted of xylose only, a non-fermentable sugar for S. cerevisiae. 

As it is not clear whether xylose is derived from fucoidans or xylans, the xylose content in 

brown seaweed bioass is reported as a percentage of the seaweed dry matter. Average xylose 

contents were 4.5 ± 0.4 %, 4.1 ± 0.4 %, 5.9 ± 0.4 % and 3.1 ± 0.2 % of the dry weight in L. 

hyperborea, S. latissima, L. hyperborea and A. esculenta (Figure 3.7 and Table 3-7). 

Combined, the carbohydrates accounted for up to 84 % of the dry weight seaweed biomass. 

Average annual carbohydrate yields were similar for the four seaweeds and represented 70.7 

± 11.6 %, 63.1 ± 11.4 %, 65.5 ± 11.6 % and 72.1 ± 6.7 % of the total biomass of the species L. 

digitata, S. latissima, L. hyperborea and A. esculenta respectively. 
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A B 

  

C D 

  

Figure 3.7: Structural carbohydrates of L. digitata (A), S. latissima (B), L. hyperborea (C) and A. esculenta (D). Seasonal profiling of the structural carbohydrates alginate, cellulose, 
galactan/ xylose. The error bars for alginate are the means ± SD of two analyses. Data points for cellulose and xylan/ galactan are derived from a single analysis.  
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Table 3-7: Summary of the carbohydrate profiles of the four kelps L. digitata, S. latissima, L. hyperborea and A. esculenta between August 2010 and October 2011. 

 % carbohydrate Concentration L. digitata S. latissima L. hyperborea A. esculenta 

Total glucan average 18.7 ± 5.2 19.2 ± 6.2 18.5 ± 7.6 22.5 ± 7.6 

high 28.4 1 28.0 7 35.0 2 26.9 5,6 

low 13.0 3 11.2 4 13.0 4 13.8 4 

 Fdf/error; P F7,8=902; P <0.001 F7,8=240; P <0.001 F7,8=1532; P <0.001 F2,6=621; P <0.001 

Cellulose average 11.5 ± 1.0 11.0 ± 1.4 11.1 ± 1.0 11.3 ± 1.0 

high 14.0 6 14.2 1 12.7 3 12.6 5 

low 11.11,5 9.9 4 10.6 7,8 11.0 6 

 Fdf/error; P F7,8=29.7; P <0.001 F7,8=10.1; P =0.002 F7,8=11.8; P =0.001 F2,6=19.2; P =0.002 

Alginate average 34.6 ± 3.1 28.5 ± 3.9 33.2 ± 3.8 37.4 ± 4.0 

high 38.6 3 32.0 1 39.2 3 43.1 4 

low 26.5 1 22.9 7 27.7 5 34.8 5,6 

 Fdf/error; P F7,8=35.0; P <0.001 F7,8=156; P <0.001 F7,8=168; P <0.001 F2,6=56.8; P <0.001 

Xylose average 4.5 ± 0.4 4.1 ± 0.4 5.9 ± 0.4 3.1 ± 0.2 

high 5.0 8 4.7 6 6.4 3,5 3.3 4,6 

low 3.9 4 3.8 1,7 5.5 1,2 3.0 5 

Fdf/error; P no statistical analysis as there was only one sample point 

Total carbohydrate average 70.7 ± 11.6 63.1 ± 11.4 65.5 ± 11.6 72.1 ± 6.7 

 high 82.0 1 75.9 1 84.3 2 77.5 6 

 low 55.9 4 46.2 3 54.0 4,5 64.6 4 

Supscripted numbers highlight the months of occurences of high and low concentrations: 1, August 2010; 2, October 2010; 3, February 2011; 4, March 2011; 5, May 2011; 6, July 2011; 

7, September 2011; 8, October 

Total glucan highlights the sum of insoluble and soluble glucans; Total carbohydrates highlights the sum of all carbohydrates 

P and F number were determined using 1-way ANOVA and highlight the significance of variation in carbohydrate composition across the season. 
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3.3.6. POLYPHENOLICS IN THE LAMINARIACEAE 

The data in Table 3-8 show that the number of extraction steps as well as the nature of solvent 

used for the extraction of soluble polyphenols can have a significant impact on extraction 

yields. It is known that polyphenol extraction yields depend on the polarity of the solvent and 

both the temperature and pH of the solvent. As well as the number of extractions and the 

particle size of the analyte (Escribano-Bailon and Santos-Buelga 2003, Xu and Chang 2007) the 

use of a blend of acetonitrile/ water and formic acid as a solvent increased polyphenol yields 

by up to 180 % compared to methanol when applied to F. serratus. The solubility of phenolics 

is governed not only by the chemical nature of the plant sample but also by the polarity of the 

solvents. Plant materials may contain phenolics varying from simple low molecular weight to 

highly polymerised molecules. Moreover, phenolics may also be associated with other plant 

components such as carbohydrates and proteins. Therefore, there is no universal extraction 

procedure suitable for extraction of all plant phenolics (Dai J 2010). In particular, methanol 

has been generally found to be more efficient in the extraction of lower molecular weight 

polyphenols while the higher molecular weight substances are better extracted with aqueous 

solvents (Metivier et al. 1980). 

The results from this study were similar to results published by Nwosu et al. (2011) where 

three different extraction methods were evaluated using A. esculenta, U. lactuca, A. nodosum 

and P. palmata. The first extraction method used methanol and resulted in lowest total 

polyphenol content for all seaweeds. However, in the second method methanol was 

substituted with an acidified aqueous acetonitrile blend and yields increased by 410, 315, 380 

and 914 % respectively. This might indicate that seaweed polyphenols consist largely of high 

molecular polyphenols that are optimally extracted with polar solvents. In the light of these 

results (Table 3-8), Method 2, using two extraction stages over 2 hours was chosen as the 

standard extraction procedure for polyphenols from seaweeds. 
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Table 3-8: Polyphenol extraction development using acidified aqueous acetonitrile (AAA) and methanol 
(MeOH).  

Extraction Number of 
extractions 

Extraction 
time (hour) 

Solvent  % GAE a  % Improvement 
against Method 5 

Method 1 1 1 AAA 3.6 ± 0.03 165 
Method 2 2 2 AAA 3.8 ± 0.01 177 
Method 3 2 3 AAA 3.7 ± 0.01 171 
Method 4 3 3 AAA 3.9 ± 0.02 180 
Method 5 2 2 MeOH 2.2 ± 0.01 - 
a Total polyphenolic contents are expressed as the percentage of gallic acid equivalents (GAE) extracted from 
freeze dried F. serratus and displayed as a means ± SD of three analyses. 

 

In Figure 3.8 the seasonal polyphenol profiles of L. digitata, L. hyperborea, S. latissima and A. 

esculenta using extraction procedure 2 are displayed. The polyphenol contents of L. digitata 

and L. hyperborea were low throughout the seasons. Accumulation of maximum levels of not 

more than 0.25 % gallic acid equivalent (GAE) were seen in July for both species, with lowest 

levels of 0.1 % GAE seen in October. Polyphenols in S. latissima also reached maximum levels 

in July but were threefold higher in concentration compared to L. hyperborea and L. digitata. 

In the case of A. esculenta, polyphenols accumulated two months earlier than the other 

seaweeds with maximum levels of 1.5 % GAE, a six fold increase compared to the L. digitata 

and L. hyperborea. 

The average polyphenol contents in homogenized biomass from multiple thalli over 14 

months were 0.2 ± 0.04 % GAE for L. digitata and L. hyperborea, 0.4 ± 0.2 % GAE for S. latissima 

and 0.8 ± 0.5 % GAE for A. esculenta. This variation in all four seaweeds throughout the 

sampling season was found to be highly significant (Table 3-9). 

Polyphenols have been shown to affect microbial activities through inhibition of enzymes such 

as α-amylase, trypsin, lipase and α-glucosidase (Griffiths 1986, Barwell et al. 1989, McDougall 

et al. 2005, Nwosu et al. 2011) as well as endo-β-1,3-D-glucanases in mollusks (Yermakova 

2002) and alginate lyases (Moen et al. 1997). It is understood that polyphenolic compounds 

not only interact with proteins to form insoluble polyphenol-protein complexes (Zucker 1983) 

but also absorb heavy metals (Ragan et al. 1979, Pedersen 1984, McDonald et al. 1996). It is 

assumed that, due to the solubility of polyphenols in polar solvents such as methanol or 

ethanol, that a simultaneous saccharification and fermentation process has the potential to 
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extract more polyphenols during fermentation due to the increase of ethanol concentration. 

The impact of algal polyphenols on yeast performance is still unknown but it is more likely that 

the impact from soluble polyphenols on extracellular enzymes is far greater than on 

intracellular enzymes. It has been shown in Chapter 4 that seaweeds containing higher 

polyphenols such as S. latissima required higher additions of cellulosic and hemicellulosic 

enzymes for seaweed saccharification. This is believed to be due to the inactivation of 

enzymes due to non-specific binding of polyphenols with proteins. 

The polyphenol content of seaweeds should be considered as a criterion in the selection of 

suitable candidates for seaweed cultivation if enzymatic saccharification is chosen to provide 

fermentation substrate. 

 

Figure 3.8: Polyphenol content (expressed as % Gallic Acid Equivalent GAE) in the Laminariales A. esculenta, 
L. digitata, S. latissima and L. hyperborea. The error bars are the means ± SD of at least two analyses. 
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Table 3-9: Chemical composition profiles of non-carbohydrate related compounds in L. digitata, S. latissima, L. hyperborea and A. esculenta.  
 % others Concentration L. digitata S. latissima L. hyperborea A. esculenta 

Moisture average 84.5 ± 5.6 84.8 ± 3.3 87.2 ± 2.1 85.5 ± 2.2 
high 87.1 6 89.9 3 89.2 3 88.3 4 
low 76.3 1,2 81.9 7 84.5 7 83.9 6 

 Fdf/error; P F6,14=21.8; P <0.001 F6,14=5.3; P =0.005 F6,14=42.4; P <0.001 F2,6=98.6; P<0.001 

Ash average 31.63 ± 7.11 32.03 ± 9.62 31.78 ± 7.61 25.34 ± 5.82 
high 41.7 3 47.4 3 45.3 5 33.1 4 
low 19.4 1 22.1 7 17.7 2 21.7 5,6 

 Fdf/error; P F7,16=6563; P <0.001 F7,16=3766; P <0.001 F7,16=6421; P <0.001 F2,6=1146; P<0.001 

Polyphenols average 0.14 ± 0.04 0.15 ± 0.04 0.41 ± 0.15 0.87 ± 0.52 
high 0.19 6 0.70 6 0.23 6 1.50 5 
low 0.08 2 0.23 4 0.10 2 0.31 4 

 Fdf/error; P F7,16=13; P <0.001 F7,16=28.3; P <0.001 F7,16=8.8; P <0.001 F2,6=1497; P<0.001 

Carbon average 29.17 ± 3.85 26.62 ± 3.55 28.57 ± 5.72 30.25 ± 2.44 
high 36 1 31 1,7 38 2 31 5,6 
low 27 5,8 30 5,6 25 3,4 28 4 

 Fdf/error; P F7,16=31.3; P <0.001 F7,16=7.0; P =0.001 F7,16=31.9; P <0.001 F2,6=1.2; P=0.359 

Nitrogen average 1.54 ± 0.49 1.44 ± 0.54 1.47 ± 0.41 1.85 ± 0.30 
high 2.5 4 2.2 4 2.1 4 2.1 4 
low 1.0 1,6 0.8 1,6 1.0 1,2 1.5 6 

 Fdf/error; P F7,16=18.5; P <0.001 F7,16=27.7; P <0.001 F7,16=18.9; P <0.001 F2,6=7.1; P=0.026 

Carbon/Nitrogen average 21.42 ± 8.39 21.64 ± 9.64 21.70 ± 9.68 16.78 ± 3.13 
high 36.1 1 37.3 1 39.5 2 20.3 6 
low 11.0 3,4 11.4 2,3 11.0 2,3 13.3 4 
Fdf/error; P F7,16=616; P <0.001 F7,16=449; P <0.001 F7,16=631; P <0.001 F2,6=34.6; P=0.001 

Protein average 6.93 ± 1.09 7.09 ± 1.59 6.88 ± 1.25 11.02 ± 1.28 
high 8.2 3 9.7 4 8.1 4 12.1 4 
low 4.8 1 5.1 1,2 4.2 2 9.4 6 
Fdf/error; P F7,16=97.9; P<0.001 F7,16=238; P<0.001 F7,16=11.6; P <0.001 F2,6=32.8; P=0.001 

Supscripted numbers highlight the months of occurrences of high and low concentrations: 1, August 2010; 2, October 2010; 3, February 2011; 4, March 2011; 5, May 2011; 6, July 2011; 
7, September 2011; 8, October. P and F numbers were determined using 1-way ANOVA and highlight the significance in variation across the season. 
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3.3.7. PROTEIN, CARBON, NITROGEN AND C/N RATIO 

The macronutrient analysis focused on the elements nitrogen and carbon. The seasonal 

variation in total carbon content reflected the seasonal pattern of the storage carbohydrates 

laminarin and mannitol, which influenced the total carbon content significantly (Table 3-9). 

Highest carbon content was seen in the summer and autumn, decreasing thereafter. These 

findings are also in line with other findings of members of the Phaeophyta (Sjøtun et al. 1996). 

Average carbon content of seaweed biomass (± SD) was 29.2 ± 3.9 %, 28.9 ± 5.2 %, 26.6 ± 3.2 

% and 30.3 ± 1.5 % for L. digitata, L. hyperborea, S. latissima and A. esculenta, respectively 

(Table 3-9). Compared to the seasonal fluctuation seen with the soluble carbohydrates 

mannitol and laminarin (see Table 3-4) the seasonal fluctuation of the total carbon content in 

all four seaweeds was less pronaunced. This data were also in harmony with other findings for 

L. digitata (26.8 to 33.1 % (Gevaert et al. 2008) and a seasonal average of 31.2 ± 2.1 % (Adams 

et al. 2011) and S. latissima (23.9-31.4 %) (Gevaert et al. 2008). 

The onset of the accumulation of carbon was different for each species and in the case of L. 

digitata carbon content increased from February onwards (Figure 3.9) coinciding with the 

build-up of mannitol and laminarin (Figure 3.4). This association was also demonstrated using 

the Pearsons-moment correlation analysis, where there was a strong correlation of the carbon 

content to these storage components but not to structural carbohydrates alginate and 

insoluble glucan. In L. hyperborea total carbon was also highest in the autumn months 

followed by a decline, which lasted until June. The build-up of total carbon in L. hyperborea 

was slightly off-set compared to L. digitata largely due to the later accumulation of mannitol 

and laminarin (Figure 3.9). As discussed, a significant correlation of the carbon content to 

mannitol and laminarin, but not to the structural components alginate and insoluble glucan 

was also discovered in L. hyperborea. 

A high C/N ratio is desirable for fermentation substrates but the success of high ethanol yields 

largely depends on the quantities of the fermentable sugar content rather than using the 

carbon content on its own. In addition, nitrogen is believed to be less of importance, as 

fermentation processes have a lower requirement for nitrogen than during growth. 
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In S. latissima the decline in carbon after the autumn months was modest and carbon content 

rose throughout the winter months (Figure 3.9). This was not in-line with the profiles of 

mannitol and laminarin, where levels declined after autumn with lowest levels seen in 

February (Figure 3.4). Pearsons-moment correlation analysis for S. latissima has shown a 

different picture of associations with structural carbohydrates alginate, fucoidans and 

insoluble glucans had a higher positive correlation to the carbon content than the storage 

components laminarin and mannitol (Table 3-12). The total carbon profile in A. esculenta was 

similar to the profiles of mannitol and laminarin (Figure 3.4) which in both cases were highest 

in the summer months (Figure 3.9). This was also demonstrated through statistical correlation 

analysis where laminarin and mannitol were strongly correlated to the carbon content. 

Comparison of the carbon content of the average of individual thalli to the average of 

homogenized multiple thalli has shown that there was no significant correlation for S. 

latissima (r =0.091; P =0.816) and A. esculenta (r =0.387; P =0.303). As the variation between 

different thalli was significant the conclusion from this study was that the variation seen in the 

carbon content is not only seasonal but could also be derived through the variation seen 

between different thalli of the same species. 

The nitrogen content of the three kelps L. digitata, S. latissima and L. hyperborea was similar 

and annual averages accounted for 1.5 ± 0.5 % of the dry matter with significant seasonal 

variation for all seaweeds (Table 3-9). Only in the case of A. esculenta a slightly higher nitrogen 

content of 1.9 ± 0.3 % was observed. Highest nitrogen yields for all seaweeds were seen before 

the beginning of the main growth phase, usually between February and May (Table 3-10) and 

it has been suggested that this build-up of nitrogen reserves is to sustain the rapid growth 

rates of seaweeds into the summer months (Chapman and Craigie 1977). These results 

confirm previous findings using L. digitata with an annual average of nitrogen of 2.3 ± 0.8 % 

(Adams et al. 2011). Pearson moment-correlation analysis highlighted the significant 

association of the nitrogen content to the protein content (Table 3-12). Nitrogen-to-protein 

conversion factors of 4.7 for L. digitata and hyperborea, 5.3 for S. latissima and 6.0 for A. 

esculenta were calculated, much lower than the universal Jones factor of 6.25. It is not clear 

wether algal polyphenols interferred with proteins to form protein-polyphenol-complexes 
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and theredore resulting in lower conversion factors. However, lower conversion factors of 5.3 

± 0.5 for four brown seaweeds have also been reported elsewhere (Lourenço et al. 2002). 

The profile of the C/N ratio of each seaweed was impacted by seasonal fluctuations of 

carboneous and nitrogenous compounds resulting in higher standard deviations compared to 

standard deviations of total carbon. Annual average C/N ratios (± SD) of 21.4 ± 8.8 %, 21.7 ± 

10.1 %, 21.6 ± 10.7 % and 16.7 ± 3.5 % were detected for L. digitata, L. hyperborea, S. latissima 

and A. esculenta, respectively (Table 3-9), confirming results for L. digitata of 16.6 ± 7.9 % 

(Adams et al. 2011). The lower carbon/ nitrogen ratios coincided with the decline in the 

mannitol and laminarin content and the build-up of protein between February to May. These 

results have also been seen for other members of the Phaeophyta such as Macrocystis 

integgrifolia and Nereocystis luetkeana (Rosell and Srivastava 1985), S. latissima (Henley and 

Dunton 1995, Gevaert et al. 2008), L. solidungula (Henley and Dunton 1995) and L. digitata 

(Gevaert et al. 2008) with high ratios in summer and lower ratios during the winter. 

Nitrogen has been shown to impact the formation of many metabolites in S. cerevisiae. 

Inorganic nitrogen in the form of ammonium has been reported to increase amino acid and 

glycerol synthesis if it is the only nitrogen source available, and therefore can limit the carbon 

pool for ethanol production. While organic nitrogen in the form of peptides and amino acids 

did not cause an effect, and ethanol yields were in general higher (Albers 1996). Data on the 

optimum C/N ratio are scarce and also depend on the nature of the carbon and nitrogen 

source and type of strain used as each strain has its own specific requirement for both 

macronutrients. But with the ethanol industries operating with concentrated feed substrates, 

this suggests that there will be a preference for fermentation substrate, with a high C/N ratio. 

Research also has shown that Saccharomyces spp. were less nitrogen demanding during 

fermentation than during growth (Backhus et al. 2001). We have also shown (data not shown 

here) that there was a requirement for nitrogen-sources such as peptone or yeast extract to 

maintain high ethanol yields especially for high strength glucose based media. 
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Figure 3.9: Carbon, nitrogen, protein and C/N ratio profile of L. digitata (A), S. latissima (B), L. hyperborea (C) and A. esculenta (D) during August 2010 and October 2011. The error 
bars are the means ± SD of three analyses. 
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3.3.8. RELATIONSHIPS IN THE LAMINARIACEAE 

This Section contains two sub-sections aimed at identifying the variation of chemical 

composition within a small community of A. esculenta and S. latissima (Section 3.3.9) and at 

investigating a link between the weight to length ratio of seaweeds biomass to mannitol and 

laminarin (Section 3.3.10). This section also describes the main contributors to the total 

carbon and nitrogen content examining the strength of associations between total carbon 

content and mannitol, laminarin, alginate, fucoidan and cellulose, and the association 

between the total nitrogen content and protein. 

3.3.9. HETEROGENEITY STUDIES 

Profiles of the ash content in individual and multiple thalli belonging to S. latissima and A. 

esculenta are shown in Figure 3.10. The variation in the distribution of ash content in individual 

thalli was found to be significant in S. latissima only (S. latissima: P =0.05; A. esculenta: P 

=0.126). The average ash content of the three individual thalli of S. latissima and A. esculenta 

during the months of March to July were 38.8 ± 7.1 % and 22.0 ± 6.2 % compared to 33.7 ± 4.1 

% and 23.3 ± 4.5 % for the same homogenised species (Table 3-10 and Table 3-11). A highly 

significant correlation between the means of individual versus multiple thalli existed only in 

A. esculenta (r =0.846, P <0.001) indicating that the results were very similar. As re-growth of 

Alaria spp. in the intertidal zone occurs on an annual basis, even though its life span can be 3-

5 years, it is believed that age distribution amongst thalli was more homogeneous and the 

variance in ash content amongst individual members of Alaria was therefore insignificant. In 

the case of Saccharina spp., which are not only found throughout the year but also where re-

growth of new tissue occurs on an annual basis, a wider distribution of thalli with different 

ages is expected, and as a consequence a wider distribution of the ash content amongst 

members of this genus. 
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A B 

  

Figure 3.10: Variation of ash content in three individual thalli (ave 1-3) of S. latissima (A) and A. esculenta (B) 
and comparison against ash content derived from homogenised biomass of multiple thalli (ave). The error 
bars are the means ± SD of three analyses. 

 

The average mannitol content in individual thalli and homogenized thalli of multiple plants 

was 12.5 ± 6.4 % and 18.7 ± 3.9 % in S. latissima, and 12.6 ± 4.7 % and 12.0 ± 3.4 % in A. 

esculenta (Table 3-10, Table 3-11). A significant difference in mannitol distribution amongst 

individual thalli was only demonstrated in Saccharina spp. (Figure 3.11). Even though a highly 

significant positive relationship between the averages (individual versus multiple thalli) was 

demonstrated for both species, the difference of averages in S. latissima were far greater and 

also highly significant (P <0.001). Age amongst many other factors such as competition for 

light and/ or nutrients (Lobban and Harrison 1994) cannot be ruled out to have had an effect 

on mannitol yields and distribution amongst different thalli. In L. hyperborea re-cycling of 

nutrients such as mannitol from old blades to support growth of new tissue (Tyler-Walters and 

Jones 2013) has been described, which is believed to occur also in other kelp species such as 

S. latissima. Annual seaweeds such as A. esculenta were re-cycling of nutrients is limited or 

non-existing, the distribution of mannitol between individual thalli was less widely spread and 

variations found to be insignificant (P =0.147). 
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Figure 3.11: Variation of mannitol content in three individual thalli (ave 1-3) of S. latissima (A) and A. 
esculenta (B) and comparison against mannitol content derived from homogenised biomass of multiple thalli 
(ave) The error bars are the means ± SD of three analyses. 

The average laminarin content in individual and multiple thalli in S. latissima was 2.9 ± 1.4 % 

and 4.4 ± 2.8 %, whereas laminarin made-up 8.1 ± 5.6 % and 10.6 ± 6.6 % of the biomass in A. 

esculenta, respectively (Table 3-10, Table 3-11). The variation in the distribution of laminarin 

in individual thalli was found to be highly significant for both species when compared to the 

average laminarin content in homogenized biomass of multiple thalli, with P ≤0.05 (Table 3-10, 

Table 3-11). As a significant variation occurred in both species mainly from May onwards 

(Figure 3.12), it is believed that the variation in laminarin was largely due to factors other than 

age, such as competition for light and/ or nutrients (Lobban and Harrison 1994). 

A B 

  

Figure 3.12: Variation of laminarin content in three individual thalli (ave 1-3) of S. latissima (A) and A. 
esculenta (B) and comparison against laminarin content derived from homogenised biomass of multiple 
thalli (ave). The error bars are the means ± SD of three analyses. 
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Average polyphenol results for S. latissima during the sampling period were 0.5 ± 0.2 % and 

0.5 ± 0.1 % for biomass from multiple and individual thalli, respectively (Table 3-10, Table 

3-11). In A. esculenta results were as follow: 0.8 ± 0.5 % in multiple thalli and 0.9 ± 0.5 % in 

individual thalli. It was found that the polyphenolic content was more uniformely distributed 

in Alaria spp. than Saccharina spp., which was also confirmed using Pearson moment - 

correlation analysis which highlighted a positive correlation for Alaria only (Figure 3.13: A. 

esculenta: r =0.926, P <0.001; S. latissima: r =0.042, P =0.837). 

A B 

  

Figure 3.13: Variation of polyphenol content in three individual thalli (ave 1-3) of S. latissima (A) and A. 
esculenta (B) and comparison against polyphenol content derived from homogenised biomass of multiple 
thalli (ave). The error bars are the means ± SD of three analyses. 

 

Average total carbon contents in individual and homogenised biomass of multiple thalli were 

30.5 ± 3.5 % and 30.1 ± 3.5 % in A. esculenta, and 28.9 ± 7.2 % and 26.7 ± 1.4 % in S. latissima 

(Table 3-10, Table 3-11) and distribution amongst individual thalli was shown to be 

insignificant, highlighting a uniformely distribution of the carbon content in these two 

seaweeds (Figure 3.14). These results indicate that despite the significant variances seen with 

mannitol and laminarin contents, total carbon appears to be less influenced by seasons 

amongst members of the same species and community. 
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Figure 3.14: Variation of total carbon content in three individual thalli (ave 1-3) of S. latissima (A) and A. 
esculenta (B) and comparison against total carbon content derived from homogenised biomass of multiple 
thalli (ave). The error bars are the means ± SD of three analyses. 

 

The nitrogen profiles of individual and multiple thalli of S. latissima and A. esculenta are 

displayed in Figure 3.15. Average results for the individual thalli were 1.6 ± 0.5 % and 1.9 ± 0.3 

% for the above species. In comparison to nitrogen content derived from the averages of 

multiple thalli, which accounted for 1.8 ± 0.5 % and 1.9 ± 0.3 % of the biomass of the same 

species, the difference seen between the variation of nitrogen in individual thalli and multiple 

thalli was insignificant in both species (Table 3-10, Table 3-11). Correlation analysis also 

identified an insignificant weak association between the two data sets indicating that there is 

a wider distribution of the nitrogen content amongst a community despite the means of 

individual versus multiple thalli being very similar. 
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Figure 3.15: Variation of nitrogen content in three individual thalli (ave 1-3) of S. latissima (A) and A. 
esculenta (B) and comparison against nitrogen content derived from homogenised biomass of multiple thalli 
(ave). The error bars are the means ± SD of three analyses. 
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Table 3-10: Summary of the chemical composition analysis of three individual thalli of A. esculenta, harvested between March and July 2011 and its variances and correlations.  
Harvest 

month 

Species Statistical 

factors 

Length 

(cm) 

Weight 

(g) 

Laminarin 

( %) 

Mannitol 

( %) 

Alginate 

( %) 

Ash 

( %) 

Polyphenols 

( %) 

C/N Nitrogen 

( %) 

Carbon 

( %) 

March 11 Ave (MT)    1.57±0.02III 7.73±0.21III 45.05±1.35III 33.10±0.52IV 0.31±0.01III 13.33 ± 0.1III 2.14±0.26III 28.50±3.46III 

 1  180 70 1.81±0.03III 6.16±0.02III 53.84±1.02III 32.8 0.39 ± 0.01III 13.93±0.45III 2.05±0.29III 28.73±4.80III 

 2  120 59 1.81±0.02III 5.74±0.03III 55.61±0.15 III 32.8 0.38 ± 0.03III 16.22±0.10III 1.55±0.14III 25.23±2.15III 

 3  130 63 1.80±0.05III 6.88±0.09III 53.13±0.55III 33.7 0.33 ± 0.00III 15.35±0.50III 2.18±0.17III 33.53±3.31III 

 Ave (1-3)    1.80±0.02III 6.25±0.50 54.19±1.25 33.28±0.73 0.37 ± 0.03 15.16±1.05 1.93±0.34 29.16±4.76III 

May 11 Ave (MT)    15.26 ± 0.4 III 12.65±0.50III 35.75±1.08III 21.77±0.15III 1.49 ± 0.04III 16.8 ± 0.7 1.85±0.03III 31.02±1.01III 

 1  136 150 5.78±0.16 III 16.96±0.25 III 46.26±1.25III 23.33 1.35±0.01III 17.08 2.07 35.30 

 2  166 130 13.16±0.16 III 14.06±0.09 III 47.78±0.64III 21.70 1.67 ± 0.04III 23.56 1.36 32.08 

 3  82 110 8.45±0.26 III 17.04±0.17 III 44.95±0.92III 21.59 1.61 ± 0.01III 18.17 1.84 33.51 

 Ave (1-3)    8.91± 4.02 17.73±2.00 46.32±1.48 22.21±0.97 1.54±0.15 19.60±3.47 1.76±0.36 33.63±1.61 

July 11 Ave (MT)    15.11±1.17 III 16.65±1.36 III 36.46±0.59III 21.2 ± 0.3III 0.81 ± 0.00III 20.7 ± 1.3 1.55±0.12III 31.23±0.06III 

 1  51 70 13.15±0.39III 15.60±0.39 III 41.57±0.33III 16.5±0.07II 0.53 ± 0.02III 22.21 1.53 33.93 

 2  81 59 17.58±0.16 III 14.19±0.46 III 39.13±0.23III 16.9±0.28II 0.53 ± 0.01III 19.61 1.78 34.90 

 3  57 63 9.20±0.10 III 17.16±0.64 III 42.07±0.35III 24.0±2.51II 0.38 ± 0.02III 20.41 1.65 33.67 

 Ave (1-3)    11.24±4.22 15.79±0.39 40.92±1.38 19.12±3.98 0.48 ± 0.07 20.74±1.33 1.65±0.13 34.16±0.65 

March-July Ave (MT)    10.65±6.57 12.00±3.42 47.15±5.71 23.26±4.54 0.87±0.50 15.63±2.73 1.94±0.29 30.13±3.45 

 Ave (1-3)    8.08±5.55 12.62±4.72 38.33±3.41 22.00±6.15 0.80±0.55 17.58±3.14 1.91±0.33 30.45±3.53 

 Pearson correlation I r   r =0.487 r =0.785 r =-0.720 r =-0.677 r =0.450 r=0.620 r=-0.380 r=0.635 

 P   P =0.001 P <0.001 P <0.001 P =0.016 P =0.018 P=0.006 P=0.163 P=0.011 

 

paired t-test T(df)   T(27)=3.44 T(27)=-1.50 T(27)=13.02 T(18)=-1.61 T(27)=-1.82 T(18)=3.75 T(18)=0.41 T(18)=0.28 

 P   P =0.002 P =0.147 P =<0.000 P =0.126 P =0.08 P=0.002 P=0.68 P=0.784 

Pearson correlation II r   r =0.808 r =0.878 r =0.817 r =0.846 r =0.926 r=0.725 r=0.129 r=0.966 

P   P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P=0.001 P=0.609 P=0.011 

Heterogeneity studies analysed the correlation (Pearson II) and variation (Student’s paired t-test) in chemical composition between a small community of three individual thalli (1-3) and a large community of 

multiple thalli (MT). Pearson-moment correlation analysis was also used to identify associations between the weight to length ratio of seaweeds to individual components (Pearson correlation I). The means ± SD are 

derived from n- samples, with n being the Roman numericals in the superscript.
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Table 3-11: Summary of the chemical composition analysis of three individual thalli of S. latissima, harvested between March and July 2011 and its variances and correlations.  
Harvest 

month 

Species Statistical 

values 

Length 

(cm) 

Weight 

(g) 

Laminarin 

( %) 

Mannitol 

( %) 

Alginate 

( %) 

Ash 

( %) 

Polyphenols 

( %) 

C/N 

 

Nitrogen 

( %) 

Carbon 

( %) 

March 11 Ave (MT)    1.58 ± 0.02III 14.01±0.33 III 34.8 ±0.88 III 37.7 ± 0.1 III 0.23 ± 0.02 III 12.23±0.31 2.08±0.09 III 26.70±1.60III 

 1  160 321 1.9 ± 0.02 III 9.7 ± 0.2 III 43.6±0.7 III 36.6 0.55 ± 0.02 III 15.18±0.51 1.77±0.27 III 27.02±5.07 III 

 2  100 125 1.9 ± 0.04 III 4.5 ± 0.0 III 39.7±0.2 III 46.7 0.33 ± 0.01 III 11.55±0.30 2.24±0.46 III 25.96±5.95 III 

 3  90 122 1.8 ± 0.04 III 7.2 ± 0.1 III 38.3±0.4 III 41.0 0.42 ± 0.03 III 33.43±0.71 1.15±0.28 III 38.51±9.97 III 

 Ave (1-3)    1.83 ± 0.06 7.19 ± 2.25 40.03±2.45 41.5 ± 5.0 0.43 ± 0.11 20.06 ±10.17 1.72±0.56 30.50±8.74 

May 11 Ave (MT)    3.59 ± 0.02III 18.2 ± 0.7 III 40.05±0.28 III 34.9 ± 0.1 III 0.46 ± 0.01 III 16.2 ± 0.5 1.7 ± 0.1 III 26.6 ± 0.1 

 1  140 570 5.1 ± 0.1 III 14.3 ± 0.1 III 37.9±0.5 III 33.9 0.72 ± 0.05 III 16.31 1.76 28.64 

 2  190 630 3.3 ± 0.1 III 17.1 ± 0.1 III 34.7±0.9 III 34.6 0.64 ± 0.01 III 15.79 1.77 27.93 

 3  130 253 1.9 ± 0.1 III 6.1 ± 0.1 III 35.5±0.2 III 49.6 0.57 ± 0.01 III 12.35 1.71 21.10 

 Ave (1-3)    3.44 ± 0.46 12.5 ± 5.7 36.02±1.54 39.4 ± 8.9 0.64 ± 0.08 14.82±2.15 1.74±0.03 25.89±4.16 

July 11 Ave (MT)    8.05 ± 0.09III 23.62 ± 0.74III 30.40±1.38III 28.5 ± 0.2 III 0.70 ± 0.02III 31.3 ± 1.6 0.9 ± 0.1 III 26.5 ± 2.1 

 1  50 102 2.9 ± 0.1 III 18.1 ± 0.1 III 30.5±0.2 III 35.42±0.11II 0.56 ± 0.01 III 22.94 1.25 28.62 

 2  90 156 5.5 ± 0.1 III 24.7 ± 0.2 III 30.1±0.9 III 27.33±0.22 II 0.52 ± 0.01 III 34.68 0.86 29.81 

 3  80 74 2.1 ± 0.1 III 10.2 ± 0.1 III 28.4±0.6 III 43.85±0.30 II 0.34 ± 0.01 III 16.12 1.48 23.86 

 Ave (1-3)    3.49 ± 1.55 17.72 ± 6.27 29.65±1.14 35.5 ± 8.3 0.47 ± 0.12 24.58±9.39 1.20±0.31 27.43±3.15 

March-July Ave (MT)    4.40±2.76 18.71±3.93 35.08±4.13 33.66±4.07 0.46±0.19 16.82±7.67 1.75±0.50 26.69±1.44 

 Ave (1-3)    2.92±1.39 12.47±6.35 35.40±4.86 38.80±7.07 0.50±0.13 19.91±9.09 1.62±0.49 28.96±7.18 

 Pearson 

correlation I 

r   r=0.581 r=0.351 r=0.159 r=-0.455 r=0.919 r=-0.184 r=-0.048 r=0.468 

 P   P=0.001 P=0.073 P=0.330 P=0.219 P<0.001 P=0.512 P=0.902 P=0.204 

 Paired t-test T(df)   T(27)=-3.09 T(27)=-6.93 T(27)=0.37 T(9)=2.30 T(27)=1.05 T(15)=1.12 T(15)=0.88 T(15)=1.21 

  P   P =0.005 P <0.001 P =0.718 P =0.05 P =0.302 P =0.283 P =0.392 P =0.244 

 Pearson 

correlation II 

r   r =0.427 r =0.679 r =0.492 r =0.379 r =0.042 r =0.191 r =0.371 r =0.823 

 P   P =0.026 P <0.001 P =0.009 P =0.314 P =0.837 P =0.495 P =0.174 P =0.006 

Heterogeneity studies analysed the correlation (Pearson II) and variation (Student’s paired t-test) in chemical composition between a small community of three individual thalli (1-3) and a large community of multiple 

thalli (MT). Pearson-moment correlation analysis was also used to identify associations between the weight to length ratio of seaweeds to individual components (Pearson correlation I). The means ± SD are derived from 

n- samples, with n being the Roman numericals in the superscript
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3.3.10. ASSOCIATION OF SEAWEED COMPONENTS  

The weight to length ratio of three individual thalli of the species A. esculenta and S. latissima 

is shown in Figure 3.16. Data sets from the average of three individual thalli were compared 

against data sets derived from multiple thalli using paired t-test for identification of variances 

and Pearson correlation analysis to identify if these two data sets were identical (r = 1.0). In 

the case of Alaria the weight to length ratio increased from March to May with no further 

significant increase from May to July. This trend was in-line with the accumulation of mannitol 

and laminarin, which was also confirmed by a Pearson moment-correlation analysis (Table 

3-10). Both associations were highly significant (P ≤ 0.01) and the increase in the weight to 

length ratio was more associated to the increase in mannitol (r = 0.785) than laminarin (r = 

0.487) despite similar levels of concentration for both. Besides laminarin and mannitol, it was 

also found that polyphenols, the total carbon content and the carbon to nitrogen ratio were 

also positively correlated to this weight to length ratio. Only in the case of alginate, ash and 

nitrogen a negative correlation was found, which was only significant in the case of alginate 

and ash. As discussed before (Section 3.3.2) ash and nitrogen content in the Laminariaceae 

followed an opposite trend to the carbon storage products laminarin and mannitol. 

Heterogeneity studies comparing the variance of seaweed components of three individual 

plants against homogenised thalli of multiple plants have shown that the variation seen 

between species was only significant in the case of laminarin, alginate and the C/N ratio. 

In the case of S. latissima the association between the weight to length ratio was closely linked 

to the laminarin rather than mannitol content (Figure 3.16). This was also confirmed using 

Pearson moment-correlation analysis (laminarin: r =0.581, P =0.001; mannitol: r =0.351, P 

=0.073) (Table 3-11). It is not clear why the weight to length ratio in Saccharina formed a bell 

shape (Figure 3.16) as both mannitol and laminarin concentrations continued to increase 

beyond May. It was found that a highly significant correlation existed with laminarin and the 

polyphenolics content only. As discussed before, the chemical composition varied more in 

Saccharina spp. than Alaria spp. The influence of seaweed age on the weight to length ratio is 

unknown. It is common amongst species of the Laminariales to replace old blades and re-cycle 
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nutrients from the old blade for new growth, were the old blade is usually shed in spring to 

early summer (Tyler-Walters and Jones 2013). As no age determination was carried out on the 

samples, it is only assumed that the variation in age amongst the selected Saccharina species 

was greater than in Alaria species. Heterogeneity studies have also shown that the variation 

in laminarin, mannitol and polyphenolics in individual thalli compared to multiple thalli was 

highly significant. As Saccharina has a life span of up to 5 years, the high variation of the 

soluble storage components laminarin and mannitol underline the facts that these storage 

products support re-growth of new tissues in older plants. These storage compounds have 

been found growth associated, lowest during months of high growth and highest during 

months of low growth. 

A B 

  

Figure 3.16: Association of the weight to length ratio (□) with mannitol (◊) and laminarin (∆) in individual 
thalli of S. latissima (A) and A. esculenta (B) and. The error bars are the means ± SD of three analyses. 

 

The contribution of individual carbonaceous compounds to the total carbon content, as well 

as the association between protein and total nitrogen content are highlighted in Table 3-12. 

It was found that the two carbohydrates laminarin and mannitol followed the total carbon 

profile most closely in L. digitata, L. hyperborea and A. esculenta, achieving correlation factors 

between 0.8 and 0.999. In S. latissima this association was weaker and it was mainly the 

carbohydrates fucoidan and alginate that had the highest correlation of 0.531 for fucoidan 

and 0.659 for alginate. Alginate was found to have also a positive correlation to the carbon 
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content in all four seaweeds but its contribution was classified as not significant as the 

probability factor P was in all cases >0.05. Fucoidan and the insoluble glucan content resulted 

in negative correlation factors, therefore not contributing to the overall carbon content. 

A significant positive association of protein to the nitrogen content was found in the species 

L. digitata, L. hyperborea and S. latissima only (Table 3-12). In the case of A. esculenta a high 

correlation factor of 0.951 was also calculated but due to a reduced data set available (only 

three harvests) this resulted in a weak probability factor P of 0.200. However, it is believed 

that the correlation in A. esculenta is significant, as other sources of nitrogen, excluding 

proteins and nitrates, in seaweed biomass are limited (Lobban and Harrison 1994). 

Table 3-12: Summary of the strength of associations between the total carbon content and carbonous 
compounds, and the total nitrogen content and protein in the four kelps L. digitata, S. latissima, L. 
hyperborea and A. esculenta.  

Carbonous 

compounds 

L. digitata S. latissima L. hyperborea A. esculenta 

r P r P r P r P 

Mannitol 0.887 0.003 0.274 0.512 0.800 0.017 0.947 0.028 

Laminarin 0.924 0.001 0.142 0.737 0.944 0.001 0.999 0.024 

Fucoidan -0.073 0.863 0.531 0.176 -0.524 0.183 -0.806 0.403 

Alginate 0.470 0.24 0.659 0.076 0.398 0.329 0.802 0.408 

Cellulose -0.016 0.970 0.408 0.316 -0.425 0.294 0.235 0.849 

Nitrogenous L. digitata S. latissima L. hyperborea A. esculenta 

compounds r P r P r P r P 

Protein 0.703 0.052 0.699 0.054 0.822 0.012 0.951 0.200 

The Pearson correlation factor r = 1.0 indicating a strong association between the two data sets (identical data) 

and a probability factor P ≤0.05 highlighting a statistical significance. 

 

3.3.11. FERMENTATION RESULTS OF SEASONAL HARVESTS OF THE 

LAMINARIACEAE 

Extracts from dilute acid saccharification of seasonal harvests of the four kelps were 

fermented using S. cerevisiae. Results from saccharification and fermentation of seaweed 

biomass were expressed as a percentage of the concentration of glucose or ethanol achieved 

from the concentration of seaweed applied for saccharification and fermentation. In addition, 

theoretical ethanol yields were calculated based on the glucose concentration present in the 

fermentation substrates, and correlations between ethanol yields and individual 

carbohydrates were established. 



Chapter 3 

127 

Average ethanol yields were expressed as the mean ± SD of the fermentation of individual 

harvest during the 14 months sampling period and were 6.2 ± 2.9 %, 5.1 ± 5.0 %, 6.7 ± 4.8 % 

and 7.6 ± 3.7 % for L. digitata, L. hyperborea, S. latissima and A. esculenta respectively. In 

comparison, glucose yields from the same species were 6.7 ± 6.0 %, 8.2 ± 5.3 %, 7.4 ± 8.0 % 

and 11.1 ± 7.2 % (Table 3-13). 

Table 3-13: Summary of glucose yields from dilute acid saccharification of L. digitata, L. hyperborea, S. 
latissima and A. esculenta and ethanol yields from fermentation using S. cerevisiae. 

 % Glucose yield** L. digitata L. hyperborea S. latissima A. esculenta 

Average ± SD 6.7 ± 6.0 8.2 ± 5.3 7.4 ± 8.0 11.1 ± 7.2 
high 17.2 1 14.4 7 23.6 2 15.9 6 
low 1.6 3 1.2 4,3 1.3 3,4,5,6 2.4 4 

 % Ethanol yield* L. digitata L. hyperborea S. latissima A. esculenta 

Average ± SD 6.2 ± 2.9 5.1 ± 5.0 6.7 ± 4.8 7.6 ± 3.7 
high ~13 1 ~17 2 ~14 7,8 ~10 6 
low ~5 3,4,5,6 ~2 3,4,5,6 ~2 3,4 ~3 4 

Seasonal variation analysis using 1-way ANOVA of ethanol yields 

Fdf/error F7/40=412 F7/40=551 F7/40=482 F7/40=954 
P <0.001 <0.001 <0.001 <0.001 

* % Ethanol yields were expressed as a percentage of the amount of ethanol produced from seaweed on a g 
g-1 basis. Standard deviations were derived from 6 samples. 
** % Glucose yields were expressed as a percentage of glucose determined by HPLC against the amount of 
seaweed used for saccharification (g g-1). Standard deviations were derived from 2 samples. 
Supscripted numbers highlight the month high and low concentrations occurred in: 1, August 2010; 2, October 
2010; 3, February 2011; 4, March 2011; 5, May 2011; 6, July 2011; 7, September 2011; 8, October 
Variance analysis using 1-way ANOVA was carried out to identify whether a group mean (harvest time) were 
all equal or not. 

 

A positive correlation of the dilute acid hydrolysed glucose content of all four seaweeds and 

their corresponding ethanol yields is shown in Table 3-14. Ethanol and laminarin profiles 

clearly showed that ethanol yields were directly proportional to the glucose content in the 

fermentation broth. This association was also established using Pearson product-moment 

correlation, which demonstrated that in particular the soluble glucan content laminarin had 

the highest impact on ethanol yields for all four seaweeds and carbohydrates, giving r values 

between 0.82 to 0.99, indicating a strong association between the two variables (Table 3-14). 

In addition, mannitol also gave a positive correlation for all four seaweeds, and in the case of 

A. esculenta, L. digitata and L. hyperborea were also highly significant. As mannitol 

accumulation and decline occurs around the same time as laminarin the model interpreted 
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this as a significant correlation. However, from measurements of fermentation broth it is 

known that none or only little mannitol is metabolized by S. cerevisiae. All other seaweed 

components indicated no association with ethanol yields. Polyphenol content in Alaria also 

showed a strong correlation to ethanol yields due to simultaneous accumulation of laminarin 

with polyphenols but it is debatable that polyphenols are of fermentable nature to S. 

cerevisiae. 

Table 3-14: Examination of the strength of relationship between ethanol and individual seaweed 
components in L. digitata, S. latissima, L. hyperborea and A. esculenta. 

 S. latissima L. digitata L. hyperborea A. esculenta 

 r P r P r P r P 

Laminarin 0.857 <0.001 0.822 <0.001 0.994 <0.001 0.998 <0.001 

Insoluble glucan 0.467 0.069 -0.462 0.007 -0.647 0.007 -0.739 0.023 

Fucoidan -0.037 0.892 -0.198 0.461 -0.059 0.829 0.424 0.255 

Mannitol 0.235 0.382 0.593 0.016 0.557 0.025 0.953 <0.001 

Alginate 0.147 0.587 -0.583 0.018 -0.753 0.001 -0.962 <0.001 

Polyphenols -0.017 0.950 -0.214 0.426 -0.622 0.010 0.730 0.025 

Ash -0.745 0.001 -0.671 0.004 -0.830 <0.001 -0.990 <0.001 

Moisture -0.498 0.049 -0.865 <0.001 -0.549 0.028 -0.971 <0.001 

A Pearson correlation factor r = 1.0 indicating a strong linear association between the two data sets (identical 

data) and a probability factor P ≤0.05 highlighting a statistical significance. 

 

Higher ethanol yields than the theoretical maximum of 0.51 (g g-1) from glucose were 

achieved. Average theoretical yields for L. digitata, S. latissima, L. hyperborea and A. esculenta 

were 0.56 ± 0.12 %, 0.64 ± 0.14 %, 0.63 ± 0.17 % and 0.63 ± 0.02 %, respectively (Table 3-15). 

Higher values (0.53-0.61) than the theoretical maximum have also been reported from 

fermentation of L. hyperborea extracts using Zymobacter palmae (Horn et al. 2000) suggesting 

the presence of other carbon sources used for fermentation. It is interesting to note that 

higher yields were more likely to occur during late autumn, which is the time when seaweed 

biomass usually contains not only highest carbohydrate content but also lower ash and 

polyphenol content. As has been suggested by Horn et al. (2000), higher theoretical values 

than 0.51 indicate the use of other carbohydrates by S. cerevisiae. It is known that S. cerevisiae 

can also ferment mannose and galactose anaerobically. In addition, mannitol has also been 

reported to be assimilated under aerobic conditions by some strains of S. cerevisiae with small 

amounts of ethanol produced from mannitol during anaerobic growth (Quain and Boulton 

1987). The HPLC method used in this thesis was not accurate enough to distinguish between 
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some groups of monomers such as xylose and galactose, which co-elute (see Appendix F, 

Figure - Appendix 15). As mannose was not part of the monosaccharide standard range no 

assumptions can be made regarding the concentrations of those two sugars, but potentially 

one or both of these sugars may be present based on the results in Table 3-15. 

Table 3-15: Theoretical ethanol yields were expressed as the amount of ethanol produced from the glucose 
content of dilute acid hydrolysed seaweed biomass (g g-1) 

Months L. digitata S. latissima L. hyperborea A. esculenta 

Aug-10 0.70 0.57 0.61 n.t. 
Oct-10 0.86 0.56 0.68 n.t. 
Feb-11 0.80 0.46 0.97 n.t. 
Mar-11 0.25 0.44 0.46 0.63 
May-11 0.30 0.80 0.46 0.62 
Jul-11 0.39 0.54 0.54 0.65 
Sep-11 0.67 0.62 0.77 n.t. 
Oct-11 0.45 0.46 0.54 n.t. 

Average ± SD 0.56 ± 0.12 0.64 ± 0.14 0.63 ± 0.17 0.63 ± 0.02 

n.t. = not tested 

 

In addition to monosaccharides, disaccharides such as maltose, sucrose, melibiose, lactose or 

cellobiose have also been reported to be easily accepted as nutrients by the yeast S. cerevisiae 

(de la Fuente G, Sols A. (1962). As the HPLC column was not capable of selectively separate 

and detect disaccharides no conclusion with regards to the possible up-take of such sugars 

occurred in the yeast S. cerevisiae. Of those mentioned disaccharides only cellobiose is very 

likey to occur from partial degration of cellulose in seaweeds. In addition, other glucosides 

from the partial degradation of laminarin for example could have been utilised by S. cerevisiae. 

Additional substrate used for the production of ethanol would align the calculated ethanol 

yields accordingly. 

It is also not known if the HPLC method used in this thesis was accurate enough to distinguish 

between saccharification and fermentation products. The possibility of other peaks co-eluting 

with ethanol for example was not investigated, creating artifically larger ethanol peaks and as 

a consequence higher ethanol yields. 
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A B 

  

C D 

  

Figure 3.17: Seasonal profile of glucose and ethanol yields of L. digitata (A), S. latissima (B), L. hyperborea (C) and A. esculenta (D). Glucose yields derived from dilute acid hydrolysis 
of seaweed biomass is expressed as % glucose; ethanol yields are derived from fermentation of acid hydrolysates using S. cerevisiae and are expressed as % ethanol. The error bars of 
L. digitata are the means ± SD of three analyses for the glucan content and six for the fermentation. The error bars of L. hyperborea and A. esculenta are the means ± SD of two 
analyses for the glucan content and six for the fermentation. The error bars of S. latissima are the means ± SD of two analyses for the glucan content and four for the fermentation. 
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3.3.12. CHEMICAL COMPOSITION OF THE FUCACEAE AND 

PHYLLARIACEAE  

Chemical composition analysis using members of the Fucales was carried out using the same 

methods as described in Section 3.2.1 to 3.2.8. Moisture content in Fucales accounted for 80.1 

± 2.8, 77.2 ± 2.9 and 75.0 ± 3.8 % of the seaweed biomass throughout one seasonal cycle 

(August 2010 to September 2011) for F. serratus, F. vesiculosis and A. nodosum respectively. 

Highest levels were seen in February followed by a decline into the summer months (Table 

3-16 and Figure 3.18). Moisture profiles in Fucales were similar to Laminariales. 

 

Figure 3.18: Moisture content in Fucales and S. polyschides (single data point). The error bars are the means 
± SD of at least two analyses. 

 

Ash contents of the Fucales showed a similar trend to moisture content, with maximum levels 

seen in February for F. serratus and A. nodosum (Table 3-16 and Figure 3.19). Average ash 

content for the period August 2010 to September 2011 was 25.2 ± 2.3 %, 26.0 ± 3.5 % and 

23.9 ± 3.1 % for the seaweeds F. vesiculosis, F. serratus and A. nodosum, respectively. Ash 

content accumulated throughout summer, peaking in the winter months for all three species. 

Ash content in S. polyschides was 31.7 % for the wild species between September and October 

but reached 42 % for the cultivated species in July. However, higher ash contents for the 
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cultivated species may have resulted from excessive growths of juvenile mussels, which was 

observed on the seaweed tissue, and might not represent a true value. In comparison to the 

ash content of the Laminariales, Fucales contained around 7 % less ash with minimum and 

maximum levels being similar. 

Table 3-16: Chemical composition analysis of F. serratus, F. vesiculosis, A. nodosum and S. polyschides 
between August 2010 to October 2011 for the Fucales and September 2011 to October 2011 for S.polyschides 

 % percentage Concentration F. serratus F. vesiculosis A. nodosum S. polyschides 

Ash average ± SD 26.0 ± 3.5 25.2 ± 2.3 23.9 ± 3.1 31.8 ± 0.0 

high 30.8 3 27.0 3,4,5 29.1 3 41.8 *,6 

low 20.2 1 21.3 7 19.3 1 31.8 7,8 

Moisture average ± SD 80.1 ± 2.8 77.2 ± 2.9 75.0 ± 3.8 88.2 7 

high 85.7 4 81.4 5 82.1 4 88.2 7 

low 78.0 1,2 73.0 2 70.0 1 86.8 *,6 

Carbon average ± SD 33.5 ± 0.8 34.1 ± 1.9 35.9 ± 3.7 n.t 

high 34.6 4 35.9 4 40.0 3 n.t 

low 33.1 3 33.1 5 32.5 5 n.t 

Nitrogen average ± SD 1.8 ± 0.2 1.5 ± 0.2 1.3 ± 0.1 0.7 ± 0.1 

high 1.9 4 1.7 3 1.4 4 3.3 *,6 

low 1.6 3 1.3 4 1.2 3,5 0.7 7 

C/N ratio average ± SD 19.2 ± 1.4 21.9 ± 4.1 28.2 ± 3.7 37.2 ± 2.3 

high 20.7 4 26.8 4 32.6 3 38.8 7 

low 18.1 3 19.4 5 26.1 4,5 7.2 *,6 

Protein average ± SD 11.2 ± 0.9 11.4 ± 0.6 7.7 ± 1.4 6.6 ± 0.3 

high 12.0 5 11.9 3 8.7 5 6.8 8 

low 10.5 1 11.0 3 6.8 1 6.4 7 

Polyphenol average ± SD 3.6 ± 0.1 4.1 ± 0.7 3.1 ± 0.5 0.5 ± 0.3 

high 3.7 4 4.8 3 3.5 5 0.7 7 

low 3.5 3 3.4 4 2.6 3 0.2 8 

Supscripted numbers highlight the months of occurences of high and low concentrations: 1, August 2010; 2, 
October 2010; 3, February 2011; 4, March 2011; 5, May 2011; 6, July 2011; 7, September 2011; 8, October 
n.t = not tested; * cultivated S.polyschides 

 

Certain metal ions such as aluminium, manganese, iron and nickel were found in significantly 

higher proportions in the Fucales compared to Laminariales. It was found that the two Fucales 

F. serratus and F. vesiculosis accumulated significantly more of the metals manganese and 

nickel than A. nodosum. In the seaweeds F. vesiculosis, F. serratus und A. nodosum average 

levels of manganese were 124 ± 76 ppm, 230 ± 76 ppm and 35 ± 12 ppm, significantly higher 

compared to 6 and 11 ppm for L. digitata and L. hyperborea. Nickel was found in 

concentrations of 5.9 ± 1.1 ppm, 4.5 ± 2.4 ppm and 1.7 ± 0.8 ppm for the same seaweeds, also 

significantly exceeding levels of 0.5 and 1.0 ppm in L. digitata and L. hyperborea. The four 
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major cations potassium, sodium, calcium and magnesium were also found in similar 

concentrations when compared to the Laminariales (Appendix D). 

 

Figure 3.19: Ash content of A. nodosum, F. vesiculosis, F. serratus and S. polyschides. The error bars are the 
means ± SD of at least two analyses. 

 

The polyphenol content of the Fucales F. serratus, F. vesiculosis and A. nodosum, are shown 

in Figure 3.20 and summarized in Table 3-16. In summary, the polyphenolics of the Fucales 

exceeds that seen for the Laminariales, with total average polyphenolic content reaching 3.6 

± 0.1 %, 4.1 ± 0.7 % and 3.1 ± 0.5 % of the dry matter in F. serratus, F. vesiculosis and A. 

nodosum.  

 

Figure 3.20: Polyphenol content (expressed as % Gallic acid equivalents GAE) in the Fucales A. nodosum, F. 
serratus and F. vesiculosis. The error bars are the means ± SD of at least two analyses. 
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As the three species of the Fucales were only sampled three times during a six month period 

no accurate predictions on minimum and maximum levels were possible. Polyphenol 

concentrations have been reported to reach a maximum of ~13 % of dry matter in A. nodosum 

and F. vesiculosis during winter and lows of ~9 % in the summer (Ragan and Jensen 1978). 

Polyphenol content in S. polyschides was low compared to members of the Fucales and was 

0.4 % for the July harvest (cultivated species) and 0.7 to 0.2 % for the wild species collected in 

September and October 2011, respectively. 

Total carbohydrate (TC) content in the Fucales was much higher compared to the 

Laminariales. In A. nodosum, F. vesiculosis and F. serratus total carbohydrates accounted for 

66.3 ± 10.0 %, 67.3 ± 3.7 % and 71.0 ± 3.4 %, respectively (Figure 3.21) whereas the TC content 

in the Laminariales was between 50-54 %. These high carbohydrate contents were largely 

attributed to the high alginate contents which accounted for 42.3 ± 7.5 %, 49.3 ± 3.1 % and 

44.7 ± 5.1 % of the dry matter (Table 3-17).  

Table 3-17: Summary of carbohydrate composition analysis of F. serratus, F. vesiculosis, A. nodosum and S. 
polyschides between February to May 2011 for the Fucales and July to October 2011 for S. polyschides 

 % carbohydrate Concentration F. serratus F. vesiculosis A. nodosum S. polyschides 

Total glucan average ± SD 19.3 ± 0.2 17.1 ± 0.9 16.8 ± 1.5 18.5 ± 5.6 

high 19.2 1,2 17.9 3 18.2 3 24.5 5 

low 18.9 3 16.3 1 15.3 2 9.9 4 

Cellulose average ± SD 17.2 ± 0.3 15.3 ± 1.0 14.4 ± 0.9 13.8 ± 6.6 

high 17.5 1 16.3 3 15.4 3 17.7 6 

low 16.9 3 14.4 2 14.0 1 6.1 4 

Laminarin average ± SD 1.9 ± 0.2 2.0 ± 0.7 2.4 ± 0.9 3.2 ± 1.9 

high 2.0 1 1.8 3 3.11 5.6 5 

low 1.6 1 1.1 1 1.52 2.0 4 

Mannitol average ± SD 8.6 ± 2.1 7.0 ± 0.6 6.3 ± 1.0 12.8 ± 8.4 

high 11.0 3 7.6 3 7.2 3 22.4 5 

low 7.1 1 6.4 1 5.3 1 5.7 4 

Alginate average ± SD 43.3 ± 1.5 41.1 ± 2.5 42.9 ± 7.9 37.5 ± 1.8 

high 45.0 3 42.8 2 51.0 3  

low 42.3 1,2 38.3 1 35.2 1  

Total 
carbohydrate 

average ± SD 71.0 ± 3.4 65.1 ± 3.1 66.0 ± 9.3 61.1 ± 3.0 

high 75.0 3 67.9 3 76.4 3  

low 68.0 1 61.0 1 58.6 1  

Supscripted numbers highlight the months of occurences of high and low concentrations: 1, August 2010; 2, 
October 2010; 3, February 2011; 4, March 2011; 5, May 2011; 6, July 2011; 7, September 2011; 8, October 
n.t = not tested; * cultivated S.polyschides. 
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A 

 

B 

 

C 

 

Figure 3.21: Carbohydrate profiling of the Fucales – F. serratus (A), F. vesiculosis (B) and A. nodosum (C) 
during February and May 2011. The error bars are the means ± SD of at least two analyses. 
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A seasonal alginate cycle in the Fucales has been reported with higher levels either seen in 

late summer (Obluchinskaya et al. 2002) or in winter time (Macpherson and Young 1952). The 

reported levels in F. vesiculosis were 24.0 ± 1.85 % and 21.8 ± 1.2 % in F. serratus , and alginate 

content in A. nodosum was lower at 16.1 ± 1.6 % (Obluchinskaya et al. 2002). Our results for 

the Fucales were double those being reported elsewhere. Polyphenols are known to interact 

with cationic functional groups and have been used for removal of cationic dyes from 

wastewater (Jeon et al. 2009). Interference of high polyphenols containing substances with 

cationic dyes such as Alcian Blue may cause precipitation and therefore lead to overestimation 

of the amount of alginate. It is not clear at this stage whether this method is suitable for 

alginate determination of Fucales. 

Mannitol content in F. serratus, F. vesiculosis and A. nodosum was 8.6 ± 2.1 %, 7.0 ± 0.6 % and 

6.3 ± 1.0 % and was significantly lower compared to L. digitata and S. latissima, where 

mannitol made-up 11.7 ± 7.8 % and 13.1 ± 5.8 % of the dry matter. Only L. hyperborea during 

the same period contained similar mannitol levels which were 6.4 ± 0.6 %. In general mannitol 

content in Laminariales was found to be around 4–5 times higher compared to Fucales 

(Podkorytova and Vafina 2010), which also exhibited a greater degree of seasonal variation in 

the Laminariales. Mannitol in Fucales has been reported to be highest in the summer and 

autumn while laminarin and organic nitrogen remained fairly constant throughout the year 

(Macpherson and Young 1952). 

No significant differences in the laminarin content between the Fucales and Laminariales were 

found. Laminarin content in Fucales varied between 1.9-2.4 % which was similar to the 1.6 -

2.0 % seen in the Laminariales. However the insoluble glucan fraction in the Fucales was 

greater compared to the Laminariales. Insoluble glucans such as cellulose accounted for 17.2 

± 0.3 %, 15.3 ± 1.0 % and 14.4 ± 0.9 % of the biomass in F. serratus, F. vesiculosis and A. 

nodosum. This represented a significant difference to the 10.9-12.1 % seen in the 

Laminariales. Cellulose content of brown-algal biomass has been reported to account for 1.5 

- 20.0 % of the dry weight of various species in the order of Fucales and Laminariales 

(Cronshaw et al. 1958) (Quatrano and Stevens 1976, Kloareg 1984, Mabeau and Klooareg 

1987). As Fucales are located on the upper zones of the inter-tidal zones and are exposed to 
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more physical stress such as wave action it has been mentioned that fucan levels increase with 

the zonation of these seaweeds (Mabeau and Klooareg 1987). Whether this observation is 

also linked to the cellulose content is not clear, but higher content of cellulose will give more 

structural strength, which is needed for these species to cope with increased levels of physical 

stress they are subjected too. 

Carbon content for the Fucales during the 4 month period was 33-36 %; much higher than the 

kelps (24 - 26 %). The nitrogen content in Fucales was lower and made up between 1.3-1.8 % 

of the dry matter, compared to 1.9 - 2.1 % in the kelps. This, in turn, caused the C/N ratio to 

be higher in Fucales (19-28 %) than in kelps (13-16.8 %). In contrast to the lower nitrogen 

content, protein analysis in Fucales highlighted concentrations between 6.8 to 11.9 % 

resulting in nitrogen to protein conversion factors of 5.5 to 6.8, compared to 4.0 to 4.5 for the 

Laminariales. 

Fermentation of enzyme hydrolysates of A. nodosum and F. vesiculosis were carried out on 

the February, March and May 2011 seaweed collections, as well as the July and September 

2011 harvest of S. polyschides. No substrate for fermentation was generated from the 

enzymatic saccharification of F. vesiculosis and the October 2011 harvest of S. polyschides due 

to power failure of the incubator. Average ethanol yields for A. nodosum and F. vesiculosis 

were 0.6 ± 0.4 % and 0.3 ± 0.2 % (Figure 3.22), respectively. This compared to 4.9 ± 2.2 %, 4.5 

± 1.9 %, 5.6 ± 3.3 % and 8.7 ± 3.3 % of the kelp species S. latissima, L. digitata, L. hyperborea 

and A. esculenta (Table 5-6) represented a significant reduction in ethanol production. 

Interestingly the greater polyphenol content in F. vesiculosis (Table 3-16) was reflected in the 

lower ethanol production, due possibly to inhibition of hemicellulosic enzymes during 

saccharification or the inhibition of S. cerevisiae or a combination of both. In the case of S. 

polyschides no conclusion regarding its potential as a fermentation substrate was possible, as 

the harvest locations and nature of the seaweed (cultivated and non-cultivated) was not 

identical. However, ethanol production of this species was 3.3 % (percentage ethanol of 

biomass) in September 2011 which was still significantly lower to the ethanol yields in 

September for the kelps L. digitata (4.9 %), L. hyperborea (6.6 %) and S. latissima (6.3 %). As 

S. polyschides grows in deeper waters than the kelps, with associated differences in 
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environmental conditions such as temperatures and light exposures, it is possible that the 

carbohydrate profiles and peak times of this species are somewhat off-set to the kelps which 

will also be reflected in ethanol yields. 

Of the three seaweeds tested for their ethanologenic potential it is S. polyschides which holds 

the highest potential, also containing lower polyphenolics. Due to limitation in its harvest 

frequency no conclusion regarding best harvest times was possible. However, as ethanol 

yields were increasing between June to September it is believed that S. polyschides will follow 

the same trend as the Laminariales with highest yields usually seen in late autumn. Members 

of the Fucales are not considered suitable for enzymatic saccharification, however their 

impact on fermentation is not clear and potentially could provide a fermentation substrate if 

dilute acid hydrolysis was used instead of enzymes. 

 

Figure 3.22: Ethanol yields of enzyme hydrolysates of A. nodosum, F. serratus and S. polyschides. For 
enzymatic digestion enzyme blends NS 22086 and NS 22118 were used at 5 and 0.6 % additions (w w-1) for 20 
hours at 45 oC and fermented for 45 hours using S. cerevisiae. Ethanol yields are expressed as a % of ethanol 
concentration against the concentration of biomass used for saccharification. The error bars are the means ± 
SD of at least two analyses. 
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3.4. CONCLUSIONS 

There are a number of considerations in the selection of a suitable biomass substrate for 

ethanol fermentation. The carbohydrate content is of main interest to the fermentation 

industry, as this is the part of the organic matter of biomass converted into ethanol. However, 

there are also other components in the biomass that have to be considered in the selection 

process, such as its moisture content, its nutrient content and the concentration of inhibitory 

compounds. This and other research (Adams et al. 2011) have demonstrated that seasonal 

composition analysis can be used to determine the best harvest times based on the content 

of desired and undesired components. In the case of a seasonal seaweed composition 

analysis, the maximum values of the desired carbohydrates coincide with reduced values of 

the undesired components ash, polyphenols and moisture. 

Amongst the three different families of seaweeds tested, members of the family 

Laminarinaceae gave highest saccharification and ethanol yields. This was followed by S. 

polyschides belonging to the Phyllariaceae. Saccharification using members of the Fucaceae 

gave poor yields, and this was reflected by particularly poor ethanol yields. 

Together with high carbohydrate, low ash and low polyphenolics contents, ideal aquaculture 

candidates should also be capable of fast growth rates at high stocking density. The life span, 

age of maturity and generation time become less important criteria during mass cultivation 

with short crop cycles, were the growth matrix for seaweed cultivation is inoculated artificially 

and does not rely on natural fertilization. It is still unknown how the age of seaweed plants 

impact their composition with regards to saccharification and ethanol yields. The age of 

maturity is shortest for A. esculenta (8-14 months) and highest for L. hyperborea (2-6 years). 

The other two kelps L. digitata and S. latissima reach maturity within 15-20 months (White et 

al. 2013). Average growth rates for the four kelps are around 20-40 cm month-1, although 

growth rates of S. latissima of 150 cm month-1 have been reported (White et al. 2013). As 

faster growth rates generate more biomass it is an important parameter in the selection. All 

seaweeds except S. latissima have been reported to grow in dense populations (White, N. 

(2007); White, N. (2008a); White,N. (2008b)), therefore providing higher densities with higher 

biomass yields per area possible. Alaria spp. have been reported to be highly adaptive were 



Chapter 3 

140 
 

short stipe and narrow lamina base is characteristic of exposed conditions and longer stipes 

with a wider lamina base being a characteristic of sheltered conditions (Widdowson 1971). 

However, it has been noted (White et al. 2013) that A. esculenta in the lower eulittoral and 

upper sublittoral will erode away in summer completely, possibly due to higher summer water 

temperatures and bleaching by sunlight. In addition Alaria spp. also accumulated 

polyphenolics during spring with the possible implication on saccharification yields. Growth in 

deeper water away from sunlight, have been reported to enable survival throughout summer 

(White et al. 2013). If the accumulation of polyphenolics is a stress reaction to sunlight and 

warmer conditions, lowering the growth substratum in spring could enable survival of these 

species with a potential impact on reduced polyphenolics. This species is considered suitable 

for mass cultivation with the option of using both exposed and sheltered sites. Protection of 

plants from sunlight and high water temperature is necessary, otherwise it is recommended 

to harvest Alaria spp. before the on-set of polyphenol accumulation which is before May. 

S. latissima has also been found in exposed and sheltered sites with an annual presence in the 

lower eulittoral and upper sublittoral. Maximal growth is usually fastest from late winter to 

spring with highest carbohydrate accumulation in autumn, coinciding with lower ash and 

lower polyphenolics contents. Its preference to grow in less dense populations is debatable as 

biomass yields (dry weights) from cultivation of this species have reached 15 t ha-1 y-1 

compared to 12 t ha-1 y-1 for Alaria spp. and 25.5 t ha-1 y-1 for S. polyschides (Kelly and 

Dworjanyn 2008). Nevertheless, as most of the tested species grow in close association with 

the same and other species, competition for nutrients and light will subsequently determine 

growth rates of each plant individually. Maximum saccharification and ethanol yields were in 

autumn which also coincided with minimum ash and polyphenolic content. This species has 

also been trialed at large scale and is considered a suitable candidate for mass cultivation. It 

also can be grown in exposed or sheltered locations with a recommended harvest times to be 

the autumn months. 

L. digitata and L. hyperborea are more commonly found in areas of higher wave action. 

However, in areas of extreme exposures L. digitata dominates the habitat. Both species have 

been found to give high saccharification and ethanol yields, peaking in the autumn months. 
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For L. digitata the best harvest times from Scotland was the same as material from Welsh 

waters, which were in August (Adams et al. 2011). Laminaria spp. have been shown to contain 

low concentrations of polyphenolics throughout the year but this is coupled with high ash 

content. These species are also suitable for mass cultivation and can be grown in exposed and 

sheltered sites (Hill 2013). This genus also accumulated storage carbohydrates such as 

laminarin that are known to be metabolised for plant growth. As plant growth usually starts 

in winter (Hill 2013), best harvest times for these species are also considered to be the autumn 

months. 

There is little data available for S. polyschides. High cultivation yields have been reported 

(Bruton 2009) and it had the highest growth rates of all the other brown seaweeds tested 

(White 2013). However, its preference for sheltered areas and high salinity will prevent it from 

cultivation near estuaries with large salinity fluctuations and areas of extreme wave and 

current exposures. It is assumed that this species also accumulates storage components to 

support growth which usually also starts in winter and therefore best harvest times are also 

predicted to occur in autumn. 

Fermentation results from enzymatic digests of the Fucales were poor, which is attributed to 

the inhibitory effect of its high polyphenol content on digestive enzymes. In addition, as 

growth rates are lower and plants of members of Fucales are also smaller compared to the 

Laminariales (White 2008) they are also considered unsuitable for rope-culturing due to lower 

biomass yields per area and in combination with their higher polyphenol content, they are 

therefore not recommended as a potential feedstock for fermentation. 

Brown seaweed biomass contains approximately 85 % of its mass as water, compared to 30 % 

in terrestrial biomass such as wood, barley and wheat straw (McKendry 2002). The ash 

content, another important parameter, is also much higher in seaweeds than it is in terrestrial 

biomass where it only accounts for 1-10 % (Grohmann and Bothast 1994, Lynd 1996), 

compared to around 30 % in kelps. Overall, this makes seaweed a more suitable candidate for 

aqueous conversion processes such as fermentation (McKendry 2002) rather than for 

combustion or pyrolysis (Adams et al. 2011). Even though the mineral composition of 

seaweeds can provide a large amount of the micronutrients required for microbial activities, 
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it is the high concentration of the alkali metals, sodium and potassium, which can interfere 

with fermentation. Sodium and potassium are by far the two most prominent metals in the 

kelp species and have been shown to negatively impact on microbial growth and fermentation 

activities (Bautista-Gallego 2008). 

The absence of lignin or lignin-like compounds in brown seaweed biomass has been proposed 

as an advantage over terrestrial biomass. As the content of the recalcitrant compound 

cellulose was found to be low (~10 %), compared to terrestrial biomass (51 %) (Ingram et al. 

1999) it is the alginate content in brown seaweed biomass which is of interest for future 

biofuel production. Alginate has shown to be biodegradable (Aggarwal et al. 1999), available 

throughout a season with less variability and therefore presenting a more stable fermentation 

resource than mannitol and laminarin. 

The association between laminarin and mannitol with the weight to length ratio has the 

potential to become a quick method for determination of ideal harvesting times. In the case 

of Alaria spp. a significant correlation between the accumulation of mannitol and laminarin in 

seaweed tissue and its weight to length ratio was identified. However, it is not clear for 

prolonged life spans ≥ 1 year if this correlation stays the same and also applies to other 

species. The variation in chemical composition demonstrated in the heterogeneity studies for 

S. latissima was far greater than in Alaria species across the season supporting the theory that 

ageing in plants might influence its chemical composition. However, this should not pose a 

problem for rope cultivation, as the plants will all be approximately the same age. 
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3.5. KEY FINDINGS AND RECOMMENDATIONS 

 All species tested and belonging to the Laminarinaceae are considered suitable as 

bioethanol fermentation substrates. 

 S. polyschides needs to be investigated over at least one season to allow further 

recommendations to be made, but based on its ethanol yield and fast growth rate, it 

should be considered as a suitable species for bioethanol production pending mass 

cultivation. 

 Optimal harvest times for L. digitata, S. latissima and L. digitata were found to be the 

late autumn months. This coincided with reduced levels of inhibitory ash and polyphenol 

content. 

 Optimal harvest time for A. esculenta was found to be July, after which the species 

disappeared in the intertidal zone. July harvests also contained less ash and polyphenol 

content than previous months. 

 Carbohydrate yields varied significantly between months and between seasons. It is 

therefore recommended to follow its content over several years to allow a more 

accurate prediction of the yield. 

 The storage carbohydrates laminarin and mannitol were identified as the main 

contributors to the total carbon content of L. digitata, L. hyperborea and A. esculenta, 

and therefore, analysis of total carbon content could provide enough information to 

determine maximum levels of these two storage components. 

 Polyphenol content of Laminariales was lower than the Fucales. Total polyphenol 

content ranking in the Laminariales was: A. esculenta > S. latissima > L. digitata and L. 

hyperborea. It is advised to investigate if polyphenol accumulation occurs in deeper 

waters to confirm if this is related to higher sun exposure times and water temperatures. 

 S. latissima required greater concentrations of enzyme to complete enzymatic 

saccharification compared to L. digitata, indicating that enzymatic saccharification 

methodology may need to be optimised for each kelp species. 

 Insoluble glucans (~cellulose) and alginate were found to vary less through the seasons 

compared to the storage components laminarin and mannitol. This suggests alginate is 
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an important carbon source to target for fermentation because it can be utilised 

throughout the year as a fermentation substrate. This means that seaweeds harvested 

at non-optimal times of the year can be fermented. 

 Alginate analysis concluded that the polyphenolics could interact with the dye molecule 

leading to artificially high results. Alginate findings in this Thesis were higher than those 

of other researchers. It is recommended that this colourimetric method should be 

compared to methods that are not interfered with by polyphenols to validate its 

accuracy (e.g. viscosity measurements). 

 Variations in the chemical composition amongst individual thalli can vary significantly 

and therefore it is recommended to homogenise biomass of multiple thalli of the same 

species when assessing chemical composition. 

 The weight to length ratio has shown promising associations between the laminarin and 

mannitol content in S. latissima and A. esculenta. It is recommended to follow this 

association over a longer period and use more individual thalli to identify whether this 

method can be used to predict best harvesting times. 
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4. SEAWEED SACCHARIFICATION 

4.1. INTRODUCTION 

Saccharification is the process of extracting simple sugars from organic matter. The 

saccharification of seaweed biomass to generate fermentable substrates for the bioethanol 

industry is a relatively recent development and was first described by Horn et al. (2000) 

studying the potential of seaweed biomass for fermentation. Different methods using dilute 

and concentrated acids and enzymes for the hydrolysis of structural and storage 

carbohydrates from brown seaweed biomass have been investigated and developed in this 

thesis, with the aim of developing an advanced bioethanol process. Technologies and 

methodologies described here focus on the saccharification of organic matter to produce 

fermentable substrates from seaweed biomass. 

Historically dilute acid hydrolysis has been the most common single stage process used for 

saccharification and was first described using terrestrial biomass (Simonsen 1898). Only 

recently biofuel research has explored dilute acids for seaweed hydrolysis (Candra 2011, Ge 

et al. 2011, Jang 2012, Meinita et al. 2012). As it is often applied in combination with high 

temperatures and pressures, these processes can result in unwanted degradation such as the 

dehydration of monosaccharides to produce furanic compounds such as 5-

hydroxymethylfurfural or furfural (Nguyen et al. 1999). Not only do these reactions cause a 

reduction in sugar yields but they also produce fermentation inhibitors (Larsson et al. 1999, 

Badger 2002). As a result, most dilute acid processes are limited to a sugar recovery efficiency 

of around 50 % (Badger 2002). In comparison to the identification of process critical 

parameters for the acid hydrolysis of wood (Janga 2012), acid hydrolysis of red, green and 

brown seaweed have also highlighted reaction time, temperature and acid strength to 

influence the final yield (Candra 2011, Janga 2012, Meinita et al. 2012). Dilute acid hydrolysis 

has been commonly applied on red seaweeds to extract fermentable sugars such as galactose, 

glucose and others from the carrageenan and agar content (Kim et al. 2009, Jang 2012, 

Khambhaty et al. 2012). Acid extraction of Geledium amansii yielded 49 % galactose and 12 % 
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glucose (Jang et al. 2012), Kappaphycus alvarezii resulted in an extract containing ~26 % (w w-

1) reducing sugars, 80 % of which were fermented using S. cerevisiae (Khambhaty et al. 2012). 

The biggest challenge for successful saccharification of seaweeds is to overcome the natural 

recalcitrance of their polymers to enzymatic and acidic hydrolysis (Elander and Hsu 1995). To 

improve sugar recovery yields, dilute acid hydrolysis has often been used as a pre-treatment 

process before enzymatic hydrolysis of terrestrial biomass. Only recently have these processes 

been applied to seaweeds. Acid pre-treament of S. japonica residue, a surplus by-product from 

the alginate extraction process, gave a 19 % improvement in glucose yields when compared 

to using cellulosic enzymes only (Ge et al. 2011). However, acid pre-treatment of S. latissima 

prior to enzymatic hydrolysis, had not affect on ethanol yield from this seaweed species 

(Adams et al. 2009). 

Enzymatic saccharification has been reported to avoid the production of acid-hydrolysis by-

products such as furfural, 5-hydroxymethylfurfural and organic acids that can inhibit 

fermentation (Larsson et al. 1999). Therefore higher saccharification and ethanol yields from 

enzymatic saccharification are predicted. A number of researchers have shown that the yields 

of sugars from seaweeds benefited from enzymatic hydrolysis. In the case of the brown 

seaweed Nizimuddinia zanardini, a two stage process incorporating acid with enzyme 

hydrolysis doubled glucose yields compared to acid hydrolysis (Yazdani 2011). Similarly, S. 

japonica sugar yields increased by 42 % when a two stage process was used (Jang et al. 2012). 

As enzymes involved in the breakdown of algal cell wall components have already been widely 

used in biotechnological applications such as cell wall composition studies of algae (Lahaye 

and Vigouroux 1992, Denis et al. 2009), development and isolation of algae protoplasts 

(Cheney et al. 1986, Reddy et al. 2008), and enhancement of the nutritional value of seaweeds 

(Erasmus et al. 1997, Fleurence 1999, Hehemann et al. 2010), an enzymatic approach was 

investigated for the generation of fermentation substrate. While lignin has been reported in 

red seaweeds (Martone et al. 2009) and lignin-like components in green seaweeds (Gunnison 

and Alexander 1975, Delwiche 1989), brown seaweeds appear to be a lignin free, making the 

polysaccharides in these seaweeds theoretically more easily extractable (Yanagisawa et al. 

2011). 
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This Chapter describes the method development using dilute and concentrated acids, 

enzymes, and combinations of acid and enzymes for the pre-treatment and saccharification 

of seaweed biomass, with the aim of identifying process critical parameters and best practices. 

Cell wall degrading enzymes such as cellulases, hemicellulases, alginate lyases and 

laminarinases were investigated for their impact on saccharification and ethanol yields. As 

previous researchers have focused on the use of specific enzymes such as cellulases or 

laminarinaes, this research investigated the use of different enzyme blends formulated to 

degrade hemicellulosic biomass. The aim here was to develop a more economic 

saccharification process without the need for pre-treatment. The findings from this section of 

work were then applied to the saccharification and ethanol fermentation of seasonal harvests 

of seaweed biomass of the Laminarinaceae, Fucaceae and Phyllariaceae. 
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4.2. MATERIALS AND METHODS 

4.2.1. DILUTE ACID HYDROLYSIS 

Freeze dried L. digitata, P. palmata and U. lactuca were used to establish optimum acid 

hydrolysis conditions. Two process variables, acid strength, and biomass to acid concentration 

were investigated for their impact on saccharification yields. In addition, a comparison of two 

methods for the quantification of carbohydrates in solution was undertaken. 

To investigate the effect of acid strength on saccharification yields approximately 600 ± 60 mg 

of seaweed (harvested in July 2011) was weighed into 25 x 100 mm Pyrex® screw capped glass 

tubes and either 5 ml of water or sulphuric acid solutions of 0.5, 1, 2 or 4 M were added. After 

a 15 minutes heat treatment at 121 oC the final volumes were adjusted to 25 ml in volumetric 

flasks with deionised water and analysed using a colourimetric method (Method 2.3.5.1) and 

a HPLC method (Method 2.3.5.2). Each carbohydrate analysis was carried out in triplicate (n 

=3). 

To investigate the effect of seaweed concentration on saccharification yield during acid 

hydrolysis, approximately 100 ± 10 mg of seaweed powder (harvested in August 2010) was 

weighed into 25 x 100 mm Pyrex® screw capped glass tubes and hydrolysed with 1 M sulphuric 

acid to achieve concentrations of 20, 100, 200 and 400 g of seaweed per liter of acid. Tubes 

were autoclaved for 15 minutes at 121 oC and final volumes made-up to 5 ml in volumetric 

flasks with water. Sample preparation and sugar analysis was carried out according to Method 

2.3.5.2. 

In studies where carbohydrate analysis was carried out according to the HPLC Method 2.3.5.2, 

results were expressed as a percentage of glucose, measured by the HPLC method, released 

from biomass (dry matter). Using the colourimetric method for determination of total 

carbohydrates (Method 2.3.5.1) saccharification yields were expressed as a percentage of 

glucose equivalents against the concentration of biomass (dry matter). 
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4.2.2. CONCENTRATED ACID HYDROLYSIS 

Two hydrolysis methods (Method 1 and 2) were tested on July 2011 harvests of the following 

seaweeds: P. palmata, U. lactuca and L. digitata. Evaluation studies on cellulose degradation 

were also carried out using Method 1 and comparing it against a dilute acid hydrolysis 

(Method 3, described in Chapter 2 as Method 2.4.2). 

200 ± 20 mg of freeze dried seaweed was weighed into 10 x 100 mm Pyrex® screw capped 

glass tubes with 2 ml of a 13.8 M sulphuric acid added for Method 1 and 1 ml of a 17.8 M 

sulphuric acid solution added for Method 2, respectively. All tubes were incubated at 30 oC for 

60 minutes in a water bath. Dilution of test tubes to a final acid concentration of 0.5 M 

(Method 1) was achieved with the addition of 56 ml of deionised water. Hydrolysates from 

Method 2 were diluted with 16.8 ml of deionised water to achieve final acid strengths of 1 M. 

Dilute acid solution from Method 1 was finally heat treated for 60 minutes at 121 oC, whereas 

solutions from Method 2 were heat treated at 121 oC for 15 minutes. All solutions from 

Method 2 were diluted to 50 ml after autoclaving. Each Method was carried out in duplicate. 

Sample preparation and sugar analysis was carried out according to Method 2.3.5.2. 

For the cellulose degradation study approximately 45 ± 5 mg of microcrystalline cellulose 

(Acros Organics, Cat.No. 38231 2500) was weighed into 10 x 100 mm Pyrex® screw capped 

glass tubes. Tubes were incubated with 250 µl of a 17.8 M sulphuric acid solution for 60 

minutes at 30 oC in a water bath. Afterwards the solution was diluted with 4.2 ml of deionised 

water to a 1 M solution. Dilute acid hydrolysis was also performed in two separate tubes by 

adding 1 ml of a 1 M sulphuric acid solution to 53 ± 1 mg of cellulose. All tubes were autoclaved 

for 15 minutes at 121 oC and final volumes adjusted to 5 ml using volumetric flasks. Sample 

preparation and sugar analysis was carried out according to Method 2.5.5.2. Each Method was 

carried out in duplicate. 

Glucose yields from saccharification studies using cellulose and laminarin were expressed as 

a percentage of the glucose concentration measured after hydrolysis against the 

concentration of substrate, according to Equation 2-12 in Section 2.3.5.2. 
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4.2.3. EXTRACTION OF SOLUBLE CARBOHYDRATES 

Development of methods for extraction of mannitol and laminarin from seaweed using water 

and acids are outlined below. In addition, optimum conditions for acid hydrolysis of laminarin 

were also studied. 

For mannitol extraction freeze dried L. digitata harvested in October 2010 was extracted for 

15 minutes at 121 oC using either water or sulphuric acid solutions, ranging from 0.25 to 2 M 

in strength. Approximately 500 ± 50 mg of seaweed powder was weighed into 25 x 100 mm 

Pyrex® screw capped glass tubes and 25 ml of water or acid solution added. Extraction was 

carried out using an Astell Scientific 30L benchtop autoclave. Samples were prepared for HPLC 

analysis as described in Method 2.3.5.2. Each mannitol analysis was carried out in duplicate. 

For laminarin hydrolysis a laminarin stock solution was made-up in deionised water to a 

concentration of 5958 mg l-1 (Carbosynth, MLO2421). 2 ml of this laminarin stock solution was 

mixed with 2 ml of acid solutions in glass pressure tubes and heat treated for 15 minutes at 

121 oC. Sulphuric acid solutions of 0.5, 1, 2 and 4 M were used to achieve a final acid 

concentration of 0.25, 0.5, 1 and 2 M, respectively. Each concentration was carried out in 

duplicate. Samples were prepared for HPLC glucose analysis as outlined in Method 2.3.5.2.  

Laminarin extraction studies were carried out on seasonal harvests of the species L. digitata, 

L. hyperborea, S. latissima and A. esculenta using the method described below. Approximately 

100 ± 20 mg of seaweed powder was weighed into 10 x 100 mm Pyrex® screw capped glass 

tubes with 5 ml of deionised water added. Extraction was carried out for 15 minutes at 121 oC 

using an Astell Scientific 30L benchtop autoclave. Each sample was extracted once (n =1). 

Aliquots of 2 ml were spun for 2 minutes at 13,200 g in a micro centrifuge tube and 940 μl of 

clarified aqueous extract used for hydrolysis. Hydrolysis was carried out in 2 ml glass vials 

equipped with autoclavable screw caps by addition of a 60 μl of a 17.8 M sulphuric acid 

solution to give a 1 M final acid concentration. Vials were heat treated for 15 minutes at 121 

oC. Samples were filtered through 0.2 μm PTFE filters for HPLC analysis. Glucose 

concentrations from HPLC analysis were corrected by a dilution factor Df 
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𝑤𝑖𝑡ℎ 𝐷𝑓 =
𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
=

1000 𝜇𝑙

940 𝜇𝑙
= 1.06 

and calculated according to Equation 4-1: 

Equation 4-1: Determination of % glucose yields of acid hydrolysed aqueous seaweed extracts. 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 ( %) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (𝑚𝑔 𝑙−1)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑚𝑔 𝑙−1)
 𝑥 100 𝑥 𝐷𝑓 

 

4.2.4. ENZYME HYDROLYSIS OF SEAWEED BIOMASS 

Freeze dried seaweed such as L. digitata, L. hyperborea, S. latissima and A. esculenta were 

autoclaved before enzymatic hydrolysis to remove the risk of bacterial cross contamination 

and to allow re-hydration of dried seaweed biomass before addition of enzymes. The primary 

enzyme solution NS 22086 was used in combination with other enzyme blends to investigate 

their impact on seaweed degradation. NS 22086 contained the primary enzyme to catalyze 

the breakdown of cellulosic material into glucose and cellobiose – the main hydrolysis product 

from cellulose. NS 22086, which contains largely cellulases, was supplemented with the 

following enzyme solutions (Novozymes, Denmark): 

a. NS 22083 - a endo-xylanase complex with a high specificity toward soluble pentosans 

- liberating pentose sugars from biomass hemicellulose fractions. 

b. NS 22118 – containing mainly β-glucosidase which breaks down cellobiose into 

glucose. 

c. NS 22119 - a complex containing a wide range of carbohydrases, including arabinases, 

β-glucanases, cellulases, hemicellulases, pectinases, and xylanases. 

d. NS 22002 - a mixture of β-glucanases and xylanases with additional side activities, 

including cellulase, hemicellulase, and pentosanase. 

e. NS 22035 - a mixture of glucoamylases which hydrolyze both 1,4- and 1,6-α- linkages 

in starches to liberate glucose. 

Enzyme dosages were based on the manufacturer’s recommendation (Appendix H) and 

calculated according to the following equation (Equation 4-2): 
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Equation 4-2: Determination of volumetric enzyme additions with wbiomass = weight of freeze dried seaweed 
in mg, ρ = specific density of enzyme solution used and x = recommended enzyme dosage ( %) (Appendix H). 

𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 (𝑚𝑙) =
wbiomass (mg)

ρenzyme sol. (mg ml−1)
 ×  

𝑥

100
  

 

4.2.4.1. ENZYME EVALUATION - INITIAL ASSESSMENT 

The hemicellulosic enzyme blends NS 22086, NS 22018, NS 22119, NS 22083, NS 22002 and 

NS 22035 (Novozymes, Denmark) were assessed initially on their own using L. digitata, 

harvested in August 2010. 

Approximately 2000 ± 200 mg of seaweed powder was autoclaved in 100 ml glass bottles with 

98 ml of deionised water for 15 minutes at 121 oC. Maximum recommended enzyme levels 

were applied for this study and each condition carried out in duplicate (n =2). Seaweed 

solutions were spiked with one enzyme blend of the following  (wenzyme wbiomass
-1): NS 22086 

(5), NS 22118 (0.6), NS 22083 (0.25), NS 22119 (0.4) and NS 22002 (0.06). Bottles were 

incubated for 2 hours at 45 oC and 200 rpm in an orbital shaker (New Brunswick, Innova 4230). 

Amylases containing enzyme blend NS 22035 required a higher incubation temperature and 

were incubated for 2 hours at 60 oC and 200 rpm. Efficiency of enzymatic saccharification was 

compared to water extraction (no enzyme addition) and dilute acid hydrolysis (Method 2.4.2). 

4.2.4.2. ENZYME DOSAGE AND HYDROLYSIS TIME 

This experiment investigated the optimum enzyme addition for the seaweeds L. digitata and 

S. latissima, both harvested in October 2010. Based on the findings from the previous 

experiment, NS 22086 and NS 22119 were used for this experiment. Additions of NS 22086 

were at levels of 1, 2.5, 5, 10, 15 and 20 % (wenzyme wbiomass
-1) and supplemented with NS 22119 

at 0.04, 0.2, 0.4, 0.8, 1.2 and 1.6 % (wenzyme wbiomass
-1). 

Approximately 400 ± 40 mg of freeze dried seaweed was weighed into 16 x 100 mm Pyrex® 

screw capped glass tubes and 15 ml of deionised water added resulting in seaweed 

concentrations of around 25 g l-1. All test tubes were autoclaved for 15 minutes at 121 oC. 

After cooling to 45 oC in a water bath, saccharification was started by the addition of enzymes 
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and incubated in a temperature controlled orbital shaker (New Brunswick, Innova 4240) for 

21 hours at 45 oC to allow mixing of the reaction. At intervals of 2, 4, 7 and 21 hours 2 ml of 

sample was taken for glucose HPLC analysis (see Method 2.3.5.2). Glucose measurements of 

the 5/ 0.4 % addition of NS 22086/ 22119 were carried out in duplicate. Measurements of all 

other condition were carried out once (n =1). 

4.2.4.3. DEVELOPMENT OF A SMALL SCALE ENZYMATIC SACCHARIFICATION 

SYSTEM 

To develop a low volume saccharification process two systems were compared: 100 ml glass 

bottles and 20 ml test tubes. Bottles and test tubes were shaken on an orbital shaker at 100 

rpm.  

For all experiments 300 ± 30 mg of either microcrystalline cellulose (90 μm, Acros Organics, 

382312500) or freeze-dried L. digitata (July 2011) were used. Tests were carried out in 

duplicate (n =2). In 16 x 100 mm Pyrex® screw capped glass tubes, 15 ml of 0.01 M citrate 

buffer (pH 4.8) was added to the seaweed and solutions were autoclaved for 15 minutes at 

121 oC. For the tests in bottles, a total volume of 30 ml of cellulose and seaweed slurry was 

used and made-up according to the description above. In all experiment the β-glucosidase 

containing enzyme blend NS 22118 was chosen to enhance cellulose degradation and 

maximise glucose yields from cellulose. NS 22086 and NS 22118 were added at 5 and 0.4 % 

(wenzyme wbiomass
-1), respectively with an incubation period of 17 hours at 45 oC. 

4.2.4.4. EVALUATION OF ENZYMES INVOLVED IN THE LAMINARIN 

DEGRADATION 

The application of endo-1,3-β-glucanase (Megazymes, EC 3.2.1.39) also called laminarinase in 

combination with the industrial enzyme blends NS 22086, NS 22118 and NS 22119 on 

laminarin degradation was studied (Table 4-1). For this experiment 0.01 M acetate buffer pH 

5.1 was used to dissolve 5 g l-1 of laminarin (Carbosynth, MLO2421). The solution was filter 

sterilised through a 0.22 μm filter unit (Millipore, PES stericup). 

6 ml of laminarin solution was added to pre-sterilised 10 x 100 mm Pyrex® screw capped glass 

tubes to which 5 % NS22086 (w w-1), 0.6 % NS 22118 (w w-1) and 0.4 % NS22119 (w w-1) were 
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added. Endo-1,3-β-glucanase was made-up to a concentration of 34.5 ng ml-1 by adding 2 μl 

of a 1.72 mg ml-1 stock solution to 98 μl of 0.01 M acetate buffer. Then, 6 μl endo-1,3-β-

glucanase was added to the laminarin solution resulting in a final concentration of 0.034 ng 

ml-1 (equal to 1 mUnit of endo-1,3-β-glucanase). Incubation of enzyme-laminarin solution was 

carried out over a 46 hour period in a 45 oC water bath, with 2 ml removed after 4, 21 and 46 

hours. Saccharification was carried out in duplicate (n =2) and analysed for glucose by HPLC 

(as per Method 2.3.5.2). 

Table 4-1: Experimental set-up to investigate the impact of endo-1,3-β-glucanase on the laminarin 
degradation in combination with the industrial enzyme blends NS 22086, NS 22118 and NS 22119 

NS 22086 NS 22118 NS 22119 endo-1,3-β-glucanase 

5 % None none none 
none 0.6 % none none 
none None 0.4 % none 
5 % 0.6 % none 1mUnit 
5 % None 0.4 % 1mUnit 
none None none 1mUnit 
5 % None none 1mUnit 
none 0.6 % none 1mUnit 
none None 0.4 % 1mUnit 

 

4.2.4.5. EFFECT OF PRE-TREATMENT ON SACCHARIFICATION AND 

FERMENTATION 

Two different pre-treatment methods using the enzyme alginate lyase and dilute acid were 

evaluated to test their impact on saccharification and ethanol yields. This was compared 

against saccharification without pre-treatment using either dilute acid, concentrated acid or 

enzymatic hydrolysis. 

For pre-treatment studies approximately 200 ± 20 mg of freeze dried seaweed (L. digitata, L. 

hyperborea and A. esculenta, harvested in October 2010) was weighed into 16 x 100 mm 

Pyrex® screw capped glass tubes and autoclaved in the presence of 1 ml of a 1 M sulphuric 

acid solution for 15 minutes at 121 oC. Each seaweed was extracted twice (n =2). After 

sterilisation the pH of the acid solution was adjusted to 6.0 ± 0.5 with a 1 M NaOH solution 

and the volume made up to 5 ml. Neutralised solutions were pasteurised for 15 minutes at 

100 oC in an autoclave and tubes cooled afterwards to 45 oC in a water bath. Enzymatic 
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digestion was started with the addition of 5 % (w w-1) of NS 22086 and 0.4 % (w w-1) NS 22119 

enzyme stock solutions and tubes were shaken for 22 hours at 45 oC. The final volume of each 

hydrolysate was made-up to 10 ml with deionised water. Results from pre-treatment were 

compared against results from a 1 M sulphuric acid saccharification, a concentrated sulphuric 

acid saccharification and an enzymatic saccharification using NS 22086 and NS 22119 (see 

Method 2.4.4). 

Enzymatic pre-treatment using purified alginate lyase from a Sphingobacterium spp. was 

tested on kelps S. latissima, L. digitata and L. hyperborea before saccharification, and 

subsequently treated with the enzymes NS 22086 and NS 22118. A 10 unit ml-1 solution of 

alginate lyase was made-up by the addition of 2.5 mg of enzyme (250 U mg-1) in 25 ml of 

deionised water. Approximately 400 ± 40 mg of freeze dried seaweed from the September 

2011 harvest was autoclaved with 10 ml of deionised water for 15 minutes at 121 oC in 100 ml 

bottles. Pre-treatment was carried out by adding 100 μl of alginate lyase stock solution (1 unit) 

to the pre-sterilised seaweed suspension and incubation was carried out at 37 oC for 60 

minutes and 100 rpm on a rotary shaker. Finally, to all seaweeds 5 % (w w-1) NS 22086 and 0.6 

% (w w-1) of NS 22118 were added and bottles incubated at 45 oC for 22 hours at 150 rpm. 

Each condition was carried out in triplicate (n =3). After saccharification, the seaweed slurry 

was centrifuged for 10 minutes at 3,200 g and the clarified supernatant used for fermentation 

studies, according to Method 2.5.1. Saccharification products derived from alginate lyase pre-

treated seaweed were not analysed by HPLC but were instead fermented directly to assess 

the impact of alginate lyase pre-treatment on ethanol yields. Ethanol yields were calculated 

according to Equation 2-15, Section 2.3.6. 

4.2.4.6. FINAL ACID AND ENZYME HYDROLYSIS PROTOCOLS 

The final recommended protocol of dilute acid hydrolysis was used for quantification of 

mannitol content of seasonal seaweed harvests and followed the following procedures. 

Approximately 600 ± 60 mg of freeze dried seaweed was weighed into 16 x 100 mm Pyrex® 

screw capped glass tubes and 3 ml of a 0.5 M sulphuric acid solution added. Tubes were 

autoclaved for 15 minutes at 121 oC then neutralised to a pH of 6.0 ± 0.5 with NaOH. Solutions 

were finally made-up to 25 ml with deionised water and pasteurised for a further 15 minutes 
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at 100 oC. Samples were centrifuged for 10 minutes in a 50 ml sterile centrifuge tube at 3,200 

g. A small aliquot (2 ml) was used for feedstock analysis using Method Chromatographic 

Carbohydrate Analysis. The remainder of the supernatant was utilised as a fermentation 

substrate using Method 2.5.1. 

The final recommended protocol of enzymatic saccharification of seasonal seaweed biomass 

was carried out according to the following procedure. Approximately 300 ± 30 mg of freeze-

dried seaweeds were weighed into 100 ml Duran bottles and 15 ml of 0.01 M citrate buffer 

pH 4.8 added. Each harvest was carried out in duplicate. Bottles were autoclaved for 15 

minutes at 121 oC. After cooling to 45 oC in a water bath 5 % (w w-1) NS 22086 and 0.4 % (w w-

1) NS22119 were added. Bottles were placed into a pre-warmed orbital incubator and 

incubated for ~20 hours at 45 oC and 100 rpm. Seaweed digests were transferred into 15 ml 

sterile centrifuge tubes and spun for 10 minutes at 3,200 g. Clarified supernatant (2 ml) was 

used for feedstock analysis using Method 2.5.5.2. Results were analysed for glucose by HPLC 

(as per Method 2.3.5.2). Remaining supernatant (2 x 5 ml) was used for fermentation 

assessment using Method 2.5.1. 

The final recommended protocol of analysis of the structural content of seaweed biomass 

utilised a concentrated acid hydrolysis procedure and was carried out according to the 

following steps. Approximately 50 ± 5 mg of freeze-dried seaweed was weighed into a 10 x 

100 mm Pyrex® screw capped glass tubes with the addition of 250 µl of a 72 % (v v-1) sulphuric 

acid solution (17.8 M). Tubes were incubated for 60 minutes in a 30 oC water bath followed 

by a dilution with 3.0 ml of deionised water afterwards. Tubes were autoclaved for 15 minutes 

at 121 oC. Hydrolysate was transferred into 2 ml micro centrifuge tubes and spun for 2 minutes 

at 13,200 g. Supernatant was analysed for glucose using Method 2.3.5.2. 
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4.3. RESULTS AND DISCUSSIONS 

4.3.1. ANALYTICAL METHOD DEVELOPMENT FOR SUGAR 

DETERMINATION 

To establish a suitable analytical method for carbohydrate quantification after seaweed 

saccharification, a colourimetric method for the determination of total carbohydrate content 

(DuBois et al. 1956) was compared to a chromatographic method for the determination of 

monosaccharides. Comparison studies using colourimetric and chromatographic methods to 

monitor saccharification have shown in all three seaweeds that the colourimetric method 

resulted in higher quantification of carbohydrate yields (Figure 4.1). 

A 

 
B 

 
C 

 
Figure 4.1: Comparison of a colourimetric (TCA= Total Carbohydrate Assay) and chromatographic (HPLC) 
method for evaluation of saccharification yields from L. digitata (A), U. lactuca (B) and P. palmata (C). Each 
seaweed was heat treated for 15 minutes at 121 oC using water and 0.5-4 M sulphuric acid solutions. Results 
of the HPLC analysis of L. digitata and U. lactuca were expressed as % glucose of biomass, and % 
galactose/xylose for P. palmata. Results of the colourimetric method were expressed as % glucose 
equivalent for all three seaweeds. The means ± SD were derived from three analyses. 
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The carbohydrate content in a water extraction of L. digitata was highest amongst the three 

chosen seaweeds. It has been reported that the laminarin content in L. digitata was highest 

in summer (Adams et al. 2011), coinciding with our harvest time and therefore it is believed 

that the 22 % total carbohydrate content using the colourimetric method was mainly that of 

laminarin. However, as the HPLC method was not able to detect polymers and only a small 

amount of glucose (~2 %) was detected, possibly released from laminarin during autoclaving. 

In general a 0.5 M sulphuric acid solution gave best results for all three seaweeds. It was also 

noticed that glucose was more stable in L. digitata and U. lactuca compared to P. palmata. 

Dehydration and Maillard reactions (browning) between amino acids, derived from hydrolysis 

of protein-rich seaweeds such as P. palmata for example, and reducing sugars such as glucose 

are known to interfere with the sugar yields from acid hydrolysis (Liao et al. 2004). Increasing 

acid concentrations decreased sugar yields in all three seaweeds, confirming other previously 

reported results by Jang (2012). 

As the colourimetric method is a non-specific method and all reducing and non-reducing 

sugars irrespective of whether they are monomeric or polymeric, will result in a colour 

reaction with phenol. No colour formation using mannitol was observed (data not shown). In 

the chromatographic HPLC method the focus was on the monosaccharides glucose and 

galactose mainly. These two monosaccharides can be metabolised by S. cerevisisae to ethanol 

anaerobically. As the method was not able to distinguish between galactose and xylose peaks 

(Appendix F), results were reported as galactose/xylose. Both sugars have been reported in P. 

palmata, for example, where xylose was the dominant sugar (~77 %) followed by galactose 

(~22 %) (Deniaud 2006) but also in the brown seaweed carbohydrate fucoidan (Teruya et al. 

2010). In all three seaweeds the difference between carbohydrate yields using either the 

colourimetric or the chromatographic method suggested the presence of large amounts of 

other monomeric and polymeric carbohydrates. Therefore, as the precise determination of 

fermentation substrates such as monosaccharides using the colourimetric method was not 

possible, analysis of saccharification procedures was carried out using the chromatographic 

HPLC method. In addition, this method was also found suitable for the determination of 

mannitol, which was not detected using the colourimetric method. 
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Furthermore, due to the non-specifiity of the colourimetric method towards different mono- 

and polysaccharides this method is not recommended for use of the evaluation of 

saccharification yields using heteropolysaccharides. However, it is commonly used not only 

for the determination of homopolysaccharides such as cellulose but also for the evaluation of 

its saccharification products. For the determination of monosaccharides from 

heteropolysaccharides it is recommended to use a specific method such as a chromatographic 

analysis or an enzymatic assay. 

4.3.2. DILUTE ACID HYDROLYSIS 

To identify optimum concentrations of seaweed biomass for acid hydrolysis, concentrations 

of 20-400 g l-1 seaweed in 1 M sulphuric acid were investigated on their impact on 

saccharification yields using red, green and brown seaweed. 

It was uniformely found that lower seaweed concentrations resulted in higher sugar yields 

(see Figure 4.2). In L. digitata the difference between highest (20 g l-1) and the lowest glucose 

yields (400 g l-1) was 23 %, whereas in U. lactuca and P. palmata the difference accounted for 

16 %. As a acid hydrolysis using a 200 g l-1 seaweed concentration gave comparable results to 

a 20 g l-1 concentration, achieving approximately 90 % of the glucose yield, it was decided to 

use routinely a 200 g l-1 seaweed concentration (equal to 0.2 g of seaweed to 1 ml of acid) for 

the hydrolysis of seaweed to provide fermentation substrates (Figure 4.2). 

 

Figure 4.2: Acid hydrolysis optimization studies using L. digitata, U. lactuca and P. palmata. Impact of 
seaweed concentrations during acid hydrolysis on glucose yields. Results are expressed as a percentage of 
grams of glucose per gram of biomass, after a 15 minute hydrolysis using 1 M sulphuric acid at 121 oC. 
Glucose was determined using HPLC analysis. The error bars are the means ± SD of two samples. 
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4.3.3. CONCENTRATED ACID HYDROLYSIS 

Two methods using 13.8 and 17.8 M sulphuric acid solutions were evaluated with the aim of 

reducing the hydrolysis time from 60 to 15 minutes, with the rationale that higher acid 

strength should release more sugar more rapidly. These Methods were tested on seaweed 

and cellulose - a compound to be known to be resilient to hydrolysis. A third method using 

dilute acid was also applied to investigate its effectiveness on cellulose degradation. The two 

methods using concentrated acids are described in 4.2.2 (above). Glucose yields for Method 

1 using a 13.8 M sulphuric acid solution and 60 min hydrolysis time were 19.3 ± 0.2 % from L. 

digitata, 7.8 ± 0.2 % from P. palmata, 20.4 ± 0.3 % from U. lactuca and 97.5 ± 1.3 % from 

cellulose respectively (Figure 4.3). In comparison, using a 17.8 M acid and 15 minutes 

hydrolysis time, as described in Method 2, yielded the following glucose amounts: 18.6 ± 0.1 

% from L. digitata, 6.5 ± 0.1 % from P. palmata, 19.7 ± 0.1 % from U. lactuca and 96.5 ± 1.8 % 

from cellulose. Comparison of the two methods using 1-way ANOVA showed that there was 

no statistically significant difference between glucose yields from seaweed biomass or 

cellulose using methods 1 or 2, with both methods yielding similar amounts of glucose 

(F1,4=0.88, P =0.401) (Figure 4.3). 

Results from investigating the impact of dilute and concentrated acids on the degradation of 

cellulose are also highlighted in Figure 4.3. The dilute acid (Method 3) was not able to 

hydrolyse cellulose under the conditions tested and only 5 % of the theoretical amount of 

glucose was released. However, a two-stage process using concentrated acid (Method 2) was 

able to fully convert cellulose into glucose. 

It is known that crystalline cellulose can withstand hydrolysis at low temperatures and low 

acid concentrations (Xiang et al. 2003). However, concentrated acid can disrupt hydrogen 

bonds between cellulose chains causing a de-crystallisation. Once the crystalline structure of 

the cellulose is disrupted, acid molecules or enzymes can penetrate into the inner layers of 

the cellulose chains and start depolymerising cellulose fragments. Results using a two-stage 

acid process underline the theory of complete cellulose degradation where 96 % of the 

theoretical amount of glucose was released. As a consequence of these evaluation studies 
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Method 2 was used for determinating structural component such as cellulose in seaweed 

biomass. 

 

Figure 4.3: Comparison of different acid hydrolysis processes on L. digitata, P. palmata, U. lactuca and 
cellulose and their impact on glucose yields. (Method 1: dilution of a 13.8 M sulphuric acid to 0.5 M with 60 
min at 121 oC; Method 2: dilution of 17.8 M sulphuric acid solution to 1M with 15 min at 121 oC; Method 3: 
1M acid with 15 min at 121 oC). The error bars are the mean ± SD of two samples. 
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As mannitol and laminarin are the two main soluble carbohydrate sources in kelps (see 

Chapter 3), it is important to develop optimal methods for their recovery from seaweeds. The 
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A hot water extraction of L. digitata resulted in mannitol yields 90 % of the highest yield seen 
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apparently stable in acid concentrations up to 2 M when autoclaved at 121 oC (Figure 4.4). 
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solution was sufficient for mannitol extraction from seaweed, and this method was used for 

routine analysis of mannitol from seaweed biomass. 

 

Figure 4.4: Impact of acid strength on mannitol extraction yields (expressed as a percentage of mannitol 
extracted from biomass) from October 2010 harvest of L. digitata after a 15 minutes acid hydrolysis at 121oC. 
The error bars are the means ± SD of two samples. 

 

 

Figure 4.5: Impact of acid strength on laminarin degradation using 0.25, 0.5, 1 and 2 M sulphuric acid. The 
error bars are the means ± SD of two samples. 
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aqueous extracts were 6.6 ± 5.1 %, 7.3 ± 5.3 %, 7.2 ± 7.8 % and 10.9 ± 7.4 % for the above 

species respectively. In comparison, the average glucose contents from dilute acid 

hydrolysates using a 0.5 M sulphuric acid were 6.8 ± 6.3 %, 8.2 ± 5.5 %, 7.4 ± 8.3 % and 11.1 ± 

8.3 % for the same species (Table 4-2). Comparison of glucose results from aqueous and acid 

extracts using paired t-tests showed that there was only a significant difference in the glucose 

content in S. latissima (P =0.018). Correlation analysis demonstrated that the glucose yields 

for both extraction methods were very similar and highly significant (r >0.9, P <0.05) for all 

four seaweeds, which suggests that the glucose detected was water-soluble, with laminarin 

being the most likely source. The small difference seen between the two methods suggest 

that the presence of glucose polymers other than cellulose and laminarin, was negligible. 

The results from these studies show that dilute acid (0.5 M) can be used to simultaneoulsly 

extract and saccharify mannitol and laminarin respectively. 

Table 4-2: Statistical analysis of the correlation and variance of the glucose content, released through a hot 
water extraction and an acid extraction from the seaweeds A. esculenta, S. latissima, L. hyperborea and L. 
digitata 

 Statistical analysis Aqueous extract Acid extract 

L. digitata 

average 6.57 ± 5.11 % 6.80 ± 6.34 % 

Correlation analysis 
Variance analysis 

r =0.949; P <0.001 
T =-0.30; P =0.774 

L. hyperborea 

average 7.20 ± 7.81 % 7.37 ± 8.26 % 

Correlation analysis 
Variance analysis 

r =0.998; P <0.001 
T =-0.74; P =0.486 

S. latissima 

average 7.27 ± 5.34 % 8.17 ± 5.48 % 

Correlation analysis 
Variance analysis 

r =0.989; P <0.001 
T =-3.06; P =0.018 

A.esculenta 

average 10.87 ± 7.38 % 11.11 ± 8.28 % 

Correlation analysis 
Variance analysis 

r =0.999; P =0.022 
T =-0.44; P =0.702 

A paired t-test was used to determine whether the two data sets were equal or not (Variance analysis) and Pearson moment – 

correlation analysis to measure the strength of a linear dependence between the two data sets, with r = 1.0 being a linear relationship. 
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A 
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D 

 

Figure 4.6: Comparison of glucose yields from water extracts (n=1) and 1 M acid hydrolysates (n=3) using 
seasonal harvests of L. digitata (A), S. latissima (B), L. hyperborea (C) and A. esculenta (D), with n 
representing the number of extractions. Results are expressed as a percentage of glucose of biomass. The 
error bars are the means ± SD of at three samples. 
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4.3.5. ENZYME HYDROLYSIS OF SEAWEED BIOMASS 

4.3.5.1. ENZYME EVALUATION - INITIAL ASSESSMENT 

Saccharification using different commercial enzyme blends was initially assessed using 

seaweed biomass from L. digitata. The method used involved incubating the different enzyme 

mixes and compared against water or dilute acid. The cellulase complex NS 22086, and in 

combination with other enzyme complexes, was shown to liberate similar amounts of glucose 

compared to dilute acid hydrolysis (Figure 4.7). NS 22086 in combination with NS 22119 gave 

the highest glucose yields, although combinations of NS 22086 with NS 22118, NS 22083 and 

NS 22002 gave relatively similar yields that were not statistically different. The amylase 

containing enzyme blend NS 22035 was the only enzyme cocktail which did not yield glucose 

from seaweed biomass. This indicates that there are no soluble carbohydrates containing α-

1,4-glycosidic bonds in brown seaweed biomass. 

 
Figure 4.7: Glucose yields from enzymatic saccharification of L. digitata, harvested in August 2010, using 
cellulosic and hemicellulosic enzymes (Novozymes) and compared against dilute acid hydrolysis. Results are 
expressed as a percentage of glucose released from the total solid content of seaweed sample. The error 
bars are the means ± SD of two samples. 
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containing enzymes resulted in similar amounts of glucose (average 19.1 %) being released 

compared to a dilute acid process (19.8 %) (F1,8= 2.4; P =0.16). 

4.3.5.2. ENZYME DOSAGE AND HYDROLYSIS TIME 

The aim of this experiment was to identify the optimum enzyme concentrations for the 

saccharification, which was established using two different seaweeds, L. digitata and S. 

latissima. Based on the findings from the previous experiment, NS 22086 combined with NS 

22119 was used to identify optimum enzyme dosages. The results shown in Figure 4.8 

revealed that saccharification was dependent on both hydrolysis time and the amount of 

enzyme added. In the case of S. latissima, around 90 % of the glucose yield was achieved 

within the first 6 hours, and higher saccharification yields were achieved with increased 

enzyme concentrations. The typically recommended enzyme dosages for saccharification of 

terrestrial biomass are 5 % (w w-1) for NS 22086 and 0.4 % (w w-1) for NS 22119 (Appendix H). 

However, this was found not to be optimal for S. latissima, which required a doubling of the 

maximum recommended addition to 10 % for NS 22086 and 0.8 % for NS 22119 to achieve the 

near maximum saccharification yields. Further increases in NS 22086 and NS 22119 additions, 

15 and 1.2 % respectively, resulted in minimal increases in glucose yields. 

Enzymatic saccharification of L. digitata occurred more quickly than with S. latissima, and 

within the first 4 hours around 90 % of the maximum glucose yield was achieved (Figure 4.8). 

Interestingly, a 5 and 0.4 % addition of NS 22086 and NS 22119 was sufficient to yield 

maximum glucose from L. digitata. Potentially even lower enzyme additions could be applied 

as a 2.5 and 0.2 % application gave similar yields after 4 hours (11.5 vs 12.4 %; F1,2=1.08; 

P=0.407). Further additions of NS 22086 and NS 22119 beyond 5 and 0.4 % did not improve 

saccharification yields in contrast to S. latissima biomass. 

Investigation into enzyme loading showed several interesting aspects. First, when analysing 

the polyphenol content of the two species, it was found that S. latissima contained more than 

4 times as much polyphenolics as did L. digitata (see Section 3.3.6). Seaweed extracts 

containing phenolics are recognized to inhibit a variety of enzymes such as β-glucanases 

(Ermakova et al. 2001), pancreatic lipases (Barwell et al. 1989, Nwosu et al. 2011), α-amylases 

(Barwell et al. 1989, Apostolidis and Lee 2010, Nwosu et al. 2011), α-glucosidases (Zhang et 
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al. 2007, Apostolidis and Lee 2010, Nwosu et al. 2011). It is speculated that the higher enzyme 

dosage required to achieve maximal saccharification of S. latissima may be a result of the 4-

fold higher phenolic content of this seaweed compared to L. digitata. Although this has yet to 

be verified. Therefore, it is suggested that as high polyphenol containing seaweeds required 

higher enzyme dosages, and polyphenolic content of seaweed varies between species and 

season, it is recommended to evaluate enzyme dosages and saccharification times for each 

seaweed type to optimise the sugar yields from saccharification. 

A 

 

B 

 

Figure 4.8: Evaluation of optimum enzyme dosages using a combination of NS 22086 and NS 22119 on S. 
latissima (A) and L. digitata (B). Enzyme dosages of NS 22086 and NS 22119 were applied on a weight of 
enzyme per weight of biomass basis that was varied between 1-15 % for NS 22086 and 0.04-1.2 % for NS 
22119. Glucose yields were expressed as the percentage of the concentration of glucose released from the 
concentration of seaweed. Saccharification time was 4 hours for all dosages and up to 21 hours for the 
higher dosages at 45 oC. The error bars are the means ± SD of two samples. 
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4.3.5.3. DEVELOPMENT OF A SMALL SCALE ENZYMATIC SACCHARIFICATION 

SYSTEM 

Experiments using cellulose or L. digitata showed that there was a significant difference in 

glucose yields between test tubes and bottles. Saccharification in test tubes produced less 

glucose from cellulose compared to bottles (20.6 ± 1.9 % versus 32.0 ± 3.9 %), which was also 

observed with L. digitata biomass (12.1 ± 0.3 % versus 13.4 ± 0.7 %) (Figure 4.9). The difference 

between the two systems for seaweed biomass was relatively small, at 12 %, but was 55 % for 

cellulose. In test tubes were mixing relied on the movement of an entrapped air bubble to 

keep solids in suspension, it was found that settlement of cellulose particles occurred, 

demonstrating inadequate mixing. In bottles, more effective mixing occurred keeping solids 

in suspension. 

 

Figure 4.9: Application of test tubes  and shake flasks for enzymatic saccharification using Novozymes 5 and 
0.4 % of NS 22086 and NS 22118 on cellulose and L. digitata (July 2011); Hydrolysis conditions: 17 hours at 45 
oC and 100 rpm for test tubes and 100 rpm for bottles. The error bars are the means ± SD of six samples. 

 

The rate and extent of enzymatic hydrolysis is influenced by many factors including substrate 

and enzyme concentrations, temperature, pH and mixing. Research has demonstrated that 

adequate mixing of solid substrates is required for enzymatic saccharification to ensure 

sufficient contact between the substrate and enzymes, but that excessive mixing can 

deactivate the enzymes and reduce the conversion yields (Ingesson 2001, Kinnarinen et al. 

2012). The aim of this study was to develop a small scale system for enzymatic 

saccharification. To investigate the effect of mixing on saccharification yields two systems, 

bottles and test tubes, were investigated. 
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The conclusion from this work was that mixing of solids in bottles was more reliable and more 

efficient than mixing in tubes. Based on these findings, routine enzymatic saccharification of 

seaweed biomass was carried out using bottles. 

4.3.5.4. EVALUATION OF ENZYMES INVOLVED IN THE LAMINARIN 

DEGRADATION 

Studies on the impact of endo-1,3-β-glucanases supplementation were carried out to identify 

if saccharification efficiencies could be improved using the enzymes NS 22086, NS 22118 and 

NS 22119. 

The evaluation studies demonstrated that the combination of NS 22118 with endo-1,3-β-

glucanase improved laminarin degradation compared to NS 22119 and endo-1,3-β-glucanase 

on their own (Figure 4.10), suggesting that NS 22118 contained more exo-type glucanases 

than NS 22119. 20 % of the theoretical maximal was achieved after the two day period which 

was significantly higher compared to around 5 % for NS 22119 and endo-1,3-β-glucanase when 

laminarin was treated with these enzymes individually. The highest theoretical glucose yields 

(75 %) were achieved within a two day period with all enzymes blends containing NS 22086 

(Figure 4.11). 

 

Figure 4.10: Effect of endo-1,3-β-glucanase supplementation to industrial enzyme blends NS 22118 and NS 
22119 on the yield of glucose from laminarin. Saccharification was for 46 hour at 45 oC. The error bars are the 
means ± SD of two samples. 
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As NS 22086 largely consisted of endo-1,4-β-glucanases and exo-1,4-β- glucanases to degrade 

cellulose, these enzymes or others are also believed to possess activities towards 1,3-β-linked 

glucose units. Endo-type enzymes randomly cleave internal polymer bonds and create new 

chain ends. These new chains ends, either reducing or non-reducing, are the starting point for 

exo-type enzymes. The addition of endo-type enzymes, in our case endo-1,3-β-glucanase 

would have generated more polymer fragments and therefore increased the substrate 

concentration for exo-type glucanases resulting in faster conversion rates. It was evident that 

the addition of laminarinase (endo-1,3-β-glucanase) improved saccharification rates within 

the first 24 hours but after a two day period glucose yields were similar for all enzymes where 

NS 22086 was involved, suggesting that the theoretical maximum for glucose may have been 

achieved with these enzymes. As some marine laminarins contain 1,6-β-glycosidic branching, 

it is not clear if any enzyme activity specific for these specific linkages was available in any of 

these enzyme blends. This investigation also showed that endo- and exo-glucanases in NS 

22086 possessed the highest hydrolytic activity for 1,4-β linkages and also 1,3-β-glycosylic 

linkages. 

The enzyme solution NS 22119 contained fungal β-glucanases (FBG) with an activity of 100 

FBG g-1. As glucanases in NS 22086 and NS 22119 are derived from Trichoderma spp. these 

enzyme blends are also likely to consist of endo-and exo-1,3-β-glucanases (Liu et al. 2010). A 

0.4 % addition (w w-1) of NS 22119 to the laminarin solution was equal to approximately 0.002 

units of FBG which is almost equal to the 0.001 units of laminarinase (endo-1,3-β-glucanase) 

added. The addition of NS 22119 increased glucose yields slightly but it was the addition of 

extra endo-1,3-β-glucanase which lead to faster and slightly higher final conversion rates 

(Figure 4.11). 

These experiments have shown that a longer enzymatic saccharification period was required 

for complete degradation of the substrate laminarin than previously applied. Beta glucanase 

activity was found to be a key enzyme in the degradation of seaweed biomass and 

supplementation of Novozymes enzymes with beta glucanases, in particular endo-1,3-β-

glucanase, helped to increase saccharification rates but not yields. 
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Figure 4.11: Effect of laminarinase (endo-1,3-β-glucanase), NS 22118 and NS 22119 supplementation to 
enzyme blend NS 22086 on the glucose yield from laminarin. Saccharification was for 46 hour period at 45 oC. 
The error bars are the means ± SD of two samples. 

 

4.3.5.5. EFFECT OF PRE-TREATMENT ON SACCHARIFICATION AND 

FERMENTATION 

As pre-treatment of biomass before saccharification, in particular enzymatic saccharification, 

has been recognised to have benefitial effects on sugar liberation, the aim of these 

experiments were to apply dilute acid and alginate lyase before enzymatic saccharification 

and study their effect on sugar release and ethanol production. 

The effect of dilute acid pre-treatment on saccharification yields of glucose from three kelp 

species (L. digitata, L. hyperborea and A. esculenta) are shown in Figure 4.12 and compared 

to acid and enzyme hydrolysis without pre-treatment. Saccharification profiles clearly showed 

that there was no improvement in glucose yields using dilute acid pre-treatment before 

enzymatic saccharification. Glucose yields for pre-treated L. digitata and A. esculenta were 

only 3 % higher than enzymatic saccharification only, and in the case of L. hyperborea it was 5 

% lower (Figure 4.12). Dilute acid hydrolysis as a single stage process yielded the lowest 

amounts of glucose of all the methods, and was around 50, 26 and 30 % lower in L. digitata, 

L. hyperborea and A. esculenta respectively when compared to results from concentrated acid 

hydrolysis. 
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Encouragingly enzyme hydrolysis resulted in higher glucose yields compared to dilute acid 

hydrolysis, which were 60 % higher for L. digitata, and 25 % higher for L. hyperborea and A. 

esculenta. When compared to results from concentrated acid hydrolysis, this accounted for 2, 

8 and 17 % lower glucose yields using L. hyperborea, A. esculenta and L. digitata respectively. 

 

Figure 4.12: Effect of acid pre-treatment (PT) on yields of glucose from seaweeds. Pre-treatment used dilute 
acid (0.5 M); saccharification was achieved using enzyme blends (5 % NS 22086 and 0.4 % NS 22119). Pre-
treatment was compared with saccharification by single stage dilute acid, enzymes or concentrated acid 
(17.8 M, Method 2). L. digitata, L. hyperborea were harvested in October 2010, and A. esculenta was 
harvested in July 2011. The error bars are the means ± SD of two samples. 

 

The benefits of pre-treatment of seaweed biomass prior to saccharification have been 

demonstrated previously using enzymes (Ge et al. 2011, Yazdani 2011). For example, left-over 

S. japonica residue following alginate extraction was pre-treated using 0.1 % (w v-1) acid (ca. 

0.01 M of sulphuric acid) at 121 oC for 1 hour followed by enzymatic saccharification using 

cellulases. This increased ethanol yields 3 fold and resulted in a 11 % (w w-1) ethanol yield from 

seaweed residue after the extraction of alginate (Ge et al. 2011). Dilute sulphuric acid pre-

treatment of the brown algae Nizamuddinia zanardini for 45 minutes at 121 oC using a 7 % (w 

w-1) sulphuric acid (ca. 0.4 M) also improved enzymatic saccharification yields using cellulases 

and β-glucosidase by more than 100 % (Yazdani 2011). 

In contrast to the above, thermochemical pre-treatment conditions of 65 oC and pH 2 did not 

improve enzymatic saccharification using laminarinase from the kelp S. latissima (Adams et al. 

2009). In addition to the findings of Adams et al. (2009), our studies have also shown that 
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acidic or enzymatic pre-treatment did not enhance total saccharification yields. However, it is 

debatable whether acid hydrolysis was needed when dealing with the enzymatic degradation 

of a soluble substrate, in this case laminarin. In the cases where cellulases for saccharification 

were applied, acid pre-treatment could have impacted the structural integrity of seaweeds, 

providing easier access of the enzymes to the cellulose fibers. Seaweed structures are 

heterogeneous by nature and, like the tissues of terrestrial plants, are a complex system of 

interlinked polymers, and therefore, the removal of alginate or hemicellulosic related 

structures through acid pre-treatment could have exposed embedded polymers such as 

cellulose to enzymes making it more accessible to enzymatic attack. As the enzymes used in 

these studies were not purely cellulases but a mix of different cellulosic and hemicellulosic 

enzymes it is likely that pre-treatment and saccharification processes occured simultaneously. 

As the yield difference between a concentrated acid treatment and that of a dilute acid was 

significant, it is suggested therefore that the difference seen likely came from the cellulose 

content of the seaweeds. Cellulose was shown to be recalcitrant to dilute acid treatment, as 

compared to concentrated sulphuric acid treatment that fully hydrolysed microcrystalline 

cellulose completely into glucose (Method 4.2.2 discussed in Section 4.3.3). 

The effect of alginate lyase as a pre-treatment method of seaweed prior to saccharification 

was investigated using fermentation (% ethanol yields) (Figure 4.13). Even though 

saccharification yields were not monitored, fermentation results are used as an indirect proxy 

of successful sugar release. The use of alginate lyase pre-treatment of the seaweeds L. 

digitata, S. latissima and L. hyperborea before enzymatic saccharification showed no 

significant impact on ethanol yields when compared to ethanol yields derived from 

saccharification only. Effectively, ethanol yields were comparable using either method (Figure 

4.13)(1-way ANOVA for L. digitata: F1,4 =1.2, P =0.335; L. hyperborea: F1,4 =1.4, P =0.31; S. 

latissima: F1,4 =4.5, P =0.100). 

We have demonstrated that pre-treament of seaweed biomass did not lead to yield 

improvements of glucose and ethanol if enzyme blends with multiple enzymatic acitivities 

such as NS 22086 were applied. It is believed that pre-treatment of seaweeds can be achieved 

simulataneously with saccharification using enzymes. Overall, it is recommended that 
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enzymatic degradation of seaweed biomass is carried out using the two enzyme cocktails NS 

22086 and NS 22119 without dilute acid pre-treatment. However, it must be noted that the 

seaweed biomass used in these assessments has already undergone significant physical 

processing to generate a seaweed powder of <1 mm diameter. This is in effect a type of pre-

treatment process. Therefore, if the seaweed biomass used is less refined, then pre-treatment 

processes such as enzymes of dilute acid may yield improvements to the sugars yield 

recovered following saccharification, and should be tested. 

 

Figure 4.13: Effect of alginate lyase pre-treatment (+ or — alginate lyase) on ethanol yields from S. latissima, 
L. digitata and L. hyperborea. All treatments were saccharifided using enzyme blends NS 22086 and NS 22119 
(5 and 0.4 %) and fermented using S. cerevisiae. Error bars are the means ± SD of three samples. 

 

4.3.5.6. HYDROLYSIS OF SEASONAL SEAWEEDS 

Seasonal harvests of the kelp species L. digitata, L. hyperborea, S. latissima and A. esculenta, 

collected between August 2010 to October 2011 were processed using acid and enzyme 

hydrolysis, as described per Methods 2.4.1 to 2.4.4. 

Results of the glucose yields following concentrated acid, dilute acid or enzymes 

saccharification of seaweeds are reported in Table 4-3 and Figure 4.14. Concentrated acid 

hydrolysis proved to be the most efficient method for seaweed saccharification. Average 

glucose yields were 18.3 ± 5.0 %, 18.5 ± 7.4 %, 19.2 ± 6.1 % and 22.5 ± 6.8 % for the L. digitata, 

L. hyperborea, S. latissima and A. esculenta respectively. The highest yields of glucose were 

seen in the autumn months followed by lows during winter and early spring. These results 

represent a 2 to 3 fold improvement to yields achieved from dilute acid hydrolysis (Table 4-3). 
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Even though the highest carbohydrate yields were achieved with concentrated acid hydrolysis, 

it is the required dilution in the follow-up stage which makes it difficult to achieve 

concentrated feedstocks. When this process was commercialised in the past, concentrated 

acid hydrolysis was reported to be uneconomical because of the high volumes of acid required 

(Wright 1984) and therefore no fermentation assessment was carried out from concentrated 

acid hydrolysates. 

Table 4-3: Effect of saccharification method on glucose yields from seaweeds. Saccharification used 
concentrated acid, dilute acid and enzymatic hydrolysis of seasonal samples of L. digitata, L. hyperborea, S. 
latissima and A. esculenta 

Conc. acid hydrolysis L. digitata L. hyperborea S. latissima A. esculenta 

 ave 18.32 ± 4.96 18.53 ± 7.38 19.20 ± 6.05 22.52 ± 6.80 
 max 28 1 35 2 28 7 26 5,6 
 min 13 3,4,5 12 4,5,6 11 4 13 4 
 Fdf/error F7,8= 710 F7,8= 240 F7,8= 1532 F2,3= 414 
 Pvalue P <0.001 P <0.001 P <0.001 P <0.001 

Dilute acid hydrolysis L. digitata L. hyperborea S. latissima A. esculenta 

 ave 6.38 ± 5.56 7.21 ± 8.04 7.92 ± 5.50 11.11 ± 7.20 
 max 18 2 25 2 15 2 16 5,6 
 min 1 3 1 3,4,5 1 3,4,5 1 3 
 Fdf/error F7,16= 1288 F7,16= 1686 F7,16= 4552 F2,6= 344 
 Pvalue P <0.001 P <0.001 P <0.001 P <0.001 

Enzymatic hydrolysis L. digitata L. hyperborea S. latissima A. esculenta 

 ave 9.69 ± 4.53 11.03 ± 7.01 12.38 ± 5.59 13.38 ± 6.11 
 max 19 1 26 2 21 7 17 5,6 
 min 6 3,4,5 6 3,4,5 6 3,4,5 5 4 
 Fdf/error F7,8= 1555 F7,8= 3890 F7,8= 606 F2,3= 295 
 Pvalue P <0.001 P <0.001 P <0.001 P <0.001 

Superscripted numbers refer to the harvest times with: 1, August 2010; 2, October 2010; 3, February 2011; 4, 
March 2011; 5, May 2011; 6, July 2011; 7, September 2011; 8, October 2011 
Statistical analysis using 1-way ANOVA was used to determine the variability of glucose yields throughout the 
sampling period, with P values ≤0.05 indicating significant seasonal variability. The means ± SD of enzymatic 
and concentrated hydrolysis were derived from eight samples in total (one glucose analysis per sampling 
point), while statistical analysis of dilute acid hydrolysis derived from 16 samples in total (two glucose analysis 
per sampling point). 

 

Enzymatic hydrolysis using the cellulosic and hemicellulosic enzyme blends NS 22086 and NS 

22119 also gave higher glucose yields compared to dilute acid hydrolysis. Average glucose 

yields from enzymatic hydrolysis were 9.7 ± 4.5 %, 12.4 ± 5.6 %, 11.0 ± 7.0 %, and 13.4 ± 6.1 

%, which was over 50 % higher for L. digitata, S. latissima and L. hyperborea, and 20 % higher 

for A. esculenta compared to glucose results from dilute acid hydrolysis. These improvements 

are in line with the results seen using cellulose as a substrate where enzymatic treatment 

achieved a 32 % (Figure 4.9) conversion yield, compared to a 5 % conversion yield using dilute 

acid treatment (Figure 4.5). As the cellulose content in seaweed does not fluctuate as much 
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as the laminarin content, higher glucose yields from enzymatic saccharification during the 

period of very low laminarin production were possible. It is also believed that longer enzyme 

incubation times beyond the 24 hours used in our studies may improve glucose yields from 

cellulose further, as longer periods such as a two day saccharification period has shown to 

improve glucose liberation (Figure 4.11) which has also demonstrated by other researchers 

such as Ge et al. (2011).  

The findings from this section were that concentrated acid hydrolysis was the most effective 

method for the saccharification of dried seaweed biomass but due to the impact of dilution 

was found not suitable for the generation of concentrated fermentation substrates. Enzymatic 

saccharification using NS 22086 and NS 22119 were runners up and presented an approximate 

50 % yield improvement compared to dilute acid processing. Longer incubation times than 20 

hours could increase glucose yields further, as was shown in Figure 4.11 and Figure 4.10.  

Comparison studies were carried out to identify associations and variances amongst the three 

saccharification methods. Glucose results from dilute acid hydrolysis, concentrated acid 

hydrolysis and enzymatic hydrolysis were compared against each other using Pearson 

moment- correlation analysis. Results from statistical analysis are highlighted in Table 4-4. It 

was found that glucose profiles from the different saccharification methods followed each 

other in an almost linear fashion with r-values greater than 0.88 and P-values <0.05 in all cases. 

This highlighted the fact that seasonal fluctuations of glucose yields are to be expected using 

seaweed biomass. Glucose yields differed between the three methods but fluctuations 

between the three methods were almost identical (Table 4-4). 

Table 4-4: Comparison of glucose yields derived from dilute acid, concentrated acid and enzymatic hydrolysis 
of the seaweeds S. latissima, L. hyperborea, L. digitata and A. esculenta against each other using Pearson 
analysis. 

Seaweed 
hydrolysates 

Statistical 
analysis 

Dilute acid vs 
enzymatic hydrolysis 

Dilute acid vs 
conc. acid hydrolysis 

Conc. acid vs 
enzymatic hydrolysis 

L. digitata Correlation r =0.993; P <0.001 r =0.883; P =0.004 r =0.877; P =0.004 
L. hyperborea Correlation r =0.999; P <0.001 r =0.996; P <0.001 r =0.998; P <0.001 
S. latissima Correlation r =0.975; P <0.001 r =0.975; P <0.001 r =0.991; P <0.001 
A.esculenta Correlation r =1.000; P <0.001 r =0.997; P =0.049 r =0.997; P =0.049 

Pearson moment- correlation analysis was used to identify relationships between different saccharification 
methods (r = 1.0 indicating a linear relationship and P ≤0.05 proofing statistical significance of this 
relationship). 
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Figure 4.14: Seasonal glucose yields from L. digitata (A), S. latissima (B), L. hyperborea (C) and A. esculenta (D). Determined by concentrated acid hydrolysis, 
dilute acid hydrolysis and enzymatic hydrolysis using cellulosic enzymes (NS 22086) and hemicellulosic enzymes (NS 22119). The error bars are the means ± SD of 
two samples for concentrated and enzymatic hydrolysis and means ± SD of three samples for dilute acid hydrolysis. 
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4.4. CONCLUSIONS 

Different methods of saccharification, with or without pre-treatment, have been examined 

for their effect on glucose yields from seaweed biomass. Dilute acid hydrolysis was shown to 

be an effective process for mannitol release and hydrolysis of laminarin from seaweed 

biomass. The conclusion from dilute acid hydrolysis was that acid can be universally applied 

for saccharification of seaweed biomass. It was found that highest sugar yields were achieved 

using either: 

a) stronger acids in combination with reduced heat treatment times. 

b) stronger acids in combination with reduced temperatures. 

c) weaker acids in combination with higher temperatures. 

d) reduction of the concentration of seaweed in the acid solution. 

It was shown that extraction of seaweeds using hot water yielded similar amounts of glucose 

compared to a dilute acid hydrolysis process, suggesting that glucans other than laminarins 

were either absent or existed only in very small amounts. Dilute acid failed to hydrolyse 

cellulose, whereas a concentrated acid process hydrolysed the cellulose with a near 96 % 

efficiency. This indicates that use of hot water or dilute acid as compared with concentrated 

acids could be used to distinguish between soluble and insoluble glucan fractions in seaweed. 

As a consequence, dilute acid hydrolysis was used for quantification of mannitol and 

laminarin, and concentrated acid was used to determine the total glucan content of seaweed 

biomass. 

Pre-treatment of biomass has been explored extensively for the generation of second 

generation biofuels (Agbor et al. 2011). While it is still necessary in the case of terrestrial 

biomass to enhance saccharification and fermentation yields, pre-treatment of seaweed 

biomass for biofuel production is a relatively new subject. In cases where pre-treatment has 

been applied to seaweed biomass resulting in yield improvements, mainly cellulosic enzymes 

were applied for saccharification. Removal of structural heteropolymers such as 

hemicellulases through acid pre-treatment for example, has been shown to expose cellulose 

microfibillar structures, making it easier for cellulases to degrade the cellulose. Our research 
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has shown that pre-treatment of seaweed biomass before enzymatic saccharification was not 

required to improve saccharification yields. This is in contrast to some research, where acid 

pre-treatment prior to cellulases saccharification was found to improve glucose yields (Ge et 

al. 2011, Yazdani 2011). As the enzyme blends tested in here contained cellulases and a 

mixture of hemicellulases, it is debatable whether these enzymes had a pre-treatment effect 

because minimal amounts of hemicellulose/cellulose are present in seaweeds. It is known that 

removal of hemicelluloses in terrestrial biomass can have a beneficial impact on the 

saccharification yield from cellulose using hemicellulosic biomass (Öhgren et al. 2007). 

As alginate is principal structural component carbohydrate in seaweed, a pre-treatment 

method based on enzymatic digestion of alginate was tested. This was shown to have no effect 

on ethanol yields as compared to no pre-treatment. As these enzymatic treatments were 

carried out on freeze dried, ground and pre-sterilised seaweed (using water or buffers ~pH 4.8 

for 15 minutes at 121 oC) it is unclear if heat treatment had already disrupted the tissue 

structures to allow the enzymes to do their work during saccharification. The conclusion from 

these results are that the degradation of alginate in seaweed is not necessary if hemicellulases 

are employed. If the intention of the “seaweed to biofuel industry” is to use soluble 

carbohydrates such as laminarin, fucoidan and mannitol for ethanol production only, 

solubilisation of the alginate network might not be necessary. Further, if alginate is degraded 

through enzymatic or acidic degradation and is not utilised within the process it not only 

becomes a waste product in its own rights but also might cause potential process difficulties, 

especially in downstream processing where it can lead to precipitation and viscosity effects 

during fermentation. Aqueous extracts yielding mannitol, fucoidan and laminarin could be 

easily concentrated to yield high strength feedstocks without the difficulties of dealing with 

unwanted alginates. Selective extraction procedures not only reduce waste management but 

also can add value to residues, which in their own right could become a new semi-purified 

resource. 

The addition of endo-1,3-β-glucanase to cellulose enzyme preparations NS 220086 and NS 

22119 was shown to aid the saccharification process of laminarin by decreasing the incubation 

time required. These two enzyme cocktails already possessed glucanase activity, but 
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nevertheless benefited from the extra addition of endo-1,3-β-glucanase. However, final yields 

of glucose with and without the addition of endo-1,3-β-glucanase were similar if >21 hr 

incubation was used, suggesting that the industrial enzyme blend NS 22086 contained the 

enzymes for seaweed degradation but at lower amounts, but can be employed to extract 

sugars from seaweed biomass without affecting alginate. 

Sufficient mixing was shown to be crucial in providing appropriate contact times between 

solutes and insoluble biomass. Insoluble matter needs to be kept in solution to ensure faster 

enzymatic action and higher yields. For laboratory purposes, shaken bottles were sufficient 

and provided less zones for sedimentation than tubes did. 

Saccharification studies of seaweeds harvested through the seasons using enzymes NS 22086 

in combination with NS 22119 were shown to give higher glucose yields than dilute acid 

hydrolysis. Comparison studies using different seaweeds highlighted the fact that there is a 

different requirement for enzyme dosages depending on the type of seaweed used. This 

implies that seaweeds containing higher concentrations of polyphenols such as S. latissima 

and A. esculenta will require higher enzyme additions. For example, saccharification of S. 

latissima using NS 22086 and NS 22119 required that double the amount of the two enzymes 

was needed to give the highest saccharification yields. There is a strong indication that 

polyphenols will affect enzyme activities negatively and this effect should be considered in the 

selection of the raw material used for saccharification. Finally, as the enzyme dosage heavily 

depends on the type of biomass used, pre-treatment technology and processing conditions, it 

appears that enzyme dosages have to be re-evaluated for each type of seaweed used. 

Beside the need for process optimisation to gain maximum sugar yields, economic aspects 

such as the costs of enzymes is also an important factor in identifying optimum enzyme 

dosages. 
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4.5. KEY FINDINGS AND RECOMMENDATIONS 

 Concentrated acid hydrolysis gave the highest monosaccharide yields compared to 

dilute acid and enzyme hydrolysis. However, due to the requirement to dilute the acid 

by a factor of ~17 this method is not suitable to provide concentrated feedstock for 

fermentation. This method was able to solubilise cellulose completely and therefore 

used for structural carbohydrate analysis. 

 Dilute acid hydrolysis increased mannitol yields slightly and was also sufficient to 

hydrolyse laminarin. When compared to aqueous seaweed extracts the resulting 

glucose content was very similar, suggesting that dilute acid was only hydrolyzing the 

soluble glucan content. As dilute acid was unable to solubilise cellulose, it can be 

selectively used to determine the laminarin and mannitol content of seaweed biomass. 

 The differences in glucose content between a concentrated and dilute acid hydrolysis of 

seaweed was attributed to the presence of cellulose. Variability in cellulose content in 

all four kelp species were found to be less compared to the seasonal fluctuations of 

laminarin and mannitol. 

 Pre-treatment using dilute acid and alginate lyase were found not to enhance glucose 

or ethanol yields. As the main glucose source laminarin was soluble no pre-treatment 

was evidently necessary to release this polymer from the structural matrix of seaweed 

biomass. However, pre-treatment methods should be considered if carbohydrates other 

than mannitol and laminarin are considered for saccharification. 

 The Novozyme enzyme blend NS 22086 was demonstrated to contain appropriate 

enzymes for seaweed saccharification. However, the ratio of -glucanases to other 

enzymes should be increased as addition of endo-1.3--glucanase helped to speed-up 

saccharification rates. Faster saccharification rates are advantageous to reduce 

contamination risks and to reduce processing times. 

 Enzymatic hydrolysis gave better results than dilute acid saccharification providing 

evidence that cellulases were active in partially degrading seaweed carbohydrates. In 

addition salinity levels are expected to be lower for enzymatic saccharification processes 

and provide additional support towards enzymatic saccharification of seaweed biomass. 
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 Saccharification should be tailored to the substrate range of the fermentative organism. 

In the case of S. cerevisiae, only cellulases and glucanases should be required as the main 

enzymes. However, hemicellulosic enzymes are often needed to improve glucose yields 

from hemicellulosic material. Other fermentative microorganisms with a wider 

substrate range may therefore require additional enzymes. 

 A specifically tailored saccharification strategy can be employed to selectively dissolve 

specific components leaving valuable residue behind and potentially reduce waste 

stream disposal costs of the remaining residue. 

 Tests using enzymatic saccharification of fresh and untreated seaweed should be carried 

out to establish whether pre-treatment is required. Thus, if no pre-treatment was 

required, this would be a significant advantage of seaweed biomass against terrestrial 

biomass where costly pre-treatment is a necessity. 
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5. FERMENTATION OF SEAWEED EXTRACTS 

5.1. GENERAL INTRODUCTION 

Fermentation is the penultimate stage in bioethanol production where the products of up-

stream processing are converted into ethanol and subsequently distilled. Traditionally S. 

cerevisiae has been used for most first generation bioethanol production, using glucose based 

polymers such as starches and glucose/fructose based dimers such as sucrose, as the main 

feed substrates. With the development of second generation biofuels to overcome problems 

associated with 1st generation biofuels such as the increased competition for food, land and 

water, the nature of feedstock has changed to the use of lignocellulosic biomass. Even though 

lignocellulose is an abundant feedstock material, its composition and structures contain 

technical and biological challenges. 

For an efficient fermentation process a fermentative strain with a broad substrate range is 

needed, something S. cerevisiae does not possess. Unused substrate does not only reduce the 

theoretical ethanol yields but also becomes a waste stream in its own right with associated 

ecological and financial impacts. The challenges for second and third generation bioethanol 

industries is to identify suitable fermentative strains with a broad substrate range to utilise 

the major substrates in the liquefied biomass extracts. 

The carbohydrates of brown seaweed biomass consist largely of mannitol, laminarin, fucoidan 

and alginate. Laminarin, fucoidan and alginate can be broken down by acid or enzymes into 

their major sub-units, glucose and mannitol in the case of laminarin, mannuronic and 

guluronic acid in the case of alginate, and fucose, uronic acids and other monosaccharides in 

the case of fucoidan. S. cerevisiae with its relatively limited substrate range is expected to only 

utilise glucose from the algal substrate pool. Furthermore, S. cerevisiae requires the hydrolysis 

of the algal starch, laminarin, as it does not possess necessary enzymes such as β-glucanase. 

Other fermentative microorganisms are needed to utilise an increased level of the algal 

substrates. As enzyme production at industrial scale can make-up a significant proportion of 

the overall costs (Jungbluth 2007, Meyhoff et al. 2012) the ideal fermentation microorganism 
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should also possess hydrolytic functions to perform hydrolysis and fermentation 

simultaneously. 

One such strain has been identified as Pichia angophorae. This strain was first isolated from 

the exudate of an Australian red gum tree (Miller and Barker 1968). P. angophorae has been 

identified as a potential microorganism for fermentation because it utilises polyols, such as 

xylitol (Lee and Schneider 1987) and mannitol (Horn 2009) and polyol containing brown 

seaweeds (Adams et al. 2009, Jang et al. 2012) (Table 5-1). In addition to its ability to utilise 

polyols, P. angophorae has also been identified to possess β-glucanase activity, an enzyme 

needed for the utilisation of the marine starch laminarin (Horn et al. 2000). Therefore, P. 

angophorae, has been examined for the fermentation of brown seaweed hydrolysates such 

as L. hyperborea (Horn et al. 2000), S. japonica (Jang et al. 2012) and S. latissima (Adams et al. 

2009). Limited data has been published on ethanol productivities and tolerances of P. 

angophorae compared to S. cerevisiae, of which the latter can not only tolerate up to 20 % 

ethanol by volume (Cot et al. 2007) but also tolerate saline substrates (Ren et al. 2012). Horn 

et al. (2000) reported maximum ethanol concentrations of around 10 g l-1 (~1 % ethanol) from 

a batch system using mannitol as the substrate within 72 hours of a P. angophorae 

fermentation. 

Table 5-1: Fermentation results using P. angophorae on different substrates 

Substrate Ethanol yields a Reference 

Xylitol 0.30 (Lee and Schneider 1987) 
Mannitol 0.43 (Horn et al. 2000) 
S. japonica 0.08 (Jang et al. 2012) 
L. digitata 0.13 (Adams et al. 2011) 
a Ethanol yields were expressed as a percentage of ethanol produced from substrate on a weight to weight 
basis (g g-1) 

 

Using seaweed extracts or synthetic media containing seaweed carbohydrates, bacterial and 

fungal fermentation strains have also been explored (Table 5-2). These include the bacteria 

Zymobacter palmae (Horn et al. 2000), Escherichia coli (Kim et al. 2011, Wargacki et al. 2012) 

and Sphingomonas spp. (Takeda et al. 2011), and the yeast Pichia stipitis (Yeon et al. 2011) 

(Table 5-2). 
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However, significant issues still exist with unproven fermentation organisms if they are to be 

used at industrial scale, as to whether they possess the criteria needed to compete with the 

likes of S. cerevisiae. High ethanol and salinity tolerance, high ethanol production rate and 

broad substrate range are a few criteria that have to be fulfilled for consideration of the 

microorganism to be a production strain. 

Table 5-2: Summary of fermentation results using seaweed extracts and artificial media 

Ethanol  
yields a 

Substrate Saccharification Fermentative  
strain 

Reference 

0.26 Alginate none Sphingomonas spp. Takeda et al., 2011 
0.28 Alginate none E. coli Wargacki et al., 2011 
0.18 Mixed seaweeds Meicelase S. cerevisiae Yanagisawa et al., 2011 
0.43 L. hyperborea pH 2, 65 oC P. angophorae Horn et al. 2000 
0.40 Glucose/ mannitol none Z. palmae Horn et al., 2000 
0.43 S. sagamianum hot water P. stipitis Yeon et al., 2011 
a Ethanol yields were expressed as a percentage of ethanol produced from substrate on a weight to weight 
basis (g g-1) 

 

As all of the above mentioned strains, except the Sphingomonas spp. were of terrestrial origin 

it is unclear how these strains will perform with concentrated saline seaweed substrates, 

usually rich in sodium, potassium, calcium, magnesium and other metal ions (Ross et al. 2008). 

It is known that microorganisms respond to environmental changes that allow them to survive 

and remain active in the face of environmental stress (Csonka 1989, Schimel et al. 2007) 

including osmotic stresses. High concentrations of solutes can cause an imbalance in these 

stress response mechanisms. One of these mechanisms is the production of osmoprotectants 

such as glycerol in S. cerevisiae (Larsson and Gustafsson 1987, André et al. 1991). Because of 

diverting of carbon fluxes to overcome osmotic stresses, ethanol yields are usually lower in 

saline media (Logothetis et al. 2007), whereas marine microorganisms already adapted to 

saline environments might hold the potential to overcome these problems, and work to 

explore this aspect is described in Chapter 6. In consequence, this thesis has adopted S. 

cerevisiae as the default fermentative organism on which to base the development of 

processes for the production of ethanol from seaweed because it is well understood at an 

industrial scale, its metabolism is well understood and it is reported to be tolerant to salinity 

and high ethanol concentrations. 
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As there are no standardised methods for fermentation of seaweed hydrolysates available, 

small-scale routine fermentation assays for S. cerevisiae and P. angophorae were developed. 

Typically to assess the fermentability of a hydrolysate shake flasks have been used extensively. 

The advantage of shake flask systems lies in their simplicity, the ability to run relatively large 

numbers concurrently and to combine saccharification and fermentation processes within one 

system. However, a frequent problem with developmental research can be that the amount 

of biomass and hydrolysate available for testing is often limiting, as the typical shake flask 

experiment requires 30-100 ml of hydrolysate, this can effectively limit the number of 

experimental permutations possible. As an alternative, test tubes have been used for high-

throughput culture screening programmes in the brewing industry (Lake et al. 2008, 

Panteloglou 2010) or to detect fermentative activities of microorganisms (Bonciu 2010) 

because of the minimal volumes required and ease of processing many assays. A constraint 

on any S. cerevisiae ethanol fermentation system is that they require additional steps to 

maintain the appropriate microaerophilic conditions for ethanologenic fermentation. In 

consideration of this, this study focused on use of screw-capped test tubes as miniaturised 

fermentation systems that should control gas transfer, minimise sample volume 

requirements, ensure simplicity and enable a rapid throughput of multiple samples. P. 

angophorae was investigated for the fermentation of mannitol, but as the fermentation of 

mannitol is reported to occur aerobically (Horn et al. 2000), two fermentation systems were 

studied, shake flasks and test tubes. 

To optimise a fermentation assay for S. cerevisiae, a number of parameters were considered, 

such as seeding density, age and type of seeding inoculum, and fermentation incubation time. 

It is recognised that a number of physiological parameters affect S. cerevisiae fermentation 

such as inoculum age (Manikandan 2010) and the seeding density, where further gains in 

ethanol yield (Sevda and Rodrigues 2011, Tahir and Sarwar 2012) or rate of fermentation are 

not improved beyond a certain maximum cell concentration (Gibbons and Westby 1986, Erten 

2006). Prolonged fermentation times can also lead to a decline in ethanol concentration due 

to oxidation in the presence of residual air (Kumar 2011). To develop an assay for P. 

angophorae fermentation seeding density, fermentation time, volume ratio and fermentation 

system (agitated shake flasks versus non-agitated test tubes) were also studied. 
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The aim of these studies were two-fold: first to develop small-scale fermentation assays that, 

second, allowed for rapid and inexpensive assessment of the ethanologenic potential of the 

kelp species L. digitata, L. hyperborea, S. latissima and A. esculenta using the two yeasts S. 

cerevisiae and P. angophorae. This Chapter outlines procedures that include the 

standardisation and optimisation of culture conditions that are known to impact on ethanol 

production, including inoculum transfer rates and times, optimum substrate volumes and 

sampling times. Using these established parameters, the test tube and shake flask assay was 

then applied to assess the fermentability of seaweed hydrolysates as an example of a novel 

biomass source. S. cerevisiae was also grown in artificial seawater-based glucose media to 

evaluate fermentation performance using saline substrates. P. angophorae was studied to 

identify the maximum ethanol concentration possible using high strength glucose and 

mannitol-containing media, and as a comparison to S. cerevisiae.  
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5.2. MATERIALS AND METHODS 

The two methodologies designed to develop a fermentation procedure for S. cerevisiae and 

P. angophorae, are described in this Chapter. S. cerevisiae is the most common fermentative 

strain used for fermentation processes where ethanol is the desired end-product. Safdistil C-

70 was provided by Fermentis, France. As a comparison to S. cerevisiae, the strain 

Ambrosiozyma angophorae (CBS 5830), also commonly called P. angophorae, was used. 

Working lots of a stationary phase culture of both strains were cryo-preserved in 10 % glycerol 

containing spent medium and used for experimentation. 

5.2.1. INOCULUM GROWTH CONDITION 

Procedures for generation of inocula are outlined in Section 2.5.1 and 2.5.2. The routine 

culture medium for S. cerevisiae consisted of the following: 5.2 g yeast extract, 10 g 

neutralised soya peptone, 20 g glucose dissolved in 1 l deionised water, and autoclaved (121 

oC for 15 minutes). Routine culture medium for P. angophorae was media containing: 15 g 

Glucose, 5 g mannitol, 10 g neutralised soya peptone and 5.2 g yeast extract per liter of 

medium. Starter culture stocks were prepared in 50 ml sterile medium (transferred to pre-

sterilised 250 ml shake flasks) inoculated with 100 µl of a working stock of S. cerevisiae or P. 

angophorae that had been stored at -80 oC in 10 % glycerol. Incubation was at 25 oC and 200 

rpm overnight for S. cerevisiae and 3 days for P. angophorae. Inoculum growth was 

enumerated microscopically using a hemocytometer. Inoculum volumes required to achieve 

desired seeding densities were calculated according to Section 2.5.1 and 2.5.2. 

Yeast cells were separated from growth medium by centrifugation (10 minutes at 3,400 g). 

Liquid medium was discarded and remaining cells transferred with fermentation media into 

the fermentation system. 

5.2.2. MINATURISED FERMENTATION ASSAY DEVELOPMENT 

USING S. CEREVISIAE 

Synthetic Production Medium (SPM) was made containing glucose at 10, 50 and 100 g l-1 (SPM 

10, 50 and 100). Yeast extract and neutralised soya peptone were added at 3 % and 5 % per 
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gram of added glucose respectively. All solutions were autoclaved (15 

minutes at 121 oC), with glucose solutions autoclaved separately. Sterile 

conical bottom borosilicate glass tubes closed with rubber-lined 

polypropylene screw caps (total volume 8.5 ml) were used as miniature 

fermentation systems (Figure 5.1). S. cerevisiae inocula of the required cell 

densities were transferred aseptically to the pre-sterilised test tubes and 

centrifuged for 5 minutes at 3,400 g. The supernatant was then carefully 

aspirated with a sterile Pasteur pipette and SPM added to the cell pellet. 

Following suspension of the cell pellet in 5 ml of SPM, the screw cap was 

released by a ca. 1/8th turn to avoid pressure build-up within the tube 

caused by carbon dioxide production during fermentation. Fermentation 

proceeded at 32 oC in a convection incubator. A number of process 

parameters (inoculum transfer times, seeding densities, medium strengths, 

media volume ratio and sampling times) were varied to evaluate their impact on ethanol 

production and establish the optimum conditions for the test-tube system (Table 5-3). 

Calculations for ethanol yields were based on the theoretical maximum from glucose and 

reported as Theoretical Ethanol Yield ( %). 

Table 5-3: Experimental set-up to establish process variables for S. cerevisiae fermentation 

Process 
variable 

Inoculation 
transfer times 
(hour) 

Seeding density 
(108 cells ml-1) 

Synthetic Production Medium Sampling 
time 
(hour) 

Glucose 
(g l-1) 

Volume ratio 
(Vliquid/VTotal) 

Stage 1 16, 20 0.2, 1.2, 5.3, 10.5 100 0.59 21, 44, 68 
Stage 2 16 0.2, 1.2, 5.3, 10.5 10, 50, 100 0.23, 0.41, 0.59 46 

 

Seaweed containing production media was prepared using acid hydrolysed Palmaria palmata, 

Laminaria hyperborea and Ulva lactuca, representative of red, brown and green seaweeds, 

respectively. Seaweeds were harvested from near to Dunstaffnage (Oban, Scotland) in 

October 2010, freeze dried and milled to a particle size <1 mm. The total amount of biomass 

was corrected for the amount of residual moisture present in the freeze-dried sample at the 

time of weighing by oven drying a portion of the sample at 105 oC. Seaweed biomass was 

hydrolysed by adding 0.5 M sulfuric acid at 5 ml g-1 biomass and autoclaved for 15 minutes at 

Figure 5.1 
Capped test tube 
used for ethanol 
fermentation 
test tube 
containing 5 ml 
production 
medium (scale 
rule, cm). 



Chapter 5 

 

190 
 

121 oC, and then pH adjusted to 6.5 ± 0.5 with sodium hydroxide solution. Seaweed 

hydrolysates were not supplemented with soya peptone and yeast extract as described in the 

SPM recipe. The volume of hydrolysates were adjusted resulting in a final seaweed 

concentration of ~10 g l-1 and re-autoclaved at 100 oC for 15 minutes. Before use, all 

hydrolysates were clarified by centrifugation (10 minutes at 3,400 g). A 5ml volume of the 

clarified hydrolysed seaweed supernatant was added to each assay tube, and fermented using 

an inoculum transfer time of 16 hours, a volume ratio of 0.59 and a seeding density of 5.3 x 

108 cells ml-1. These were chosen as the optimum conditions with which to test fermentation 

times using seaweed production medium (Table 5-4). 

Table 5-4: Experimental set-up to establish process parameters using S. cerevisiae and acid hydrolysed 
seaweed hydrolysate 

Seaweed 
hydrolysate 

Seaweed concentration 
 (g l-1) 

Sampling time 
(hr) 

P. palmata 9.6 21, 48, 72 
L. hyperborea 10.2 21, 48, 72 
U. lactuca 9.6 21, 48, 72 

Seaweed concentrations are referred to as dry weight per litre. 

 

5.2.3. MINATURISED FERMENTATION ASSAY DEVELOPMENT 

USING P. ANGOPHORAE 

Development of P. angophorae fermentation was carried out investigating the impact of 

seeding densities, fermentation systems and volume ratio on ethanol yields. In addition, 

ethanol yields from high strength glucose media were also assessed to evaluate this strain as 

a potential industrial ethanol producer. 

Seeding density studies were carried out to evaluate their impact on ethanol yields using high 

strength fermentation glucose medium (SPM 100). Seeding densities of 0.5, 1.0 and 2.0 x 109 

cells ml-1 were used for fermentation. Yeast cells were grown and prepared according to the 

methods described in Section 2.5.2. Pre-sterilised 25 x 100 mm Pyrex® screw capped glass 

tubes were filled with 20 ml of fermentation medium containing yeast cells. Screw caps were 

opened slightly to allow evolving carbon dioxide to escape. Tubes were briefly mixed and 

statically incubated for 70 hours in a 32 oC pre-warmed incubator with samples (n=2) taken at 
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22 and 70 hours. Samples were collected and kept at -20 oC until HPLC analysis for ethanol 

and residual glucose was carried out using Method 2.3.6 in Chapter 2. 

Comparison studies using agitated and non-agitated fermentation systems were carried out 

to investigate the impact of mixing/aeration on ethanol yields using three different media 

containing either: glucose (10 g l-1) or mannitol (10 g l-1) or a combination of glucose (5 g l-1) 

and mannitol (5 g l-1). Each media was made-up to 1 liter with deionised water and 

supplemented with yeast extract (0.3 g l-1) and soya peptone (0. 5 g l-1). A volume of 5 and 30 

ml of fermentation media was transferred into pre-sterilised 10 x 100 mm Pyrex® screw 

capped glass tubes and 100 ml shake flasks, respectively, containing 2 x 109 cells ml-1 of P. 

angophorae. Test tubes and shake flasks were incubated for 23 hours at 32 oC with three 

sampling points selected at 15, 20 and 23 hours. An rpm of 100 was chosen using an orbital 

shaker, to keep yeast cells in suspension and did not cause excessive aeration. 

Optimisation studies were carried out in agitated 100 ml shake flasks using different volumes 

of fermentation media containing: Glucose (10 g l-1), mannitol (10 g l-1), yeast extract (0.6 g l-

1) and soya peptone (1 g l-1). The addition of media volumes was expressed as a ratio of media 

addition in ml against the total flask volume of 125 ml. Media volumes of 10, 20, 30 and 40 ml 

equating to volume ratios of 0.08 to 0.32 respectively, containing 2 x 109 yeast cells ml-1 were 

aseptically transferred into pre-sterilised 100 ml (total volume = 125 ml) flasks. Agitation was 

set to 100 rpm in a New Brunswick Innova 4230 orbital shaker and flasks incubated for 3 days 

at 32 oC with sampling taking place every 24 hours. 

High strength glucose production medium was used for evaluation studies to identify 

fermentation time needed for P. angophorae and compared against S. cerevisiae to ferment 

high strength production media (SPM 100) which consisted of the following ingredients: 

Glucose (100 g l-1), soya peptone (5 g l-1) and yeast extract (3 g l-1). P. angophorae and S. 

cerevisiae cells were grown according to the methods described in Section 5.2.2 and 5.2.3. A 

seeding density of 2.0 x 109 cells ml-1 was applied for the P. angophorae strain and 5.3 x 108 

cells ml-1 for the S. cerevisiae, with 5 ml of production medium added to each test tube. Each 

sample point was taken in triplicate. Both yeasts were incubated at 32 oC with a fermentation 

time of 3 days for S. cerevisiae and 21 days for P. angophorae. 
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5.2.4. SALINITY ASSESSMENT OF SEAWEED SUBSTRATE AND ITS 

IMPACT ON S. CEREVISIAE  

S. cerevisiae was grown according to the Methods described in Section 2.5.1. 

Three fermentation media were made up using either deionised water (none), seawater (SW) 

and double strength seawater (2 SW) using the following ingredients: glucose (100 g l-1), yeast 

extract (3 g l-1) and neutralised soya petone (6 g l-1). Seawater media was made-up using 

filtered aged seawater (stored at 10 oC). Double-saline media was made by adding 30 g l-1 of 

artificial sea salts to filtered seawater. Media were sterilised by autoclaving (121 ˚C for 15 

min). A volume of 5 ml of fermentation medium containing 5.3 x 108 yeast cells ml-1 was 

transferred into pre-sterilised 10 x 100 mm Pyrex® screw capped glass tubes and incubated at 

32 oC over a period of 5 days. Samples were taken in triplicate and analysed by HPLC using 

Method 2.3.6. 

The salinity content of S. latissima (harvested in October 2011) extracts was evaluated 

following water and acid for extraction. For both methods 50 to 450 mg of seaweed was 

weighed into 10 x 100 mm Pyrex® screw capped glass tubes and either 5 ml of deionised water 

or 5 ml of 0.5 M sulphuric acid added to achieve seaweed biomass concentrations of 

approximately 10 - 90 g l-1. Tubes were autoclaved for 15 minutes at 121 oC. Salinities of 

centrifuged extracts (5 minutes at 3,200 g) were measured using a handheld refractometer. 

As the refractometer was calibrated for sodium chloride, results were expressed as a % of 

sodium chloride equivalents (Method 2.3.12). 

Multiple extraction experiments using a single, double and triple sulphuric acid extraction 

process was carried out using L. digitata harvested in May and October 2011. The first 

extraction stage was carried out by adding 10 ml of 0.5 M sulphuric acid to 2,000 ± 20 mg of 

seaweed in 16 x 100 mm Pyrex® screw capped glass tubes. Tubes were autoclaved for 15 

minutes at 121 oC and tubes centrifuged 10 minutes at 3,200 g. Residual solids were washed 

with 4 ml of fresh acid, re-centrifuged and supernatant from this wash stage combined with 

supernatant from 1st extraction. For the second extraction, the supernatant from the first 

extraction was added to a further 2,000 ± 20 mg of seaweed and re-autoclaved. This 

procedure was repeated again (3rd extraction) and the final acid extract from three extractions 
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was adjusted to pH 6.5 with NaOH and made up to a total volume of 25 ml with deionised 

water. Salinity (Method 2.3.12) and total carbohydrate content (Method 2.3.5.1) were 

analysed before fermentation using S. cerevisiae (Method 2.5.1). 

5.2.5. FERMENTATION ASSESSMENT OF SEASONAL SEAWEED 

EXTRACTS 

Fermentation of enzymatic hydrolysates of seasonal samples of L. digitata, S. latissima, L. 

hyperborea and A. esculenta were carried out using S. cerevisiae and P. angophorae. 

Saccharification was carried out according to Method 2.4.4. Both types of digest were 

fermented for 20 hours at 32 oC using S. cerevisiae according to Method 2.5.1. Saccharification 

of seasonal seaweed samples were carried out in duplication. Extract from each 

saccharification was applied to two fermentation assays resulting in four fermentation results. 

P. angophorae fermentation was carried out in a separate experiment using enzymatic digests 

of seasonal harvests also. Enzymatic treatment was carried out using the same enzymes and 

dosages as described but using 2,000 ± 200 mg of seaweed powder. Seaweed slurries were 

autoclaved in 100 ml of 0.01 M citrate buffer pH 4.8 for 15 minutes at 121 oC. Saccharification 

was carried out for 2 hours at 45 oC only, instead of the 20 hours used in Method 2.4.4. 

Fermentation of hydrolysate was carried out according to Method 2.5.2 using 30 ml of 

hydrolysate seeded with 2.0 x 109 cells ml-1 in a 100 ml shake flask over a 45 hour period at 32 

oC. Saccharification of seasonal seaweed samples were carried out in duplication. Extract from 

each saccharification was applied to two fermentation assays resulting in four fermentation 

results. 

5.2.6. STATISTICAL ANALYSIS 

Data was analysed using 1-way Analysis of Variance (ANOVA) and Pearson correlation – 

moment analysis according to Section 2.16.  
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5.3. RESULTS AND DISCUSSIONS 

The development of small-scale fermentation systems for S. cerevisiae and P. angophorae was 

considered to be an important step toward being able to assess their fermentative capabilities 

with different seaweed hydrolysates. For the development of S. cerevisiae and P. angophorae 

fermentation assays the following process variables were optimised: inoculum transfer times, 

seeding densities, volume ratio, media strength and sampling times (Figure 5.2). 

 

Figure 5.2: Schematic of process parameters optimized in this study. 

 

5.3.1. TEST TUBE FERMENTATION SYSTEM DEVELOPMENT USING 

S. CEREVISIAE 

In order to develop a simple, small-scale fermentation system for assessment of the 

ethanologenic potential of different biomass sources based on S. cerevisiae fermentation, a 

number of different test tube sizes and closures were considered (data not shown). The final 

choice of the 8.5 ml capped test tube was based principally on minimising the total working 

volume and therefore minimising the amount of hydrolysate needed per assay (Figure 5.2). 

To evaluate the effect of starter culture growth time (inoculum transfer time) on ethanol 

yields overnight incubation periods of 16 or 20 hours S. cerevisiae growth were chosen. After 

16 hours growth glucose was completely depleted from the starter culture medium (data not 
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shown). The average cell density of 16 hour S. cerevisiae starter cultures was (3.8 ± 0.8) x 109 

cells ml-1 (n = 9) and this increased marginally to (5.0 ± 0.6) x 109 cells ml-1 (n = 4) following 20 

hour incubation. Growth of starter cultures for 16 hours compared to 20 hours had no 

significant effect on ethanol yield (87.0 % ± 6.7 % after 16 h; 87.3 % ± 2.7 % after 20 hours; 

data not shown). 

The effect of the seeding density of S. cerevisiae (16 hour inoculum transfer time) on 

theoretical ethanol yield showed that the highest yield was achieved with an inoculum size of 

5.3 x 108 cells ml-1 after 20.5 hours fermentation (Figure 5.3). It was evident that lower seeding 

densities could achieve ≥90 % ethanol yields if fermentation was allowed proceeded to 44 

hours. As assay duration was important, a seeding density of 5.3 x 108 cells ml-1 and 24 hour 

incubation was chosen as optimal for fermentation. This analysis also demonstrated that 

protracted fermentation times of ≥44 hours could lead to decreased ethanol yields (Figure 

5.3). 

 

Figure 5.3: Effect of seeding density and fermentation time on theoretical ethanol yield using an inoculum 
transfer time of 16 hours and S. cerevisiae. Values are the mean ± SD of three samples. 

 

The use of test tubes could result in the ethanol yield being negatively affected by oxygen 

entering the broth from the headspace. To avoid this it was necessary to establish the 

appropriate volume ratio (volume of production medium as a function of total test tube 

volume) for the fermentation assay. This was assessed using three different medium strengths 

each seeded with 5.3 x 108 cells ml-1 S. cerevisiae. The results from 1-way ANOVA analysis 
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showed that the volume ratio did significantly affect (F2/24 = 7.2, P = 0.004) theoretical ethanol 

yields, which increased for all three media with increasing volume ratio (Figure 5.4). Whereas 

the effect of media strength on theoretical ethanol yield was not significant (F2/24 = 1.6, P = 

0.232) and indicates that fermentation in this format should not be affected by different sugar 

strengths (Figure 5.4). A volume ratio of 0.59 was subsequently chosen as the optimal ratio, 

although lower volume ratios should not dramatically affect the ethanol yield. 

 

Figure 5.4: Effect of volume ratio (working/total volumes) on theoretical ethanol yield using low (SPM 10), 
medium (SPM 50) and high strength production medium (SPM 100). Seeding density was 5.3 x 108 cells ml-1, 
with an inoculum transfer time of 16 hours and fermentation time of 46 hours using S. cerevisiae. Values are 
the mean ± SD of three samples. 

 

5.3.2. FERMENTATION OF SEAWEEDS USING S. CEREVISIAE  

The optimised fermentation conditions were then applied to the fermentation of hydrolysed 

seaweed biomass. Seaweed hydrolysates were derived from three different macroalgal 

groups (see Table 5-4): brown (L. hyperborea); red (P. palmata); and green (U. lactuca). Each 

seaweed hydrolysate was produced in the same way based on milling, desiccation and acid 

hydrolysis (see Section 2.2.2 and 2.4.2). A 5 ml volume of neutralised acid hydrolysate was 

added to each fermentation reaction at a final concentration of 10 g l-1 dry seaweed. These 

feedstocks were fermented using a 16 hour inoculum transfer time at a seeding density of 5.3 

x 108 cells ml-1 of S. cerevisiae where the volume ratio was 0.59. Ethanol yields were monitored 

between 24-72 hours. 
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The results showed that the highest ethanol yields (9-17 %) were achieved by 24 hours for all 

three seaweeds (Figure 5.5), which coincided with complete depletion of the glucose by 24 

hours and galactose by 48 hours (data not shown). The ethanol yield level was observed to be 

stable through to 48 hours but in the case of two of the seaweeds, this then decreased 

markedly by 72 hour fermentation (Figure 5.5). It was observed that if the ethanol yield (at 24 

hour) was expressed as the theoretical maximum achievable from the available glucose and 

galactose present in the seaweed hydrolysate (with a theoretical maximum of 0.51 g ethanol 

from 1 g of glucose or galactose), then this resulted in ethanol productivities of 0.68, 1.06 and 

1.25 for L. hyperborea, P. palmata and U. lactuca respectively (Table 5-5). In other words, the 

ethanol yield of all seaweeds exceeded the available amount of glucose and galactose 

quantified by HPLC. This indicated that either the HPLC detection was not quantifying these 

two sugars accurately, which could include xylose that co-eluted with galactose (see Appendix 

F, Figure - Appendix 14 and Figure - Appendix 15), or that additional sugars were present that 

S. cerevisiae could ferment but were not detected by HPLC. What these other sugars were is 

not known, but mannitol for example has been reported to be assimilated under aerobic 

conditions by some strains of S. cerevisiae with small amounts of ethanol produced from 

mannitol during anaerobic growth (Quain and Boulton 1987). However, as mannitol is not 

present in green and red seaweeds it is not known if other sugars could have had a similar 

effect to the one described for mannitol. 

 

Figure 5.5: Impact of fermentation time (24, 48 and 72 hours) on ethanol yields of acid hydrolysates of L. 
hyperborea, P. palmata and U. lactuca using S. cerevisiae. Assays contained 5 ml of seaweed hydrolysate (ca. 
10 g l-1). Ethanol yield was calculated as the percentage weight of ethanol produced per weight of dried 
seaweed fermented (g g-1). 
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Table 5-5: Saccharification and fermentation yields (S. cerevisiae) from L. hyperborea, P. palmata and U. 
lactuca used for the calculation of ethanol productivity. 

 Saccharificationa Fermentationb Ethanol productivity 

  % Glucose  % total sugard  % Ethanol 

L. hyperborea 21.35 ± 0.02 22.85 ± 0.01 17.1 ± 0.5 0.68 
P. palmata 2.98 ± 0.11 44.14 ± 0.04 10.8 ± 0.9 1.06 
U. lactuca 6.18 ± 0.01 9.02 ± 0.01 8.9 ± 0.4 1.25 
a Saccharification yields are expressed as a percentage of weight of sugars released per dry weight of seaweed; 
b Fermentation yields are expressed as a percentage of weight of ethanol produced per dry weight of seaweed;  
c Ethanol productivity is expressed as g of ethanol per 1 g of fermentable sugars;  
d Total sugars content describe the combined amount of glucose, galactose and xylose. 
The standard deviation ± SD is the mean of three analyses. 

 

5.3.3. MINATURISED FERMENTATION ASSAY USING P. 

ANGOPHORAE 

For the development of an efficient fermentation assay using P. angophorae the effect of 

seeding densities, volume ratio and the fermentation system on ethanol yields were 

investigated. In addition, this strain was also assessed based on its ethanol production 

capability and its ability to ferment mannitol. 

Seeding densities between 0.5 to 2.0 x 109 cells ml-1 were applied to high strength glucose 

media (SPM 100). After 22 hours of incubation the ethanol yield using the highest seeding 

density was 80 % higher than that of the lowest seeding density whereas after 70 hours 

incubation this gap narrowed to around 56 % of the theoretical maximum (Figure 5.6). 

Between 22 and 70 hours of fermentation, ethanol yields were lowest for the lowest seeding 

density with yields spanning from 10-31 % and increased steadily with higher cell densities to 

yields of 31-49 %. 

Seeding densities studies using 0.5, 1.0 and 2.0 x 109 yeast cells ml-1 show that higher cell 

densities resulted in higher ethanol productivities. The impact of higher yeast cell densities on 

ethanol productivity is also well documented using S. cerevisiae (Thomas and Ingledew 1992, 

Jones 2007, Verbelen et al. 2009) where the rate of fermentation is not improved beyond a 

certain maximum cell concentration (Gibbons and Westby 1986, Erten 2006). As S. cerevisiae 

is the most common commercial ethanol producing strain, data on how to optimise ethanol 

productivity using this microorganism is plentiful. However, if using non-commercial strains 
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for ethanol production, such as P. angophorae, data is more limited. Our experiments showed 

that higher seeding densities of P. angophorae are linked to higher ethanol yields. A decision 

was made on practical grounds that a seeding density of 2.0 x 109 cells ml-1 was optimal. Even 

though higher ethanol yields could have been possible for seeding densities >2.0 x 109 cells 

ml-1, higher seeding densities were not tested, because sufficient inocula volumes for 

experimentations would have been difficult to meet for larger fermentation volumes. 

 

Figure 5.6: Impact of seeding densities on ethanol yields. Fermentation yields were evaluated using a 
glucose-based SPM 100 media, seeded with P. angophorae at 0.5 to 2.0 x 109 cells ml-1 over 22 and 70 hours 
incubation at 32 oC. The error bars are the means ± SD of duplicates. 

 

The effect on P. angophorae fermentation of using agitated shake flasks versus non-agitated 

test tubes was tested using different media. The ratio of media volume to total fermentation 

system volume (volume ratio) was 0.58 for the test tube system and 0.24 for the shake flask 

system. It was assumed that agitated shake flasks provided a more aerobic environment (at 

least in the early stages of fermentation) because of their larger surface area and head space 

volume, and therefore results from shake flask experiments were described as “aerobic 

fermentation”, whereas non-agitated test tubes with a low surface area and head space 

volume supported more of an “anaerobic fermentation” process and were referred to as such. 

Comparison of “aerobic” and “anaerobic” fermentations using different media showed that, 

in most cases (8 out of 9), aerobic fermentations produced more ethanol than anaerobic 

fermentations (Figure 5.7). 
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A 

 

B 

 

C 

 

Figure 5.7: Comparison of ethanol yields and residual glucose and mannitol levels in P. angophorae aerobic 
(shake flasks) and anaerobic fermentation (test tubes). Fermentation media contained  1 % glucose (A), 1 % 
mannitol (B) and combined 0.5 % glucose and 0.5 % mannitol (C). Fermentations using aerobic systems were 
carried out as single point experiments. The error bars for anaerobic fermentations are the means ± SD of 
duplicates. 

 

Using glucose as the sole sugar in aerobic systems, the highest ethanol yields were seen after 

14.5 hours, reaching 86 % of the theoretical maximum, and with ethanol yields declining 

afterwards to 74 %. Ethanol production in anaerobic fermentation systems was slower, but 

the steady production of ethanol out-performed shake flasks fed with glucose after 23 hours 

(Figure 5.7A). However, when using mannitol fermentation media, the dependency of 

maximum ethanol yields on an aerobic environment was more profound (Figure 5.7B). Ethanol 

production from mannitol was slower, with yields increasing between 14.5 to 23 hours to 35 
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% of the theoretical maximum, compared to 6 % in anaerobic systems, which remained 

unchanged between the three sampling points. Ethanol yields from media containing glucose 

and mannitol were also better in an aerobic environment with ethanol yields achieving 80 % 

of the theoretical maximum after 20 hours (Figure 5.7C) with a slight decline afterwards to 75 

%. In comparison ethanol yields in anaerobic test tubes increased steadily and resulted in a 

yield of 48 % after 23 hours. 

P. angophorae is a facultative anaerobe, which can not only catabolise the seaweed 

components glucose, xylose, arabinose, mannitol, but also its fermentation product ethanol. 

It is not capable of utilising galactose or rhamnose (Kurtzman 1998). Under anaerobic 

conditions it is capable of fermenting glucose, whereas a “restricted aerobic” environment is 

needed for the fermentation of mannitol (Horn 2009). Results from tests carried out here have 

shown that P. angophorae fermentations were capable of fermenting the glucose content 

under anaerobic conditions, but mannitol was largely unfermented. However, in oxygenated 

shake flasks, 35 % of mannitol was used as a substrate for ethanol production within 24 hours 

compared to 6 % in the anaerobic test tube assay (Figure 5.7B). Comparison of ethanol yields 

from mixed substrates (glucose and mannitol) (Figure 5.7C) showed a ~30 % difference 

between aerobic and anaerobic assays, indicating that mannitol in mixed substrates was also 

metabolised to ethanol using an aerobic system (Figure 5.7B). Based on mannitol utilisation in 

aerobic systems, shake flasks were chosen for routine fermentation assays using P. 

angophorae. 

As the specific oxygen concentration required for the fermentation of mannitol by P. 

angophorae is not fully known, different ratios of liquid working volume to total volume were 

investigated (0.08-0.32) for their impact on ethanol yields (Figure 5.8). Low ratios represented 

a greater likelihood of aerobic fermentation than with higher ratios. Rates of oxygen transfer 

in shake flasks have been reported to be easily manipulated by varying either the culture 

volume or shaker speed (Freedman 1969). The highest ethanol yields were achieved within 

the first 24 hours for volume ratios of 0.08 to 0.24, which subsequently declined (Figure 5.8A). 

This decline was the most rapid for the lowest volume ratio and less pronounced for the higher 
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ratios. Higher volume ratios resulted in a different ethanol production profile, where the 

highest yields were seen after prolonged incubation times (Figure 5.8A). 

A 

 

B 

 

Figure 5.8: Effect of volume ratio (expressed as ratio working volume/total volume) on ethanol yield (A) and 
residual mannitol concentration (continuous lines) and cell densities (dotted lines) (B) by P. angophorae 
fermentation. Evaluation studies were carried out using synthetic medium containing glucose and mannitol 
(each at 1 % (w v-1)) in shake flasks with volume ratios ranging from 0.08 to 0.32. Tests were carried out as 
single point experiments. 

 

Analysis of the cell densities and residual mannitol content is shown in Figure 5.8B. For all 

samples, glucose was depleted within the first 20 hours (data not shown). In the case of a 

volume ratio between 0.08 and 0.16, residual mannitol levels were depleted within the first 

24 hours, whereas a ratio of 0.24 still had approximately 60 % of the initial mannitol after the 

first day of fermentation, although this was consumed within the following 24 hours. For the 

highest volume ratio of 0.32, residual mannitol of 1924 mg l-1 was still detected on day 3, 
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accounting for 20 % of the initial concentration. Cell density profiles highlight the fact that 

lower volume ratios supported higher cell growth, suggesting that the environment was 

aerobic. In the case of the lowest volume ratio of 0.08, cell densities increased 8-fold over the 

fermentation period, but during which the ethanol yield decreased. A ratio of 0.16 still 

apparently provided an aerobic environment with cells increasing ca. 4-fold and ethanol yields 

declining significantly. At higher volume ratio of 0.24, ethanol yields stabilised at ca. 50 % and 

cell numbers only doubled, indicating that oxygen was consumed within the fermentation 

system before sugar limitation occurred. The 0.32 volume ratio supported the highest ethanol 

yields (Figure 5.8A) and lowest increase in cell densities of 1.5 fold (Figure 5.8B), but required 

ca. 5 days to achieve this. There was still residual mannitol detected after 4 days at almost the 

same level as on the previous day, suggesting the likelihood of oxygen limitation of this system 

after three days of fermentation. 

This data indicates that tight process control is required for P. angophorae fermentation of 

seaweed hydrolysates, as depletion of substrates (i.e. carbon limitation) will result in the 

consumption of ethanol in the presence of oxygen. As concentration of extracted sugar from 

seaweed varies throughout a season, it is difficult to predict required fermentation times for 

complete transformation into ethanol without process control (i.e. dissolved oxygen and 

residual substrate monitoring). In these tests maximum ethanol concentrations coincided with 

the complete depletion of glucose and mannitol. This has also been observed by Horn et al. 

(Horn 2009) while fermenting L. hyperborea extract using P. angophorae. The conclusion from 

their work was that low Oxygen Transfer Rates (OTR) were needed for maximum ethanol 

productivity. In shake flasks OTRs between the headspace and liquid depend largely on the 

agitation rate. In our experiments a low agitation rate of 100 rpm was chosen so as not to 

create too much turbulence, but still vigorous enough to keep cells in suspension and reduce 

mass transfer limitations. Faster fermentation rates in agitated systems have been observed 

when compared to non-agitated fermentation in tubes (Figure 5.7). 

It was interesting to note that in the case of the highest volume ratio (0.32), a diauxic 

production profile of ethanol was observed. Diauxic production profiles are not uncommon 

with multiple substrates, where the switch from one substrate to another causes a lag phase 
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to occur (Horn 2009, Harun and Danquah 2011, Slininger 2011). This lag phase, seen between 

day 1 and 2 for the volume ratio 0.32 (Figure 5.8A), coincided with the depletion of glucose 

(day 1) and the on-set of mannitol utilisation (Figure 5.8B). Nevertheless, P. angophorae 

achieved a 70 % conversion rate fermenting glucose and mannitol into ethanol using this high 

volume ratio. 

In conclusion, a volume ratio of 0.24 was chosen for routine fermentation using P. angophorae 

with a maximum fermentation time of 2 days, as it represented the best compromise between 

production rate and minimal ethanol consumption. 

As no literature was found describing the maximum ethanol concentration possible with P. 

angophorae, this strain was tested for its ability to ferment high-strength glucose media 

(media contained 100 g l-1 glucose). Ethanol yields, glucose up-take rates, specific ethanol 

productivity and ethanol production were compared to S. cerevisiae (Figure 5.9). 

Fermentation of glucose by S. cerevisiae was completed within the first ~24 hours with 99 % 

of the glucose being utilised (HPLC analysis; data not shown) resulting in 88 % of the 

theoretical maximum ethanol yield achieved (Figure 5.9B and C). In comparison, P. 

angophorae produced ethanol at a much slower rate at a maximum of ca. 0.4 g l-1 h-1 during 

the first day, dropping to 0.15 g l-1 h-1 on day 2 where it stayed constant until day 4, followed 

by a further drop to around 0.02 g l-1 h-1. By contrast S. cerevisiae produced ethanol at 1.9 g l-

1 h-1 in the first 24 hours, which was almost 5 times higher than P. angophorae. Total ethanol 

produced by S. cerevisiae was 45 g l-1 of ethanol compared to ca. 20 g l-1 of ethanol achieved 

by P. angophorae within the first 4 days of fermentation, after which ethanol production rate 

slowed considerably. Glucose was shown not to be depleted from the P. angophorae 

fermentation broth, as only 46 % of glucose was consumed after day 4 (Figure 5.9C), 

suggesting that ethanol accumulation rather that substrate depletion was responsible for 

halting further P. angophorae fermentation. If this is the explanation, then this indicates that 

P. angophorae cannot tolerate ethanol concentrations greater than ca. 2-2.5 % (w v-1). As no 

cell viability tests were carried out, it is difficult to confirm if the slow-down in ethanol 

production was due to ethanol inhibition causing a loss of cell viability or a deficit in nutrients. 
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A 

  

B 

 

C 

 

Figure 5.9: Evaluation of ethanol concentration (A), theoretical ethanol yields (B) and glucose utilisation (C) 
using P. angophorae (dotted line) and S. cerevisisae (continuous line) in high strength glucose medium (SPM 
100) over 21 days for P. angophorae and 3 days for S. cerevisiae at 32 oC. 

 

The accumulation of alcohol during fermentation by S. cerevisiae has been shown to be 

accompanied by a progressive decrease in the rate of ethanol production, cell viability and 

yeast growth rates (Brown et al. 1981, Luong 1985), and it is assumed this is also true for P. 

angophorae. Exposure to ethanol can increase membrane fluidity in Zymomonas mobilis, 

decreasing the effectiveness of the plasma membrane as a semipermeable barrier, and 
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allowing leakage of essential cofactors such as magnesium (Dombe and Ingram 1986) and 

coenzymes. This leakage coupled with possible additional leakage of metabolites en route to 

ethanol formation, was considered to be the reason for the inhibitory effects of ethanol on 

fermentation (Osman 1985). 

Saccharomyces spp. have shown to be one of the most alcohol-resistant microorganisms, and 

can grow in the presence of 6 to 9 % (w v-1) ethanol and survive ethanol exposure greater than 

15 % (w v-1) (Ingram 1984, Cot et al. 2007). Data from this thesis indicates that P. angophorae 

was not able to tolerate exposure to ethanol greater than 2-2.5 % (w v-1) . 

In conclusion, P. angophorae is not a high ethanol producing strain and in its current form is 

not suitable for fermentation of high strength substrates. However, as it posses the ability to 

use mannitol aerobically, a characteristic which does not exist in wild-type S. cerevisiae, 

development of the P. angophorae fermentation system using shake flasks demonstrated that 

up to 80 % of the theoretical maximum of glucose and mannitol could be converted into 

ethanol using a volume ratio of 0.24. It also indicated that substrate limitation in the aerobic 

conditions led to ethanol consumption, and therefore, extended fermentation times beyond 

substrate limitation should be avoided, and must be process controlled. 

5.3.4. SALINITY ASSESSMENT OF SEAWEED SUBSTRATE AND ITS 

IMPACT ON S. CEREVISIAE  

The saccharification of seaweeds will potentially introduce salinity into the fermentation broth 

as a product of the seaweed itself and/or from the acid extraction procedure. This issue could 

be compounded by sequential saccharification of seaweed biomass to increase the sugar 

concentration, resulting in salinity levels that are completely inhibitory to fermentation. The 

effect of salinity on S. cerevisiae fermentation was evaluated using three different glucose 

based media (SPM 100 which contains 100 g l-1 glucose) prepared with salinity levels ranging 

from none (deionised water), to seawater (SW) and double seawater (2SW) strengths. 

Salinities, as determined by refractometry, were as follow for SPM 100: 10.0 in deionised 

water, 13.0 in SW and 16.3 in 2 SW. 
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The results showed that a maximum ethanol yield of 88 % was achieved within the first 24 

hours using fermentation media without any salinity (Figure 5.10). Ethanol production in 

saline fermentation media was slower and reached its maximum after 2 days for seawater (ca. 

85 %), and for double strength seawater after 3 days (ca. 75 %). These maximal ethanol yields 

were 3 and 13 % lower for SW and 2SW media respectively, when compared to maximum 

yields from non-saline media. 

The rate of ethanol production in seawater strength medium was similar to that with no 

salinity during the first 24 hour, but thereafter the rate decreased markedly requiring a further 

ca. 24 hour to reach the maximum ethanol yield. The similarity in maximal yields with or 

without seawater indicates that this industrial production strain (C70 Safdistil, Lesaffre 

Fermentis) is not only ethanol tolerant, but this tolerance appears to translate to an elevated 

salinity tolerance. 

 

Figure 5.10: Evaluation of the salt tolerance on theoretical ethanol yields of S. cerevisiae (C70 Safdistil) using 
high strength glucose based media, made-up in deionised water (none), seawater (SW) and double strength 
seawater (2SW) for fermentation. Error bars are the means ± SD of triplicate fermentations. 

 

The physiological response of Saccharomyces to salt stress has been well studied (Garcia 1997, 

Logothetis 2007). Microorganisms such as S. cerevisiae have biochemical mechanisms to 

counteract the effect of osmotic and ionic stress, such as the high osmolarity glycerol pathway 

for adaptation to hyperosmotic stress, and the calcineurin pathway for ionic stress (Zhu 2001). 

Adaptation to ionic stress (e.g. seawater) can be based on osmotic adjustments by osmolyte 
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synthesis (e.g. glycerol) and a reduced uptake combined with a rapid extrusion of sodium ions 

(Zhu et al. 1997, Logothetis 2007). Diverting energy away from glucose catabolism to cell 

maintenance mechanisms will likely result in a reduction in ethanol production, as was seen 

with the saline media in our experiments. Enhancing ethanol yields may be possible if S. 

cerevisiae was pre-adapted in salt containing media (Morimura et al. 1997, Sharma 1997, 

Logothetis 2007). Overall, S. cerevisiae is tolerant of significant levels of salinity, which means 

potentially that sequential seaweed saccharification is possible to boost the fermentable 

sugar content of seaweed hydrolysates and not cause a significant drop in fermentation 

efficiency. 

To investigate the impact of the type of saccharification (enzymatic versus acidic) on 

hydrolysate salinity, biomass from S. latissma was extracted over a range of concentrations 

(10-90 g l-1) using either deionised water or 0.5 M sulphuric acid (Figure 5.11). As the 

refractometer was calibrated for sodium chloride, salinity results in this section are referred 

to as sodium chloride equivalents, but measurements using this method will also be affected 

by inorganic and organic solutes other than sodium chloride. 

It was found that salinity increased in a linear fashion with increasing seaweed concentration 

for both types of saccharification procedure (Figure 5.10). On average salinity levels in acid 

extracts were 3.9 fold higher compared to aqueous extracts. To achieve salinity equal to 

seawater (3.1) a concentration of 67 g l-1 of S. latissima could be extracted using aqueous 

extraction, while a theoretical concentration (outside the calibration curve) of 129 g l-1 gave a 

salinity equal to that of double strength seawater (6.2). For comparison, a 0.5M sulphuric acid 

solution gave a salinity reading (3.3) similar to that of seawater. Simulation of a neutralisation 

process, which is applied before fermentation of acid hydrolysates, showed that an equal 

amount of sodium hydroxide (0.5M) resulted in 72 % higher salinity (5.7). 

Subtracting the salinity value of 0.5 M sulphuric acid (3.3) from the actual salinity value of the 

acid extracts, gave higher salinity values compared to aqueous extracts (Figure 5.11). This 

indicates that acid extraction may have been hydrolysing or leaching material from seaweed 

that was insoluble in water. It is believed that sodium and potassium ions, which form highly 

soluble salts, are extracted with water and form the majority part of “inorganic salinity” using 
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aqueous extraction. Calcium and magnesium on the other hand might have contributed to the 

additional increase in “inorganic salinity” in acid extracts, as they are the most common metal 

ions in brown seaweed biomass after Na+ and K+ (Ross et al. 2008) and complexed by alginate 

to form water insoluble salts. The second possibility for higher salinities in acid extracts could 

also been the higher dissolution power of acids compared to water to hydrolyse organic 

polymers into soluble monomers. 

In conclusion, acid hydrolysis of seaweed biomass not only increases the “total salinity” of the 

extract but through neutralisation of acid hydrolysates before fermentation, the potential of 

a further increase in salinity by up to 70 % is possible. As assays to measure the ethanol yield 

seasonal seaweed samples used seaweed concentrations of ~25 g l-1 for acid and enzyme 

hydrolysis it is assumed (based on Figure 5.11) that the maximum salinity was ≤ 6 (≤2x 

seawater) and therefore the negative impact on S. cerevisiae should be no less than 75 % of 

its expected performance in non-saline media (see Figure 5.10). 

 

Figure 5.11: Salinity measurement of aqueous and sulphuric acid (0.5M) extracts of S. latissima spanning 10-
90 g l-1 in concentration. Salinity adjusted values (triangles) were determined by plotting the differences 
between the salinity of 0.5M sulphuric acid (3.3) and that of actual acid extract. Salinities were determined 
using a refractometer and expressed as sodium chloride equivalents. Linear regression lines are fitted to the 
data. 

 

The next experiment sought to examine what effect single, double and triple acid extraction 

of seaweed would have on ethanol yields. To do this, L. digitata harvested from May and 

October 2011 were acid hydrolysed substrate through three extraction stages with each stage 

containing approximately 100 g l-1 of seaweed. The salinity, total carbohydrate content and 

ethanol yield were monitored and this is shown in Figure 5.12. 
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Salinity levels almost doubled between the first and second extraction stage and did not 

increase any further with triple extraction (Figure 5.12A). Total carbohydrate content varied 

markedly between the two harvest times, whereas salinity was not markedly affected by 

harvest time (Figure 5.12B). More importantly, the carbohydrate concentration for both 

harvests did not increase any further after the second extraction, as was also observed for the 

salinity. As the refractometric method used to analyse salinity will also measure dissolved 

organic substrates such as sugars, readings may not represent a true salinity measure. It is 

therefore likely that the stagnating salinity values were due to stagnating carbohydrate 

concentrations. It was also observed that colour formation in the second and third extractions 

occurred due caramelisation of carbohydrates, with the effect of a reduction of carbohydrate 

yields. 

Fermentation of single and triple acid extracts using S. cerevisiae showed that triple extracts 

inhibited fermentation, with ethanol yields declining in both cases by 58 % (Figure 5.12C). It is 

believed that this was due to the higher salinity levels present in the triple extracted 

hydrolysate. Salinity levels in single extractions were approximately 3 times the salinity of 

seawater and 6-7 times higher in double and triple extractions, and based on results above, it 

is likely that this negatively affected ethanol yields. 

These results indicate that sequential extraction of seaweed biomass can negatively affect 

fermentation performance. This is most likely due to the increased salinities from extracted 

seaweed. Encouragingly fermentation of seaweed extracts can still be carried out at salinities 

greater than that of seawater using S. cerevisiae, but the resultant ethanol yields were 

reduced and likely to be considered uneconomical. 

The use of high strength feedstocks is necessary to achieve high ethanol concentrations, and 

based on these findings, it is not recommended to use acid and alkali for pre-treatment or 

hydrolysis; or alternatively, to use much lower concentrations of acid (<0.5 M) to reduce 

salinity build-up. However, based on the results of Chapter 4, dilute acid processes need to be 

operated at higher temperatures to be efficient and this has consequent cost implications. In 

consequence, aqueous extraction processes appear to be the most rational process in 

combination with enzymatic hydrolysis to reduce salinity levels. 
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A 
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C 

 

Figure 5.12: Sequential acid extraction of seaweed. The effect of single, double and triple extraction on 
salinity (A), total carbohydrate content (B) and ethanol yield (C) using acid extraction of L. digitata (100 g l-1) 
harvested in May and October 2011. Salinity values reflected a total of organic and inorganic solutes. Total 
carbohydrates reflected combined reducing and non-reducing sugars as measured by Method 2.3.5.1. 
Ethanol yields were expressed as a percentage of weight of ethanol produced per dry weight of seaweed 
(100 g for single and 300 g for triple extraction respectively). The means ± SD were derived from triplicate 
fermentations. 

 

Using this approach, specific carbohydrates can be selectively recovered and enzymatically 

hydrolysed, while for example, leaving behind high metal-containing alginates and reduced 

salinity of the extract. A further benefit may be that some of the remaining residues have 

value elsewhere such as a hatchery diet for bivalve molluscs (Camacho et al. 2004). 
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5.3.5. FERMENTATION OF SEASONAL SEAWEED EXTRACTS USING 

P. ANGOPHORAE AND S. CEREVISIAE  

The final test of the small-scale fermentation assays developed above, was to demonstrate 

that they could be used to assess the yield of ethanol from different seaweed species. The 

method used for saccharification was based on the recommendation to use an aqueous 

extraction and enzymatic saccharification procedure. Ethanol yields from the enzymatically 

hydrolysed seaweeds are reported in Table 5-6 and shown in Figure 5.14. 

Table 5-6: Fermentation of enzymatic digests of seasonal harvests of the kelp species L. digitata, L. 
hyperborea, S. latissima and A. esculenta using S. cerevisiae and P. angophorae, and associations between 
laminarin and mannitol with ethanol yields 

S. cerevisiae L. digitata L. hyperborea S. latissima A. esculenta 

Ethanol  
yields a 

ave 4.5 ± 1.9 5.6 ± 3.3 4.9 ± 2.2 8.7 ± 3.3 
max ~14 1 ~18 2 ~13 2,7 ~10 6 
min ~3 3,4,5,6 ~3 3,4,5,6 ~3 3,4 ~3 4 

Seasonal F F7/8=190 F7/8=744 F7/8=358 F7/8=430 
variance b P P <0.001 P <0.001 P <0.001 P <0.001 

Correlation 
analysis c 

rlaminarin 
Plaminarin 

r =0.986 
P <0.001 

r =0.994 
P <0.001 

r =0.976 
P <0.001 

r =0.999 
P =0.027 

rmannitol 
Pmannitol 

r =0.627 
P =0.096 

r =0.615 
P =0.104 

r =0.422 
P =0.397 

r =0.961 
P =0.179 

     

P. angophorae L. digitata L. hyperborea S. latissima A. esculenta 

Ethanol  
yields a 

ave 10.2 ± 6.2 8.0 ± 6.2 3.5 ± 2.6 3.2 ± 2.8 
max ~17 6 ~14 1,2 ~6 6,7 ~7 6 
min ~0.7 3,4 ~0.7 3,4 ~0.8 3,4 ~0.6 4 

Seasonal F F7/24=50 F7/24=226 F7/24=29 F7/24=71 
variance b P P <0.001 P <0.001 P <0.001 P <0.001 

Correlation 
analysis c 

rlaminarin 
Plaminarin 

r =0.766 
P =0.027 

r =0.758 
P =0.029 

r =0.794 
P =0.019 

r =0.760 
P =0.450 

rmannitol 
Pmannitol 

r =0.907 
P =0.002 

r =0.902 
P =0.002 

r =0.624 
P =0.048 

r =0.927 
P =0.245 

Superscriped numbers refer to the harvest times with: 1, August 2010; 2, October 2010; 3, February 2011; 4, 
March 2011; 5, May 2011; 6, July 2011; 7, September 2011; 8, October 2011. 
a Ethanol yields are expressed as a percentage of ethanol produced from seaweed (g g-1) 
b Seasonal variances of ethanol yields were determined using 1-way ANOVA to determine whether the data 
were equal or not 
c Pearson Correlation analysis was used to measure the strength of a linear dependence between the two 
data sets (laminarin vs ethanol yields and mannitol vs ethanol yields), with r = 1.0 being a linear relationship. 

 

Average ethanol yields for the 14 months sampling period using S. cerevisiae were similar for 

the four kelp species and ranged between 4.5-8.7 % (Table 5-6). In the case of L. hyperborea 

and S. latissima, a clear seasonal cycle of ethanol yields evolved with highs in autumn months 
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and lows in early spring. No clear annual cycle was apparent for L. digitata and A. esculenta 

(Figure 5.14). Statistical analysis showed that the variability of ethanol yields throughout the 

season was highly significant (P < 0.001 for all seaweeds). Pearson correlation highlighted a 

highly significant correlation of laminarin with ethanol yields using S. cerevisiae for all four 

seaweeds (r ≥ 0.976; P < 0.027) (Table 5-6). For the mannitol content, a positive correlation 

was also found for all seaweeds, as annual mannitol profiles closely followed trends in 

laminarin accumulation and therefore simulate an association. However, as P-values were 

greater than 0.05 in all cases bar one, the correlation was weaker than to laminarin. It is known 

that mannitol is not readily used by S. cerevisiae under the anaerobic conditions used to 

produce ethanol, due to formation of an additional NADH molecule from the reaction 

catalysed by mannitol-1-phosphate dehydrogenase (Quain and Boulton 1987). Under aerobic 

conditions excess NADH can be oxidised to NAD+ by the action of oxygen as a final electron 

acceptor, however as oxygen is absent under anaerobic conditions minimal recycling of NADH 

occurs and therefore consumption of mannitol is very limited. 

In around 90 % of the cases ethanol productivities were higher than the theoretical maximum 

value of 0.51 g of ethanol per 1 g glucose, indicating the utilisation of glucose and additional 

fermentable sugars for ethanol production (Table 5-7 and Figure 5.13). Higher values (0.53-

0.61) than the theoretical maximum have also been reported from fermentation of L. 

hyperborea extracts using P. angophorae (Horn et al. 2000), suggesting the presence of other 

carbon sources used for fermentation. In our case, average ethanol productivities from the 

seaweeds L. digitata, L. hyperborea, S. latissima and A. esculenta using S. cerevisiae were 0.60, 

0.61, 0.64 and 0.54 for enzymatic hydrolysates (Table 5-7). 

Table 5-7: Ethanol productivities derived from S. cerevisiae fermentation of enzymatic hydrolysates 

Months L. digitata S. latissima L. hyperborea A. esculenta 

Aug-10 0.68 ± 0.04 0.71 ± 0.01 0.72 ± 0.01 n.s. 
Oct-10 0.62 ± 0.03 0.68 ± 0.06 0.69 ± 0.02 n.s. 
Feb-11 0.63 ± 0.01 0.63 ± 0.01 0.61 ± 0.07 n.s. 
Mar-11 0.62 ± 0.02 0.59 ± 0.03 0.57 ± 0.01 0.50 ± 0.03 
May-11 0.57 ± 0.03 0.68 ± 0.02 0.55 ± 0.01 0.56 ± 0.02 
Jul-11 0.47 ± 0.03 0.65 ± 0.03 0.55 ± 0.03 0.58 ± 0.01 
Sep-11 0.63 ± 0.03 0.63 ± 0.01 0.61 ± 0.02 n.s. 
Oct-11 0.59 ± 0.04 0.51 ± 0.02 0.56 ± 0.01 n.s. 

Ethanol productivities are expressed as ethanol from glucose (g g-1) using enzyme blends NS 22086 and NS 
22119; n.s. = not sampled. Results are the means ± SD of two analyses of two seaweed hydrolysates. 
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Figure 5.13: Seasonal ethanol productivities derived from S. cerevisiae fermentation of enzymatic 
hydrolysates. Ethanol productivities are expressed as ethanol produced from glucose (g g-1) using enzyme 
blends NS 22086 and NS 22119. The error bars are the means ± SD of two analyses of two seaweed 
hydrolysates. 

 

As discussed above, what these other sugars might be is unknown at present. Glucose, 

mannose and fructose are fermented by wild-type S. cerevisiae via the Embden–Meyerhof 

pathway of glycolysis, while galactose is fermented via the Leloir pathway (van Maris et al. 

2006). Other substrates such as the keto-pentose sugar xylulose have also been reported to 

be utilised as fermentation substrate (Yu et al. 1995). Other sugar monomers in brown 

seaweed hydrolysates are other hexose sugars such as the deoxy monomers rhamnose and 

fucose, the sugar alcohol mannitol, the pentoses xylose and arabinose, and the uronic acids 

guluronic acid and mannuronic acid. Mannitol has been reported to be assimilated under 

aerobic conditions by some strains of S. cerevisiae with small amounts of ethanol produced 

from mannitol during anaerobic growth (Quain and Boulton 1987). Aerobic respiration was 

essential for mannitol metabolism, and in the presence of oxygen, a NAD+-dependent 

mannitol dehydrogenase, highly specific for mannitol, was detected in S. cerevisiae. None of 

the other sugar monomers from brown seaweed biomass such as rhamnose, fucose, xylose, 

arabinose or uronic acids have been reported to be metabolised either aerobically or 

anaerobically by wild type strains of S. cerevisiae. In addition to the monomers discussed 

above, S. cerevisiae is also capable of utilising disaccharides (see discussion in Section 3.3.11). 

Cellobiose is the only likely dissaccharide to occur beside other glycosides from incomplete 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

Aug-10 Oct-10 Dec-10 Feb-11 Apr-11 Jun-11 Aug-11 Oct-11

Et
h

an
o

l p
ro

d
u

ct
iv

it
ie

s

S. latissima

L. digitata

L. hyperborea

A. esculenta



Chapter 5 

 

215 
 

laminarin degradation during seaweed saccharification. As these potential substrates are not 

separated by the HPLC column used in this thesis it is very likely that they might have been 

used by the yeast. 

Fermentation of enzymatic hydrolysates by P. angophorae are shown in Table 5-6 and the 

seasonal profiles illustrated in Figure 5.14. These results showed that ethanol yields varied 

significantly throughout a season (P ≤ 0.001) for all four seaweeds. A positive Pearson 

correlation highlighted the significant association of mannitol and laminarin to ethanol 

production for the seaweeds L. digitata, L. hyperborea and S. latissima only. In the case of A. 

esculenta, a positive trend of ethanol yields to mannitol and laminarin were observed, but 

these results were not significant (Table 5-6). Average ethanol yields for the four kelp species 

varied greatly between 3.2-10.3 % throughout the 14 months sampling period (Table 5-6). This 

variation in ethanol yield was much greater than that of S. cerevisiae (4.5-8.7 %). 

A comparison of the ethanol yields from P. angophorae to those from S. cerevisiae showed 

that both yeasts followed a similar ethanol cycle with maximum yields achieved during 

autumn and the minimum yields seen in winter and spring time. A highly significant positive 

correlation of ethanol yields from S. cerevisiae with ethanol yields from P. angophorae (P ≤ 

0.05 for all seaweeds) existed for the seaweeds L. digitata, L. hyperborea, S. latissima and A. 

esculenta with coefficient values of 0.644, 0.663, 0.591 and 0.752 for the above seaweeds, 

respectively. 

Conclusions from P. angophorae fermentations have to be carefully translated. In these 

studies detection of residual mannitol after fermentation was only measured in August and 

October 2010 fermentations of L. digitata and L. hyperborea (data not shown here). Ethanol 

yields for those months were also the highest. For all other P. angophorae fermentations, no 

residual mannitol or glucose was detected after 45 hour fermentation period. It has been 

shown in this project that once substrate limitation occurs, ethanol will be utilised as a carbon 

source by P. angophorae in aerobic conditions (Section 5.3.3, Figure 5.8). Therefore it is 

difficult to know the right time to terminate a fermentation process without adequate process 

monitoring of ethanol titres. P. angophorae has given higher ethanol yields and titres from L. 

hyperborea and L. digitata compared to S. cerevisiae (Figure 5.14). Using A. esculenta and S. 
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latissima both ethanol yields and titres were lower for P. angophorae than S. cerevisiae 

possibly due to substrate limitations during fermentation. While P. angophorae could be 

argued as better for some species such as S. lattisima, it needs to be remembered that it is 

likely that higher sugar concentration hydrolysates are required and this is likely to limit P. 

angophorae fermentation either because of salinity effects from the saccharification process 

or because of ethanol inhibition effects from these higher strength hydrolysates. 



Chapter 5 

 

217 
 

A 

 

B 

 

C 

 

D 

 

Figure 5.14: Comparison of ethanol yields from seasonal hydrolysates of L. digitata (A), S. latissima (B), L. hyperborea (C) and A. esculenta (D). Fermentation used S. 
cerevisiae (—) and P. angophorae (- -). Ethanol yield was calculated as a percentage of ethanol released from dry weight biomass (g g-1). The error bars are the means ± 
SD of four fermentations.  
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5.4. CONCLUSIONS 

The most frequently used yeast S. cerevisiae is an established and proven strain for ethanol 

production. It was shown in our studies to produce ethanol yields in excess of 90 % of the 

theoretical maximum from glucose. It also performed well under saline and double-saline 

conditions, with drops in performance to 85 and 75 % respectively of the theoretical maximum 

from glucose. This is still a level that has not been equalled by any other ethanologenic 

microorganism. Its major drawback is its limited substrate range. However, ethanol 

productivities from seaweed throughout the year were on average higher than the theoretical 

maximum of 0.51 g g-1 suggesting that additional sugars were available for catabolism from 

seaweed biomass. What these sugars are is unknown, but it is potentially important to identify 

them if S. cerevisiae were to be used for fermentation of seaweed hydrolysates. The results 

showed that enzymatic saccharification resulted in lower salinity levels in the resulting 

hydrolysate than acid hydrolysis. This is important because lower salinity levels were 

associated with higher ethanol yields due potentially to lower intracellular energy 

requirement for osmoprotection processes. 

S. cerevisiae fermentation of enzymatic hydrolysates was found to be most significantly linked 

to the laminarin content of seaweed biomass, with the highest ethanol yields coinciding with 

highest laminarin contents, which was usually in the autumn months. However, seasonal 

variations in the content of laminarin also resulted in variations of the ethanol yields, with 

yields seldom being repeated the following year. 

P. angophorae was shown to utilise two out of the three major carbohydrates of brown 

seaweed biomass, glucose and mannitol. As mannitol catabolism was aerobic it requires 

careful monitoring of the substrate and the production of ethanol to optimise yields. Once 

substrate becomes limiting, ethanol will become a substrate under aerobic conditions leading 

to its rapid decline. A simple shake flask system has been developed which gave 70 % 

conversion rates of a synthetic glucose and mannitol containing fermentation medium. This 

assay was used to evaluate seasonal enzymatic hydrolysates of brown seaweed biomass with 

various degrees of success. Accurate prediction of fermentation time was difficult to achieve 

and led in a few instances to lower than predicted ethanol levels. However, in other instances 
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ethanol results outperformed the yields achieved with S. cerevisiae. Ethanol profiles from P. 

angophorae were influenced by the laminarin profile and the mannitol profiles. The primary 

disadvantage of P. angophorae appears to be a reduced ethanol tolerance, as the ethanol 

yield stalled at 20 g l-1. This makes this yeast in its current form less suitable as a future 

industrial fermentation strain, as the energy input for ethanol recovery using distillation is 

linked in an exponential fashion to the ethanol concentration of the fermentation broth 

(Madson, P.W. 2003), where low ethanol broths, such as the ones from P. angophorae 

fermentation would require significantly more energy to recover ethanol. 

As the biofuel industries explore other feedstock materials such as cellulosic and 

hemicellulosic alternatives for fermentation, the demand for new fermentation strains is 

increasing. The portfolio of such optimal cultures for advanced bioethanol production should 

include the ability to hydrolyse complex polysaccharides, utilise all fermentable compounds, 

and convert them into ethanol at a high rate, yield and productivity. No single microorganism 

is known to date to possess all of these characteristics (Nevoigt 2008). 
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5.5. KEY FINDINGS AND RECOMMENDATIONS 

 A miniaturised fermentation assay for the two yeasts was developed. As the 

fermentation conditions using S. cerevisiae in test tubes was largely microaerophilic, 

ethanol yields were largely stable with minimal ethanol losses during extended 

fermentation times. In the case of aerobic fermentation in shake flask using P. 

angophorae, a two-day fermentation time was in many cases found to be too long and 

ethanol was already being consumed at the time of sampling. It is therefore 

recommended to reduce fermentation time to one day, even if not all substrate is being 

utilised. Residual substrate levels can be still used to predict an optimised ethanol yield. 

 S. cerevisiae has proven itself to be a robust and efficient strain for fermentation of 

seaweed hydrolysates, especially with high strength feedstocks and its tolerance of high 

salinity. This strain is capable of fermenting 10 % (w v-1) glucose substrate within a 24 

hour period and at a greater than 90 % efficiency. Even with salinity double that of 

seawater, ethanol yields of 75 % of optimal were achieved. However, the available S. 

cerevisiae is not yet the ideal strain for fermentation of brown seaweed biomass 

because it is not capable of utilisation of the mannitol and alginate content. 

 Higher ethanol productivities than the theoretical maximum of 0.51 g g-1 from glucose 

were seen using S. cerevisiae throughout the year, suggesting utilisation of additional 

substrates in addition to glucose. A more accurate monosaccharide analysis method 

should be used to identify the other carbon sources present in seaweed hydrolysates. 

 The performance of P. angophorae using high strength feedstock was apparently limited 

by product inhibition. This inhibition was recorded at 20 g l-1 of ethanol (i.e. ca. 2 % 

ethanol). This makes the strain in its current form unsuitable for high strength wort 

fermentation. Adaptation of yeast to tolerate higher salinities has been reported to have 

beneficial effects on ethanol production but whether these adaptation processes will 

shift the ethanol tolerance barrier to a level that is comparable with S. cerevisiae is 

debatable. 

 However, P. angophorae has shown some promising features when fermenting seaweed 

extracts. Due to its capability to ferment mannitol, it gave superior ethanol yields from 
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some seaweeds compared to S. cerevisiae. As the period of maximum laminarin content 

is shorter compared to the mannitol cycle, harvest periods for P. angophorae 

fermentation could therefore be extended. Monitoring substrate utilisation and product 

formation during batch culture is essential for maximum ethanol yields as the product, 

ethanol, is not stable within the aerobic environment which is required for mannitol 

fermentation. 
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6. ISOLATION AND CHARACTERISATION OF 

SEAWEED DEGRADING MARINE 

MICROORGANISMS 

6.1. INTRODUCTION 

As the chemical composition of seaweeds is different to terrestrial biomass, saccharification 

and fermentation of seaweed biomass potentially requires specific microorganisms for its 

conversion to substrates suitable for fermentation into ethanol. At present, the focus of the 

biofuel industry has been on the utilisation of terrestrial biomass. As a consequence, research 

has largely focused on terrestrial microorganisms and development of enzymes designed for 

the breakdown of lignocellulosic biomass. Seaweed biomass has a different composition than 

terrestrial biomass, and marine derived halophilic enzymes will potentially be more effective 

for saline material than terrestrial non-halophilic enzymes (Karan et al. 2012). 

There has been increased interest in the marine environment and this coupled with 

development of new technologies to sample, cultivate and identify new species, the number 

of discoveries of new marine microorganisms and their associated novel metabolites have 

surpassed that of their terrestrial cousins (Lam 2006). The ocean provides a wide diversity of 

habitats, including a number of temperature, pressure and salinity extremes, that have 

resulted in unique adaptations and this potentially equates to many novel enzymes and 

polymers (Trincone 2011). For example, isolation of cellulosic and hemicellulosic enzymes 

from psychrophilic Pseudoalteromonas strains isolated from deep-sea sediment (Zeng, Xiong 

et al. 2006), Antarctic waters (Collins et al. 2002, Garsoux et al. 2004) and deep sea amphipods 

(Kobayashi et al. 2012) were attractive because of their higher enzymatic activity at lower 

temperatures than their mesophilic counterparts (Zeng et al. 2006). Besides cold-adapted 

enzymes, other extremophilic microbes also produce enzymes with superior 

thermostabilities, barophilicities, and enhanced pH and salt tolerances. 
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It is understood that bacteria not only take part in the degradation of seaweed biomass but 

also form beneficial associations with their macroalgal hosts (Egan et al. 2012). Epiphytic 

bacteria such as members of the Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes, 

and Cyanobacteria have a close association with macroalgae. They are also amongst the 

dominant groups of bacteria found in coastal marine environments (Floyd et al. 2005). Some 

of these bacteria are opportunistic such as Pseudoalteromonas tunicata which lack the 

enzymes required to hydrolyse macroalgal cell wall polymers, but are able to utilise break-

down products (Thomas et al. 2008). Beside widespread opportunistic bacteria more 

specialised cell wall degrading microbes are commonly situated where decaying organic 

matter is found – the seafloor. Saccharophagus degradans for example, a marine bacterium 

isolated from salt marshes, is a representative of an emerging group of marine polysaccharide 

degrading bacteria that have been shown to be able to degrade at least 10 distinct 

polysaccharides from diverse algal, plant and invertebrate sources (Taylor 2006). In addition 

seaweed eating herbivores such as sheep (Williams et al. 2013) or even humans (Hollants et 

al. 2013) have accumulated highly adapted microbial communities capable of utilising 

seaweed biomass. Moreover, not only do a vast number of these highly adapted microbes 

exist but these biological processes can be tailored using biotechnological approaches to 

convert biomass into a new resource - biofuels (Wargacki et al. 2012). 

Saccharification of micro- and macro-algae has already been carried out using marine 

microorganisms. A Bacillus sp. was used to compost the brown seaweed Undaria pinnatifida 

(Tang et al. 2007) and to saccharify S. japonica for bioethanol production (Jang et al. 2012) 

while an amylase-producing bacterium, Pseudoalteromonas undina NKMB 0074, was applied 

to marine microalgae for bioethanol production (Matsumoto et al. 2003) and was found to be 

more effective than terrestrial amylases. So far most enzymatic saccharification of seaweed 

biomass has been carried out using terrestrial cellulosic enzymes to utilize the cellulose 

content of seaweed biomass for biofuel production (Ge et al. 2011, Yazdani 2011, Jang et al. 

2012). Inactivation of terrestrial amylase and glucoamylases in saline suspensions has been 

demonstrated with marine microalgal biomass, resulting in the conclusion that marine 

amylases were required for successful saccharification of marine feedstocks (Matsumoto et 
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al. 2003). But more importantly, as the structural polymers of seaweed biomass are different 

to terrestrial biomass, different enzymes are therefore needed. 

The main polysaccharides of brown seaweed biomass are primarily alginate, laminarin, 

cellulose and fucoidan (Chapter 3). Specific enzymes to degrade those carbohydrates are 

needed to convert seaweed biomass into fermentable substrates, and a natural source of 

these enzymes is likely to be microorganisms associated with seaweeds (Bakunina et al. 2002) 

or in seaweed eating invertebrates such as mollusks (Bilan et al. 2005), sea snails (Shun et al. 

1984), sea slugs (Gómez-Pinchetti and García-Reina 1993), sea urchins (Trenzado et al. 2012) 

and seaweed-eating sheep (Williams et al. 2013). Terrestrial microorganisms such as 

Trichoderma spp. have been commercially exploited for enzyme production to produce largely 

cellulosic enzymes such as cellobiohydrolases, β-glucosidases, endo- and exoglucanases 

(Seiboth et al. 2011). However, as the cellulose content of seaweeds is relatively low, new 

microbial hosts are not only needed to produce more specific marine derived enzymes such 

as laminarinases, alginate lyases or fucoidanases but also to search for new ethanologenic 

strains able to convert these substrates into ethanol. 

Industrial bioethanol production is largely carried out using Saccharomyces spp. using glucose 

or glucose/ fructose based substrates such as starches or sucrose. As S. cerevisiae is unable to 

utilise algal polysaccharides such as uronic acids, fucose and mannitol, new ethanologenic 

strains are potentially needed to utilise these main substrates for ethanol production. More 

recently a marine bacterium of the genus Spinghomonas has been genetically altered to 

redirect the metabolites derived from its alginate utilisation pathway to bioethanol 

production (Takeda et al. 2011). In addition genetic modification of terrestrial bacteria to 

utilise alginate and mannitol for bioethanol production has also been successfully carried out 

in Escherichia coli (Wargacki et al. 2012). As the salt tolerance of terrestrial derived strains is 

unknown, marine derived microorganisms associated with seaweeds not only provide these 

traits but are also likely to be adapted to seaweed derived substrates. 

The aims of this Chapter were to isolate a range of seaweed-degrading bacteria and assess 

their biochemical potential for seaweed saccharification and fermentation processes. 

Isolation and characterisation of marine microorganisms involved with algal polysaccharide 
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degradation focused on alginate and laminarin, and the utilisation of algal polysaccharide 

degradation products such as glucose and mannitol. Ethanol was used as a growth substrate 

to investigate if ethanologenic microorganisms could be easily identified based on the 

hypothesis that strains that can produce ethanol can also utilize ethanol as a carbon source 

under aerobic conditions (Kumar 2011). 
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6.2. MATERIALS AND METHODS 

6.2.1. ENRICHMENT, ISOLATION AND IDENTIFICATION OF 

MARINE MICROORGANISMS 

Marine basal media is based on the widely used ZoBell media (ZM) (ZoBell 1946) for the 

isolation and enumeration of heterotrophic marine bacteria and made-up as a solidified and 

liquid media according to the following recipes. 

Marine agar (ZM 1) was made-up using 75 % (v v-1) filtered and aged seawater, diluted with 

deionised water and enriched with 0.5 % (w v-1) bacteriological peptone and 0.1 % (w v-1) yeast 

extract (see 2.2.7) . Bacteriological agar was added at a concentration of 1.5 % (w v-1). After 

sterilisation for 15 minutes at 121 oC bottles were cooled in a water bath to 55 oC and 10 ml 

of the 100x marine supplement solution was added aseptically before pouring the agar into 

90 mm Petri dishes. Plates were stored at room temperature. 

To make a liquid marine basal medium (ZM 10 and ZM 5) no agar was added and the organic 

content was reduced by a factor of 10. Bacteriological peptone and yeast extract were added 

at a concentration of 0.05 and 0.01 % (w v-1) to 75 % diluted seawater to make-up ZM 5 and 

ZM 10 media, respectively. Once cooled to room temperature 1 % (v v-1) 100x Marine 

supplement solution was also added. 

Enrichment culturing was carried out in 250 ml shake flasks using the following procedure. 

Approximately 1 g of inoculum (aerobic or anaerobic digest of seaweeds) was added into a 50 

ml of sterile seawater containing 250 ml flask. Flasks were incubated over a number of weeks, 

at 25 oC and 200 rpm on an orbital incubator. Some flasks were enriched with additional 

carbohydrates (~2 g l-1) to promote growth of specific microorganisms. Periodically a loopful 

of enrichment medium was transferred onto an agar plate (ZM 1) using a sterile platinum wire. 

Petri dish cultures were incubated at room temperature (ca. 21 oC) until colonies were visible. 

Isolation of mixed cultures was carried out by serial passage of single sub-colonies onto fresh 

agar plates and repeated until the purity of each isolate was confirmed. 
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The morphology of pure culture colonies was examined microscopically using an Olympus 

SZH-ILLD microscope with a 64 magnification from colony isolates grown for 3 days on solid 

basal medium and described according to Table 7 (Appendix I). Phase contrast microscopy was 

used to describe cell morphology using a Zeiss Axio Imager 2 microscope from pure cultures 

grown for 3 days in dilute basal marine medium (Appendix M). 

6.2.2. SALINITY PROFILING OF SELECTED CULTURE ISOLATES 

For the salinity studies an intermediate strength ZoBell broth (ZM 5) was used to provide 

sufficient growth substrate, with salinities ranging from 0, 30 to 75 % seawater content. The 

ZoBell medium contained the following Oxoid ingredients (g l-1): Bacto-peptone (2.5) and yeast 

extract (0.5). Filtered and aged seawater was added at quantities of 750 ml l-1 for 75 % 

medium, 300 ml l-1 for the 30 % medium and none used for the 0 % media. Deionised water 

was used to top up volumes to 990 ml. Each media was autoclaved for 15 minutes at 121 oC 

and after cooling to room temperature 10 ml of 100x Marine supplement solution added. 

Inocula were initially grown in 6 well plates by transferring a loophole of actively growing 

culture from an agar plate to 7 ml of liquid marine basal medium (ZM 10) and incubated for 3 

days at room temperature on a see-saw style rocking platform at 25 rpm. Subsequently, 100 

µl of the each inoculum was added to 7 ml of each ZM 5 saline medium in 6 well plates. These 

6 well plates were then incubated at room temperature (ca. 21 ˚C) for 3 days on the same 

rocking platform and 1 ml samples taken after 48 and 72 hours to monitor growth by 

measuring the optical density at 600 nm using a spectrophometer. 

6.2.3. TEMPERATURE PROFILING OF SELECTED CULTURES 

Evaluation of incubation temperature on growth was carried out using a similar approach as 

described above (6.2.2). 

Each culture was grown in 6 well plates using dilute liquid marine basal medium (ZM 10). 

Plates were incubated at room temperature for 3 days on a rocking platform set at 25 rpm. 

The experiment was started by transferring 100 µl of inocula into 6 well plates containing 7 ml 

of ZM 5 medium made-up with 75 % seawater. Plates were sealed in plastic bags to reduce 
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evaporation and incubated in a temperature-controlled incubator at 25, 31, 37, 41, 45 and 51 

oC at 50 rpm. A 1 ml sample was taken every day over a three-day period and growth evaluated 

by measuring the optical density at 600 nm. 

6.2.4. PHENOTYPIC CHARACTERISATION 

Isolated cultures were grown in carbon selective growth medium (CHselect, see 2.2.8) which 

was based on the recipe of liquid dilute basal marine medium (ZM 10) and supplemented with 

the following carbon sources (g l-1): Ethanol (1), sodium alginate (5), alginate oligomers (5), 

mannitol (5), glucose (5) and laminarin (2) (Section 2.8). Each culture was also grown in non-

supplemented dilute basal marine medium (ZM 10) and corresponding response factors from 

growth and pH changes compared against those from selective media. Response factors were 

the ratios of data derived from selective media to basal media and only cultures with a ratio 

≥2.0 were reported (Section 2.11). 

Disposable 6 well plates were used as the culturing system and each well was filled with 7 ml 

of each media type and inoculated with 100 µl of flask culture. Plates were incubated for 3 

days on a rocking platform at room temperature allowing gentle mixing of each culture. 

Growth was analysed measuring the optical density at 600 nm as described above, and 

fermentation activity was evaluated by measuring the pH. 

Additional phenotypic characteristics were determined using the BIOLOG microbial 

identification system for Gram-negative bacteria (GN2). 

A loophole of actively growing culture was mixed with 18 ml of artificial seawater medium. 

This medium consisted of (g l-1): Sodium chloride (25), potassium chloride (0.5) and 

magnesium chloride (7) dissolved in 990 ml of deionised water and autoclaved for 15 minutes 

at 121 oC; once cooled to room temperature, 10 ml of 100x marine supplement solution 

added. An aliquot of 150 µl of this cell suspension was pipetted into each of the wells 

containing a specific substrate and incubated for 3 days at 28 oC with purple color formation 

recorded visually every day. 
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6.2.5. PHYLOGENETIC IDENTIFICATION 

In total 21 different cultures were chosen based on their ability to utilise a range of substrates. 

A single colony from an actively growing culture was picked aseptically with sterile toothpick 

from ZM 10 agar plates and transferred to a PCR tube. 16S rDNA sequencing was carried out 

using the universal primers 27F and 1492 (Weisburg et al. 1991) to amplify the ca. 1.5 kb rDNA 

fragment according to the protocol described in Section 2.10.3.1. A negative control (no 

colony added) was carried out in parallel. Amplification, sequencing and phylogenetic analysis 

was carried out according to the following procedures: 

6.2.5.1. AMPLIFICATION 

The PCR reaction was prepared using a 2x Mastermix (Qiagen) to which forward and reverse 

primers were added at a final concentration of 0.2 µM. Following addition of cell suspension, 

the reaction was mixed gently and centrifuged briefly before PCR amplification. Thermocycling 

(MJ Research, PTC 200, Peltier Thermal Cycler) used the following protocol: 95 oC for 5 

minutes; then 30 cycles of, 94 oC for 10 seconds, 55 oC for 30 seconds and 72 oC for 2 minutes; 

then finally the reactions were incubated at 72 oC for 10 minutes. After PCR amplification 

amplicons were analysed by 0.8 % (w v-1) agarose gel electrophoresis. 

6.2.5.2. SEQUENCING 

PCR amplicon products were cleaned using shrimp alkaline phosphatase (Promega) and 

exonuclease I (New England Biolabs) and then the DNA sequenced using BigDye vers 3.1 

terminator chemistry (Applied Biosystems). Analysis of the sequencing products was 

performed by DNA Sequencing Services (www.DNAseq.co.uk). 

6.2.5.3. PHYLOGENETIC ANALYSIS 

To taxonomically classify the bacterial isolates the 16S rRNA gene sequences were manually 

checked and the DNA sequence data was compiled as a multi-fasta file and submitted for 

analysis to the RDP II CLASSIFIER (Wang et al. 2007). This program assisgns identity to the 

genus level and includes a Bayesian confidence factor. 
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6.2.6. ENZYMATIC SCREENING OF ISOLATED BACTERIA 

In total 23 culture isolates were grown in two different media to assess the impact on enzyme 

activity. Cultures were selected on their ability to utilize the polymers alginate and laminarin 

as substrates. Cultures were grown in 6 well plates in dilute basal marine media (ZM 10) for 3 

days at room temperature on a rocking table set a 25 rpm. Inoculum from this stage (100 μl) 

was transferred into 50 ml of primary induction medium consisting of the following 

ingredients (g l-1): Sodium alginate (5), laminarin (4), mannitol (5), bacteriological peptone (5) 

and yeast extract (1) in 75 % seawater with the addition of 10 ml l-1 of Marine Supplement 

solution after sterilization for 15 minutes at 121 oC. Cultures were grown in 250 ml shake flasks 

for 3 days at 25 oC and 200 rpm. 

Cells were harvested by centrifugation (10 minutes at 10,000 g). The supernatant and an 

aliquot of cells were kept for enzyme analysis. The remainder of the cell pellet was transferred 

to the secondary induction medium using the following ingredients: 20 g l-1 of L. hyperborea, 

harvested in October 2010 was added with 5 g l-1 of yeast extract to 75 % seawater and 

autoclaved for 15 minutes at 121 oC. 

Cultures were grown for 2 days at 25 oC and 200 rpm in a temperature controlled incubator 

and cells harvested by centrifugation (10 minutes at 10,000 g). The supernatant was kept for 

enzymatic activity tests. 

The cells removed from the primary induction medium were ruptured using a Sonics Vibra 

Cells 750 W sonicator. To do this, 0.5 g of cell pellets were supended in 5 ml of ice-cold 50 mM 

Tris buffer (pH 7.5) and sonicated for intervals of 20 seconds pulse and 10 seconds pause over 

a total period of 20 minutes. The cell suspension was kept in an ice bath throughout this 

period. Once sonicated, the cell suspension was centrifuged for 10 minutes at 10,000 g at 4 oC 

and clarified by filter sterilization through a 0.22 μm PES membrane filter. Enzyme activities 

in the supernatant and intracellular content of microbial isolates were determined using 

alginate, laminarin and seaweed assessment solutions. 

Alginate lyase activity was measured by adding 100 μl of a filtered bacterial sample (<0.22 μm) 

to 900 μl of a 1 % (w v-1) sodium alginate solution, buffered in 0.01 M citrate buffer (pH 6.2) 
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for 30 minutes at 37 oC. Alginate hydrolysis was based on measuring changes in absorbance 

A235 nm (1 cm quartz cuvette). It was found that bacterial filtrates absorbed at 235 nm, which 

suggested the presence of alginate residues in growth media. For accuracy, readings were 

subtracted from a blank solution containing 100 μl of filtrate in 900 μl of deionised water. One 

unit of alginate lyase activity was defined as an increase of 1.0 in absorption at 235 nm per 

minute. Specific activity was expressed as units per mg of protein and determined according 

to Section 2.13. 

To test the enzymatic activity of bacterial samples 500 μl of filtered sample (<0.22 μm) was 

transferred into 1500 μl of an Alaria esculenta medium, that had been made by adding 25 g l-

1 A. esculenta in deionised water and incubated for 17 hours at 37 oC on a rotating disc. 

Following incubation of cell lysate or supernatant with A. esculenta medium, the samples were 

acidified with 20 μl of a 2 M sulphuric acid solution, centrifuged at 10,000 g for 1 minute and 

filtered through a 0.45 μm PTFE filter into HPLC glass vials and the glucose liberated by 

enzymatic activity was analyzed using HPLC (see Method 2.3.5.2). Results were expressed as 

a percentage of glucose liberated from biomass on a weight for weight basis (see Section 

2.15). 

6.2.7. PSEUDOALTERMONAS STRAIN 2/50 CELL LYSATE 

PRODUCTION 

Culture 2/50 was grown in 6 well plates in dilute basal marine media (ZM 10) for 3 days at 

room temperature on a rocking table set a 25 rpm. Inoculum from this stage (100 μl) was 

transferred into 50 ml of primary induction medium consisting of the following ingredients (g 

l-1): Sodium alginate (5), laminarin (4), mannitol (5), bacteriological peptone (5) and yeast 

extract (1) in 75 % seawater with the addition of 10 ml l-1 of Marine Supplement solution after 

sterilization for 15 minutes at 121oC. Cultures were grown in 250 ml shake flasks for 3 days at 

25 oC and 200 rpm. 

Cells were harvested by centrifugation (10 minutes at 10,000 g). Harvested cells were 

ruptured using a Sonics Vibra Cells 750 W sonicator. To do this, 2.5 g of cell pellets were 

supended in 25 ml of ice-cold 50 mM Tris buffer (pH 7.5) and sonicated for intervals of 20 

seconds pulse and 10 seconds pause over a total period of 20 minutes. The cell suspension 
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was kept in an ice bath throughout this period. Once sonicated, the cell suspension was 

centrifuged for 10 minutes at 10,000 g at 4 oC and clarified by filter sterilization through a 0.22 

μm PES membrane filter. Enzyme activities in the intracellular content of microbial isolates 

was determined using laminarin, cellulose and seaweed assessment solutions (see Section 

6.2.6). 

6.2.8. SACCHARIFICATION AND FERMENTATION ASSESSMENT 

The activity of enzymes derived from strain 2/50 on saccharification and ethanol yields were 

further evaluated. To do this, saccharification yields were tested using assay solutions 

prepared with two different seaweed species, laminarin or cellulose. Hydrolysates were 

subsequently fermented using S. cerevisiae using the test-tube assay system. Assay solutions 

were: L. hyperborea and S. latissima (harvested in October 2011) prepared at a concentration 

of 25 g l-1 in deionized water and autoclaved for 15 minutes at 121 oC. Laminarin media was 

prepared to a strength of 3 g l-1 in 0.01 M sodium acetate buffer (pH 5.0). The solution was 

filter sterilised using 0.22 μm sterile filtration units (Nalgene, PES Stericup). Cellulose media 

was prepared to a strength of 5 g l-1 in 0.01 M sodium acetate buffer (pH 5.0) and autoclaved 

for 15 minutes at 121 oC. 

Cell lysate from Section 6.2.7 was applied to seaweed media at volumetric additions of 8 and 

20 % (v v-1) respectively. To do this, 2 and 8 ml of cell lysate was applied to 23 and 17 ml of 

seaweed media resulting in total volumes of 25 ml. Saccharification was carried out at in 100 

ml pre-sterilised glass bottles for 17 hours at 100 rpm and 37 oC on a rotary incubator. In 

addition to saccharification yields, ethanol yields were determined after fermentation of 

enzymatic hydrolysates using S. cerevisisae (see Method 2.5.1) with a fermentation time of 24 

hours at 32 oC. Glucose and ethanol were determined by HPLC (see Section 2.3.5.2 and 2.3.6) 

and both yields were expressed as a percentage of glucose or ethanol per total solids, 

respectively. 
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6.3. RESULTS AND DISCUSSIONS 

6.3.1. PHENOTYPIC CHARACTERISATION OF THE MARINE 

CULTURE COLLECTION 

In total 164 bacterial strains were isolated, cryo-preserved, morphologically (Appendix K and 

M) and biochemically (Appendix L) assessed and described. Nine fungal and sporulating 

cultures were not assessed because of higher contamination risk associated with such 

cultures. Growth patterns using different substrates were evaluated and only cultures with 

response factors of ≥2.0 are reported. 

In summary, ~65 % of the isolates utilised glucose and mannitol and 31 % ethanol as carbon 

sources for growth (Figure 6.1 and Appendix L). Furthermore, 28 % of the cultures were able 

to use both glucose and mannitol and 17 % of the cultures were able to metabolise glucose, 

mannitol and ethanol while 13 % grew either very little or not at all on the three substrates 

(response factors ≤2.0). A total of 43 % utilised alginate, 29 % grew on laminarin and 49 % 

metabolised alginate oligomers. Furthermore, 30 cultures - representing 18 % were able to 

metabolise all three substrates while 22 % of culture isolates grew either little or not at all on 

the three substrates (response factors ≤2.0) (Figure 6.1 and Appendix L). 

 

Figure 6.1: Summary of culture isolates utilising glucose, mannitol, ethanol, alginate, alginate oligomers and 
laminarin for growth. 

Overall, the strains were divided into two groupings: (i) the fermentative group that, included 

strains that decreased the pH of the media by more than 2 units; and (ii) the hydrolytic group, 

containing strains that were able to metabolise algal polymers such as alginate and laminarin 

for growth. 
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Table 6-1: Culture isolates using glucose, mannitol, ethanol or alginate for acid production a 

pH 3.0 - 4.0 pH 4.0 - 5.0 pH 5.0 - 6.0 

Culture Final pH Acid from Culture Final pH Acid from Culture Final pH Acid from 

1/20 3.45 G 1/23 4.93/4.65 M/G 1/5 5.91 G 
2/58 3.69 G 2/33 5.0 G 1/18 5.92 G 
2/64 3.45 G 2/36 4.96 G 1/20 5.89 M 
3/66 3.93 G 2/37 4.4 G 1/21 5.77 M 
3/71 3.62 G 2/38 4.76 E 1/22 5.91 G 
3/74 3.5 G 2/52 4.47/4.26 M/G 1/24 5.22 G 
3/75 3.45 G 2/56 4.78 E 1/25 5.48 G 
3/79 3.32 G 2/64 4.29 E 1/26 5.78 G 
3/91 3.32 G 3/66 4.44 E 1/27 5.97 G 
4/109 3.7 G 3/69 4.04 E 1/28 5.50 G 
5/135 3.55 G 3/70 4.29 G 1/29 5.09 G 
5/142 3.51 G 3/76 4.79 G 1/30 5.85 G 
5/144 3.96 G 3/79 4.07 E 1/31 5.53 G 
   3/91 4.07 E 1/32 5.05 M 
   3/94 4.93 E 2/47 5.31 G 
   3/96 4.22 E 2/48 5.77 M 
   4/99 4.68/4.70 M/G 2/50 5.48 G 
   4/100 4.74/4.73 M/G 2/53 5.57/5.25 M/G 
   4/101 4.72 G 2/58 5.89 M 
   4/102 4.72 G 2/61 5.54/5.63 G/E 
   4/103 4.76 M 2/63 5.33 G 
   4/104 4.97/4.55 M/G 2/65 5.48 G 
   4/105 4.61 G 3/67 5.72 G 
   4/106 4.59 G 3/77 5.93 G 
   4/107 4.57 G 3/98 5.66 G 
   4/110 4.64/4.68 G/M 4/109 5.52 M 
   4/111 5.00/4.67 G/M 4/121 5.55 G 
   4/113 4.58 G 4/122 5.41 G 
      4/123 5.25 G 
      4/124 5.71 G 
      4/125 5.59 G 
      4/127 5.57 G 
      4/128 5.53 G 
      5/135 5.49 M 
      5/138 5.64 M 
      5/140 5.70 G 
      5/142 5.34 M 
      5/143 5.29 G 
      5/145 5.97/5.81 G/E 
      5/149 5.88 M 
      5/151 5.19 G 
      5/152 5.26 G 
      5/154 5.3/5.87 G/E 
      5/156 5.21 AL 
      5/158 5.06 G 
      5/159 5.06 G 
      5/160 5.46 G 
      5/164 5.93 AL 
      5/165 5.21 AL 
a G, glucose; M, mannitol; E, ethanol; Al, sodium alginate 
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6.3.1.1. FERMENTATIVE STRAINS 

Assessment of the fermentative metabolism was based on the production of acid. Table 6-1 

shows a summary of the response factors derived from the pH profiles of all cultures after a 

three-day incubation using alginate, alginate oligomers, laminarin, mannitol, glucose or 

ethanol containing media (Appendix L). Cultures that were able to shift the pH from an original 

pH of 8.2 - 8.4 to a pH below of 6.0, equal to a response factor ≥2.0, were reported as being 

fermentative. A total of 82 different cultures (50 %) were able to shift the pH by more than 2 

unit (Table 6-1). The majority of these cultures (83 %) were able to produce acid from glucose, 

while mannitol, ethanol and alginate were utilised to a lesser extent for acid production 

accounting for 23, 15 and 4 % of reduced pHs, respectively (Table 6-1). Three isolates (5/163, 

5/142 and 5/162) were able to utilise all three monomers glucose, mannitol and ethanol for 

acid production. 

As some metabolic pathways such as the Emden-Meyerhof pathway can lead to a wide array 

of end products such as ethanol and organic acids, the association between acid formation 

and ethanol production was used to presumptively identify ethanologenic strains. Acetate, 

other organic acids such as lactic acid, and volatile fatty acids such as propionic acid, all 

represent by-products of uncoupled metabolic pathways and possess the dissociation power 

to lower the pH of a solution. Ethanol production by lactate-producing strains such as 

Lactobacillus pentosus (Kim et al. 2010), Lactobacillus plantarum (Smetanková et al. 2012) and 

Lactococcus lactis (Solem et al. 2013) have been reported and re-direction of the lactate 

fermentation capacity into a more efficient ethanol production has been demonstrated 

(Solem et al. 2013). Acetate production is also closely linked to ethanol production, where 

acetate and ethanol are derived from the intermediate acetyl-CoA. Co-production of acetate 

and ethanol has been widely reported in bacterial species such as Spirocheata (Hespell and 

Canale-Parola 1970, Droge et al. 2006), Escherichia, Aerobacter (Higgins and Johnson 1970), 

Enterobacter, Citrobacter (Maru et al. 2013), Clostridium (Cotter et al. 2009) and many more, 

under mainly anaerobic conditions. Insertion of bacterial acetaldehyde dehydrogenase 

encoding genes into S. cerevisiae has aided utilisation of acetate for ethanol production 

(Medina et al. 2010). Therefore, marine acid-producing bacteria could also hold the potential 

to function as ethanol producers, and because they are halotolerant, this makes them 
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potentially preferred for fermentation of the broad substrate ranges derived from seaweed 

biomass. 

6.3.1.2. HYDROLYTIC STRAINS 

To assess which microorganisms were likely to produce enzymes that degrade seaweed-

derived polysaccharides, isolates were screened for their ability to catabolise alginate and 

laminarin. 

Isolates that were able to increase the optical density compared to the control condition by a 

response factor of 2 or more were recorded as positive for alginate or laminarin utilisation 

(Appendix L). In total 4 isolates (3 %) metabolised alginate only; 29 isolates (18 %) used both 

alginate and alginate oligomers; 14 isolates (9 %) used alginate oligomers only; 9 cultures (5 

%) utilized laminarin only; 1 isolate (0.5 %) metabolized alginate and laminarin; and 30 isolates 

(18 %) degraded all three substrates. What was particularly notable was that a significant 

fraction of the heterotrophic marine bacteria had a broad substrate range (21 %) catabolizing 

all three subtrates. Furthermore, 33 bacteria (46 %) able to utilize alginate were also able to 

hydrolyse laminarin. This apparent adaptation of the strains to catabolise seaweed 

polysaccharides makes sense as the inoculum source for all cultivable isolates were either 

microorganisms from seaweed material or the gut rumen content of North Ronaldsay sheep, 

of which the latter feed extensively on seaweed. 

A recent publication on the microbial flora of sheep gut rumen described the microbial 

heterotrophic community to have a broad substrate range (Williams et al. 2012). This study 

characterised the polysaccharide-degrading bacteria present in the rumen of North Ronaldsay 

sheep, and showed that 9 of the 65 isolates utilized more than 90 % of the polysaccharides 

they were isolated on. The nine isolates (eight Prevotella spp. and one Clostridium butyricum) 

utilized whole L. hyperborea extract, alginate, laminarin, carboxymethylcellulose , fucoidan 

and carraggenan (Williams et al. 2012). However, Williams et al focused on the anaerobes of 

the gut content, whereas this thesis isolated aerobic microorganisms from these sheep. In 

addition, macroalgae form complex and highly dynamic ecosystems which support specific 

epiphytic bacterial communities (Goecke et al. 2010), and these bacteria have also been 

shown to have a wide range of hydrolytic enzyme activities ranging from alginases, 
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carrageenases, cellulases, pectinases, mannases, fucanases, fucoidanases and agarases 

(Goecke et al. 2010). 

6.3.2. SALINITY PROFILING OF SELECTED CULTURE ISOLATES 

The salinity requirement of selected cultures was studied as part of a the study to optimize 

growth conditions for hydrolytic enzyme production. 

Salinity studies were carried out using 0, 30 and 75 % seawater containing ZoBell medium (ZM 

5) and are highlighted in Figure 6.2. All of the 21 tested cultures showed that salinity was a 

requirement for growth and therefore all culture isolates can be classified as halophilic. Only 

two isolates grew better under reduced salinity conditions (30 %); they were 

Pseudoalteromonas strains 2/50 and 2/65. All other strains showed a preference for growth 

in 75 % seawater medium. Although not tested here, the potential was that the optimum for 

growth could have been >75 % seawater for these strains. Three strains showed modest 

growth in 0 % seawater (Figure 2). The general requirement and preference for higher 

salinities conforms to the knowledge that many marine species such as Maribacter 

(Nedashkovskaya et al. 2010), Pseudoaltermonas (Egan et al. 2001), Cobetia (Kim et al. 2010) 

and Marinobacter (Romanenko et al. 2005) have an absolute growth requirement for sodium 

(Brenner et al. 2005). 

Pseudoalteromonas strains 2/50 and 2/65 were interesting because of their marked 

preference for lower salinity. It is speculated that as these strains were isolated from sheep 

gut rumen it is plausible that they may be adapted to the lower saline conditions of the rumen. 

Ronaldsay sheep feed on high-saline diet (seaweed), but they will have a specific requirement 

for fresh water. It has been demonstrated in both cattle and sheep, that an extra 4 litres of 

fresh water is needed for every 100 g salt ingested (Thomas 2007). The Ronaldsay sheep’s 

digestive system has evolved over centuries to have a somewhat different physiology from 

other sheep, due to their seaweed-dominated diet (Haywood et al. 2005). Even though 

Pseudoalteromonas species are strictly marine (Brenner et al. 2005), it is probable they could 

have adapted the conditions of the sheep’s gut. It is not clear what specific function 

Pseudoalteromonas spp. have in sheep but species of Pseudoalteromonas are generally found 
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in association with higher organisms and display anti-bacterial, bacteriolytic, agarolytic and 

algicidal activities (Holmström and Kjelleberg 1999). 

Adaptation of the microbial community has been observed in the microbiome of seaweed-

eating nations such as the Japanese people (Hehemann et al. 2010). The results from various 

studies suggest that ingested bacteria may have been the source of seaweed degrading genes 

horizontally transferred to the gut microbes such as Bacteroides plebeius from bacteria such 

as Zobellia galactanivorans (Hehemann et al. 2010, Hollants et al. 2013). 

A 

 

B 

 

C 

 

Figure 6.2: Salinity tolerance of selected isolates (A-C) grown in 0, 30, 75 % saline ZM5 media. Cultures were 
grown at room temperature (~23 oC) and optical density (OD600) measured after 78 hours. 
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6.3.3. TEMPERATURE PROFILING OF SELECTED CULTURES 

Growth profiling between 25 to 51 oC was carried out to investigate the temperature optimum 

of selected culture isolates with a view toward production of hydrolytic enzymes, but also the 

added goal linked to selective growth inhibition without loss enzyme activity (see below). The 

strains selected were those that had superior growth on alginate and laminarin. 

Growth profiles of 30 different cultures are shown in Figure 3 and Appendix J. The majority of 

strains (ca. 71 %) showed optimal growth at ca. 31˚C. However, four strains did grow optimally 

at 41 oC, although these strains were isolated from environments where the in situ 

temperature rarely exceeds 20˚C. Only two cultures (2/40 and 5/159) had a temperature 

optimum below 25 oC. All Maribacter spp. (1/18, 1/19, 1/24, 1/27, 1/28, 1/30, 1/31, 2/36, 

4/121, 4/125 and 4/128) grew over a wide temperature range of 31 to 45oC, compared to 

other species of the genus Pseudoalteromonas, Cellulophaga and Marinobacter where the 

range between maximum and minimum growth was 5 oC, with maximum growth occuring at 

31 oC and minimum growth at 37 oC (Figure 6.2). 

It has been demonstrated that enyzme activities tend to coincide with higher microbial 

biomass (Frankenberger and Dick 1983, Nannipieri et al. 1983). High enzyme concentrations 

and high enzyme activities are desirable to achieve fast enzymatic conversion rates, as 

saccharification products such as monomeric sugars are very vulnerable to microbial up-takes. 

Understanding of growth optima, in particular temperature, can be used not only to optimise 

microbial biomass yields but also to inhibit microbial growth. One way of reducing 

fermentable sugar uptake is to alter the temperature (or pH) to a point where microbial 

growth is severely inhibited, but enzyme activity is not. It is not uncommon that 

microorganisms express enzymes with activity optima at temperatures well above or below 

their upper growth limit (Feller et al. 1994, Huston et al. 2000, Bertoldo and Antranikian 2002). 

Using the temperature difference for optimising and suppressing growth, whole cell 

biotransformation processes can be applied, avoiding expensive enzyme purification 

processes. Once enzyme expression has been induced, the cells are either transferred as a 

whole to or ruptured in a second tank containing seaweed biomass where temperature and/ 

or pH alterations suppress growth of the enzyme producing strain but not its enzyme activity. 
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This is a potentially useful approach for strains 2/50 and 2/65 (Figure 3I-J), where growth is 

completely abolished at temperatures ≥37 ˚C. 

A  B  

C  D  

E  F  

G  H  

I  J  

Figure 6.3: Growth experiment of different cultures (A-J), grown for 71 hours in ZM 5 at temperatures 
ranging from 25 to 51 oC. 
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6.3.4. PHYLOGENETIC IDENTIFICATION 

Phylogenetic identification of selected isolates was based on 16S rRNA gene sequencing and 

taxonomic classification of the 16S gene. A total of 16 out of the 21 isolates were identified 

with a high level of confidence (>90 %) (Table 6-2). The sequence of variable regions of the 

remaining 5 cultures did not match with any known identified species and therefore the level 

of confidence was low (≤54 %). Of these 16 isolates, 12 were of the genus Maribacter 

(Flavobacteria), two strains of the genus Pseudoalteromonas (Gammaproteobacteria), one of 

the genus Cellulophaga (Flavobacteria), one isolate each of the gammaproteobacterial genera 

Marinobacter and Cobetia (Table 6-2). 

6.3.4.1. MARIBACTER 

The general characteristics of the Maribacter isolates is shown in Table 6-3 and Table 6-4. As 

species of the genus Maribacter are closely associated to the degradation of organic matter 

in the marine environment (Miyashita et al. 2010), it was not surprising that this genus made 

up a large proportion of culture isolates (57 %). This genus belongs to the family 

Flavobacteriaceae, and were originally isolated from green alga, seawater and marine 

sediment (Nedashkovskaya et al. 2004). They have been reported to be heterotrophic, Gram-

negative, yellow-pigmented, aerobic, oxidase- and catalase-positive bacteria, non-motile, 

single, flexible rods, of 0.5–0.7 μm in diameter and 2–10 μm in length with a requirement of 

sodium for growth (Nedashkovskaya et al. 2004). Some Maribacter species have been 

reported to degrade polymers such as agar, starch, alginate, gelatin, Tween 20, Tween 40 and 

Tween 80, and produce acid from glucose but not mannitol (Nedashkovskaya et al. 2004). In 

our tests, all of the identified species of this genus were able to utilize alginate, alginate 

oligomers and laminarin as feed substrates. All of them produced acid from glucose only but 

not mannitol, although the latter was utilized for growth. Acid production from glucose in all 

isolates was modest and was usually between pH 5-6. 

Strain 5/153 was identified as a species of Cellulophaga. The etymology of Cellulophaga is “to 

eat cellulose”.  Species are described as Gram-negative, rod-shaped, strictly aerobic, 

moderately halotolerant, psychrophilic and chemoheterotrophic (Van Trappen et al. 2004).
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Table 6-2: Taxonomy of bacterial isolates. Results from the 16S rDNA sequencing. Number in brackets describe the degree of confidence. 

Strain Kingdom Phylum Class Order Family Genus 

1/18 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (98) 

1/19 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (90) 

1/24 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (89) 

1/25 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Flagellimonas (37) 

1/27 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (95) 

1/28 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (85) 

2/30 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (97) 

2/31 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (95) 

2/33 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Sediminicola (29) 

2/36 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (75) 

2/49 Bacteria Proteobacteria (100) Gammaproteobacteria (100) Alteromonadales (100) Alteromonadaceae (100) Marinobacter (100) 

2/50 Bacteria Proteobacteria (100) Gammaproteobacteria (100) Alteromonadales (100) Pseudoalteromonadaceae (100) Pseudoalteromonas (100) 

2/65 Bacteria Proteobacteria (100) Gammaproteobacteria (100) Alteromonadales (100) Pseudoalteromonadaceae (100) Pseudoalteromonas (100) 

3/74 Bacteria Proteobacteria (100) Gammaproteobacteria (100) Oceanospirillales (100) Halomonadaceae (100) Cobetia (100) 

4/121 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (90) 

4/125 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (93) 

4/128 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (100) 

5/132 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Maribacter (99) 

5/157 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Uncultured (100) 

5/153 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Cellulophaga (100) 

5/163 Bacteria Bacteroidetes (100) Flavobacteria (100) Flavobacteriales (100) Flavobacteriaceae (100) Psychroserpens (54) 
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Table 6-3: Summary of culture isolates of the genus Maribacter (morphology, temperature and salinity 
requirement and substrate utilisation). 

Characteristics Culture 
1/18 

Culture 
1/19 

Culture  
1/24 

Culture 
1/27 

Culture  
1/28 

Culture 
1/30 

Genus Maribacter  Maribacter  Maribacter  Maribater  Maribacter Maribacter 

Morphology Rods Rods Rods Rods Rods Rods 

Optimal 
temperature for 
growth (25-51oC) 

31 31 31-37 31 31 31 

Optimal salinity 
requirement for 
growth (0-75 % 
seawater) 

~75 % ~75 % ~75 % ~75 % ~75 % 30-75 % 

Utilization as C-source (Response factors a): 

Alginate ++ ++ ++ ++ ++ ++ 
Alginate oligomers ++ ++ ++ ++ ++ ++ 
Laminarin ++ + ++ ++ + ++ 
Mannitol ++ ++ ++ ++ ++ ++ 
Glucose o + ++ ++ ++ ++ 
Ethanol ++ o o o o o 
a Response factors: o, no impact on growth; +, significant impact on growth; ++, very significant impact on 
growth 

 

Table 6-4: Summary of culture isolate characteristics belonging to the genus Maribacter (morphology, 
temperature and salinity requirement and substrate utilisation). 

Characteristics Culture  
1/31 

Culture 
2/36 

Culture 
 4/121 

Culture  
4/125 

Culture  
4/128 

Culture 
5/132 

Genus Maribacter Maribacter Maribacter Maribacter Maribacter Maribacter 

Morphology Rods n.t. Rods Rods Rods Cocci 

Optimal temperature 
for growth (25-51oC) 

25-31 31 31 31 31 31 

Optimal salinity 
requirement for growth 
(0-75 %) 

~30 % ~75 % ~75 % ~75 % n.t. ~75 % 

Utilization as C-source (Response factor a): 

Alginate n.t. ++ ++ ++ ++ ++ 
Alginate oligomers n.t. ++ ++ ++ ++ ++ 
Laminarin n.t. ++ ++ ++ ++ ++ 
Mannitol n.t. ++ ++ ++ ++ ++ 
Glucose ++ ++ ++ ++ ++ ++ 
Ethanol o + o o o + 
a Response factors: o, no impact on growth; +, significant impact on growth; ++, very significant impact 
on growth; n.t. = not tested 
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Colonies have yellow-orange pigmentation and are motile (Johansen et al. 1999). As this 

species is known for its capacity to degrade cellulose and has been shown to possess a wide 

range of other hydrolytic enzymes, this makes this genus an interesting platform for 

identification of new halotolerant cellulosic enzymes. 

Strain 5/153 was shown to utilize alginate, alginate oligomers, laminarin, glucose, mannitol 

and ethanol (Table 6-5). This strain was shown to be non-fermentative bacterium as acid 

production was not observed from any of these substrates. However, other members of this 

genus have been shown to produce acids from monosaccharides (Bowman 2000). 

Table 6-5: Summary of culture isolate characteristics (Genus, morphology, temperature and salinity 
requirement and substrate utilization). 

Characteristics Culture  
3/74 

Culture  
2/49 

Culture  
5/153 

Genus Cobetia Marinobacter Cellulophaga 

Morphology Rods Rods Rods 

Optimal temperature for growth (25-51oC) n.t. <25 25-31  

Optimal salinity requirement for growth (0-75 %) n.t. n.t. ~ 30 % 

Utilization as C-source (Response factor a): 

Alginate + o ++ 
Alginate oligomers ++ ++ ++ 
Laminarin o o ++ 
Mannitol ++ o ++ 
Glucose ++ o ++ 
Ethanol o + ++ 
a Response factors: o, no impact on growth; +, significant impact on growth; ++, very significant impact on 
growth; n.t. = not tested 

 

6.3.4.2. MARINOBACTER 

Strain No. 2/49 was identified as Marinobacter, which is a genus of the family of 

Alteromonadaceae. Species are described as Gram-negative, non-spore forming, and rod 

shaped cells. They are motile by the use of a polar flagellum. These organisms are capable of 

extremophilic lifestyles and have been found throughout the water column (Huu et al. 1999). 

They are moderately halophilic and mesophilic, and growth of cells occurred at NaCl 

concentrations between 0-20 % with optimal level at 5 % NaCl. Marinobacter have come to 

the forefront of environmental science community as many species of this genus have been 

reported to degrade crude oil and aromatic hydrocarbons such as benzene, toluene, 
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ethylbenzene, and xylene (BTEX) and have a role in clean up oil spillages (Gauthier et al. 1992, 

Huu et al. 1999, Gu et al. 2007, Berlendis et al. 2010). Several Marinobacter can grow 

anaerobically in the presence of nitrate and organic acids, but not on glucose (Huu et al. 1999, 

Green et al. 2006). 

Marinobacter strain 2/49 and Cobetia strain 3/74 were one of a few strains only able to utilise 

alginate degradation products but not undigested alginate (Table 6-5). Strain 2/49 was also 

able to utilise ethanol but none of the other substrates (mannitol, glucose, laminarin and 

alginate) (Table 6-5). As the pH of all media did not shift by more than two pH units and it was 

also not able to utilise algal polysaccharides this strain was classified as being non-hydrolytic 

and non-fermentative, and not of interest for bioethanol production. However, as other 

species have shown to hydrolyse alkanes and BTEX it appears that this strain might also has a 

preference for hydrocarbons and some crude oil components and therefore could have other 

industrial uses, such as for bioremediation. 

6.3.4.3. COBETIA 

The strain 3/74 belongs to the genus Cobetia, which comprise aerobic, Gram-stain-negative, 

halophilic, heterotrophic, rod-shaped micro-organisms (Ben Ali Gam et al. 2007). This genus is 

distinct from the genus Halomonas (Arahal et al. 2002) and is one of 11 genera of the family 

Halomonadaceae. 

In liquid culture using carbohydrate selective media (see Section 2.8) strain 3/74 grew on 

alginate oligomers, glucose and mannitol (Table 6-5), and produced acid from glucose only 

dropping the medium to pH 3.5 (Appendix L). This strain did not grow well on native alginate 

or laminarin but was one of only 15 isolates that were able to utilise the breakdown products 

of alginate following enzymatic digests (Table 6-5). This was unusual as in over 85 % of the 

cases microorganisms that were able to metabolize alginate were also able to use alginate 

oligomers and vice versa (Appendix L). A comparison of Cobetia strain 3/74 BIOLOG data with 

that of Cobetia marina and Cobetia crustatorum (Arahal et al. 2002, Kim et al. 2010) showed 

that strain 3/74 displayed a broader substrate range than the other Cobetia species (Table 

6-6). 
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Table 6-6: BIOLOG GN2 data for Cobetia strain 3/74, C. marina and C. crustatorum 

BIOLOG substrates Strain 3/74 C. marina a C. crustatorum b 

Fructose + nd nd 
Galactose + + nd 
Glucose + + nd 
Maltose + - + 
Sucrose + - + 
Turanose + - + 
Arabinose - - + 
Lactulose - - + 
Psicose - - + 
Mannitol + + + 
Inositol + + nd 
Tween 80 + - + 
Tween 40 + nd nd 
Methyl-pyruvate + - + 
Mono-methyl-succinate + nd nd 
Cis-acontic acid + - + 
Gluconic acid - - + 
Citric acid + + nd 
Galactonic acid lactone + nd nd 
β-hydroxy butyric acid + + - 
α-hydroxy butyric acid - - + 
γ-hydroxy butyric acid nd - + 
α-keto glutaric acid + + nd 
D,L –lactic acid + - + 
Propionic acid + + nd 
Succinamic acid - + - 
Succinic acid + + nd 
Bromo succinic acid + nd nd 
D-Alanine + - + 
L-Alanine + + - 
Alanyl glycine + - + 
Asparagine + nd nd 
Aspartic acid + + - 
Glutamic acid + + + 
Proline + - + 
Pyroglutamic acid + - + 
Serine + - + 
D,L-Carnitine + nd nd 
γ-Amino butyric acid + - + 
Inosine + + - 
Putrescine + nd nd 
Glycerol + - + 

nd = no data; +, growth observed; -, no growth observed; a (Arahal et al. 2002); b (Kim et al. 2010) 

 

As discussed in Section 6.3.1.1, strain 3/74 belongs to the group of fermentative marine 

bacteria and this was further explored. However, ethanol production was not detected by 

HPLC assay when cells were grown on glucose containing medium (data not shown). HPLC was 
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also used to try and determine the type(s) of organic acids strain 3/74 was producing, but this 

was inconclusive (data not shown). Nevertheless, its ability to produce organic acids offers the 

potential to use this strain as a platform for metabolic engineering to redirect central 

metabolism toward ethanol production, as has already been demonstrated in the marine 

bacterium Sphingomonas sp. A1 (Takeda et al. 2011). 

6.3.4.4. PSEUDOALTEROMONAS 

Isolates 2/50 and 2/65 were phylogenetically identified to be two identical strains of 

Pseudoalteromonas (Table 6-7). This genus is gram-negative, heterotrophic, non-fermentative 

aerobes, possessing a strictly respiratory type of metabolism with oxygen as the terminal 

electron acceptor. Growth of culture 2/50 on ZM 1 agar plates was observed in a candle jar 

after 5 days at room temperature, which indicates that this strain is capable of microaerophilic 

growth. However, reports of microaerophilic growth amongst this genus are rare, with only P. 

denitrificans (Enger et al. 1987) and a species isolated from Gulf of Mexico sediment samples 

being reported to be capable of microaerobic growth (López et al. 2012). It is not uncommon 

for strictly aerobic bacteria to survive microoxic conditions and it has been demonstrated that 

bacteria with the potential to respire under these conditions are phylogenetically diverse and 

widespread in nature (Morris and Schmidt 2013). As these strains were isolated from sheep 

gut rumen, it may represent a specific adaptation to this anoxic environment. 

Many Pseudoalteromonas species require sodium for growth (Brenner, Krieg et al. 2005) 

minimum levels required will vary, but are usually ≥20 mM of Na+. In this thesis, it was shown 

that the two strains grew best at approximately 130 mM of sodium (ca. 30 % seawater), 

compared to all other strains which grew better at approximately 430 mM of sodium (ca. 75 

% seawater)(Figure 6.2). As discussed in Section 6.3.2, it is speculated that these bacteria may 

have adapted to the less saline environment of the sheep gut. 

Strain 2/50 was only able to utilise dextrin and galactose of the 95 total carbon sources in the 

BIOLOG GN2 plates (Table 6-8). Compared to 14 other species of this genus, there were only 

three other strains, P. luteoviolacea, P. aurantia and P. undina, which had as limited a 

substrate range as strain 2/50 (Table 6-8). In marine media, strain 2/50 was able to grow well 
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in shake flasks using alginate, alginate oligomers, laminarin, glucose and mannitol as 

substrates (Table 6-7). The ability of this strain to use a wider range of carbon sources than 

was suggested by the BIOLOG GN2 data, suggests that other factors may be required for 

metabolism, such as the yeast extract and peptone which was part of the make-up of marine 

media. Both strains utilized alginate, alginate oligomers and laminarin for growth, but acid 

production from glucose was modest (pH 5-6). Mannitol, even though it was used for growth, 

did not produce acid. 

Table 6-7: Summary of isolates belonging to the genus Pseudoalteromonas (morphology, temperature and 
salinity requirement and substrate utilization) 

Characteristics Isolate 2/50 Isolate 2/65 

Genus Pseudoalteromonas Pseudoalteromonas 

Morphology Rods Rods 

Optimal temperature for growth (25-51oC) 31 31 

Optimal salinity requirement for growth (0-75 %) ~30 % ~30 % 

Utilization as C-source (Response factor a):  

Alginate ++ ++ 
Alginate oligomers ++ ++ 
Laminarin ++ ++ 
Mannitol ++ + 
Glucose ++ ++ 
Ethanol + + 
a Response factors: o, no impact on growth; +, significant impact on growth; ++, very significant impact on 
growth 

 

Pseudoalteromonas species have attracted significant interest because of their close 

association with eukaryotic hosts and their ability to produce secondary metabolites such as 

antibiotics. Species have been found in invertebrates such as mussels (Ivanova et al. 1996), 

tunicates (Holmström et al. 1998), sponges (Ivanova et al. 1998) and fish such as pufferfish 

(Simidu et al. 1990). Their existence in a variety of habitats and their cosmopolitan distribution 

suggest that the adaptive and survival strategies expressed by Pseudoalteromonas species are 

diverse, efficient and of great interest for both basic and applied research (Holmström and 

Kjelleberg 1999). Pseudoaltermonas spp. have been shown to possess a range of enzymatic 

activities such as cellulase activity (Violot et al. 2005, Kim et al. 2009), alginate lyase activity 

(Ma et al. 2008, Li et al. 2011), agarase activity (Schroeder et al. 2003), laminarinase activity 

(Alexeeva et al. 2002, Nakatani et al. 2012) and fucoidanase activity (Alexeeva et al. 2002, 
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Nedashkovskaia et al. 2002). One species, P. issachenkonii, was found to have a wide range of 

hydrolytic enzymes, capable of the hydrolysis of the main polysaccharides, e.g. alginic acids, 

cellulose, laminarans, and fucoidans, of brown alga (Warren 1996). 

Table 6-8: Summary of phenotypic characteristics of different Pseudoalteromonas spp. in comparison to 
Pseudoalteromonas strain 2/50. 

BIOLOG substrates 2/50 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Ribose - - - - - - - nd - - + - + nd - 
Fructose - d - + +  + d - - d + + + + - 
Galactose + d + - + + + - - d - - + nd - 
Mannose - + d + +  - d nd - + d + d - - 
Cellobiose - - d - + + d - - - d - d nd - 
Lactose - - - - + + + - - - d - d + - 
Maltose - + + d + + + + + + - d + + + 
Melibiose - - - - + + + nd - - nd - + + - 
Sucrose - + - - +  + + - - + d - + + + 
Trehalose - d - + + - + nd + + d + + - d 
Mannitol - d + - + + + - - - d - d + - 
D-gluconate - - d - - - - - - - d - d - - 
Glycerol - - + - d + - - - - d - d - - 
Acetate - + - - + + + + - + d - d + + 
Succinate - + + - d + - - - + + - + + + 
Pyruvate - + nd - nd nd + + d + + - d + + 
Fumarate - + nd - d + - - - + d - - + + 
DL-Malate - - - - - + - nd - + - - + nd - 
DL-Lactate - - - - - - - - d - d - - nd - 
Citrate - + d - + + + - - + d - - + - 
2-oxoglutarate - - nd - - + - nd - - - - + nd - 
Aconitate - + nd - + - + nd nd - + - + nd - 
p-hydroxybenzoate - - - - - + - - - - + - + nd - 
DL-α-Alanine - + + - - - + + + - d - + nd + 
L-glutamate - d + - - - - + - - + - + nd - 
L-ornithine - - nd - - - d - - - + - + nd d 
L-proline - d + - - - + + d d + - + nd d 
Dextrin + nd nd nd nd nd nd nd nd nd nd nd nd nd nd 
Pigmentation - - - + - - - + + + - + - - - 
Growth at 4 oC nd −  +  +  +  +  − - - - - + - + + 
Growth at 37 oC - nd nd nd nd nd nd + + + - - + + - 

nd = no data; +, 90 % or more of the strains are postive; - , 90 % or more of the strains are negative; d, 11-89 % of the 
strains are postive different reactions occur in different taxa. 1, P. haloplanktis ATCC 14393; 2, P. antarctica CECT 
4664; 3, P. aurantia ATCC 33046; 4, P. atlantica ATCC 19262; 5, P. carrageenovora ATCC 12662; 6, P. espejiana ATCC 
29659; 7, P. denitrificans ATCC 43337; 8, P. luteoviolacea ATCC 33492; 9, P. piscicida ATCC 15057; 10, P. citrea ATCC 
29179; 11, P. aurantia ATCC 33046; 12, P. nigrifaciens ATCC 19375; 13, P. issachenkonii PAMC 22718; 14, P. undina 
ATCC 29660; species 1-12 (Brenner et al. 2005), and species 13-14 (Ivanova et al. 2003). 

 

6.3.5. ENZYMATIC ASSESSMENT OF CULTURE ISOLATES 

Selected culture isolates that grew well on alginate and laminarin were cultivated using two 

different media to investigate the impact of media composition on enzyme activity. The effect 

of enzyme extracts on saccharification and alginate degradation were assessed using seaweed 
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media and alginate solutions. A preliminary analysis of the proteins present in the intra- and 

extracellular fractions of cells grown in primary and secondary induction media was 

undertaken using SDS-PAGE gel electrophoresis, but this not presented here (see Appendix N 

and O). 

Each strain was grown in primary induction medium containing sodium alginate, mannitol and 

laminarin to promote glucanase and alginate lyase activities, but also yeast extract and 

peptone to increase the total biomass of the enzyme-producing strains. Subsequently cells 

were harvested and transferred into secondary induction medium, which contained L. 

hyperborea (25 g l-1) and was enriched with yeast extract (0.5 %) and grown for a further 2 

days. Enzyme activities in the primary cell lysate, and supernatants of the primary and 

secondary induction growth stages were analysed. Both supernatant and cell lysate extracts 

were clarified by membrane filtration before enzymatic assessment to allow the screening of 

larger numbers of cultures. Prior to the use of membrane filtration, ammonium sulphate 

precipitation and concentration of the extracts had been tested, but this resulted in extracts 

showing no enzymatic activity (data not shown) and was subsequently not used. The results 

of saccharification and alginate lyase activities of the 23 selected isolates are shown in Table 

6-9 and Table 6-10. The protein content from all cultures were similar, with an average of 1028 

mg l-1 and 1033 mg l-1 in the supernatants of primary and secondary induction media, and 

1032 mg l-1 in the cell lysate of primary induction media, respectively. The average alginate 

lyase activity of isolates grown in secondary induction medium was double (0.9 Units mg-1 

protein) the average activity measured in primary induction medium (0.4 Units mg-1 protein). 

This data highlighted that in 92 % of the cases (Table 6-9 and Table 6-10) higher alginate lyase 

activities were achieved using the secondary induction medium. In particular, extracellular 

enzymes from Pseudoalteromonas, Maribacter and Cellulophaga were largely induced in 

seaweed containing media. It has been observed previously that purified alginate could induce 

alginate lyase production but not as efficiently as Laminaria powder (Fu et al. 2008). Seaweed 

does not provide a ready source of dissolved carbon, and therefore bacteria have to excrete 

extracellular enzymes to hydrolyse insoluble components such as alginate, which then can be 

taken up by the microorganism. In the case of growth media where alginate was already in 
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solution, the excretion of extracellular enzymes was therefore not necessary. In addition, 

media components such as peptones and amino acids in yeast extract provide the essential 

nitrogen needed for enzyme production (Mohamad et al. 2011) and have shown to induce 

laminarinase and alginate lyase production in marine bacteria (Davis 1992). 

Glucanase activity present in the supernatant of isolates grown in primary and secondary 

medium showed a similar trend to alginate lyase activities (Table 6-9 and Table 6-10). Average 

saccharification yields from A. esculenta were higher in supernatants of secondary induction 

medium (1.6 %) compared to supernatants of primary induction media (1.1 %). Comparison 

of the two data sets showed that there was a significant correlation between glucose yields (r 

= 0.538; P= 0.008) confirming that most cultures had a higher enzymatic activity in secondary 

induction medium such as species belonging to Maribacter (strain 4/125, 2/31 and 4/128) and 

Pseudoalteromonas (2/65). 

Interestingly glucanase activity present in the cell lysates of isolates grown in primary 

induction medium demonstrated that in only 26 % of the cases was glucanase activity higher 

compared to glucanase activity in secondary induction media. This suggests that for most 

isolates the glucanases were extracellular. On average, saccharification yields in cell lysates 

were similar to saccharification yields from secondary induction media, liberating on average 

1.7 % of glucose from biomass. Two results were noticeably higher, where the cell lysates from 

strains 2/50 and 2/65 produced glucose yields of 7.1 and 6.4 %, respectively (Table 6-10). As 

both strains had identidical 16S gene sequences, it was decided to investigate isolate 2/50 

only. This culture was re-assessed and described in more detail in Section 6.3.6. 
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Table 6-9: Protein content and enzymatic activities in supernatant and cell lysates of isolates grown in induction media.  

Culture 
  

Cell lysate of primary induction 
mediuma 

Supernatant of primary induction mediuma Supernatant of secondary induction mediumb 

Protein 
mg l-1 

Saccharification 
yield ( %)c 

Protein 
mg l-1 

Alginate lyase acitivity (unit)d Saccharification 
yield ( %) 

Protein 
mg l-1 

Alginate lyase 
acivity (unit) 

Saccharification 
yield ( %) 

1/18 1019 1.9 1098 0.44 1.1 1048 0.55 1.7 

1/19 1757 1.4 976 0.84 0.4 756 0.48 1.4 

1/24 1336 1.6 809 0.38 0.5 609 0.77 1.5 

1/25 1055 1.8 1005 0.67 1.8 720 0.72 2.7 

1/26 1108 2.3 1005 0.75 1.2 859 0.48 1.8 

1/27 1810 2.7 927 0.57 1.1 745 0.68 1.7 

1/28 759 1.4 1094 0.46 1.3 720 0.74 1.9 

1/29 21 0.4 798 0.30 0.7 659 0.62 0.7 

1/30 1172 1.3 1037 0.57 1.8 649 0.87 1.5 

1/31 909 0.9 991 0.70 1.2 527 1.07 2.3 

2/33 1297 1.8 1155 0.60 2.0 684 0.75 2.6 

2/36 873 1.5 1073 0.46 1.2 891 0.60 1.9 
a Primary induction media (g l-1): Mannitol (5), bacto peptone (5), alginate (5), laminarin (4), yeast extract (1), 75 % seawater 
b Secondary induction media (g l-1): L. hyperborea (25), yeast extract (5), 75 % seawater 
c Saccharification yields were expressed as the percentage of glucose liberated from the total solid content of A. esculenta. 
d Specific alginate lyase activity was determined using the difference in absorbances of an alginate solution after a 30 minute incubation at 37 oC, where 1 Unit was defined as the 
increase in absorbance at 235 nm after 1 minute 
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Table 6-10: Protein content and enzymatic activities in supernatant and cell lysates of isolates grown in induction media.  

Culture 
  

Cell lysate of primary induction mediuma Supernatant of primary induction mediuma Supernatant of secondary induction mediumb 

Protein 
mg l-1 

Saccharification 
yield ( %)c 

Protein 
mg l-1 

Alginate lyase acitivity 
(unit)d 

Saccharification 
yield ( %) 

Protein 
mg l-1 

Alginate lyase 
acivity (unit) 

Saccharification 
yield ( %) 

2/49 766 0.3 1568 0.12 0.3 1265 0.37 0.5 

2/50 649 7.1 403 0.32 0.4 349 1.29 1.4 

2/65 649 6.4 378 0.32 1.0 128 2.86 2.0 

4/121 969 1.1 1005 0.42 1.9 738 0.85 1.4 

4/122 1383 1.4 1023 0.58 2.6 777 0.95 1.5 

4/125 1422 1.9 976 0.67 1.5 930 0.73 2.2 

4/128 1101 1.6 1058 0.44 1.4 805 0.86 2.3 

5/132 699 0.3 937 0.27 0.3 681 0.71 0.4 

5/153 2470 1.4 870 0.25 0.4 681 1.38 0.4 

5/157 207 0.3 1917 0.05 0.3 388 1.31 2.4 

5/163 321 0.4 1550 0.05 0.3 1418 0.45 0.6 
a Primary induction media (g l-1): Mannitol (5), bacto peptone (5), alginate (5), laminarin (4), yeast extract (1), 75 % seawater 
b Secondary induction media (g l-1): L. hyperborea (25), yeast extract (5), 75 % seawater 
c Saccharification yields were expressed as the percentage of glucose liberation from the total solid content of A. esculenta. 
d Alginate lyase activity was determined using the difference in absorbances of an alginate solution after a 30 minute incubation at 37 oC, where 1 Unit was defined as the increase in 
absorbance at 235 nm after 1 minute 
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6.3.6. SACCHARIFICATION AND FERMENTATION ASSESSMENT 

The enzymatic activity produced by Pseudoalteromonas strain 2/50 showed particular 

promise for seaweed saccharification and it was chosen for further assessment (Table 6-11 

and Table 6-12). To do this, strain 2/50 was grown in media prepared with different seaweeds, 

laminarin or cellulose, from which the cell lysate was compared with dilute acid as a method 

to saccharify the seaweed. The liberated sugars were then fermented to assess the yield of 

ethanol. 

The protein content of the sonicated cell suspension (100 g l-1) of culture 2/50 grown in 

primary induction media was found to be 3.6 g l-1. Addition of 2 and 8 ml of this cell lysate to 

23 and 17 ml of seaweed assessment media resulted in a volumetric addition of 8 and 20 %, 

equal to a final protein concentration of 0.29 and 0.72 mg ml-1 respectively (see Table 6-11). 

The cell lysate of strain 2/50 was shown to have the ability to hydrolyse the glucan content of 

L. hyperborea and S. latissima based on the assay of glucose produced using these enzymatic 

hydrolysates (Table 6-11). Glucose yields from L. hyperborea were comparable to those of acid 

hydrolysis, and in the case of S. latissima, the cell lysates achieved a 50 % higher glucose yield 

than acid hydrolysis. It was also shown that no further significant improvement in 

saccharification yields were achieved when a higher volumetric addition of cell lysate was 

added, as yields only increased by ≤ 10 % (Table 6-11). 

Saccharification experiments carried out in Chapter 4 showed that dilute acid hydrolysis was 

efficient at hydrolysing the laminarin content only. As enzymatic saccharification using strain 

2/50 cell lysate gave glucose yields comparable to or better than acid hydrolysis, it is believed 

that laminarin was the main glucose resource being liberated. As enzymatic processes are 

thought to provide a less harsh environment, with little or no degradation of saccharification 

products, it is believed that higher glucose yields could be attributed to the enzymes not 

degrading sugars. A second possibility is that the enzymatic activity of strain 2/50 cell lysate is 

accessing additional sugars from cell wall components and other storage products that are 

less efficiently accessed by acid treatment. Most likely, this could be cellulose, which can 

comprise up to ca. 10 % of seaweeds such as L. hyperborea and S. latissima. 
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It was notable that the cell lysates from strain 2/50 liberated relatively little glucose from 

laminarin and cellulose (Table 6-11), and yet, the evidence is that laminarin was the principal 

source of glucose from seaweed biomass. Therefore, why the yields were below 4 % is 

unknown. Potentially, missing co-factors or other environmental parameters such as ionic 

strength of the assay are seen as likely causes for the lack of enzyme activity against laminarin. 

The principal difference in the assays were that 0.01 M sodium acetate buffer was used to 

suspend the laminarin and cellulose, whereas seaweed saccharification assays contained up 

to 25 g l-1 seaweed, and therefore, were more likely to contain higher amounts of salts due to 

leakage of these from the seaweed. 

It has been reported that marine enzymes usually function best in saline environments (Lang 

et al. 2005), which would seem to agree with these saccharification results (Table 6-11) but 

also that all isolates are adapted to saline seaweed media (see Section 6.3.2). As the laminarin 

and cellulose assays were designed for use with terrestrial derived enzymes, the ionic 

composition required for marine enzymes appeared to be different and needs to be 

established. The use of 0.01 M sodium acetate in the enzyme assays represents 1/60th the 

sodium content of seawater. This was possibly too low for the enzyme activity of 2/50 cell 

lysates to function properly. Activity of an α-amylase isolated from a marine Streptomyces 

decreased dramatically in the absence of sodium chloride (Chakraborty 2009). Also, studies 

describing alginate lyase activity in marine bacteria showed that in addition to sodium and 

potassium, divalent cations such as calcium, magnesium and manganese were required for 

enzyme activity (Huang et al. 2013). Therefore it is believed that the lack of activity seen with 

artificial laminarin and cellulose containing media was largely due to the reduced ionic 

strength of the buffer, but may also include a requirement for additional co-factors to be 

supplied. 

To further demonstrate the utility of strain 2/50 cell lysates for saccharification, the ethanol 

yield from the hydrolysates were assayed (Table 6-12). In the case of L. hyperborea ethanol 

yields from acid and enzyme hydrolysates were comparable regardless of whether acid or 

increased cell lysate enzyme was used. This indicated that both types of hydrolysates 

contained equal amounts of glucose, which was confirmed by the saccharification (Table 
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6-11). In the case of S. latissima enzyme preparations were more efficient at saccharification 

and fermentation. A 33 % higher ethanol yield was seen using a 20 % volumetric addition of 

cell lysate compared to ethanol yields from acid hydrolysates, which closely mirrored the 

observed 37 % increase in glucose yield. Theoretical ethanol yields of 0.55 and 0.58 (g ethanol 

per g of glucose from enzymatic digests) were calculated for S. latissima and 0.59 and 0.61 for 

L. hyperborea. Yields greater than the theoretical maximum of 0.51 from glucose have been 

observed previously and described in Chapter 5. As ethanol yields from saccharified laminarin 

and cellulose were higher than saccharification yields, and it is believed that is an error related 

to the low concentration of glucose and ethanol, were HPLC analysis was found to be 

inaccurate. 

Table 6-11: Saccharification yields using strain 2/50 cell lysates and acid hydrolysis. 

Cell lysate additiona Protein Saccharification yields ( %) b 

 % (v v-1) (mg ml-1) L. hyperborea S. latissima Laminarin Cellulose 

8 0.29 6.9 10.5 3.6 1.9 
20 0.72 7.3 11.6 n.d. n.d. 
0.5M H2SO4 none 7.4 ± 0.0 7.5 ± 1.3 n.d. n.d. 
a Cell lysate was added at 8 and 20 % to the volume of substrate; substrate concentrations were 25 g l-1 

seaweed, 3 g l-1 laminarin and 5 g l-1 cellulose. 
b Saccharification yields were expressed as a percentage of amount of glucose liberated from the amount of 
substrate (g g-1); n.d. = not determined; the means ± standard deviation were derived from two samples. 

 

Table 6-12: Ethanol yields following saccharification using strain 2/50 cell lysates and acid hydrolysis a. 

Cell lysate addition Protein Ethanol yield ( %) a 

 % (v v-1) b (mg ml-1) L. hyperborea S. latissima Laminarin Cellulose 

8 0.29 4.1 ± 0.0 5.8 ± 0.2 4.7 ± 2.7 2.5 ± 1.1 
20 0.72 4.5 ± 0.1 6.7 ± 0.2 n.d. n.d. 
0.5M H2SO4 none 4.5 ± 0.3 5.0 ± 0.4 n.d. n.d. 
a S. cerevisiae was used for fermentation; 
b Cell lysate was added at 8 and 20 % to the volume of substrate; substrate concentrations were 25 g l-1 
seaweed, 3 g l-1 laminarin and 5 g l-1 cellulose; 
c Ethanol yields were derived from S. cerevisiae fermentation of hydrolysates and expressed as a percentage 
of glucose liberated from substrate (g g-1); 
n.d. = not determined; the means ± standard deviation were derived from two samples. 

 

The conclusion from this experiment was that a crude cell lysate prepared from 

Pseudoaltermonas strain 2/50 was as or more effective than acid hydrolysis for the 

saccharification of seaweed. Although a comparison of this cell lysate to the commercial 
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cellulosic/hemicellulosic/glucanae enzymes has not been undertaken, it would be important 

to do so to confirm that strain 2/50 shows significant promise as a source of enzymes for 

seaweed saccharification. 

As indicated above, ammonium sulphate precipitation was attempted, but no enzyme activity 

was detected in the concentrated enzyme preparations (Appendix N). Ongoing work in this 

laboratory that I have assisted with, during the writing phase of this thesis, has now identified 

that ammonium sulphate precipitation can be used successfully to concentrate protein from 

the cell lysate. The reason was that the ammonium sulphate precipitate must be suspended 

in a buffer contains sufficient Na+, as resuspension in a TRISMA only buffer resulted in 

irreversible enzyme inactivation.  



Chapter 6 

 

258 
 

6.4. CONCLUSIONS 

The design of this culture-screening program focused on the cultivation of heterotrophic 

bacteria capable of degrading biopolymers derived from seaweeds with the primary aim to 

identify novel microorganisms and their activity that could be used for seaweed 

saccharification. A secondary aim was to try and isolate microorganisms that could or had the 

potential to produce ethanol based on the hypothesis that ethanol producers can often 

catabolise ethanol. 

There were several exciting findings made from the culture screening. In particular, the 

identification of the enzymatic potential of the Pseudoalteromonas strains 2/50 (and 2/65) for 

seaweed saccharification is important. Temperature profiling showed that their growth 

optimum was approximately 31 oC with a sharp decline above this temperature. In addition, 

both strains differed in their requirement for lower salinity (~30 %) compared to most other 

isolates. As these strains were derived from an enrichment of sheep gut rumen, it is thought 

that these strains have adapted to the less saline environment of the gut rumen of the sheep. 

As this bacterium appears well adapted to the degradation of seaweed biopolymers, it is 

thought that this organism may perform this function in the sheep rumen. In addition, this 

bacteria was able to grow under microaerophilic conditions, which appears to be different to 

other reported species of Pseudoalteromonas, with the exception of P. denitrificans (Enger et 

al. 1987). 

The activity of soluble enzymes derived from strains 2/50 (and 2/65) on glucose yield and 

ethanol production was demonstrated using three different types of seaweed (A. esculenta 

(Table 6-10), L. hyperborea (Table 6-11) and S. latissima (Table 6-12). Another 

Pseudoalteromonas strain has been used for the simultaneous saccharification and 

fermentation of microalgal biomass to ethanol (Matsumoto et al. 2003), but it is not possible 

to use strain 2/50 for this yet, as strain 2/50 does not evidently produce ethanol. However, 

strain 2/50 has a fermentative metabolism (glucose) that could potentially be genetically 

engineered to produce ethanol. 
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As saccharification using cell lysates gave similar glucose yields to dilute acid, it is believed that 

the principal enzymes responsible in the cell lysates of strains 2/50 and 2/64 were 

laminarinases (exo- and endo-glucanases), but this has yet to be proven. This suggests that 

these microorganisms must be able to access and transport laminarin derived molecules, 

possibly oligomers that have been cleaved by extracellular glucanases, into the cell for its 

complete catabolism. The location of laminarinases such as endo-β-1,3-glucanases which 

cleave β-linkages at random sites along the polysaccharide chain, releasing short 

oligosaccharides have been reported in fungi to be cell bound (Mrsa et al. 1993, Fontaine et 

al. 1997), while the periplasmically bound exo-β-1,3-glucanase which hydrolyze 

oligosaccharides by sequentially cleaving glucose residues from the nonreducing end, can be 

released extracellularly (Santos et al. 1979, Kuranda and Robbins 1987). Extracellular β-1,3-

glucanase activity has been widely reported in fungal species such as Trichoderma (Vazquez-

Garciduenas et al. 1998), Pichia (Xu et al. 2006) and Saccharomyces (Gummadi et al. 2009) but 

also in bacterial species such as Bacillus (Aono et al. 1995). Ultrasonication is a widely used 

method for the release of cytoplasmid and periplasmic enzymes, and it is believed that the 

use of this method for cell lysis of strain 2/50 biomass resulted in both exo- and endo-type 

glucanases being released into the lysate. 

The second isolate of interest belongs to the genus Cobetia. This isolate (strain 3/74) is a 

member of the family Halomonadaceae, like Zymobacter. Zymobacter palmae is a non-

halophilic bacterium that can ferment maltose, mannitol and glucose to ethanol. Cobetia 

strain 3/74 was shown to utilize these substrates but it is halo-tolerant. It is not known 

whether this strain is a facultative anaerobe like Z. palmae with the necessary pathways for 

ethanol-production. Nevertheless, its ability to produce acid (depressing culture media to pH 

3.5) from glucose and use ethanol as a growth substrate, suggest that it may have the 

fermentative metabolism capable of producing ethanol, although ethanol production was not 

detected in this isolate. As this strain is halophilic and capable of utilizing alginate breakdown 

products, it could be a platform for metabolic engineering to produce ethanol. Investigation 

into the type of organic acid produced will help to identify its metabolic pathways. So far all 

isolated species belonging to the genus Cobetia have been reported as aerobes (Arahal et al. 
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2002, Kim et al. 2010, Romanenko et al. 2012) but identification of the type of cellular 

respiration will help to clarify if this microorganism could be a facultative anaerobe, an 

important requirement of an industrial ethanol producing strain, as aeration at industrial scale 

is costly.   
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6.5. KEY FINDINGS AND RECOMMENDATIONS 

 Pseudoaltermonas strain 2/50 and 2/65 are outstanding candidates in this culture 

collection. Crude cell lysates (without protein concentration) achieved saccharification 

yields similar or better than dilute acid hydrolysis for three different seaweed species. 

Fermentation of these hydrolysates yielded ethanol yields that mirrored the higher 

saccharification yields. However, it is not clear at this stage if laminarinases and 

cellulases (or other enzymes) were involved in the release of glucose as specific 

enzyme assays for laminarinases and cellulases were negative. It is necessary to carry 

out further studies of the enzymes to identify the types of enzymes, their stability and 

their optimum dosage, pH and temperature. Robust enzymes with a wide range of 

activity under extreme conditions such as low pH and high temperature would reduce 

the risk of contamination using fresh and non-pasteurised seaweed. This would also 

enable the development of a more robust saccharification process. 

 Specific enzymatic saccharification assays of laminarin and cellulose were negative. As 

glucose was released from these cultures from seaweed biomass it is believed that the 

buffer used (0.01 M sodium acetate) did not provide the physiological conditions 

necessary for marine enzymes to work, and it is therefore recommended to use saline 

containing buffers of near seawater salinity levels. 

 Cobetia strain 3/74 can utilize glucose, mannitol and alginate oligomers – the main 

three components from saccharification of brown seaweed biomass. It has a 

fermentative metabolism based on acid production from glucose and it is halophilic. 

Therefore, strain 3/74 may be a suitable candidate for metabolic engineering if the 

carbon fluxes can be re-directed to produce ethanol. 

 The Cellulophaga strain 5/153 has not been tested in cellulose containing media but it 

should be evaluated for its potential to produce cellulases. Cellulose is a stable 

resource of insoluble glucan in seaweeds where it can account for around 12 % of the 

glucose content in seaweed biomass. 
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7. FINAL CONCLUSIONS 

7.1. OVERVIEW  

The overarching aim of this thesis was to explore the potential of using seaweed for bioethanol 

production and to develop a process to achieve this. To address these aims, a number of key 

aspects were studied that included the identification of suitable seaweed candidates based 

on their chemical composition, pre-treatment and saccharification methods and the 

identification of new microorganisms to release sugars for fermentation by ethanologenic 

yeast strains. This chapter addresses the main aims and objectives of this thesis, detailing the 

principal findings, implications and recommendations for the production of ethanol, and 

outlines specific areas requiring further research and development. 

Key findings from this thesis include: 

 Four species of kelp confirmed as a source of fermentable sugars 

 Effective conditions for seaweed biomass pre-treatment and saccharification 

 A bioethanol process from seaweed biomass. 

 

7.1.1. RESEARCH AIM 1: IDENTIFY THE MOST SUITABLE SEAWEED 

SPECIES FOR BIOETHANOL PRODUCTION 

7.1.1.1.  OBJECTIVE 1: IDENTIFY THE MOST POTENTIALLY USEFUL SEAWEEDS 

IN TERMS OF FERMENTABLE SUGAR CONTENT 

The principal focus of this objective was to analyse the sugar content of different seaweeds 

that can be grown by rope cultivation along the Scottish west coast. The four species are: A. 

esculenta, S. latissima, L. digitata and L. hyperborea. Additional species of brown, red and 

green seaweed that grow locally were also included for comparison. The rationale for focusing 

on cultivable seaweed species was that these species can be grown at a range of scales 

suitable for commercial production, and that this would not rely on harvesting wild seaweed 



Appendices 

263 
 

such as beachcast seaweed that is likely to cause significant environmental degradation (Orr 

2013). Furthermore, if this process development were to be scaled up for commercial 

production, it would require sustainable and reproducible sources of seaweed. Again this is 

likely to be only achievable through the use of cultivated biomass. 

Seasonal chemical composition analysis on seaweeds has been carried out by a number of 

researchers (Black 1950, Marinho-Soriano et al. 2006, Adams et al. 2011), but only Adams et 

al. (2011) have investigated the effect of seasonal changes on bioethanol production, but in 

doing so only examined one species, L. digitata. This thesis has expanded on the number of 

potential seaweed candidates for bioethanol production and also included the potential 

fermentation substrates alginate, fucoidan, xylan and cellulose in its seasonality studies. 

Seasonal changes in polyphenolics were also investigated because they are recognised to 

interfere with some biological processes. 

Also highlighted is that all four cultivable kelp species used in these studies could be used as 

fermentation substrates. Carbohydrates in the selected kelp species consisted largely of 

laminarin, mannitol, alginate, cellulose and fucoidans. Alginate made-up the largest fraction 

of the carbohydrates with between 29-37 % (see Section 3.3.4), followed by mannitol (17-27 

%) and laminarin (14- 24 %; see Section 3.3.5), cellulose (10-14 %) and xylan (3-5 %; see Section 

3.3.5) and fucoidan (2-5 %; see Section 3.3.5). A. esculenta and S. latissima were shown to 

contain 6- and 3-fold higher levels of polyphenolics, respectively (see Section 3.3.6), compared 

to the Laminaria spp.. The higher polyphenol content of S. latissima potentially caused 

inhibition of enzymatic saccharification processes (see Section 4.3.5.2). Members of the order 

Fucales were ruled out as potential feedstock material for enzymatic saccharification based 

on their excessive polyphenol content. 

Criteria for the selection of suitable candidates for mass maricultivation should not only 

include the chemical composition profile, but also the habitat preferences and growth rates 

of seaweeds – two subjects which were not part of this thesis. Of the four kelp species A. 

esculenta has been shown to be most impacted by environmental conditions such as light 
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exposure and water temperatures (White et al. 2013) and this should be taken into 

consideration for site selection. 

7.1.1.2. OBJECTIVE 2: DETERMINE HOW THE CHEMICAL COMPOSITION OF 

DIFFERENT SEAWEEDS VARIES ACROSS THE SEASONAL CYCLE 

As results from seasonality studies of seaweed components are scattered over a 60 year 

period, starting with Black (1948) to a more recent publication by Adams et al. (2011), it was 

the aim of this thesis to compare the chemical composition of four seaweeds over the same 

season, and to not only identify which species are most suited for fermentation, but also 

predict the best harvest times based on this chemical composition analysis. 

The main carbohydrates in kelp species were alginate, mannitol, laminarin followed by 

cellulose, fucoidan and xylan (see above). The amounts of the structural polysaccharides 

alginate, fucoidan, xylans and cellulose (see Section 3.3.3, 3.3.4 and 3.3.5) varied less through 

the seasonal cycle compared to the storage carbohydrates laminarin and mannitol (see 

Section 3.3.3). Variances in the content of the storage components laminarin and mannitol 

were significant throughout the season with the highest values usually seen in the autumn 

months. Therefore it is recommended to harvest seaweed biomass during the period of 

maximum carbohydrate content, which can differ between species, seasons and locations. 

This thesis and other research (Black 1950) have shown that best harvest times rarely were 

repeated the following year at the same time and at the same yield (see Section 3.3). 

Maximum yields of storage carbohydrates coincided with the lowest ash and polyphenol 

contents; two seaweed components with potential inhibitory effects on saccharification and 

fermentation processes. The cations potassium, sodium, calcium and magnesium were the 

main metals in the kelps species and accounted for ~30 % of the ash content. It was shown 

that bivalent metals concentrations were positively correlated to the alginate content, a 

polymer with strong ionic character and biosorption capabilities. Total metal content (mono- 

and di-valent) was highest in S. latissima followed by A. esculenta, and lowest in the two 

Laminaria spp. A positive association between the weight to length ratio of seaweeds to the 
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laminarin and mannitol content was found, which may be a useful guide to predict best 

harvest times. 

The seasonal composition analysis revealed that the time of peak carbohydrate content varied 

between species such as Alaria and Laminaria spp.. Thus, by growing several species with 

differing peak carbohydrate content can enable an extension of harvesting times, improving 

the continuity of seaweed supply for industrial bioethanol production. 

7.1.2. RESEARCH AIM 2: ESTABLISH PROCEDURES FOR THE 

SUGAR EXTRACTION FROM SEAWEED 

7.1.2.1. OBJECTIVE 3: IDENTIFY CONDITIONS FOR SEAWEED PRE-TREATMENT 

The purpose of this objective was to identify whether pre-treament of seaweed biomass 

before saccharification was required. All processes involved before saccharification were 

considered in this thesis as pre-treatment processes. Mechanical, chemical and biological pre-

treatment steps using maceration, acids and enzymes were investigated on their impact on 

saccharification. 

Acid pre-treatment of terrestrial biomass is commonly applied before its saccharification. In 

this thesis no yield enhancing benefits were observed when acid pre-treatment was applied 

to brown seaweeds (see Section 4.3.5.5), suggesting that harsh pre-treatment methods might 

not be necessary. Supplementary experiments showed that if fresh L. digitata was macerated 

only (no freeze-drying or milling) and acid pre-treated, saccharification yields were not 

enhanced, whereas maceration and acid pre-treatment of P. palmata did result in higher 

saccharification yields (see Appendix G). These results suggested that the need for pre-

treatment to maximize sugar yields might be seaweed specific, and this may be linked to the 

presence of recalcitrant components such as lignin or lignin-like material that have been 

reported in red and green seaweeds (Gunnison and Alexander 1975, Delwiche 1989, Martone 

et al. 2009). Brown seaweed biomass therefore holds the potential for reduced pre-treatment 

requirements due to these structural differences. However, targeting insoluble carbohydrates 

relies on large substrate-surface areas where pre-treatment processes before enzymatic 
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hydrolysis are believed to be benefitial. Through mechanical size reduction, pre-treatment not 

only increases the surface area of biomass but also in combination with thermochemical 

methods pasteurises seaweeds and alters the chemical structure of biomass, allowing easier 

access for enzymes. Pasteurisation processes before saccharification are necessary to reduce 

the up-take of saccharification products by foreign microorganisms. As many marine 

microorganisms have shown to be severely inhibited at temperatures around 50 oC (see 

Section 6.3.3), “low temperatures processes” could be applied to seaweed before 

saccharification to reduce the bioburden and enhance saccharification yields. 

7.1.2.2. OBJECTIVE 4: IDENTIFY CONDITIONS FOR SEAWEED HYDROLYSIS 

Saccharification is the process by which fermentable sugars are unlocked from the biomass 

source. Consequently, a core objective of this thesis was to identify processes that were 

suitable for the extraction of sugars from seaweed biomass. Evaluation of acid hydrolysis 

conditions were carried out on red, green and brown seaweeds, whereas enzyme hydrolysis 

studies focused on brown seaweeds using industrial enzyme blends, specifically designed for 

the biofuel industry. In particular, a comparison of the saccharification efficiencies between 

acid and enzyme hydrolysis of all four kelp species has not yet been reported in the literature 

and was carried out over an extended season. 

Three methods of extracting sugars from seaweed biomass were investigated. The first 

method used concentrated acid hydrolysis, and gave the highest carbohydrate yields achieved 

from all seaweed types (see Section 4.3.3). However, as the application of concentrated acid 

hydrolysis relies on a low water content of biomass this method is considered to be an 

unsuitable method using organic matter with high water contents, such as seaweeds. This 

method was subsequently only used on freeze dried seaweeds to analyse total structural 

carbohydrates. It was also concluded from using concentrated acid that besides cellulose and 

laminarin there were no other major glucose-containing heteropolysaccharides in seaweed 

biomass. 

The second method investigated used dilute acid hydrolysis. Glucose yields from dilute acid 

hydrolysis were similar to glucose yields from the control extraction method that used hot 
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water (see Section 4.3.2). Dilute acid was only able to extract a minimal quantity (ca. 5 %) of 

the glucose contained in cellulose (see Section 4.3.3). Furthermore, acid extracts contained 

more than 3 fold higher salinity equivalents than the hot water extracts (see Section 5.3.4). 

Combined, it was concluded that this method of seaweed hydrolysis was deemed of minimal 

use for saccharification. However, it was useful analytically for the selective determination of 

soluble carbohydrate (laminarin and mannitol) concentration in seaweeds. 

The third method used commercial cellulosic and hemicellulosic enzymes for the 

saccharification of seaweed biomass from four kelp species. Previous enzymatic seaweed 

saccharification processes have tested either β-1,3-glucanases and/or β-1,4-glucanases 

(Adams et al. 2009, Ge et al. 2011). Glucose yields from enzymatic hydrolysis using these 

enzymes exceeded that achieved using dilute acid hydrolysis by up to 50 % (see Section 

4.3.5.6). The higher glucose yields achieved using cellulosic enzymes indicated a partial 

degradation of cellulose, a substrate that had been shown to be resilient to dilute acid 

hydrolysis. Amongst the enzyme blends tested, NS 22086 which contained cellulosic and 

hemicellulosic enzyme activities, proved to be the most efficient, but supplementation of this 

enzyme blend with additional endo-β-1,3-glucanases enhanced the rate of saccharification 

(see Section 4.3.5.4). In addition to enhanced glucose yields, enzymatic hydrolysis also yielded 

seaweed extracts with lower salinities compared to dilute acid hydrolysis (see Section 5.3.4). 

This is important, as ethanologenic strains such as S. cerevisiae are negatively affected by 

excess salinity resulting in a reduction of ethanol yields (see Section 5.3.4). 

Two pre-treatment regimes were tested prior to enzymatic saccharification. The use of either 

alginate lyase or dilute acid as a pre-treatment method were found not to enhance ethanol 

yields significantly (see Section 4.3.5.5), suggesting that pre-treatment of seaweed biomass 

might not be necessary while using hemicellulosic enzyme blends. Finally, using either of the 

three saccharification methods above may enable a saccharification process to be tailored to 

provide specific fermentable substrates to be utilised by different fermentative organism but 

also leave a more valuable residue behind and therefore generate less waste streams to deal 

with. 
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7.1.3. RESEARCH AIM 3: IDENTIFICATION OF NOVEL 

MICROORGANISMS FOR SEAWEED HYDROLYSIS AND ETHANOL 

FERMENTATION 

7.1.3.1. OBJECTIVE 5: ASSESS WHETHER EXISTING ETHANOLOGENIC STRAINS 

CAN BE USED TO FERMENT SUGARS FROM MARINE SEAWEEDS 

This objective identified robust ethanologenic candidates for seaweed fermentation. 

Following a review of the available literature, this thesis chose to focus on two terrestrial 

yeasts, Saccharomyces cerevisiae and Pichia angophorae. S. cerevisiae was chosen because it 

is the primary ethanologenic yeast used throughout the world for industrial ethanol 

production, and a great deal is known about its physiology and metabolism. P. angophorae 

was chosen because it is reported to ferment mannitol (Horn et al. 2000), the most abundant 

monosaccharide found in a wide range of seaweeds. Both strains were then compared against 

each other, something which has not been done before, to identify their advantages and 

limitations for seaweed fermentation. 

The first step was to develop a small-scale method to easily and reproducibly ferment 

seaweed hydrolysates based on test-tube or shake flasks. These two systems were used to 

test various parameters relating to ethanol production by both strains using synthetic media 

and seaweed hydrolysates. In particular, it was shown that the S. cerevisiae strain used 

(Safdistil C-70) was capable of producing ethanol in medium containing full-strength and 

double-strength seawater at 75-85 % of the theoretical maximum (see Section 5.2.4). 

Development of a small-scale fermentation system using S. cerevisiae provided a robust 

method to assess low and high strength seaweed medium with minimal volume requirements 

(see Section 5.3.2). This easy-to-use system enabled the large quantities of seasonal seaweed 

samples to be processed and assessed based on their potential for ethanol fermentation. 

Development of a shake flask based system for P. angophorae also demonstrated that this 

simple system was able to achieve a 80 % fermentation yield using glucose and mannitol as 

substrates (Section 5.3.3). As there is an aerobic requirement for mannitol fermentation using 

this yeast strict monitoring of residual substrate levels is required to avoid consumption of 

ethanol as a carbon source. 



Appendices 

269 
 

Fermentation of extracts from dilute acid and enzymatic hydrolysis using S. cerevisiae showed 

that ethanol yields were closely correlated to the laminarin profile of seaweeds, while ethanol 

yields using P. angophorae followed both the laminarin and mannitol contents (see Section 

5.3.5). Theoretical ethanol yields from S. cerevisiae fermentation of seaweed hydrolysates 

were in 90 % of the cases higher (≥ 0.51 g of ethanol per g of glucose) than the theoretical 

maximum glucose that was available, suggesting the utilisation of unknown sugars (see 

Section 5.3.5). As S. cerevisiae can only metabolize glucose from seaweed hydrolysates 

efficiently, there is an economic need for other fermentative organisms that have a broader 

substrate range to make use of the abundant alginate and mannitol in addition to glucose. 

P. angophorae was shown to produce higher ethanol titres than S. cerevisiae from seaweed 

extracts under non-limiting substrate conditions. P. angophorae has been reported to produce 

ethanol yields of up to 13 % (w w-1) from L. digitata (Adams et al. 2011), while in our tests P. 

angophorae achieved up to 17 % (w w-1) from L. digitata and other seaweeds (see Section 

5.3.5). P. angophorae was able to utilise mannitol and glucose present in seaweed 

hydrolysates for ethanol production but did not metabolise alginate. A drawback of P. 

angophorae was that tests showed that it could not produce or tolerate ethanol 

concentrations greater than 20 g l-1 when supplied with glucose containing media that was 

non-limiting (see Section 5.3.3). This effective ethanol concentration is below the threshold 

(ca. 50 g l-1) for economic ethanol recovery (Madson, P.W. 2003). Despite P. angophorae 

outperforming S. cerevisiae when fed with low strength seaweed media (~25 g l-1), the 

superior performance of S. cerevisiae when fed with high strength substrates and its salt and 

ethanol tolerance are considered to outweigh its weaknesses as the primary yeast of choice 

for bioethanol production from seaweed. 

7.1.3.2. OBJECTIVE 6: ISOLATE MARINE HYDROLYTIC AND ETHANOLOGENIC 

STRAINS 

As most of the strains used for saccharification and ethanol fermentation are of terrestrial 

origin, they are not naturally adapted to marine derived material. For example, marine derived 

enzymes have shown to be more effective in the hydrolysis of algal biomass than terrestrial 

enzymes (Matsumoto et al. 2003). The purpose of this objective was to isolate marine 
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microorganisms that were not only adapted to saline conditions but also to have high affinity 

for seaweed carbohydrates, which therefore could be used for seaweed saccharification or 

fermentation. As only a small number of marine microorganisms are known to have been used 

for saccharification of marine biomass (Matsumoto et al. 2003, Jang et al. 2012) and 

fermentation (Takeda et al. 2011), it was considered that there was significant value in trying 

to bioprospect for new marine microorganisms for this. 

In total 50 % of the culture isolates were able to shift the pH by more than 2 units using glucose 

mostly. These fermentative strains are of great interest, as metabolic engineering has already 

been applied on such fermentative strains to become ethanol producers (Liu et al. 2006, Solem 

et al. 2013). As most of these strains are not only halophilic but also can utilise all or most algal 

carbohydrates they already possess two important criteria for ethanol producers using 

seaweed biomass. In particular, a species belonging to the genus Cobetia (culture 3/74), 

related to the ethanol-producing genus Zymobacter, is believed to be a promising candidate 

for ethanol production. Around 18 % of culture isolates were also able to metabolise the algal 

polysaccharides alginate, laminarin and alginate oligomers for growth (see Section 6.3.1.2). A 

large proportion (~30 %; Table 6-3 in Section 6.3.4) belonged to the genus Maribacter, which 

all expressed enzymatic acivity toward these three polymers. 

Bacterial isolates, belonging to the genus Pseudoalteromonas, were particularly noteworthy 

for their saccharification capabilities. Crude lysates (not concentrated) prepared from 

sonicated cells contained saccharifying enzyme activity that equaled and exceeded the 

saccharification yields produced from acid hydrolysis. These enhanced glucose yields were 

confirmed by the higher ethanol yields achieved (see Section 6.3.6). While it was not 

confirmed by enzyme assay, it is believed that the main enzyme activity present in 

Pseudoalteromonas spp. strain 2/50 (and 2/65) belonged to the exo- and endo- β-1,3-

glucanases, and may have included others such as β-1,4-glucanases, because crude lysate 

hydrolysis results exceeded that of dilute acid, of which the latter method is only able to 

hydrolyse β-1,3- but not β-1,4-linked glucose polymers (see Chapters 4.2.3 and 4.2.4). Overall, 

Pseudoalteromonas strain 2/50 is potentially highly useful as a source of hydrolytic enzymes. 

To develop this will require methods to optimize enzyme induction, concentrate and purify 
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the enzymes. Preliminary experiments have established its optimal growth temperature (ca. 

31 ˚C), salinity (ca. 30 % seawater) and that seaweed biomass is required to induce enzyme 

activity. The addition of laminarin and/or alginate were not as effective for enzyme induction 

by this strain as seaweed was (see Section 6.3.5). Alternatively, the whole genome sequence 

of this organism should be determined and used to identify the hydrolases for selective 

cloning and expression in a heterologous host, such as Escherichia coli. Currently, strain 2/50 

is being developed as a part of a pilot scale bioethanol production process by a private 

company located on the west coast of Scotland. 

The problem for the development of ethanologenic strains to ferment seaweed hydrolysates 

is that they must have an acceptable speed of ethanol production, that they have a high 

tolerance to ethanol, salinity, and possess a broad substrate range that ideally includes 

glucose, mannitol and alginate. A number of the isolates cultured in this thesis already fulfill 

some of these criteria, such as the broad substrate range and their salinity tolerance (e.g. 

culture 3/74, 1/17, 1/18, 1/19), but they are not necessarily fermentative (see Appendix L). It 

has been demonstrated in the literature that the metabolic pathways of acidogenic 

microorganisms can be relatively easily modified to produce ethanol instead of acetate (Hols 

et al. 1999, Medina et al. 2010). Of the fermentative bacteria isolated in this thesis, one 

organism, Cobetia spp. strain 3/74, stood out as being an interesting candidate for metabolic 

engineering because it utilises the main carbohydrates of brown seaweeds, alginate 

oligomers, mannitol and glucose, and it has a fermentative metabolism, producing organic 

acids from glucose (see Section 6.3.1.1). As there are more than 80 acidogenic cultures in the 

culture collection it is recommended to screen these cultures under aerobic and anaerobic 

conditions to identify if these strains can produce acetate and ethanol from glucose, mannitol 

and alginate oligomers as the fermentation substrate. 

7.2. BIOETHANOL PROCESS SUMMARY 

A primary goal of this thesis was to establish a workable process for the conversion of 

cultivable seaweeds to bioethanol. This was one of the stated goals of the BioMara project 

(funded by Interreg IVA) that umbrellaed this study. To achieve this goal, this thesis sought to 
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address a number of key components of the process. Chapter 3 focused on the identification 

and chemical characterization of cultivable seaweeds, with the principal objective to identify 

what sugars and when they were at peak concentration in the different seaweeds. Chapter 4 

focused on the extraction of sugars (pre-treatment and saccharification) from the seaweed 

biomass. Chapter 5 explored which of two ethanologenic yeast were suitable for fermentation 

of seaweed hydrolysates. Chapter 6 sought to identify new marine-adapted microorganisms 

to enhance the process of saccharification or for fermentation to ethanol. Figure 7.1 outlines 

the proposed seaweed to bioethanol process that incorporates the findings of this thesis 

combined with recommendations so that the process can be scaled up from the bench-scale 

studies undertaken here, and to improve the economics of the process by re-using residue 

where possible. 

The process involves a number of stages: (Stage 1-2) Harvest of maricultered seaweed and 

pre-treatment by maceration followed by steeping the seaweed slurry (~10 % (w v-1) in fresh 

water) at temperatures around 55 oC to inhibit microbial growth and extract laminarin and 

mannitol (aka hot water extraction). (Stage 3) Cooling of pre-treated seaweed slurry to ~30 oC 

and pH adjustment to maximise enzyme activities prior to enzyme addition. Concentration of 

the wort is required and preliminary experiments have shown that up to three serial 

extractions can be used. (Stage 4) Fermentation should be seeded with a minimum of 1 x 107 

cells ml-1 S. cerevisiae and fermentation time should be terminated after depletion of glucose. 

At this point the ethanol is been removed by distillation or reverse osmosis (Stage 7), and 

ideally, the waste streams containing mannitol and alginate should be re-cycled. (Stage 5) In 

the first stage of re-cycling, S. cerevisiae could be grown aerobically utilising mannitol as the 

carbon source, after which harvested cells are used for inoculation of the next fermentation 

processes. (Stage 6) Spent medium from S. cerevisiae growth containing alginate could be 

combined with residual solid matter from saccharification and used for growth of 

Pseudoalteromonas spp. strain 2/50. Strain 2/50 cell biomass is ruptured to produce a cell 

lysate containing enzymes, and once this clarified, it is used for saccharification. Ideally, the 

cell lysate from strain 2/50 needs concentration (e.g. ammonium sulphate or ultrafiltration) 

to increase the specific enzyme activity. 
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Within this process, the technologies that need to be addressed as a priority are: (1) methods 

to pre-treat seaweed on a larger “industrial” scale than were used in this thesis; (2) strain 2/50 

enzyme induction and cell lysate production and concentration need to be optimized to 

achieve maximal enzyme activity; and (3) further development of the methods to concentrate 

the wort to make full use of S. cerevisiae capacity to ferment high sugar concentrations in the 

presence of seawater-strength salinity. Finally, the recycling of spent fermentation broth for 

inoculum growth of S. cerevisiae and strain 2/50 enzymes has not been developed to any 

extent and clearly requires significant development to establish the viability of these recycling 

steps. 
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Figure 7.1: Seaweed to bioethanol process flow schematic.  
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7.3. BIOETHANOL YIELDS FROM SEAWEED 

This section aims to compare the findings of this thesis with results from other studies and 

attempts to put them in context to ethanol yields from 1st generation bioethanol processes. 

To compare the ethanol yields achieved in this thesis to other studies, three case studies were 

selected. The first two (Meyhoff et al. 2012, Alvarado-Morales et al. 2013) were economic 

feasibility studies and the third was based on a metabolically engineered E. coli capable of 

metabolising ~80 % of the total sugar content in brown macroalgae (Wargacki et al. 2012). 

To calculate the ethanol yields of the three case studies and from this thesis, the following 

data and assumptions were used: 

 Ethanol yield from L. hyperborea October 2011 harvest was 0.18 g of ethanol per g of 

biomass, which calculates to 180 kg t-1 ethanol (see Section 5.3.5). 

 Annual yields of maricultured seaweed (dry weight) were 20,000 kg ha-1yr-1 (Meyhoff 

et al. (2012). 

 Efficiency of fermentation and recovery yield of ethanol (of fermentable sugars) was 

85 % (Jungbluth 2007). 

Ethanol yields (l ha-1 yr-1) were calculated according to Equation 7-1 taking the empirical 

ethanol yield from seaweed (sw) biomass (expressed as kg t-1), the specific gravity of ethanol 

0.78 kg l-1 to convert mass of ethanol (kg) into volumes (liters) and the ethanol conversion and 

recovery yield of 85 %. Results from these studies were compared to reported ethanol yields 

from 1st generation bioethanol production processes (Table 7-1). 

Equation 7-1 :Ethanol yield calculation (liter ha-1 yr-1)  

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 = 𝑆𝑒𝑎𝑤𝑒𝑒𝑑 ℎ𝑎𝑟𝑣𝑒𝑠𝑡 
𝑘𝑔𝑠𝑤

ℎ𝑎 𝑥 𝑦𝑟
 × 𝐸𝑡𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 (

𝑘𝑔𝐸𝑡𝑂𝐻

𝑘𝑔𝑠𝑤

)  ×  𝑠𝑝𝑒𝑐. 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ×  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 
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Table 7-1: Case studies for calculation of ethanol yields from seaweed 

Biomass source Ethanol yields 
kg t-1 

Ethanol yields 
(l ha-1 yr-1) 

Reference 

L. hyperborea 180  3923 This thesis 
L. digitata 140 3051 This thesis 
Laminaria spp. 125  3205 * (Meyhoff et al. 2012) 
L. digitata. 75 1923 * (Alvarado-Morales et al. 2013) 
S. japonica 280  4760 (Wargacki et al. 2012) 
Sugar cane n.d. 6471 (Goldemberg and Guardabassi 2010). 
Corn n.d. 4182 (Goldemberg and Guardabassi 2010). 

Ethanol yields are expressed as kg of ethanol per tonne of biomass (dry weight); n.d.= no data 
* Data already incorporated factor for recovery yields 

 

Theoretical ethanol yields from this thesis, which were between ca. 3000 to 3900 liters ha-1 yr-

1 were based on the highest ethanol yields achieved using L. digitata and L. hyperborea, and 

therefore represent an upper value. In comparison to the case studies described by Meyhoff 

et al. (2012) and Alvarado-Morales et al. (2013), the ethanol yields achieved in this thesis were 

between 1.2 to 2.0 fold higher (Table 7-1). Data for L. digitata (see Section 5.3.5, Table 5-6) 

shows that compared to Alvarado-Morales et al. (2013) that this process was capable of 

producing near 1.6-fold more ethanol (Table 7-1). Encouragingly, the only seaweed-derived 

ethanol yield exceeding that of this thesis have used an engineered E. coli that is able to utilize 

glucose, mannitol and alginate for ethanol production with an near 80 % conversion efficiency 

of available sugars into ethanol (Wargacki et al. 2012). 

What is of interest is that the theoretical yields from seaweed are comparable to bioethanol 

from corn (Table 7-1). This similarity may be misleading because of the assumptions used to 

calculate the seaweed yields are based on results from lab-scale experiments that may not 

translate to industrial scale processes, whereas the yield from corn is a real value based on 

actual industrial bioethanol production (Goldemberg and Guardabassi 2010). Nevertheless, 

seaweed ethanol yields are encouraging given that this is currently an immature process that 

has not received a great deal of development. 

If ethanol yields from seaweed using highly adapted fermentation organism, such as the above 

mentioned E. coli can be repeated at industrial scale, such processes would certainly become 

alternatives to terrestrial bioethanol processes. The future of any bioethanol does not only 
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rely on the efficiency of its production process but also on the costs of the feedstock itself. It 

has been mentioned before that the cost of the raw material accounts for approximately 50-

70 % of the total costs for 1st Generation bioethanol and approximately 25-50 % of the total 

costs for 3rd Generation bioethanol (SenterNovem 2007). Seaweed cultivation holds a 

promising key as it does not require costly fresh water, fertilisers and arable land and in 

addition, it also produces high biomass yields (Table 1-2). However, costs for large scale 

cultivation of seaweeds are scares and it is difficult to compare them with costs of other 

fermentation feedstocks. To make an economic impact seaweed cultivation has to be large to 

be competitive with terrestrial biomass. This in its own will have ecological impacts to the 

areas of cultivation and also requires public acceptances. The costs for logistics and 

transportation have to be considered for future planning. Therefore, cultivation sites have to 

be carefully chosen to be not only sheltered from the distructive powers of the ocean but also 

within reach of the processing plant. Such ideas have been visualised before through the 

"Ocean Sunrise Project" (Aizawa, M. et al., 2007), where farming and processing of seaweed 

for biofuel production co-occurred on-site. 

As the 1st Generation biofuel industry has already reduced production costs 2 to 3-fold in the 

last 30-40 years due to more efficient processes (SenterNovem 2007), the comparison of third 

generation processes using seaweed biomass with existing first generation processes does 

underline the need for further optimising of bioethanol processes using seaweed biomass. 

Recommendations regarding process optimisations are discussed below, where the findings 

of this thesis are compared with results from other studies and are put in context to ethanol 

yields from 1st generation bioethanol processes. 
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7.4. RECOMMENDATIONS AND FUTURE EXPERIMENTS 

The results from this thesis have been used to make suggestions of how to improve the 

efficiency and cost of future seaweed to bioethanol processes. This process is based on the 

use of culture 2/50 (or a similar source of saccharifying enzymes) for saccharification and 

S.cerevisiae for fermentation. As seaweed cultivation and the costs of seaweeds have been 

assessed as a main contributor to costs and carbon foot prints (Meyhoff et al. 2012), it has 

been suggested by Meyhoff et al. (2012) that a 20 % increase in yields from seaweed 

cultivation could contribute to a 25 % saving of the carbon footprint of bioethanol. 

As seaweed composition is different to terrestrial biomass where the main carbohydrates 

alginate, laminarin and mannitol can be enzymatically targeted more easily than cellulose, it 

is believed that less harsh pre-treatment environments (lower temperature, reduced amounts 

of acid) can be used for seaweed saccharification, therefore reducing carbon footprint and 

costs further. 

A further area for improvement is enzyme production and saccharification which can 

contribute to around 25 % of the total costs (Humbird et al. 2011). As this thesis has shown 

that higher polyphenol containing seaweeds such as S. latissima required more enzymes to 

achieve higher saccharification yields compared to low polyphenol containing seaweeds such 

as L. hyperborea, it is believed that choosing either the right harvest time or the type of species 

will help to reduce costs associated with enzyme requirement. As has been shown with 

Pseudoalteromonas strain 2/50, enzymes for saccharification could be produced from the 

unused alginate and seaweed residue after ethanol recovery. A simplified saccharification 

process could simply lyse cells following enzyme induction, and the crude cell extract (as was 

carried out in this thesis) is used in combination with a “pasteurization” process based on 

altering the pH and temperature to inhibit growth of unwanted microorganisms. 

As only metabolically engineered E. coli strain ((Wargacki et al. 2012), Table 7-1) was able to 

exceed 1st generation bioethanol production yields, it is clear that any ethanologenic strain 

used must be able to utilize all the main sugars derived from seaweed. At present neither S. 

cerevisiae or P. angophorae are suitable. However, it is not known how engineered strains 
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such as developed by Wargacki et al. (2012) will behave under industrial conditions with saline 

feedstock concentrates. Optimally, S. cerevisiae needs to be engineered to utilize mannitol 

and alginate oligomers. 

Storage of seaweed has not been discussed in this thesis but it will be an important part of the 

entire process. As laminarin and mannitol undergo seasonal fluctuations (see Chapter 3), 

immediate processing of fresh seaweed biomass is necessary to preserve its carbohydrate 

content and provide fermentation substrate for longer periods. Drying of high water 

containing biomass such as seaweed is considered uneconomical due to the cost of removing 

its high water content (~80 %) (Ross et al., 2008), especially in the colder and more humid 

climate zones. As silage of grass has been routinely carried out to preserve this biomass using 

naturally occuring lactic acid-producing strains, this process may also work with seaweed. 

Recently, Lactobacillus and Lactococci spp. (Liu et al. 2006, Solem et al. 2013) were modified 

for bioethanol production based on fermentation of lactic acid produced during seaweed 

composting, and respresents an alternative approach for seaweed to bioethanol conversion. 

An alternative might be to use obligately anaerobic bacteria such as Clostridium grantii. This 

species was isolated from the intestinal tract of mullet and was shown to possess the 

pathways to metabolise alginate and produce ethanol as a by-product (Mountfort et al. 1994). 

As these microorganisms are already adapted to saline environments, alteration of metabolic 

pathways to produce ethanol as the main product hold the potential to convert these strains 

into serious candidates for bioethanol production from marine biomass.  

It is believed that marine microorganisms are the most promising candidates for seaweed 

saccharification and could hold the key to unlock the potential of seaweed biomass to become 

a serious candidate for future biofuel production. 
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APPENDICES 

Appendix A: Introduction to Biomara 

The Sustainable Fuels from Marine Biomass project, BioMara, is a UK and Irish joint project 

that aims to demonstrate the feasibility and viability of producing third generation biofuels 

from marine biomass (Figure 

- Appendix 1). It investigated 

the potential use of both 

macroalgae and microalgae 

as alternatives to terrestrial 

agri-fuel production. The 

practicalities of using algal 

biomass as a competitive, 

sustainable biofuel source 

was considered together 

with wide stakeholder 

engagement, whilst environmental impacts of algal cultivation and extraction were core 

considerations of the project. Cultivating macro-algae at sea, mainly by simply tying them to 

anchored floating lines has many economic and ecological advantages. Seaweeds do not 

require soil, and are already provided with all the water they need, a major advantage over 

land production of biofuels since water is the most limiting factor for most agricultural 

expansion, especially with climate change. Around three per cent of the world's oceans, - 

about 20 per cent of the land area currently used in agriculture and would be needed to fully 

substitute for fossil fuels.  

Figure - Appendix 1: Overview of the Biomara project. 
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Appendix B: Calibration curves 

 

Figure - Appendix 2: Glucose calibration curve using the sulphuric acid/ phenol method (DuBois et al. 1956). 
The error bars are the means ± SD of at least eight individual standards. 

 

 

Figure - Appendix 3:Gallic acid calibration curve. The error bars are the means ± SD of at least nine individual 
standards. 
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Figure - Appendix 4: Alginate calibration curve using the Alcian Blue method. The assay was linear between 
200 and 500 mg l-1 of heat treated sodium alginate, equal to 0.02 to 0.05 mg alginate for a 100 μl sample 
volume. The error bars are the means ± SD of at least three individual standards. 

 

 

 

Figure - Appendix 5: Mannitol HPLC calibration curve. The error bars are the means ± SD of at least three 
individual standards. 
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Figure - Appendix 6: Glucose HPLC calibration curve. The error bars are the means ± SD of at least three 
individual standards. 

 

 

 

Figure - Appendix 7: Ethanol HPLC calibration curve. The error bars are the means ± SD of at least ten 
individual standards. 
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Figure - Appendix 8: Bovine Serum Albumine (BSA) calibration curve for protein determination using a Folin 
Ciaucalteau Method. The error bars are the means ± SD of at least five individual standards. 

 

 

 

Figure - Appendix 9: HPLC analysis of glucose content in enzyme blends (NS22086/ NS 22119). 
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Appendix C: Impact of temperature and alkali concentration on alginate 

extraction 

Two additional experiments are described here which evaluated the impact of a higher 

temperature (80 oC), a range of different sodium carbonate solutions and extended extraction 

times on alginate yields from L. digitata. 

Materials and Methods 

Two extraction temperatures, at 60 and 80 oC, using a 4 % (w v-1) sodium carbonate solution 

were applied to evaluate their impact on alginate extraction yields. 

Approximately 30 ± 3 mg of freeze dried and milled L. digitata, harvested in November 2010, 

was weighed directly into 16 x 100 mm Pyrex® screw capped glass tubes with 10 ml of alkaline 

solutions for up to 25 hours at 60 and 80 oC in a heated water bath. 

In a follow-up experiment alginate was extracted from L. digitata using different sodium 

carbonate concentrations ranging from 2 to 10 % (w v-1). Approximately 30 ± 3 mg of freeze 

dried and milled L. digitata, harvested in November 2010, was weighed directly into glass 

tubes and incubated with 10 ml of alkaline solutions for up to 18 hours. 

Results and Discussions 

An extraction temperature of 60 oC was more efficient in terms of achieving highest extraction 

yields and alginate stability. Alginate yields were similar for both conditions after 2 hours, but 

decreased steadily with time for the higher temperature with a drop in alginate yields to 22 % 

after 25 hours. Highest yields of 57 % were achieved after 4 hours using 60 oC with alginate 

stability remaining intact thereafter during the prolonged period of 25 hours (Figure - 

Appendix 10). 

Evaluation of sodium carbonate concentrations showed that highest yields of alginate (58 %) 

were achieved after 6 hours incubation at 60 oC using a 6 and 8 % sodium carbonate solution 

(Figure - Appendix 11) with a slight decline of alginate yields thereafter for all solutions. 
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Figure - Appendix 10: Impact of extraction temperature (60 and 80 oC) on alginate stability. Alginate 
(expressed as a percentage of biomass) was extracted from L. digitata using a 4 % (w v-1) sodium carbonate 
solution. 

 

 

Figure - Appendix 11: Alginate yields (expressed as a percentage of biomass) from L. digitata when extracted 
with 2-10 % (w v-1) sodium carbonate solutions at 60 oC during 18 hours extraction time. The error bars are 
the means ± SD of at least two extractions. 
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Appendix D: Metal analysis of brown seaweeds 

Table - Appendix 1: Metal analysis of seasonal harvests of S. latissima, expressed as mg kg-1 

 Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 Oct-11 

Ca 22580 23270 9634 10680 15600 11690 28560 3712 

Mg  6143 7618 6783 6803 6702 5507 6461 8714 

Na 24810 37300 36160 34370 32890 22910 25410 21540 

K 35350 79500 65930 59200 43200 36550 40010 16450 

Li 1.54 1.603 0.986 1.284 2.282 0.564 1.732 0.416 

Al 883.7 13.13 335.6 687.4 1877 199.9 1129 497.4 

Ti 160.4 2.939 64 123 134.9 62.83 126.5 44.55 

V 2.757 3.539 2.42 3.219 5.026 1.33 4.385 1.331 

Cr 2.422 2.061 1.344 2.736 4.485 1.139 3.982 4.968 

Mn 27.39 21.18 12.68 26.98 34.58 6.722 44.75 14.92 

Fe 623.1 15.71 381.3 720.4 1159 180.4 1280 328.4 

Co 0.263 0.208 0.108 0.241 0.435 0.124 0.396 0.173 

Ni 1.126 0.938 0.552 1.22 2.186 0.605 1.873 3.358 

Cu 2.497 2.493 2.272 2.086 3.508 1.821 3.339 5.009 

Zn 19.86 30.2 31.33 22.88 28.59 17.68 21.79 8.303 

Ga 0.223 0.201 0.071 0.215 0.508 0.076 0.34 0.113 

As 83.13 74.04 69.83 64.25 72.58 88.44 83.24 3.311 

Rb 18.08 41.58 37.24 22.65 33.45 20.65 21.01 7.591 

Sr 649 14.25 628.9 732.8 645 660.8 656.6 57.3 

Mo 0.429 0.892 0.559 0.407 0.553 0.423 0.385 0.194 

Ag  0.018 0.012 <lod 0.014 0.006 0.011 0.009 0.03 

Cd 0.32 0.302 0.284 0.211 0.451 0.54 0.346 0.049 

Cs 0.103 0.128 0.06 0.099 0.188 0.057 0.136 0.038 

Ba 13.5 21.78 9.733 19.31 22.26 9.777 15.42 5.241 

Ce 0.792 0.872 0.547 0.719 1.78 0.377 1.22 0.282 

Sm 0.057 0.054 0.02 0.047 0.127 0.016 0.086 0.012 

Tl <lod 0.006 <lod 0.004 0.004 <lod 0.005 0.012 

Pb 1.078 2.224 0.684 1.306 1.862 0.188 1.639 0.334 

Th 0.099 0.093 0.041 0.079 0.202 0.027 0.123 0.033 

U 0.23 0.148 0.183 0.196 0.295 0.336 0.187 0.009 
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Table - Appendix 2: Metal analysis of seasonal harvests of L. hyperborea, expressed as mg kg-1 

 Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 Oct-11 

Ca 10390 7003 10690 8216 8605 8988 11570 11530 

Mg  5304 4558 7072 6890 7084 6559 6137 6174 

Na 26610 22130 39240 40770 41310 34640 31460 32600 

K 38700 27240 60860 75700 69560 61050 32780 42660 

Li 0.374 0.707 0.741 0.523 0.662 0.899 0.878 0.581 

Al 31.49 1.771 123.4 53.25 84.58 157.9 789.3 37.37 

Ti 35.6 0.432 59.72 61.77 65.34 53 105.9 51.91 

V 0.513 0.075 1.114 0.705 1.147 0.99 6.627 0.687 

Cr 0.644 0.485 0.87 0.869 1.443 0.997 2.759 0.648 

Mn 3.746 0.049 6.956 20.7 8.56 6.634 38.26 6.007 

Fe 61.79 50.793 250.2 111.5 257.6 296.7 702.1 128.1 

Co 0.044 <lod 0.088 0.071 0.102 0.088 0.206 0.049 

Ni 0.386 0.037 0.678 0.602 0.907 0.698 4.335 0.429 

Cu 2.616 0.527 3.722 2.398 4.759 7.146 4.447 3.333 

Zn 22.95 0.85 38.49 29.91 41.97 53.8 18.64 39.79 

Ga 0.01 <lod 0.018 0.016 0.029 0.043 0.235 0.001 

As 82.77 0.283 108.3 84.77 110 105.8 5.382 88.45 

Rb 14.06 0.031 33.29 20.76 23.81 44.96 26.08 32.68 

Sr 486.4 <lod 844 678.5 717.7 827.5 75.6 677.6 

Mo 0.179 0.012 0.312 0.194 0.268 0.431 0.481 0.325 

Ag  0.086 <lod 0.172 0.214 0.088 0.22 0.229 0.208 

Cd 0.031 <lod 0.09 0.106 0.074 0.047 0.104 0.057 

Cs 0.048 <lod 0.066 0.055 0.062 0.082 0.135 0.07 

Ba 6.66 0.057 9.968 7.052 9.457 10.32 8.451 7.28 

Ce 0.031 <lod 0.101 0.055 0.094 0.132 0.692 0.038 

Sm <lod <lod 0.002 <lod 0.002 0.003 0.062 <lod 

Tl <lod <lod <lod <lod <lod <lod <lod <lod 

Pb 0.099 0.014 0.281 0.177 0.621 0.305 0.499 0.139 

Th 0.001 <lod 0.007 0.001 0.004 0.008 0.076 <lod 

U 0.116 <lod 0.162 0.152 0.169 0.11 0.047 0.144 
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Table - Appendix 3: Metal analysis of seasonal harvests of L. digitata, expressed as mg kg-1 

  Aug-10 Oct-10 Feb-11 Mar-11 May-11 Jul-11 Sep-11 Oct-11 

Ca 6779 8554 8855 7998 7248 7346 9198 8397 

Mg  5108 5972 7221 7029 6399 5669 6442 5835 

Na 25950 29510 41220 41800 35740 31090 34200 25320 

K 29330 33940 65640 67090 57980 50390 45910 31990 

Li 0.454 0.547 0.791 0.742 0.689 0.684 0.619 0.418 

Al 18.77 60.3 104.8 23.9 121 59.95 63.03 8.163 

Ti 38.58 45.59 52.28 47.12 45.23 50.04 53.3 47.18 

V 0.631 0.745 1.043 0.656 0.82 0.971 0.946 0.769 

Cr 0.7 0.944 0.807 0.721 0.822 0.806 1.059 1.263 

Mn 6.871 4.999 6.317 4.647 4.887 12.32 5.519 3.757 

Fe 83 96.63 198.5 165.9 164.6 175.2 185 41.48 

Co 0.04 0.052 0.065 0.053 0.058 0.069 0.081 0.05 

Ni 0.324 0.389 0.489 0.537 0.446 0.498 0.573 0.62 

Cu 2.127 2.618 15.68 16.51 2.686 2.633 3.9 4.319 

Zn 34.57 33.22 38.45 45.41 37.77 45.25 48.54 35.37 

Ga 0.002 0.012 0.015 0.007 0.032 0.025 0.047 0.042 

As 72.05 103.7 114.1 95.58 85.71 114.2 106.4 77.63 

Rb 16.56 19.09 34.74 39.31 34.54 29.11 24.88 17.79 

Sr 580 633.9 834.3 799.4 661.3 683.5 747.1 751.7 

Mo 0.141 0.191 0.281 0.311 0.259 0.232 0.438 0.351 

Ag  0.083 0.074 0.161 0.203 0.13 0.117 0.105 0.108 

Cd 0.037 0.042 0.077 0.073 0.051 0.041 0.041 0.045 

Cs 0.057 0.061 0.059 0.057 0.07 0.075 0.09 0.073 

Ba 6.741 7.714 10.11 8.46 8.293 7.921 10.54 9.164 

Ce 0.032 0.039 0.093 0.045 0.116 0.077 0.074 0.069 

Sm <lod 0.002 0.004 <lod 0.006 0.002 0.007 <lod 

Tl <lod <lod <lod <lod <lod 0.002 0.021 0.016 

Pb 0.105 0.126 0.409 0.607 0.215 0.217 0.639 0.451 

Th 0.006 0.003 0.007 0 0.008 0.01 0.013 0.009 

U 0.201 0.133 0.129 0.125 0.124 0.103 0.144 0.185 
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Table - Appendix 4: Metal analysis of seasonal harvests of A. esculenta and Sacchoriza polyschides, expressed 
as mg kg-1 

 A. esculenta S. polyschides 

  Mar-11 May-11 Jul-11 Jul-11 Sep-11 Oct-11 

Ca 12790 11290 7225 8712 9388 15880 

Mg  8048 6303 6775 6658 6701 6257 

Na 39070 25840 34980 26910 27210 29300 

K 52090 31050 22220 61230 59470 48120 

Li 0.972 0.489 0.614 0.606 1.111 1.271 

Al 507.9 205.7 123.4 82.74 752.8 703.9 

Ti 75.83 63.49 40.7 50.38 82.18 109.6 

V 1.207 0.751 0.453 1.09 2.344 2.739 

Cr 2.356 1.644 0.609 1.382 2.755 2.382 

Mn 12.08 6.854 4.148 8.058 27.32 26.53 

Fe 430.7 296.5 86.03 430.7 535.9 511.2 

Co 0.146 0.141 0.043 0.218 0.362 0.217 

Ni 1.234 1.476 0.61 1.565 1.795 1.072 

Cu 3.741 3.112 1.631 11.95 2.542 1.719 

Zn 30.82 55.41 27.71 20.24 22.58 18.37 

Ga 0.165 0.042 0.019 0.044 0.186 0.19 

As 44.98 53.58 35.3 11.44 17.1 72.48 

Rb 22.75 15.09 10.44 31.5 33.21 24.28 

Sr 963.2 829.1 592.7 1142 1182 700.1 

Mo 0.532 0.243 0.21 0.612 0.485 0.376 

Ag  0.076 0.087 0.064 <lod <lod <lod 

Cd 0.926 1.658 0.881 0.333 0.547 0.318 

Cs 0.096 0.038 0.033 0.07 0.108 0.07 

Ba 12.68 10.95 6.148 11.9 17.6 14.6 

Ce 0.464 0.244 0.024 0.095 0.671 0.817 

Sm 0.038 0.033 0.005 0.003 0.047 0.047 

Tl 0.025 0.001 0.002 0.011 <lod <lod 

Pb 1.954 0.423 0.145 0.633 1.327 1.317 

Th 0.06 0.016 0.007 0.013 0.091 0.073 

U 0.47 0.304 0.441 0.833 0.575 0.192 
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Table - Appendix 5: Metal analysis of seasonal harvests of F. serratus, F. vesiculosis and A. nodosum, 
expressed as mg kg-1 

 F. vesiculosis F. serratus A. nodosum 

 Mar-11 May-11 Jul-11 Mar-11 May-11 Jul-11 Mar-11 May-11 Jul-11 

Ca 11480 5062 12030 17560 18150 14540 9259 9552 10370 

Mg  7541 7418 7864 7203 6647 6477 7590 7856 7182 

Na 34380 33510 36550 30880 29550 27980 32710 38060 28690 

K 27180 22330 27440 35880 44300 32440 20880 23440 19740 

Li 1.496 0.805 1.76 1.423 0.843 1.033 0.968 1.287 0.758 

Al 1077 362.1 1168 773.9 225.6 574.3 567.7 965 439.6 

Ti 121.9 43.01 123.2 139.1 102 104.8 81.16 75.2 80.53 

V 2.84 2.345 3.633 3.058 1.366 2.103 2.005 2.829 1.941 

Cr 2.353 1.737 3.401 2.247 2.124 2.605 1.488 4.538 2.226 

Mn 190.2 40.77 142.7 318 196.6 177.1 25.74 30 48.36 

Fe 854 304 887.2 887.5 336.8 505.9 319.1 704.3 494.2 

Co 0.829 0.585 0.763 1.037 0.738 0.653 0.481 0.465 0.523 

Ni 5.733 1.786 6.076 7.197 5.124 5.474 0.879 2.498 1.581 

Cu 4.839 4.602 4.241 6.137 3.884 3.689 2.992 3.786 4.299 

Zn 45.76 59.73 45.22 68.49 55.86 53.84 29.4 32.55 40.71 

Ga 0.332 0.095 0.365 0.265 0.084 0.15 0.156 0.266 0.129 

As 51.91 36.84 48.35 56.7 49.29 41.85 26.91 29.06 26.3 

Rb 12.33 8.852 13.21 15.77 18.13 14.72 7.749 9.845 7.93 

Sr 942.8 350 1032 1253 1056 862.3 561.5 621.4 597.9 

Mo 0.376 0.633 0.499 0.482 0.428 0.329 0.417 0.525 0.55 

Ag  0.144 0.151 0.156 0.186 0.17 0.146 0.077 0.089 0.09 

Cd 0.634 0.261 0.56 0.85 0.963 0.709 0.168 0.167 0.196 

Cs 0.103 0.055 0.157 0.111 0.066 0.093 0.054 0.076 0.072 

Ba 23.62 8.793 21.25 21.37 15.58 14.89 10.91 15.67 10.17 

Ce 0.852 0.152 1.054 0.855 0.22 0.494 0.546 0.452 0.373 

Sm 0.08 0.012 0.105 0.082 0.021 0.055 0.042 0.056 0.036 

Tl 0.02 0.004 0.027 0.01 0.013 0.009 0.006 0.01 0.01 

Pb 1.204 0.889 1.265 1.482 0.56 0.935 0.517 1.134 1.169 

Th 0.152 0.032 0.154 0.113 0.034 0.067 0.072 0.061 0.055 

U 0.562 0.316 1.048 0.778 0.72 0.814 0.156 0.268 0.319 
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Appendix E: Evaluation of acid hydrolysis time and temperature on hydrolysis 

efficiencies 

Materials and Methods 

Approximately 100 ± 10 mg of seaweed powder was weighed into 10 x 100 mm Pyrex® screw 

capped glass tubes and heat treated with 5 ml of water or 5 ml of a sulphuric acid solution. 

Sulphuric acid solutions were made-up in strengths of 0.5, 1, 2 and 4 M. An Astell Scientific 

30L benchtop autoclave was used, with heat exposure times varying between 15 and 60 

minutes at 100 oC and 15 minutes at 121 oC. These initial tests were carried out as single point 

experiments with n being the number of measurements (n =1). 

Total carbohydrate content was measured colourimetrically using the phenol-sulphuric acid 

assay described in Chapter 2, Method 2.5.5.1. Results were expressed as the percentage of 

total carbohydrates (or glucose equivalents) released against the concentration of biomass 

used (Equation 1). 

To further optimise saccharification yields from acid hydrolysis, the effect of variations in acid 

additions was investigated. Freeze dried L. digitata, U. lactuca and P. palmata from July 2011 

were used and acid additions varied between 50, 10, 5 and 2.5 ml per gram of biomass. 

Results and Discussions 

Method development for dilute acid hydrolysis was applied to brown, red and green seaweeds 

to evaluate their impact across all seaweed groups. The aim was to develop and evaluate best 

practices for seaweed degradation and apply these to seasonal harvest of L. digitata, S. 

latissima, L. hyperborea and A. esculenta. 

In these studies the impact of hydrolysis temperature, acid strength, heat exposure time and 

acid to biomass ratio on saccharification yields was investigated to develop a routine 

hydrolysis method for the production of fermentation substrate from seasonal harvests of 

seaweed biomass. 

Using L. digitata, it was found that hydrolysis time was an important process parameter. 

Maximum yields at 100 oC were achieved after 15 minutes for 1–4 M sulphuric acid solutions. 
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However, in this experiment it was also shown that with longer hydrolysis times and stronger 

acids, a decline in total carbohydrate yields was seen. In the case of increasing hydrolysis 

temperatures, shorter heat exposure times and weaker acids resulted in the highest 

carbohydrate yields (Figure - Appendix 12). Similar results have been documented with the 

brown seaweed L. japonica, where the yields of the sugar alcohol mannitol were also affected 

by acid strengths, hydrolysis time and hydrolysis temperature. It was concluded that higher 

temperatures and higher acid concentrations in combination with prolonged exposure times 

resulted in a steady decline of mannitol yields (Jang 2012). 

In the case of hydrolysing the green seaweed U. lactuca a similar trend, compared to results 

using L. digitata, evolved. Weaker acids in combination with shorter hydrolysis times and 

higher temperatures also gave the best results (Figure - Appendix 12). Jang et al. (2012) 

demonstrated that through a combination of acid concentrations with temperature and 

hydrolysis time impacted on the monosaccharide yields from U. pertusa (Jang 2012). In their 

studies, maximum rhamnose yields were achieved by using 5 % (v v-1) sulphuric acid (equal to 

~1 M) whereas stronger acid at 20 % (v v-1) (equal to ~4 M) was needed for maximum glucose 

yields from the same seaweed. Reduced exposure times at higher temperatures also 

enhanced sugar yields. As liberation of glucose was only achieved using more concentrated 

acid solutions it is believed that cellulose was the glucose source. Green seaweeds are 

believed to contain more cellulose compared to red and brown seaweeds (Frei and Preston 

1961) and higher concentrated acids are needed to break down this recalcitrant polymer. As 

the colourimetric determination did not distinguish between individual sugars it is unclear 

wether the decline in total carbohydrates was because of decomposition of sugars other than 

glucose. 

The influence of the three parameters - time, acid strength and hydrolysis temperature - on 

sugar yields was also evident using the red seaweed P. palmata (Figure - Appendix 12). The 

combination of longer hydrolysis times with stronger acids was needed when lower 

temperatures were applied to gain the highest carbohydrate yields. As highlighted before 

using U. pertusa, shorter hydrolysis times in combination with weaker acids gave also highest 
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yields for P. palmata when used at higher temperatures. Carbohydrate concentrations 

released from P. palmata were 1.5 times higher compared to L. digitata. 

It was also noted that red seaweeds were more sensitive towards stronger acids and sugar 

degraded with less concentrated acids compared to sugar degradation in green and brown 

seaweeds. This observation was also made by (Jang 2012) using the red seaweed Gelidium 

amansii. Dehydration and browning reactions between amino acids, derived from hydrolysis 

of protein-rich red seaweeds, and reducing sugars are known to interfere with the sugar yields 

from acid hydrolysis (Liao et al. 2004). From the literature (Rajeshwari 2004), it is known that 

monosaccharide’s are more stable in hot dilute acids between the range 0.25-0.5 M. In the 

presence of stronger acids the polysaccharides are not only hydrolysed but the 

monosaccharide’s undergo dehydration. The dehydration product obtained from pentoses is 

furfural, while hexoses form 5-hydroxymethyl-furfural, which on further heating is 

transformed to levulinic acid. These compounds are known to limit efficient utilisation of 

substrates from acid hydrolysates for ethanol production by fermentative microorganisms 

(Palmquist and Hahn-Haegerdal 2000). 
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A 

 

B 

 

C 

 

 
Figure - Appendix 12: Acid hydrolysis optimization studies using L. digitata (A), U. lactuca (B) and P. palmata 
(C). Impact of heat exposure times (15 and 60 minutes), hydrolysis temperatures (100 and 121 oC) and acid 
strength (0-4 M sulphuric acid) on hydrolysis efficiencies, expressed as % glucose equivalent. Carbohydrates 
were determined using the colourimetric assay and tests were carried out as single point experiments. 
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Appendix F: Calibration of colourimetric and HPLC methods for determination of 

carbohydrates 

A colourimetric and chromatographic method for the quantification of carbohydrates in 

seaweed extracts were evaluated. For evaluation of these methods different standard 

solutions were made-up. 

Materials and Methods 

For evaluation of the colourimetric method monosaccharide solutions such as glucose and 

galactose were used beside algal polysaccharide solutions such as fucoidan, alginate and 

laminarin. These solutions were made-up to strengths of 1,000, 2,000, 4,000, 6,000, 8,000 and 

10,000 mg l-1 in strength. 

For the evaluation of the chromtaographic method for determination of monosaccharides 

standard solutions using glucose, galactose, xylose, fucose, mannitol, rhamnose and arabinose 

were used at a concentration of 10,000 mg l-1. 

Results and Discussions 

The calibration curves of the three seaweed components, laminarin, fucoidan and alginate, as 

well as two hydrolysis products, glucose and galactose, are shown in Figure - Appendix 13 

using the colourimetric phenol-sulphuric acid method (DuBois et al. 1956). In summary, 

reducing sugars such as glucose and galactose resulted in highest absorbances, whereas 

polymers such as laminarin, fucoidan and alginate resulted in reduced colour formation and 

lower absorbances. The use of this method for quantitative carbohydrate estimations is 

somewhat limited if used on heterogenous carbohydrates. This method requires the 

understanding of the chemical biomass composition and individual proportions of each 

monomer or polymer. The Dubois method does not entirely determine the degree of 

saccharification as shown in the similarity of the glucose and laminarin profiles. For 

saccharification evaluation the colour reaction of compounds such as alginate result in 

background readings and have to be considered. However, because of its simplicity and short 

analysis time, it is a very popular method commonly applied for quantification analysis of 
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saccharification of homogenous carbohydrates (Siso et al. 1992, Itoh et al. 2003, Tanaka et al. 

2006). Carbohydrate contents using the DuBois method are usually expressed as a percentage 

of glucose equivalents using a glucose calibration curve (Dochain and Pauss 1988, Zheng et al. 

2005). 

Clear identification of the main saccharification product glucose from glucans such as 

laminarin was achieved using the chromatographic method. Polymers such as laminarin do 

not interact with the polymer matrix of the HPLC column and therefore elute before glucose. 

The other main component of brown seaweed hydrolysates was mannitol, with a retention 

time between that of rhamnose and arabinose. As those sugars have not been reported in 

brown seaweed biomass (van Hal 2011) or are only present in small quantities, identification 

of mannitol therefore was possible. No conclusion regarding the presence of galactose or 

xylose was possible with this method, and peaks eluting between glucose and mannitol were 

reported as xylose/ galactose. Results for trends of the sugar monomers glucose are in 

accordance with findings by Dubois (DuBois et al. 1956) with glucose calibration curves giving 

higher readings than galactose. 

The chromatographic method was used throughout this project to support quantitatively and 

qualitatively saccharification of seaweed biomass and was mainly used for detection of 

glucose and mannitol. Overlaid single peaks of the chromatographic analysis of sugar 

monomers are highlighted in Figure - Appendix 15. Glucose and fucose formed the outer 

boundaries of all sugar peaks and eluted within 1.7 minutes from each other. Galactose and 

xylose eluted approximately 0.6 minutes after glucose and within 10 seconds of each other. 

Results in this report for peaks eluting at this time were expressed as galactose/ xylose units. 

Rhamnose formed the 4th peak eluting 53 seconds after glucose followed by the sugar alcohol 

mannitol, 14 seconds later. Arabinose was 6th with 99 seconds behind glucose and only 2 

seconds ahead of fucose. When all monosaccharide standards were mixed in equal amounts, 

chromatographic identification of four of the six monosaccharides was achieved using the 

method described above (Figure - Appendix 15). The retention times of xylose and galactose 

were too close together to be separated by HPLC and co-eluted into one peak. Also arabinose 

and fucose were not fully separated and formed a doublet peak. 
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Carbohydrate Equation R2 

Glucose 
 % 𝐺𝑙𝑢𝐸𝑞 =

𝐴𝑏𝑠490 + 0.0183

0.1423
 

0.9989 

Galactose 
 % 𝐺𝑎𝑙𝐸𝑞 =

𝐴𝑏𝑠490 + 0.0073

0.1222
 

0.9992 

Laminarin 
 % 𝐿𝑎𝑚𝐸𝑞 =

𝐴𝑏𝑠490 + 0.0122

0.1164
 

0.9993 

Fucoidan 
 % 𝐹𝑢𝑐𝐸𝑞 =

𝐴𝑏𝑠490 + 0.0176

0.0517
 

0.9963 

Na-alginate 
 % 𝐴𝑙𝑔𝐸𝑞 =

𝐴𝑏𝑠490 + 0.0117

0.0222
 

0.9853 

Figure - Appendix 13:  Evaluation of a colourimetric method for carbohydrate determination. Calibration 
curves and their corresponding equations of the carbohydrates glucose, galactose, laminarin, fucoidan and 
alginate using the phenol/ sulphuric acid method according to Dubois. The error bars are the means ± SD 
from two measurements for galactose, laminarin, fucoidan and sodium alginate, and nine measurements for 
glucose. 
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10,000 mg l-1 standards: RT Area ΔTglucose 

Glucose 8.322 4,254,967 0 
Galactose 8.914 4,089,449 0.592 
Xylose 9.083 4,150,402 0.761 
Rhamnose 9.219 3,450,559 0.897 
Mannitol 9.453 4,154,338 1.131 
Arabinose 9.971 3,857,664 1.648 
Fucose 10.012 4,303,945 1.69 

Figure - Appendix 14: HPLC analysis of the monosaccharides glucose, galactose, xylose, rhamnose, arabinose 
and fucose, as well as the sugar alcohol mannitol using a Resex-ROA column. 

 

 

Figure - Appendix 15: HPLC analysis of an equal mix of the sugars glucose, galactose, xylose, rhamnose, 
arabinose and fucose. 
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Appendix G: Acid hydrolysis using fresh and freeze dried seaweeds 

Investigations into the effects of physical pre-treatment methods such as freezing, freeze 

drying and milling on saccharification yields using fresh and freeze dried Palmaria palmata 

and Laminaria digitata were the focus in this comparison study using acid hydrolysis on fresh 

and freeze dried seaweed of a July 2011 harvest of L. digitata and P. palmata. Samples from 

acid hydrolysis using Ulva were lost during the process. 

Materials and Methods 

Freshly harvested seaweed was shredded and homogenised in a kitchen blender for 5 

minutes. Approximately 10 ± 1 g of shredded seaweed was transferred into 16 x 100 mm 

Pyrex® screw capped glass tubes and combined with 10 ml of acid solutions. 

Hydrolysis using freeze dried seaweeds of the same harvests was carried out with 600 ± 60 mg 

of seaweeds in 5 ml of acid. Acid solutions covering the range 0.5, 1, 2 and 4 M were used for 

all tests. All tubes were autoclaved for 15 minutes at 121 oC and final volumes made-up to 50 

and 25 ml in volumetric flasks with deionised water, for fresh and freeze dried seaweed 

hydrolysates, respectively. 

The Total Carbohydrate content was measured colourimetrically using the Phenol-Sulphuric 

acid assay described in Chapter 2, Method 2.5.5.1. 

Results and Discussions 

Total carbohydrate yields were measured using the Phenol-Sulphuric acid method. The 

carbohydrate yields for pre-treated L. digitata were, in all cases, 8 to 15 % lower compared to 

results from fresh seaweed. In the case of P. palmata pre-treatment enhanced glucose yields 

by around 10 % (Figure - Appendix 16). For fresh and freeze dried seaweed a 0.5 and 1 M 

sulphuric acid solution gave best results. It is interesting to note that in the case of dried P. 

palmata the decline in carbohydrate content was less obvious than that seen in fresh 

seaweed. In contrast to results from P. palmata, carbohydrates from L. digitata were more 

stable in freeze dried seaweed. Results from comparing physical pre-treatment such as 

freezing, drying and milling using P. palmata and L. digitata were species specific. Considering 
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that water content for both seaweeds was around 84 %, an almost equal amount of water to 

the amount of acid was trapped in fresh seaweed biomass and released during hydrolysis. This 

in turn would result in a dilution of the acid solution to approximately half its initial strength. 

However, in the case of fresh and dried seaweed no difference in carbohydrate trends was 

seen, suggesting that physical pre-treatment of seaweed biomass is not a necessity to increase 

carbohydrate yields if acid is chosen as the hydrolysis catalyst. 

  

Figure - Appendix 16: Impact of acid strength on the hydrolysis efficiency (expressed as % Glucose 

Equivalent) using fresh and freeze dried (fr.dried) P. palmata and L. digitata (July 2011 harvest), autoclaved 
at 121 oC for 15 minutes. The error bars are the means ± SD of two samples. 

  

0

10

20

30

40

50

60

0.25 M 0.5 M 1 M 2 M

G
lu

co
se

 e
q

u
iv

al
en

t 
( 

%
)

Acid molarity (M)

fresh L.digitata

fr.dried L.digitata

fresh P.palmata

fr.dried P.palmata



Appendices 

302 
 

Appendix H: Novozymes - Cellulosic enzymes 

Table - Appendix 6:  Recommended hydrolysis conditions for Novozymes enzyme blends 

Enzyme classification Activity Density  
(g ml-1) 

pH Temp. 
(oC) 

Dosage 
( % w w-1 (TS)) 

NS22086 
Cellulase complex 

1000 BHU(2)/g 1.15 5.0-5.5 45-50 1-5 

NS22083 
Xylanase 

2500 FXU-S/g 1.09 4.5-6.0 35-55 0.05-0.25 

NS22118 
β-glucosidase 

250 CBU/g 1.20 2.5-6.5 45-70 0.2-0.6 

NS22119 
Enzyme complex 

100 FBG/g 
(~13,700 PGU/g) 

1.19 4.5-6.0 25-55 0.05-0.4 

NS22002 
Hemicelluase 

45 FBG/g 
(~470 FXU/g) 

1.20 5.0-6.5 40-60 0.4-2 

NS22035 
Glucoamylase 

750 AGU/g 1.15 4.5-5.5 60-70 0.01-0.06 

 

Appendix I: Characterisation of seaweed degrading marine microoganisms 

Table - Appendix 7: Morphological description of colonies 

Texture Dry (D), mucoid (Mu),  
Color Opaque (Op), cloudy, translucent (T), iridescent (Ir), orange (O), white (w), brown (B), grey 

(G), yellow (Y) 
Surface Glistening (G) or dull (Du), smooth (S), rough (R) 
Size tiny colonies are referred to as punctiform (P) (<1 mm) otherwise described as small (S) (1-

2mm) and large (L) (>2 mm) 
Cell shape ellipsoid (ovoid shaped cells), cylindrical (elongated cells with hemispherical ends), apiculate 

(lemon shaped), ogival (elongated cell rounded at one end and pointed at other), flask shaped 
(cells dividing by bud fission), miscellaneous shapes (triangular, curved, spherical, stalked), 
pseudohyphal (chains of budding yeast cells that have elongated without detachment), 
hyphal (branched or unbranched filamentous cells which form germ tubes, Hyphae may give 
rise to blastopres), dimorphic (yeasts that grow vegetatively in either yeast or filamentous 
form) 
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Appendix J: Temperature optimisation studies 

Table - Appendix 8: Growth experiment using ZoBell medium (ZM 5) and temperatures ranging from 25 to 51 
oC. Data are optical densities OD600 after growth in 6 well plates for 71 hours 

Culture 25 oC 31 oC 37 oC 41 oC 45 oC 51 oC 

1/18 0.879 1.034 0.825 0.749 0.248 0.019 

1/19 0.85 1.027 0.927 0.881 0.497 0.009 

1/24 0.93 1.017 1.021 0.97 0.437 0.012 

1/25 0.912 1.067 0.858 0.894 0.138 0.023 

1/26 1.017 1.161 1.084 1.042 0.393 0.014 

1/27 0.929 1.078 0.941 0.817 0.472 0.018 

1/28 0.927 1.042 0.87 0.789 0.577 0.018 

1/29 1.067 1.082 0.965 0.919 0.541 0.018 

1/30 0.994 1.043 0.943 0.854 0.361 0.018 

1/31 0.888 0.87 0.764 0.763 0.67 0.018 

2/33 1.002 1.09 0.902 0.879 0.165 0.018 

2/36 0.855 1.096 0.912 0.691 0.238 0.018 

2/40 1.246 1.192 0.929 0.043 0.015 0.018 

2/49 0.724 0.827 0.145 0.0853 0.017 0.018 

2/50 0.893 1.277 0.077 0.15 0.15 0.018 

2/65 0.73 1.174 0.073 0.022 0.032 0.018 

4/121 1.015 1.257 0.886 0.762 0.672 0.018 

4/122 1.298 1.388 0.936 0.889 0.602 0.018 

4/123 0.918 0.954 0.823 1.302 0.66 0.018 

4/124 0.942 1.146 0.954 1.495 1.217 0.018 

4/125 0.907 0.992 0.931 0.784 0.548 0.018 

4/128 0.995 1.262 0.98 1.448 1.11 0.018 

5/132 0.93 1.137 0.799 1.05 0.746 0.018 

5/148 0.447 0.554 0.668 1.11 0.331 0.018 

5/153 0.881 0.898 0.08 0.09 0.034 0.018 

5/156 0.691 0.805 0.437 0.201 0.087 0.018 

5/157 0.721 0.935 0.577 0.027 0.017 0.018 

5/159 0.892 0.562 0.054 0.018 0.018 0.018 

5/163 0.817 0.942 0.534 0.014 0.018 0.018 

5/164 0.824 0.879 0.454 0.023 0.018 0.018 
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Appendix K: Phenotypic characteristics 

Table - Appendix 9: Sample origin, enrichment conditions and morphological description of culture isolates 
of cryo-preservation box 1 

Box/ 
No 

Vial No. 
BM02/11- 

Enrichment conditions Morphology 

Inoculum Substrate C-source Shape Surfac
e 

Textur
e 

Colour Size 

1/1 -1-2a none L.digitata Agar F R D W/G/Y S 

1/2 -128-263b Gut rumen mixed seaweeds ZM1 C G M T S 

1/3 -129-246d/b Gut rumen P.palmata none C G M T S 

1/4 -100-228a none seaweed debris none C G M T S 

1/5 -129-246b Gut rumen P.palmata none I/S G D O P 

1/6 -1-1a none L.digitata agar F R D W/G/Y S 

1/7 -126-261c Gut rumen Laminaria spp. ZM1 Cef Du D D S 

1/8 -119-254a none Aerobic culture, S.U. Agar C/S G D O P 

1/9 -113-247b Gut rumen Mixed seaweeds Alginate I G M T/B L 

1/10 -126-261a Gut rumen Laminaria spp. ZM1 C G M Y/T S 

1/11 -124-259a none Mixed seaweeds none C G M O P 

1/12 -129-246a Gut rumen P.palmata none C G Mu T S 

1/13 -34-70b Gut rumen P.palmata Carr C G M Y S 

1/14 -127-262d none Aerobic culture, S.U. ZM1 C G M Op S 

1/15 -122-257a none Mixed seaweeds ZM1 C G M Op P 

1/16 -100-227a none seaweed debris none C G D O S 

1/17 -129-246c Gut rumen P.palmata none I G M W/Ir P 

1/18 -117-252b none Anaerobic culture, S.U. Alginate I/S G M O A 

1/19 -127-262c none Aerobic culture, S.U. ZM1 I/S G M O A 

1/20 -127-262b Gut rumen mixed seaweeds ZM1 I/S G M O A 

1/21 -116-251c Gut rumen mixed seaweeds ZM1 C G M Op S 

1/22 -113-247a Gut rumen Mixed seaweeds Alginic acid C G M Op P 

1/23 -113-247c Gut rumen Mixed seaweeds Alginate C G D O S 

1/24 -116-251b none Anaerobic culture, S.U. Carr I/S G Mu O A 

1/25 -121-256a none Aerobic culture, S.U. Alginate I/S G Mu O A 

1/26 -129-246b none Aerobic culture, S.U. Alginate I/S G D O A 

1/27 -35-73b Gut rumen P.palmata none I/S G Mu O A 

1/28 -117-252a Gut rumen Ulva spp. Carr I/S G Mu O A 

1/29 -127-262b none Anaerobic culture, S.U. Alginate I/S G D O A 

1/30 -134-70b none Aerobic culture, S.U. ZM1 I/S G Mu O A 

1/31 -125-260b none Anaerobic culture, S.U. none C G M O S 

1/32 -113-247c Gut rumen Mixed seaweed Xylose C G M O S 

Abbreviations used in Enrichment conditions: S.U. = South Uist, ZM1= marine basal medium ZM1, YE=yeast extract, sw=seaweed; 
Carr=carrageenan 
Abbreviations used in Morphology are explained in Appendix I. 
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Table - Appendix 10: Sample origin, enrichment conditions and morphological description of culture isolates 
of cryo-preservation box 2 

Box/No Vial No. 
BM02/11- 

Enrichment conditions Morphology 

Inoculum Substrate C-source Shape Surface Texture Colour Size 

2/33 -121-256a none Aerobic culture, S.U. Alginate I/S G Mu O S 

2/34 -112-248a Gut rumen Mixed spp. Glucose F G M W S 

2/35 -113-249a Gut rumen Mixed spp. Xylose C G M P Pi 

2/36 -117-225b none Seaweed debris none I/S G Mu O S 

2/37 -212b none Mixed spp. ZM1 I/S G M Op P 

2/38 -103-236b none Laminaria spp. Alginate/ YE C G M Ir S 

2/39 -100-225a none Seaweed debris none C G M W S 

2/40 -124-259c none Mixed spp. none I/S G M O P 

2/41 -100-228a none Seaweed debris none C G M Op S 

2/42 -133a Gut rumen Aerobic culture, (S.U.) Agar C G M Op S 

2/43 -133b Gut rumen Aerobic culture, (S.U.) Agar C G M Op S 

2/44 -106-244b none Laminaria spp. Alg.hyd.(acid) C G M Y S 

2/45 -223a none P.palmata none C G M Y P 

2/46 -100-228b none seaweed debris none C G M O/Y S 

2/47 -102-231a none Laminaria spp. none C G Mu T/B P 

2/48 -128-
263d/a 

Gut rumen mixed seaweeds ZM1 C G M W S 

2/49 -34-71b/b Gut rumen P.palmata Carrageenan C G M W S 

2/50 -77-181a/a Gut rumen none Mannitol I G M Op S 

2/51 -56-130a/a Gut rumen none Agar C G M W S 

2/52 -15-31a/a none P.palmata none C G M Y S 

2/53 -80-185a/a none Aerobic culture,(S.Uist) Mannitol C G M W/T S 

2/54 -33-68a/a none Anaerobic culture, S. 
Uist 

none I/S G M Op/T S 

2/55 -62-149a/a Gut rumen P.palmata Glucose C G M Op S 

2/56 -26-50a/a Gut rumen Ulva spp. none C G M Op S 

2/57 -89-198a/a none Aerobic culture ,(S.Uist) Alg.hyd F R D B S 

2/58 -128-
263d/b 

Gut rumen mixed seaweeds ZM1 C G M W P 

2/59 -25-48a Gut rumen P.palmata none C G M Op/T S 

2/60 -35-74a/a Gut rumen Ulva spp. Carrageenan C G M W/T S 

2/61 -56-131a/a Gut rumen none Agar C G M T L 

2/62 -43-94a/a Gut rumen P.palmata Cellulose C G M W P 

2/63 -60-
146b/b/b 

none Anaerobic culture,S.Uist Agar C G M W S 

2/64 -46-
102a/a/a 

Gut rumen Mixed spp. Cellulose C G M Op L 

2/65 -77-181a/a Gut rumen none Mannitol C G M Op L 

Abbreviations used in Enrichment conditions: S. Uist = South Uist, ZM1= marine basal medium ZM1, YE=yeast extract, sw=seaweed; 
Abbreviations used in Morphology are explained in Appendix I 
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Table - Appendix 11: Sample origin, enrichment conditions and morphological description of culture isolates 
of cryo-preservation box 3 

Box/No. Vial No. 
BM02/11- 

Enrichment conditions Morphology 

Inoculum Substrate C-source Shape Surfac
e 

Texture Colour Size 

3/66 -32-64a/a none Aerobic culture, 
(S.Uist) 

none C G M W S 

3/67 -64-156a/a Gut rumen Ulva spp. Xylose C G M W S 

3/68 -52-114a/a Gut rumen P.palmata Agar I/S G M Y P 

3/69 -68-164a/a Gut rumen Laminaria spp. Xylose I/F S M W L 

3/70 -14-30a/a Gut rumen P.palmata none C G Mu T S 

3/71 -2-4a Gut rumen Laminaria spp. none I/F R D B* L 

3/72 -72-172a none Mixed seaweeds Xylose I/F R D B* L 

3/73 -20-42a Gut rumen Laminaria spp. none I/F R D B* L 

3/74 -12-25a/b Gut rumen none none C G Mu W S 

3/75 -10-21b/b Gut rumen P.palmata none C G Mu W S 

3/76 -34-69a Gut rumen P.palmata Carrageenan C Du M B S 

3/77 -95-213 none Mixed seaweeds ZM1 C G M Op P 

3/78 -94-210 Maggots none none C G M Op P 

3/79 -106-244a none P.palmata Alg.hyd. C G M Op P 

3/80 -101-234a none Seaweed debris Alginate / YE C G M Op P 

3/81 -12-26b Gut rumen P.palmata none C G M R P 

3/82 -10-21a Gut rumen P.palmata none C G Mu W S 

3/83 -29-56a Gut rumen none none C G M R P 

3/84 -65-157a Gut rumen Ulva spp. Glucose C G M R P 

3/85 -100-226a none Seaweed debris none C G M Op S 

3/86 -95-211 none Mixed seaweeds ZM1 C G M W/Y P 

3/87 -94-208 Maggots none none C G M W/Y P 

3/88 -8-18a Gut rumen Laminaria spp. none I/F R D W/G L 

3/89 -7-14a Gut rumen Laminaria spp. none I/F R D W/G L 

3/90 -1-3a Gut rumen Laminaria spp. none I/F R D W/G L 

3/91 -106-244a none P.palmata Alg.hyd. C G M Op S 

3/92 -100-227b none Seaweed debris none C G M Op P 

3/93 -108-246a none Laminaria spp. Alginic acid C Du D B* L 

3/94 -93-207 Fly/ Mites none ZM1 I G M Op L 

3/95 -101-233a none Seaweed debris Alginate/ YE C G M T P 

3/96 -105-247a/b Gut rumen Mixed seaweeds Alginic acid C G M W S 

3/97 -105-247a/a Gut rumen Mixed seaweeds Alginic acid C Du D Op S 

3/98 -101-230 none Seaweed debris Alginate/ YE I/S Du M W P 

Abbreviations used in Enrichment conditions: S. Uist = South Uist, ZM1= marine basal medium ZM1, YE=yeast extract, sw=seaweed; Alg. 
Hyd.= alginate hydrolysates (acid); Abbreviations used in Morphology are explained in Appendix I. 
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Table - Appendix 12: Sample origin, enrichment conditions and morphological description of culture isolates 
of cryo-preservation box 4 

Box 
No. 

Vial No. 
BM02/11- 

Enrichment conditions Morphology 

Inoculum Substrate C-source Shape Surface Texture Colour Size 

4/99 -58-136a/b Gut rumen Anaerobic culture S. Uist Agar C G M O S 

4/100 -58-136a/a Gut rumen Anaerobic culture S. Uist Agar C G M B S 

4/101 -18-38a/b none Laminaria spp. Cellulose C G M B S 

4/102 -18-38a/a none Laminaria spp. Cellulose C G M T/O S 

4/103 -32-65a/b none Aerobic culture S.Uist none C G M T/O S 

4/104 -46-101a/b Gut rumen mixed seaweed Cellulose C G M O A 

4/105 -46-101a/a Gut rumen mixed seaweed Cellulose C G M O A 

4/106 -36-76a/b Gut rumen Laminaria spp. Carrageenan C G Mu O A 

4/107 -36-76a/a Gut rumen Laminaria spp. Carrageenan C G M O S 

4/108 -59-142a/b Gut rumen Aerobic culture S.Uist Agar C G M O A 

4/109 -59-142a/a Gut rumen Aerobic culture S.Uist Agar C G M Op P 

4/110 -32-65a/a/b none Aerobic culture S.Uist none C G M O S 

4/111 -32-65a/a/a none Aerobic culture S.Uist none C G M T/O S 

4/112 -96-214 none mixed seaweed none C G M T/Op L 

4/113 -101-229 none seaweed debris Alginate/ YE C G M Y/O L 

4/114 -92-204 Mites mixed seaweed none C G M Y/O S 

4/115 -92-203 Mites mixed seaweed none C G M O S 

4/116 -101-233 none seaweed debris Alginate/ YE I/S G M O P 

4/117 -98-220 none Laminaria spp. none F G D B* S 

4/118 -100-228c none seaweed debris none C G M T/O P 

4/119 -94-209 Maggots mixed seaweed none I/S G M O S 

4/120 -96-215 none mixed seaweed none I/S G M Op S 

4/121 -34-70b/A Gut rumen P.palmata Carrageenan I/S G M O A 

4/122 -34-70b/B Gut rumen P.palmata Carrageenan I/S G M O A 

4/123 -152-260d none Anaerobic culture, S.Uist none I/S G M O A 

4/124 -127-262a none Aerobic culture S.Uist ZM1 I/S G M O A 

4/125 -35-73a Gut rumen Ulva spp. Carrageenan I/S G M O A 

4/126 -119-254a none Aerobic culture S.Uist ZM1 I/S G M O A 

4/127 -127-262a none Aerobic culture S.Uist ZM1 I/S G M O A 

4/128 -35-73b Gut rumen Ulva spp. Carrageenan I/S G M O A 

4/129 -129-246d/a none Laminaria spp. Alginic acid C G M W L 

4/130 -100-227e none seaweed debris none I G M T S 

4/131 -1-2c none Laminaria spp. agar F R D W/G/
Y 

S 

Abbreviations used in Enrichment conditions: S. Uist = South Uist, ZM1= marine basal medium ZM1, YE=yeast extract, sw=seaweed; 
Abbreviations used in Morphology are explained in Appendix I. 
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Table - Appendix 13: Sample origin, enrichment conditions and morphological description of culture isolates 
of cryo-preservation box 5. 

Box/No. Vial No. 
BM08/11- 

Enrichment conditions Morphology 

Inoculum Substrate C-source Shape Surface Texture Colour Size 

5/132 -1a peri wrinkle Laminaria spp. LD 10 C G Mu B/Y A 

5/133 -1b peri wrinkle Laminaria spp. LD 10 I Du M Y S 

5/134 -1c peri wrinkle Laminaria spp. LD 10 C G M Op P 

5/135 -1d peri wrinkle Laminaria spp. LD 10 I/S G M Op S 

5/136 -1e peri wrinkle Laminaria spp. LD 10 C Du M W S 

5/137 -1f peri wrinkle Laminaria spp. LD 10 C G M T/Y P 

5/138 -1g peri wrinkle Laminaria spp. LD 10 C Du M Op S 

5/139 -1h peri wrinkle Laminaria spp. LD 10 C Du D Y P 

5/140 -3a peri wrinkle Laminaria spp. LD 10 I/S G Mu Y A 

5/141 -3b peri wrinkle Laminaria spp. LD 10 C G D T P 

5/142 -3c peri wrinkle Laminaria spp. LD 10 C V M Op S 

5/143 -5a peri wrinkle Laminaria spp. LD 10 C Du M Y/O S 

5/144 -5b peri wrinkle Laminaria spp. LD 10 C G M W S 

5/145 -6a water from sediment trap none ZM1 I/S G M W/T S 

5/146 -6b water from sediment trap none ZM1 C G D W P 

5/147 -6c water from sediment trap none ZM1 C G D B/T P 

5/148 -6d water from sediment trap none ZM1 C Du M Op S 

5/149 -6e water from sediment trap none ZM1 I/S G M Op S 

5/150 -2A peri wrinkle Laminaria spp. LD 10 C G D Op P 

5/151 -2B peri wrinkle Laminaria spp. LD 10 F G D T S 

5/152 -2C peri wrinkle Laminaria spp. LD 10 I G M W/T S 

5/153 -2D peri wrinkle Laminaria spp. LD 10 I G M Y A 

5/154 -4A peri wrinkle Laminaria spp. LD 10 I G M Y S 

5/155 -4B peri wrinkle Laminaria spp. LD 10 C G M Op S 

5/156 -4C peri wrinkle Laminaria spp. LD 10 C G M T P 

5/157 -4D peri wrinkle Laminaria spp. LD 10 I G M Op L 

5/158 -4E peri wrinkle Laminaria spp. LD 10 I/S G M Y A 

5/159 -4F peri wrinkle Laminaria spp. LD 10 I/S G M Y A 

5/160 -7A sludgefrom sediment trap none ZM1 I/S G M Op S 

5/161 -7B sludge from sediment trap none ZM1 C G D W/T P 

5/162 -7C sludgefrom sediment trap none ZM1 I G D T S 

5/163 -7D sludgefrom sediment trap none ZM1 C G M Y P 

5/164 -7E sludge from sediment trap none ZM1 C G M Y P 

Abbreviations used in Enrichment conditions: S. Uist = South Uist, ZM1= marine basal medium ZM1, YE=yeast extract, sw=seaweed; 
Abbreviations used in Morphology are explained in Appendix I. 

 

 



Appendices 

309 
 

Appendix L: Response factors of growth and pH 

Table - Appendix 14: Growth and fermentation data using carbohydrate selective media a 

Culture Response factors (growth) b Response factors (pH) c 
No. CHalg CHalghy CHlam CHman CHglu CHeth CHalgO CHalg CHlam CHman CHglu CHeth 

1/1 1.5 2.6 1.6 2.4 9.1 1.3 0.1 0.2 0.0 0.2 1.5 0.0 

1/2 1.0 1.7 1.2 1.9 1.5 0.9 0.2 0.2 0.2 0.0 0.4 0.0 

1/3 1.2 1.3 1.3 4.3 1.5 1.0 0.1 0.0 0.2 0.0 0.3 0.0 

1/4 3.9 4.8 1.6 5.7 3.8 0.9 0.1 0.0 0.2 0.7 1.0 0.0 

1/5 n.t. n.t. n.t. n.t. 5.0 0.9 0.4 0.3 0.1 0.8 2.4 0.0 

1/6 1.1 0.7 1.1 0.1 5.2 0.0 0.3 0.7 nt 0.2 1.3 0.0 

1/7 3.9 5.1 1.7 6.8 0.1 0.0 0.4 0.4 0.2 0.3 0.5 0.0 

1/8 1.0 1.3 1.1 1.6 5.8 1.0 0.5 0.5 0.2 0.7 1.7 0.1 

1/9 0.8 1.0 1.1 4.6 0.8 3.1 0.2 0.1 0.0 0.0 0.3 1.0 

1/10 1.0 0.6 1.1 1.2 2.6 0.9 0.2 0.3 0.0 0.6 1.1 0.0 

1/11 1.2 1.6 1.3 1.8 0.9 1.0 0.2 0.6 0.1 0.2 0.7 0.0 

1/12 0.8 1.1 1.0 4.8 1.3 1.0 0.1 0.1 0.0 0.0 0.3 0.1 

1/13 2.1 2.3 1.0 4.2 2.4 0.9 0.2 0.3 0.0 0.6 1.1 0.0 

1/14 1.1 1.6 1.2 1.5 1.6 0.9 0.6 0.6 0.0 1.2 1.0 0.0 

1/15 3.6 1.5 1.2 1.5 1.0 0.8 0.1 0.2 0.1 0.0 0.2 -0.2 

1/16 1.5 2.0 1.6 2.0 1.3 0.7 0.3 0.8 -0.1 0.3 0.5 -0.2 

1/17 5.4 6.3 4.4 9.4 2.6 1.3 0.3 0.5 0.2 -0.3 1.1 3.0 

1/18 6.0 7.5 2.8 8.8 3.2 0.9 0.5 0.5 0.9 0.5 1.9 -0.3 

1/19 5.9 7.3 1.6 9.1 3.0 1.2 0.4 0.5 0.3 0.3 1.4 0.2 

1/20 n.t. 0.0 n.t. n.t. 2.0 1.4 0.2 0.1 nt 2.4 4.9 0.4 

1/21 1.3 2.8 1.4 7.1 8.5 6.2 0.1 0.1 nt 2.6 1.5 0.4 

1/22 0.8 0.9 1.3 n.t. 7.1 7.1 0.2 0.4 0.2 2.0 2.4 1.2 

1/23 6.3 8.6 4.3 11.5 0.3 1.0 0.3 0.4 0.3 3.4 3.7 0.2 

1/24 5.3 6.0 7.9 10.9 6.3 0.9 0.6 0.4 0.9 1.1 3.1 0.1 

1/25 6.6 6.7 3.2 8.7 5.7 1.0 0.4 0.5 0.1 1.1 2.9 0.1 

1/26 5.7 5.9 5.2 8.3 4.0 0.9 0.6 0.4 0.4 1.7 3.4 0.0 

1/27 5.6 6.3 5.3 7.9 3.9 1.0 0.4 0.5 0.8 1.0 2.6 0.1 

1/28 6.0 7.2 2.8 9.4 4.2 1.0 0.4 0.5 0.9 1.0 2.4 0.1 

1/29 5.6 7.4 6.8 6.6 4.9 1.0 0.3 0.4 0.4 1.0 2.9 0.1 

1/30 5.9 6.8 3.6 7.9 4.5 1.0 0.2 0.5 1.1 1.0 3.3 0.1 

1/31 n.t. n.t. n.t. n.t. 5.2 1.0 0.4 0.5 0.8 0.7 2.5 0.1 

1/32 n.t. n.t. n.t. n.t. 0.3 1.0 0.1 0.2 nt 1.0 2.8 0.0 

a CH alg= alginate; CH algO=enzymatically treated alginate; CH lam=laminarin; CH man=mannitol; CH eth= 
ethanol; CH glu= glucose; nt = not tested 
b Ratio of growth in selective media/ growth in basal media (OD600 select/ OD600 basal) after 3 days incubation 
at room temperature (RT) 
C Difference between pH in basal media to the pH in selective media after 3 days incubation at RT 
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Table - Appendix 15: Growth and fermentation data using carbohydrate selective media a 

Culture Response factor (growth) b Response factor (pH) c 

No. CHalg CHalgO CHlam CHman CHglu CHeth CHalg CHalgO CHlam CHman CHglu CHeth 

2/33 5.7 6.6 7.5 8.8 2.9 1.0 nt nt nt nt nt nt 

2/34 3.8 6.1 1.5 2.7 7.3 1.0 0.4 0.1 -0.1 1.7 3.4 nt 

2/35 1.7 3.7 1.3 2.1 4.7 2.2 0.3 0.5 0.0 0.2 1.8 0.2 

2/36 6.3 6.4 4.7 8.9 4.2 2.2 0.6 0.5 0.7 0.2 1.7 0.4 

2/37 5.6 8.6 1.1 5.2 3.3 6.6 0.3 0.1 0.0 1.6 3.4 0.1 

2/38 n.t. n.t. n.t. n.t. 1.6 1.1 0.4 0.1 0.0 1.7 4.0 1.3 

2/39 1.8 1.5 1.4 6.8 n.t. n.t. 0.3 0.3 0.0 0.2 0.7 3.6 

2/40 11.3 6.1 0.6 1.5 0.0 0.0 0.4 0.6 0.0 nt nt nt 

2/41 1.3 5.3 1.0 1.7 0.8 0.8 0.3 0.7 0.1 0.2 0.5 0.0 

2/42 6.8 7.9 1.1 8.3 3.5 0.8 0.4 0.3 0.0 0.1 0.4 0.1 

2/43 5.8 6.1 1.1 7.2 3.5 0.8 0.4 0.5 nt 0.9 1.6 0.1 

2/44 1.4 2.9 1.1 4.4 2.7 1.1 0.4 0.5 0.0 1.0 1.7 0.1 

2/45 1.0 2.2 1.9 4.1 2.6 1.1 0.2 0.4 0.0 0.6 0.9 0.1 

2/46 12.6 2.1 5.2 31.2 1.3 0.0 0.3 0.4 0.8 0.6 0.8 0.1 

2/47 1.5 1.9 4.8 2.1 2.4 1.1 0.4 0.5 1.4 0.1 0.6 0.1 

2/48 1.5 1.5 1.4 15.8 8.5 6.2 0.8 0.3 0.2 0.8 3.0 0.2 

2/49 1.5 3.9 0.9 0.8 0.7 2.6 0.2 0.3 0.3 2.6 1.5 0.4 

2/50 6.8 7.8 3.3 3.7 5.8 1.4 0.4 0.3 0.6 0.2 0.2 1.0 

2/51 1.1 1.6 1.2 1.8 1.4 1.8 0.2 0.3 0.1 0.7 2.9 0.0 

2/52 1.2 1.3 1.2 2.1 2.3 2.3 0.1 0.1 0.0 0.6 0.6 0.3 

2/53 0.8 1.2 1.1 2.8 3.0 1.0 0.1 0.2 0.0 3.8 4.0 0.5 

2/54 0.8 1.1 1.0 0.8 0.8 1.2 0.0 0.1 0.1 2.7 3.0 0.1 

2/55 1.1 0.8 1.1 1.0 2.1 1.5 0.2 0.2 0.0 0.1 0.2 0.1 

2/56 1.1 0.8 1.1 1.0 2.1 1.3 0.1 0.1 0.1 0.1 1.1 0.8 

2/57 n.t. 2.1 1.0 n.t. 0.4 1.0 0.1 0.2 0.1 0.1 1.4 3.5 

2/58 1.4 1.9 1.5 1.8 2.0 1.4 0.1 0.1 0.0 0.3 0.7 0.2 

2/59 1.1 1.2 1.1 0.8 0.8 0.9 0.1 0.1 0.0 2.4 4.9 0.3 

2/60 1.4 1.0 1.1 1.4 0.9 6.3 0.0 0.1 nt 0.1 0.2 0.1 

2/61 1.2 0.8 1.4 0.8 11.8 3.2 0.0 0.1 0.3 0.3 0.3 0.8 

2/62 1.4 1.3 0.8 0.9 1.5 1.0 0.0 0.1 0.2 0.1 2.8 2.7 

2/63 n.t. 0.7 0.8 n.t. 11.3 3.0 0.0 0.1 0.1 0.2 0.3 0.1 

2/64 3.0 4.0 1.0 12.6 9.3 2.7 nt 0.1 nt 1.5 2.9 1.5 

2/65 6.1 6.2 3.2 2.7 5.8 1.4 nt 0.3 nt 1.5 4.6 4.0 

a CH alg= alginate; CH algO=enzymatically treated alginate; CH lam=laminarin; CH man=mannitol; CH eth= 
ethanol; CH glu= glucose; nt = not tested 
b Ratio of growth in selective media/ growth in basal media (OD600 select/ OD600 basal) after 3 days incubation 
at room temperature (RT) 
C Difference between pH in basal media to the pH in selective media after 3 days incubation at RT 
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Table - Appendix 16: Growth and fermentation data using carbohydrate selective media a 

Culture Response factor (growth) b Response factor (pH) c 

No. CHalg CHalgO CHlam CHman CHglu CHeth CHalg CHalgO CHlam CHman CHglu CHeth 

3/66 1.3 1.4 1.1 7.4 5.8 2.4 0.2 0.1 0.2 nt nt nt 

3/67 1.6 0.7 1.2 25.0 24.8 19.3 0.0 0.3 0.2 1.3 4.3 3.8 

3/68 1.0 1.5 1.1 0.9 1.1 0.9 0.3 0.2 0.0 1.0 2.4 1.0 

3/69 1.4 1.8 1.0 0.9 8.8 7.0 0.3 0.2 0.1 0.1 0.3 0.1 

3/70 1.3 0.9 1.0 6.5 6.9 0.9 0.3 0.3 0.0 0.3 1.9 4.2 

3/71 3.1 1.8 1.3 3.0 5.8 0.0 0.4 0.2 0.2 0.8 3.9 0.2 

3/72 0.8 1.5 0.4 0.0 39.7 0.0 0.2 0.2 0.2 0.1 4.3 7.9 

3/73 1.1 1.4 1.1 1.6 1.0 0.0 0.5 0.4 0.2 0.3 1.3 8.0 

3/74 1.7 4.9 1.0 8.6 6.7 0.0 0.2 0.2 0.2 0.3 0.7 7.9 

3/75 1.6 4.8 0.9 8.8 7.0 0.0 0.3 0.1 0.0 1.3 4.7 8.2 

3/76 1.4 0.8 1.7 3.7 2.9 0.0 0.3 0.1 0.0 1.4 4.7 8.2 

3/77 5.7 6.1 1.6 3.7 3.5 2.4 0.1 0.1 0.0 1.7 3.4 8.2 

3/78 2.7 6.0 1.7 2.2 3.1 2.5 0.0 -0.1 0.0 0.7 2.3 0.4 

3/79 0.9 1.4 1.7 8.1 6.5 1.9 0.1 0.3 0.0 0.5 1.9 0.2 

3/80 1.2 0.8 1.2 8.2 7.2 1.2 0.2 0.3 0.0 1.3 4.9 4.1 

3/81 2.2 1.2 1.1 2.2 2.2 0.0 0.2 0.1 0.0 1.6 1.3 0.8 

3/82 1.8 1.1 1.1 2.0 2.2 0.0 0.1 0.3 0.0 0.8 0.7 8.2 

3/83 1.2 1.1 1.1 2.1 2.4 0.0 0.2 0.3 0.0 0.7 0.6 8.1 

3/84 1.1 1.1 2.2 1.8 2.6 0.0 0.2 0.3 0.2 0.7 0.8 8.1 

3/85 1.0 0.5 1.7 0.6 0.2 0.8 0.1 0.2 0.1 0.7 1.4 8.1 

3/86 0.9 0.8 3.1 0.8 1.2 2.0 0.2 0.2 0.2 0.1 0.3 0.1 

3/87 0.9 0.8 2.8 0.9 1.5 1.4 0.1 0.2 0.2 0.2 0.6 0.5 

3/88 1.0 n.t. n.t. n.t. 0.0 0.0 0.4 0.2 nt 0.2 0.6 0.3 

3/89 n.t. n.t. n.t. n.t. 87.9 0.0 0.7 0.8 nt 0.6 0.4 7.9 

3/90 0.1 n.t. n.t. n.t. 0.0 0.0 0.6 0.7 nt 0.9 4.1 8.0 

3/91 3.3 3.0 1.7 8.1 6.5 1.9 0.2 0.1 0.0 0.7 1.5 7.7 

3/92 7.8 4.5 1.3 3.0 3.6 0.6 0.0 0.0 0.0 1.3 4.9 4.1 

3/93 4.0 1.4 1.0 0.2 0.1 0.9 0.3 0.5 -0.1 0.3 0.5 0.0 

3/94 4.4 4.6 1.2 6.9 4.1 1.6 0.1 0.1 0.0 0.4 1.1 0.5 

3/95 0.9 1.2 0.9 0.7 1.2 0.6 0.3 0.4 0.0 1.4 1.5 3.4 

3/96 1.8 2.8 1.5 9.9 2.3 2.1 0.4 0.2 0.0 0.1 0.6 0.5 

3/97 0.2 0.4 0.8 0.2 0.1 0.3 0.2 4.2 -0.1 0.2 0.8 4.0 

3/98 0.9 0.7 1.2 4.2 5.4 0.8 0.1 4.2 0.0 0.4 1.6 0.2 

a CH alg= alginate; CH algO=enzymatically treated alginate; CH lam=laminarin; CH man=mannitol; CH eth= 
ethanol; CH glu= glucose; nt = not tested 
b Ratio of growth in selective media/ growth in basal media (OD600 select/ OD600 basal) after 3 days incubation 
at room temperature (RT) 
C Difference between pH in basal media to the pH in selective media after 3 days incubation at RT 
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Table - Appendix 17: Growth and fermentation data using carbohydrate selective media a 

Culture Response factor (growth) b Response factor (pH) c 

No. CHalg CHalgO CHlam CHman CHglu CHeth CHalg CHalgO CHlam CHman CHglu CHeth 

4/99 2.0 1.7 2.0 1.9 1.3 2.7 nt nt 0.0 3.5 3.5 -0.1 

4/100 1.6 1.2 2.3 2.2 1.3 2.8 nt nt 0.0 3.5 3.5 -0.1 

4/101 1.3 1.2 2.1 1.3 1.2 2.5 nt nt 0.0 0.1 3.5 -0.1 

4/102 1.3 1.0 1.9 1.5 1.1 2.4 nt nt 0.0 0.1 3.5 -0.1 

4/103 1.1 0.8 1.7 2.0 1.0 2.3 nt nt 0.1 3.4 -0.1 3.5 

4/104 1.5 1.0 2.0 2.6 0.9 1.9 nt nt 0.1 3.2 3.7 -0.1 

4/105 1.3 0.9 2.3 2.6 1.2 2.7 nt nt 0.1 1.9 3.6 -0.1 

4/106 1.3 1.1 2.0 2.8 1.1 1.8 nt nt 0.1 3.6 3.6 -0.1 

4/107 1.3 1.0 2.3 2.4 1.6 2.4 nt nt 0.1 2.1 3.6 -0.1 

4/108 1.1 1.1 2.4 1.2 3.9 1.3 -0.2 3.8 0.1 -0.4 1.4 -0.3 

4/109 1.4 1.4 2.6 2.5 2.3 2.3 0.0 4.1 0.0 2.6 4.4 0.2 

4/110 1.6 5.7 2.1 2.4 1.6 2.9 0.0 4.2 0.0 3.5 3.5 -0.1 

4/111 2.1 1.1 1.9 2.3 2.1 3.8 0.0 4.2 0.1 3.5 3.1 0.5 

4/112 5.2 6.3 1.1 0.4 0.5 3.6 0.2 0.3 0.0 0.1 0.2 0.6 

4/113 1.0 1.5 1.2 0.8 4.6 3.3 0.2 0.2 0.0 0.2 3.7 0.4 

4/114 1.7 5.1 1.5 1.8 1.0 1.0 0.2 0.7 0.1 0.3 0.4 0.0 

4/115 1.2 1.8 1.1 0.8 0.9 0.7 0.5 0.7 0.0 0.1 0.3 0.1 

4/116 2.3 2.1 1.2 0.9 1.0 1.4 0.3 0.4 0.0 0.1 0.2 0.6 

4/117 11.9 2.0 2.8 3.5 27.5 98.0 0.4 0.4 0.2 0.3 0.7 0.1 

4/118 1.1 0.7 0.5 3.1 26.5 0.0 0.5 0.7 0.1 0.3 0.9 0.0 

4/119 1.9 1.8 1.4 4.1 5.6 0.9 0.2 0.2 0.2 0.9 1.3 0.1 

4/120 7.9 6.9 1.4 3.8 4.6 3.4 0.3 0.2 0.1 1.0 2.1 0.5 

4/121 4.6 5.3 7.2 4.2 6.1 0.9 0.6 0.5 1.1 0.6 2.7 0.0 

4/122 3.8 4.4 6.0 3.2 6.6 1.0 0.5 0.5 1.2 0.7 2.9 0.0 

4/123 6.6 6.8 2.2 7.2 7.4 0.9 0.5 0.4 0.5 1.0 3.1 0.0 

4/124 3.5 3.1 2.7 5.1 4.3 0.9 0.7 0.7 0.9 1.0 2.6 0.0 

4/125 5.4 4.8 5.6 7.1 4.7 1.0 0.6 0.6 1.1 1.0 2.7 nt 

4/126 2.5 2.7 2.0 3.8 3.4 0.9 0.5 0.5 0.4 0.8 1.8 0.0 

4/127 3.6 2.7 2.5 5.1 7.4 0.9 0.5 0.5 0.6 0.9 2.7 nt 

4/128 4.3 3.4 4.2 5.9 4.9 1.0 0.5 0.5 1.1 0.9 2.8 0.0 

4/129 1.6 1.2 1.4 1.9 1.5 0.9 0.3 0.2 0.2 0.1 0.5 nt 

4/130 0.9 1.6 1.4 1.7 0.9 0.8 0.2 0.4 0.5 0.2 0.4 0.0 

4/131 n.t. n.t. n.t. 0.1 1.6 0.9 0.3 0.4 nt 0.3 1.3 0.0 

a CH alg= alginate; CH algO=enzymatically treated alginate; CH lam=laminarin; CH man=mannitol; CH eth= 
ethanol; CH glu= glucose; nt = not tested 
b Ratio of growth in selective media/ growth in basal media (OD600 select/ OD600 basal) after 3 days incubation 
at room temperature (RT) 
C Difference between pH in basal media to the pH in selective media after 3 days incubation at RT 
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Table - Appendix 18: Growth and fermentation data using carbohydrate selective media a 

Culture Response factor (growth) b Response factor (pH) c 

No. CHalg CHalghy CHlam CHman CHglu CHeth CHalg CHalghy CHlam CHman CHglu CHeth 

5/132 10.3 7.6 8.0 10.1 16.6 2.0 0.2 0.3 1.0 1.4 3.2 0.0 

5/133 5.5 2.8 1.5 2.1 11.2 0.9 1.9 2.5 2.4 3.9 3.3 0.0 

5/134 4.1 5.6 1.5 3.9 8.8 4.4 0.1 0.3 0.7 1.3 1.4 -0.1 

5/135 3.0 8.1 1.1 10.2 6.1 2.9 0.3 0.4 0.3 2.7 4.7 4.1 

5/136 1.2 3.2 1.2 18.1 15.7 1.2 0.1 0.4 0.0 1.2 1.5 0.3 

5/137 2.0 4.1 1.4 0.8 3.7 4.2 0.2 0.5 0.1 0.4 1.2 0.9 

5/138 4.9 7.4 0.9 3.8 3.1 3.4 0.4 0.4 0.2 2.7 1.3 0.7 

5/139 2.0 3.5 1.0 4.4 5.3 2.2 0.2 0.3 0.0 1.1 1.6 0.1 

5/140 10.6 11.9 1.1 4.7 3.4 3.7 0.2 0.4 0.0 1.4 2.7 3.4 

5/141 3.6 4.0 1.1 1.5 0.9 1.5 1.4 2.0 0.1 1.9 3.9 0.2 

5/142 2.1 3.4 1.3 14.3 8.5 3.4 0.2 0.2 0.2 3.0 4.8 4.2 

5/143 1.1 1.0 1.1 7.7 5.2 7.5 0.2 0.1 0.0 1.5 3.0 1.3 

5/144 1.3 0.8 1.2 23.4 4.5 1.3 0.1 0.1 0.0 1.3 4.3 0.2 

5/145 1.2 1.3 1.5 0.9 1.7 3.2 0.1 0.1 0.5 0.3 2.4 2.5 

5/146 2.2 1.7 1.1 1.2 5.7 18.7 0.1 0.1 0.0 0.2 4.2 1.2 

5/147 1.0 1.5 1.1 0.8 4.0 11.8 0.0 0.1 0.1 0.2 4.2 1.6 

5/148 3.2 3.0 2.5 2.4 10.3 6.4 0.2 0.6 0.6 0.2 3.5 3.4 

5/149 2.8 2.5 1.2 1.2 1.4 2.7 0.4 0.5 0.1 2.4 0.7 0.8 

5/150 1.4 3.2 0.9 8.3 4.6 1.7 0.3 0.5 0.1 1.3 4.1 0.5 

5/151 8.4 8.9 2.6 6.1 4.6 2.5 0.4 0.5 0.6 1.4 3.2 3.5 

5/152 9.7 8.8 2.6 6.8 5.6 3.0 0.4 0.5 0.4 1.4 3.1 3.6 

5/153 6.5 9.8 2.7 6.0 3.2 8.6 0.4 0.5 1.2 1.4 2.2 0.6 

5/154 1.0 1.7 1.1 4.4 3.1 6.7 0.2 0.9 0.1 1.1 3.0 2.5 

5/155 1.2 2.4 1.0 5.8 4.3 0.6 0.2 0.5 0.0 1.0 4.1 0.2 

5/156 3.3 5.4 2.2 2.4 1.0 1.2 1.9 1.1 0.3 1.7 4.0 0.0 

5/157 17.8 3.6 3.1 22.3 24.9 0.4 0.9 0.8 2.5 3.4 3.4 0.1 

5/158 1.2 1.5 1.1 2.1 2.1 1.1 0.6 -0.3 1.2 1.5 3.2 0.0 

5/159 2.2 2.6 2.6 2.4 2.0 1.1 0.6 0.7 1.2 1.4 3.3 0.1 

5/160 2.0 4.6 1.6 2.8 1.8 0.8 0.6 0.9 1.1 2.8 2.9 0.0 

5/161 1.3 3.5 1.1 5.5 4.5 0.9 0.5 0.5 0.4 1.3 1.7 0.1 

5/162 5.6 5.8 2.4 5.1 4.1 3.0 0.6 0.6 0.7 3.0 3.4 3.5 

5/163 18.4 25.2 17.0 7.8 6.9 0.5 2.3 2.3 2.8 4.0 3.6 0.2 

5/164 4.3 4.2 2.7 1.6 5.5 0.8 2.3 2.1 3.0 4.1 3.5 0.0 

a CH alg= alginate; CH algO=enzymatically treated alginate; CH lam=laminarin; CH man=mannitol; CH eth= 
ethanol; CH glu= glucose; nt = not tested 
b Ratio of growth in selective media/ growth in basal media (OD600 select/ OD600 basal) after 3 days incubation 
at room temperature (RT) 
C Difference between pH in basal media to the pH in selective media after 3 days incubation at RT 
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Appendix M: Morphological description of culture isolates 

Culture 1/18 Culture 1/19 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

~4 motile Rods 3.1-5.5 motile Rods 

  
  

Culture 1/24 Culture 1/25 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

3-6 motile Rods 3.8-4.1 motile Rods 

  
  

Culture 1/26 Culture 1/27 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

4.4 motile Rods 3.4 motile Rods 

  

Figure - Appendix 17: Microscopic examination of culture isolates 1/18 - 1/27 using a Zeiss Axio Phase 
microscope. 
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Culture 1/28 Culture 1/29 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

4.5 motile Rods 2.7 motile Rods 

  
  

Culture 1/30 Culture 1/31 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

3.1 motile Rods 2.7 motile Rods 

  
  

Culture 2/33 Culture 2/49 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

4.2 motile Rods 2.0 motile Rods 

  

Figure - Appendix 18: Microscopic examination of culture isolates 1/28 – 2/49 using a Zeiss Axio Phase 
microscope. 
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Culture 2/50 Culture 2/65 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

1.7 motile Rods 1.3 motile Rods 

  
  

Culture 4/121 Culture 4/122 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

4.4 motile rod 3.6 motile rod 

  
  

Culture 4/125 Culture 4/128 

Size (μm) Motility Cell shape Size(μm) Motility Cell shape 

4.5 motile Rods 4.4  Rods 

  

Figure - Appendix 19: Microscopic examination of culture isolates 2/50 – 4/128 using a Zeiss Axio Phase 
microscope. 
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Culture 5/132 Culture 5/157 

Size (μm) Motility Cell shape Size(μm) Motililty Cell shape 

2.8 motile Rods 3.0 motile Rods 

  
  

Culture 5/163  

Size (μm) Motility Cell shape  

1.7 motile Rods  

 

 

Figure - Appendix 20: Microscopic examination of culture isolates 5/132 – 5/163 using a Zeiss Axio Phase 
microscope. 
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Appendix N: Evaluation of enzyme purification techniques 

Extracellular enzymes from the supernatant of 5 cultures, grown in primary induction 

medium, were purified using gel filtration, followed by ammonium sulphate precipitation and 

ultrafiltration techniques.  

MATERIALS AND METHODS 

Gel filtration 

Filtration columns (20 ml plastic syringes) were filled with a Sephadex LH20 suspension 

(allowed to re-hydrate in 10 % ethanol-water over night); final filtration bed was 5 ml. 

Filtration matrix was washed twice with 5 ml of water to remove ethanol. Bacterial samples 

(50 ml) were centrifuged for 30 minutes at 10,000 g at 4 oC to remove bacterial biomass and 

the supernatant was carefully applied to the filtration column. Filtration system was placed in 

a fridge and allowed to filter through the gel matrix. 

Ammonium sulphate precipitation 

Supernatant was mixed with 4 times its volume of a concentrated and ice-cold ammonium 

sulphate solution (3.9 M) resulting in a 20 % ammonium sulphate concentration; solution was 

kept at 4 oC overnight to allow precipitation to occur. Solution was spun at 4 oC for 30 minutes 

at 10,000 g and supernatant was mixed with 3 times its volume of an ice-cold ammonium 

sulphate solution (3.9 M) achieving a 80 % cut. This solution was also kept at 4 oC overnight in 

the fridge. Solution from the 80 % cut was spun for a further 30 minutes at 10,000 g and 

supernatant discarded. The cell pellets from both cuts were re-suspended in 5 ml of a 50 mM 

TRIS (pH 7.5) buffer and dialysed using 12-14 kDa dialysis tubing (Medicell Int. Ltd.) against 50 

mM TRIS buffer at 10 oC for 24 hours with buffer being replaced once in between. 

Ultra filtration 

Dialysed enzyme preparations were concentrated at 4 oC using 20 ml 10K MWCO centrifuge 

concentrators (Corning, Spin-X UF) for 10 minutes at 4,000 g. Enzyme concentrates were 



Appendices 

319 
 

recovered and collected in microcentrifuge tubes and kept at -20 oC to be analysed using gel 

electrophoresis and protein quantification. 

SDS-page electrophoresis (Laemmli) 

The SDS page was run with a gel consisting of a 10 % stacking gel followed by a 10 % resolving 

gel. Samples were prepared before loading onto the gel by diluting 10 μl of enzyme 

concentrate with 20 μl of loading buffer; 15 μl of loading buffer contacting the sample was 

loaded into each well; 5 μl of a protein mix of proteins with known molecular weight was used 

as a marker. The gel was run for 30 minutes @ 200 V in a Biorad Mini-Protean 3 cell using a 

electrolyte buffer (pH 8.3). Pictures were taken under UV with a gel imaging system (Alpha 

Innotech, Fluorochem FC2). 

RESULTS AND DISCUSSION 

The aim of enzyme purification were to concentrate and purify extracellular alginate lyases in 

bacterial solutions. A method using gel filtration, followed by ammonium sulfate precipitation 

and ultrafiltration was evaluated for its suitability to purify 6 cultures which have shown to 

utilise alginate as a growth substrate and concentrate extracellular enzymes and characterise 

them based on molecular weight using gel electrophoresis and on activity towards different 

substrates using enzymatic assays. 

From Table - Appendix 19 can be seen that the removal of protein during the two ammonium 

sulphate cuts was significant and accounted in most cases over 50 %. Culture 2/33 retained its 

protein content during the purification procedures and the removal of 15 % of protein was 

less significant than seen with others. Only in the case of culture 5/163 a concentration of 

proteins was achieved, however the alginate lyase activity was lowest. Protein assay of the 

protein concentrates after gel filtration, ammonium sulfate precipitation and ultrafiltration 

has shown that the protein contents of all culture isolates was between 0.1 to 0.4 mg ml-1 

(data not shown). In Figure - Appendix 21 the SDS page only showed protein bands for culture 

2/33 where one band clearly matched up with the alginate lyase band, derived from 

commercially available alginate lyase isolated from Sphingobacterium multivorum. 
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Table - Appendix 19: Impact of enzyme purification using ammonium sulfate precipitation on protein 
concentrations and alginate lyase activity 

Culture Protein (mg l-1) before 
AS 

Protein (mg l-1) after 
AS 

Protein removal 
( %) 

Alginate lyase activity after 
AS 

1/25 1.56 0.75 52 0.47 
1/26 0.99 0.45 55 0.35 
2/33 1.26 1.07 15 1.30 
2/47 0.86 0.33 62 0.35 
5/132 0.74 0.27 64 0.33 
5/163 0.49 0.71 none 0.23 
IM 1.99 1.3 35 none 

Protein concentrations are expressed as mg l-1 of filtrates after gel filtration (before AS) and using 30 and 80 
% ammonium sulfate (AS) precipitation procedures (after AS) of cultures grown in induction media (IM). Loss 
of protein is the ratio of after to before AS treatment expressed as a percentage and alginate lyase activity 
expressed as the absorption after AS at 235 nm. 

 

The protein was also of surprisingly high purity. Its molecular weight was calculated to be 

around 50 kDa. Based on sequence information, most alginate lyases can be classified 

according to their molecular weight: 20-35 kDa, ~40 kDa, and ~60 KDa (Wong et al. 2000). 

Other enzymes such as laminarinases with a similar molecular weight of 54-56 kDa have been 

isolated from filamentous marine fungi Trichoderma aureviride (Burtseva et al. 2006). As 

culture 2/33 also displayed a high activity in the alginate lyase assessment (Table - Appendix 

19), it was therefore concluded that this protein is likely to be an alginate lyase. 

Based on these results it was decided to use a simplified purification method of enzyme 

preparation. It was found that concentration of small volumes was uneconomical and on a 

volume to volume basis a concentration of only 5 fold was achieved. This was not enough to 

compensate for the reduction of protein and therefore this method was abandoned. Instead 

centrifugation of intra- and extra cellular culture content followed by filtration (<0.22 μm) was 

routinely carried out on culture isolates. This simplified procedure allowed a larger number of 

cultures being screened and therefore enhanced the chances of identifying suitable enzymes. 
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Figure - Appendix 21: SDS page gel electrophoresis of 80 % ammonium sulfate precipitations using culture 
5/132, 5/163, 2/47, 2/33 and 1/26 grown in induction media. L=ladder; AL=alginate lyase; IM=induction 
media; B=blank. 

 

Appendix O: Evaluation of intracellular and extracellular enzymes from 

Pseudoalteromonas ssp. using gel electrophoresis 

In addition, the Pseudoalteromonas strains 2/50 and 2/65 were grown in a separate 

experiment in primary and secondary induction media and intracellular and extracellular 

proteins were assessed using SDS-page electrophoresis. 

MATERIALS AND METHODS 

The protein content of cells grown in primary and secondary induction medium (described in 

Section 6.2.6) were assessed based on their molecular mass using SDS-page electrophoresis. 

The supernatant of cells grown in primary and secondary induction media, as well as the cell 

lysate of cells grown in primary induction media were filtered through a 0.22 μm PES 

membrane and eletrophoretically assessed according to Appendix N. 

RESULTS AND DISCUSSIONS 

Higher protein content of the intracelluar content of culture 2/50 and 2/65 (Chapter 6, Table 

6-10) was confirmed by the appearance of more protein bands after gel electrophoresis and 

the more profound intensity of the bands (Figure - Appendix 22). Two bands evolved for the 

endo-glucanase (EGL) with an approximate molecular mass of 40 kDa and 20 kDa, whereas 
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the alginate lyase (AL) band was estimated to be around 35 kDa in mass. Comparison with 

bands from the intracellular protein content of culture 2/65 and 2/50 showed that bands 

matched with EGL bands which was not seen with proteins derived from the extracellular 

contents from cells grown in growth media (GM) and induction media (IM). This could suggest 

that glucanases are intracellular enzymes in this species of Pseudoalteromonas with the ability 

to transport laminarin into its cell. It also appears that both cultures did not produce excessive 

extracellular enzymes and only a faint band with a predicted molecular mass of 40 kDa 

appeared in cells grown in growth media, which was equal to the main band of alginate lyase. 

Based on sequence information, most alginate lyases can be classified according to their 

molecular weight: 20-35 kDa, ~40 kDa, and ~60 KDa (Wong et al. 2000). Other enzymes such 

as laminarinases were also found to vary in mass, ranging from ~30-70 kDa (Burtseva et al. 

2006, Allardyce and Linton 2008, Kumagai and Ojima 2010) Based on the variety of enzymes 

found in nature it is not possible to identify protein bands based on comparison with protein 

bands from different sources. To identify the specific activities of proteins, non-denaturing 

gels should be used with individual protein bands being resuspended in assessment media to 

evaluate their activities. 

 

Figure - Appendix 22: SDS-PAGE gel electrophoresis of Pseudoalteromonas strains 2/50 and 2/65 grown in 
primary and secondary induction media. L=ladder; CL=cell lysate; GM=supernatant growth media; 
IM=supernatant induction media, AL=alginate lyase; EGL=endo-1,3-β-glucanase. 
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Appendix P: Buffers and miscellanenious solutions 

BUFFERS FOR ENZYMATIC ASSAYS 

Citrate buffer  

To make a 0.01 M citrate buffer a recipe described by (Gomori 1955) was followed. Stock 

solutions of the following chemicals were made-up: 

a) 0.1 M citric acid (Sigma-Aldrich, Cat.No. 27488): 19.21 g dissolved in 1 liter deionised 

water. 

b) 0.1 M sodium citrate tribasic (Fisher, Cat.No. BPE327-500): 29.41 g dissolved in 1 liter 

of deionised water. 

Both stock solutions were autoclaved for 15 minutes at 121 oC. 

To make-up a 0.01 M citrate buffer (pH 4.8), 46 ml of the 0.1 M citric acid stock solution and 

54 ml of the 0.1 M sodium citrate stock solution were diluted to 1 liter with deionised water. 

The pH of the solution was checked using a calibrated pH meter (Mettler Toleda, Model S20 

Seven Easy). 

A 0.01 M citrate buffer pH 6.2 was made-up by combining 14.4 ml of 0.1 M citric acid stock 

solution with 85.6 ml of a 0.1 M sodium citrate stock solution and topped up to 1 liter with 

deionised water. The pH of the solution was checked using a calibrated pH meter (Mettler 

Toleda, Model S20 Seven Easy). 

 

Sodium acetate buffer 

Sodium acetate buffer was made-up from the following stock solutions: 

a) 0.1 M acetic acid solution: 6 g of glacial acetic acid (Sigma-Aldrich, Cat. No. 338826) 

was weighed into a 1 liter volumetric flask and diluted to volume with deionised water. 

b) 0.1 M sodium acetate: 8.2 g of sodium acetate (Amresco, Cat.No. 2877A22) was 

dissolved in 1 liter of deionised water. 
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To make-up a 0.01 M acetate buffer with a pH of 5.1, 14.8 ml of solution A was added to 35.2 

of solution B with the addition of 200 ml of deionised water. The pH of the buffer was checked 

with a calibrated pH meter (Mettler Toledo, Model: S20 Seven Easy). 

 

SOLUTIONS FOR MICROBIAL CULTURING 

100x Marine Supplement (MS) solution 

The MS solution provides microorganisms with essential micronutrients and vitamins and is 

made-up from three solutions. Mix sterile solutions of: 

 1 mL of stock solution 1 

 1 mL of stock solution 2 

 10 mL of stock solution 3 

 88 mL of autoclaved Deionised water. 

MS - Stock solution 1 

All ingredients were dissolved in 100 mL of deionised water and filter sterilized through a 0.22 

µm filter. This stock solution (Table - Appendix 20) was made-up as a 10x concentrated 

solution and kept at 4 oC. 

Table - Appendix 20: 10x concentrated micronutrient stock solution 

Ingredient Chemical Formula Concentration (mg) 

Sodium EDTA Na2EDTA 4360 
Ferric chloride FeCl3 6H2O 3150 
Zinc sulfate ZnSO4 7 H2O 22 
Cobalt chloride CoCl2 6H2O 10 
Manganese chloride MnCl2 4 H2O 180 
Sodium molybdate Na2MoO4 2H2O 6.3 

 

MS - Stock solution 2 

Sodium selenite was dissolved in 1000 ml of deionised water and filter sterilized through a 

0.22 µm filter. Solution was stored at 4 oC (Table - Appendix 21). 
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Table - Appendix 21: Selenium stock solution 

Ingredient Chemical Formula Concentration (mg) 

Sodium selenite Na2SeO3 2 

 

MS - Stock solution 3 

All ingredients were dissolved in 900 ml of deionised water and pH adjusted to pH 7.0. Final 

volume was topped up to 1 liter and filter sterilized through a 0.22 µm filter. Vitamin solution 

was kept in the dark and stored at 4 oC (Table - Appendix 22). 

Table - Appendix 22: Vitamin stock solution 

Ingredient Chemical Formula Concentration (mg l-1) 

Vitamin B12 C63H88CoN14O14P 1 
Biotin C10H16N2O3S 20 
Thiamine HCL C12H17ClN4OS 50 
Calcium pantothenate C9H16O5N (1/2Ca) 50 
Folic acid C19H19N7O6 20 
Riboflavin C17H20N4O6 50 
Nicotinamide C6H6N2O 50 

 

SOLUTIONS FOR PROTEIN ASSAY 

Trichloroacetic acid (24 %) 

240 g of trichloroacetic acid crystals (Sigma-Aldrich, Cat.No. T6399) were dissolved in 

deionised water and volume adjusted to 1 liter. 

Folin-Ciaulteau solutions 

a) Reagent A: 0.5 % (w v-1) copper sulphate solution 

5 g of CuSO4 (5H2O) ( Sigma-Aldrich, Cat.No. 203165) was dissolved in 1 liter of 

deionised water. 

b) Reagent B: 2 % (w v-1) sodium carbonate (anhydrous) in 0.1M sodium hydroxide 

solution 
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4 g of NaOH (Sigma-Aldrich, Cat.No. 306576) was dissolved in 1 liter of deionised water 

and used to dissolve 20 g of anhydrous Na2CO3 (Sigma-Aldrich, Cat.No. 222321) and 

this solution was made-up to a final volume of 1 liter. 

c) Reagent C: 1 % (w v-1) sodium potassium tartrate (4 H2O) 

10 g of KNaC4H4O6·4H2O (Sigma-Aldrich, Cat.No. S2377) was weighed out and dissolved 

in 1 liter of deionised water. 

d) Reagent D: Solution A/B/C were combined in the following volumetric ratio of 1/48/1 

e) Reagent E: Folin-Ciaulteau solution 

One part of Folin Ciocalteu-Phenol (2N) (Sigma-Aldrich, Cat. No. F9252) was diluted 

with one part of Deionised water. 

f) Protein Bovine Serum Albumin (BSA) standard: 

BSA (200 mg mL-1) stock (Sigma Cat.No. P5369) was diluted with deionised water to 

the following concentrations: 0.1, 0.25, 0.5, 0.75 and 1.0 mg mL-1 and stored at -20 oC.  

 

SOLUTIONS FOR ALGINATE EXTRACTION AND ANALYSIS 

Acetic acid solution (0.5 M) 

30 g of glacial acetic acid (Sigma Aldrich, Cat.No. 338826) was diluted with deionised water to 

a final volume of 1 liter. 

Sodium carbonate solution 6 % (w v-1) 

60 g of anhydrous sodium carbonate (Fisher Scientific, Cat. No. M-5090) was dissolved in 

deionised water and topped up to 1 liter. 

Alcian Blue staining solution 0.5 % (w v-1) 
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0.5 g of Alcian Blue (Acros, Cat. No. A0287518) was dissolved in 100 ml of 0.5 M acetic acid 

solution. 

Alginate standards 

A sodium alginate stock solution was made-up to a strength of 1 mg ml-1 by adding 25 mg of 

sodium alginate (Fisher Scientific, Cat. No. S/2160/53) to a 25 ml volumetric flask with the 

addition of 10 ml of a 6 % (w v-1) sodium carbonate solution. The solution was heat treated for 

3 hours at 60 oC and final volume adjusted with deionised water. 

Individual alginate standard solutions were made-up from this stock solution to alginate 

strengths of 0.9 to 0.1 mg ml-1 by dilution with deionised water. 

 

STANDARD SOLUTIONS FOR HPLC ANALYSIS 

Monosaccharide standard solutions 

Monosaccharides calibration standards were made-up by weighing accurately 250 mg of oven 

dried (80 oC for 24 hours) into 25 ml volumetric flasks. Volumes were adjusted to 25 ml with 

deionised water resulting in stock solutions of 10,000 mg l-1. Stock solutions were used for 

dilution with deionised water to make calibration standards ranging between 1,000 to 10,000 

mg l-1. 

Ethanol standard solutions 

Ethanol calibration standards were made-up by weighing accurately 260 mg of ethanol (200 

proof; Sigma Aldrich, Cat. No. 459828) into 25 ml volumetric flasks. Volume was adjusted to 

25 ml with deionised water resulting in a stock solution of 10,000 mg l-1. This stock solution 

was used for dilution with deionised water to make calibration standards ranging between 

1,000 to 10,000 mg l-1. 
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GEL ELECTROPHORESIS SOLUTIONS 

SDS page Buffer System (Laemmli) 

The Laemmli buffer system is a discontinuous buffer system that incorporates sodium dodecyl 

sulphate (SDS) in the buffer. In this process, proteins are denatured by heating them in buffer 

containing SDS and a thiol reducing agent (2-mercaptethanol). The resulting denatured 

protein takes on a uniform charge-to-mass ratio proportional to its molecular weight which is 

used to separate proteins according to their molecular weight. 

Stock solutions and buffers 

a) Acrylamide/ Bis (30 %T/2.67 % C) 

Dissolve 29.2 g of acrylamide and 0.8 g N’N’-bis-methylen-acrylamide in 100 ml 

deionised water, filter and store at 4oC in the dark. 

b) Stacking gel: 

The following solutions were combined (ml): Deionised water (4.4), Acrylamide/ Bis 

(3.3), 0.5 M Tris buffer (2.5), 10 % SDS (0.1). Prior to pooring 50 μl of 10 % APS and 10 

μl of TEMED were added. 

c) Resolving gel: 

The following solutions were combined (ml): deionised water (4.4), Acrylamide/ Bis 

(3.3), 1.5 M Tris buffer (2.5), 10 % SDS (0.1). Prior to pooring 50 μl of 10 % APS and 5 

μl of TEMED were added. 

d) 10 % (w v-1) SDS 

Dissolve 10 g of SDS in a final volume of 100 ml of deionised water. 

e) 1.5 M Tris-HCl, pH 8.8 

Dissolve 27.23 g Tris base in 80 ml of deionised water, adjust pH to 8.8 with 6 M NaOH 

and bring final volume to 150 ml. Store at 4 oC. 
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f) 0.5M Tris-HCL, pH 6.8 

Dissolve 6 g Tris base in 60 ml of deionised water and adjust pH to 6.8 with 6N HCl and 

bring up volume to 100 ml and store at 4oC. 

g) Sample buffer (SDS reducing buffer) 

Combine the following (ml): Deionised water (3.55), 0.5 M Tris buffer (1.25), glycerol 

(2.5), 10 % SDS (2.0) and 0.5 % (w v-1) bromophenol blue (0.2). Sore at room 

temperature. Add 50 μl of β-mercaptoethanol to 950 μl of sample buffer prior to use. 

h) 10 x Electrolyte (Running) buffer, pH 8.3 

Dissolve 30.3 g Tris-base, 144 g glycine and 10 g of SDS in a total volume of 1 liter of 

deionised water with no pH adjustment necessary. Store solution at 4 oC. Dilute 50 ml 

of this concentrated buffer with 450 ml of deionised water to make-up the running 

buffer. 

i) Broad Range Protein Molecular Weight Markers from Promega were used (Promega, 

Cat. V8491). Protein mix consisted of nine single proteins with molecular weights of 

10, 15, 25, 35, 50, 75, 100, 150 and 225 kDa. 

 

SOLUTIONS FOR POLYPHENOL EXTRACTION AND ANALYSIS 

Aqueous acetonitrile solution used for extraction of polyphenolic content of seaweed 

biomass: 

500 ml of acetonitrile (Sigma-Aldrich, Cat.No. 271004) was mixed with 500 ml deionised water 

containing 1 ml of formic acid (Sigma-Aldrich, Cat. No. 695076). 
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Appendix Q: Seaweed economics 

Table - Appendix 23: Process data used for modelling ethanol production from seaweed (NREL 2011) 

Seaweed cultivation Laminaria spp. 
West Coast of Scotland 

1500 ha farm 
~ 20 (dry) tonnes ha-1 y-1 

Acid treatment ~30 % w w-1 solids loading 
18 mg sulphuric acid/ seaweed (dry) 

5 minutes @ 158 oC 
20-30 minutes @ 130 oC 

Ammonia gas pH adjustment to pH 5 

Saccharification ~ 20 % w w-1 solids loading 
20 mg cellulosic enzyme proteins/ g seaweed 
(dry) 

84 hours @ 48 oC 

Fermentation Z. mobilis 24 hours @ 32 oC 
85 % conversion yield 

Assumption made: 1 MJ Ethanol produced from 1.8 kg of seaweed (wet) 
With: calorific value ethanol = 29.7 MJ kg-1 and moisture content of seaweed = 85 % 

𝟏) 𝟏 𝐌𝐉 𝐄𝐭𝐡𝐚𝐧𝐨𝐥 𝐩𝐫𝐨𝐝𝐮𝐜𝐞𝐝 𝐟𝐫𝐨𝐦 𝟐𝟕𝟎 𝐠 𝐨𝐟 𝐬𝐞𝐚𝐰𝐞𝐞𝐝 (𝐝𝐫𝐲) 
𝟐) 𝟑𝟑. 𝟕 𝐠 𝐄𝐭𝐡𝐚𝐧𝐨𝐥 𝐩𝐫𝐨𝐝𝐮𝐜𝐞𝐝 𝐟𝐫𝐨𝐦 𝟐𝟕𝟎 𝐠 𝐨𝐟 𝐬𝐞𝐚𝐰𝐞𝐞𝐝 (𝐝𝐫𝐲) 

𝟑) 𝐄𝐭𝐡𝐚𝐧𝐨𝐥 𝐲𝐢𝐞𝐥𝐝 = 𝟏 𝐭𝐨𝐧𝐧𝐞 𝐬𝐞𝐚𝐰𝐞𝐞𝐝 (𝐝𝐫𝐲) 𝐩𝐫𝐨𝐝𝐮𝐜𝐞𝐝 𝟏𝟐𝟓 𝐤𝐠 𝐞𝐭𝐡𝐚𝐧𝐨𝐥 
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