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Abstract

The current drive towards renewable energy has led to interest in the use of marine
biomass, including seaweed. The presence of readily hydrolysable sugars, low amounts of
cellulose and zero lignin enhances the suitability of seaweed for methane production, but
this process has so far received little attention. As seaweeds have been shown to contain
constituents with antimicrobial properties, understanding the microbial interactions in the

system is crucial.

The aim of this study was to investigate the microbial community associated with seaweed
anaerobic digestion in order to understand the intricate interaction between the microbial
population and process functions. Selected seaweeds (Laminaria digitata, Saccharina
lattissima and Fucus serratus) found commonly on the west coast of Scotland were
subjected to 50-day anaerobic batch digestion using different inoculum sources. A number
of molecular techniques including, denaturing gradient gel electrophoresis, quantitative
polymerase chain reaction, cloning and sequencing were employed to study the microbial
ecology of the seaweed fed reactors. Results show that marine sediment is a viable
microbial source for efficient methane fermentation of L. digitata and S. latissima at
seawater salinity level, and indicates that methane production from both seaweeds

compares favourably with other types of biomass, including terrestrial crops.

Results obtained suggest that microbial numbers fluctuate during anaerobic digestion,
potentially in response to substrates availability. Analysis of microbial community
structure highlights temporal and spatial variations in microbial diversity within and across

reactors, possibly as a result of process conditions and functions.

Identification of the dominant archaea and methanogens indicate that Methanomicrobiales
and Methanosarcinales-related species could dominate sediment and sludge inoculated
reactors, indicating the potential for utilisation of a diverse range of substrates. Results
from the functional gene clone library, suggest that hydrogenotrophic, acetoclastic and

methylotrophic methanogenesis could potentially be involved in methane production.

Overall, this study provides insights into the microbial ecology of seaweed anaerobic
reactors and the microbial responses to changing conditions. Results highlight possible
routes for optimisation of the anaerobic digestion process, which could help prevent

system failure during large-scale seaweed anaerobic digestion.
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1. Chapter1

“Nothing has such power to broaden the mind as the ability to investigate

systematically and truly all that comes under one’s observation in life”

- Marcus Aurelius



1. General introduction

1.1 Background

Energy is vital to the socio-economic development of man across the globe. It has become
one of the most important factors in the determination of the level of wellbeing of
countries and communities (Manzano-Agugliaro, et al., 2013). Global energy demand has
drastically increased over the last century due largely to rapid increase in human
population, changes in lifestyle and the dramatic increase in industrialisation across the
globe, especially in developing countries (Bafios et al., 2011; Manzano-Agugliaro et al.,
2013). Moreover, most of the world’s energy needs, which have increased more than
twenty fold in the last century, are currently being met with the use of petroleum and other
fossil fuels (Twidell and Weir, 2006). A report by Rao, et al., (2010), suggested that, of the
over 13TW of energy used globally approximately 80% is obtained from burning fossil

fuels.

1.2 Needs and drivers for alternative sources of energy

The extensive use of fossil fuels over the years has resulted in a drastic increase in the
level of greenhouse gasses, especially CO; in the atmosphere (Fig. 1.1) which is known to
be the major cause of global warming and the resultant climate change (Cubasch et al.,
2013; Meehl et al, 2007). Apart from its contribution to climate change, other issues
associated with this current energy use include: price fluctuations and growing
environmental damage (Jegannathan, et al., 2009; Manzano-Agugliaro et al., 2013).
According to Chynoweth et al., (2000), the eventual depletion of fossil fuels remains a
long-term driver for the development of renewable and sustainable energy forms, while

Adams, et al., (2011b) suggested climate change and energy security as the major drivers



for a shift from fossil fuels use to renewable energy. Bafos et al., (2011) in a review,
reported that drastic fluctuations in oil prices, uncertainties over its future availability and
the recent realization of the need for clean and environmentally benign fuels constitute the

main drivers for renewable energy production.
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Fig. 1.1. Observed globally and annually averaged CO2 concentrations in parts per million
(ppm) since 1950 compared with projections from the previous Intergovernmental panel on
climate change assessments. Observed global annual CO2 concentrations are shown in
dark blue. The shading shows the largest model projected range of global annual CO2
concentrations from 1950 to 2035 from FAR (IPCC, 1990); SAR (IPCC, 1996); TAR
(IPCC, 2001); and from the A2, A1B and B1 scenarios presented in the AR4 (Meehl et al.,
2007). The bars at the right-hand side of the graph show the full range given for 2035 for
each assessment report. The publication years of the assessment reports are shown
(Cubasch et al, 2013).

1.3 Sources of alternative energy

There is now growing realization that something constructive needs to be done as soon as
possible to reduce greenhouse gas emissions and current dependency on the import of

foreign oil, which is becoming more unreliable (Demirbas, et al., 2009; Demirbas, 2011).



Consequently, different regions and countries across the world have begun to set binding
CO,, emission reduction targets for members states. For instance, the European Union has
set a target of 20% of energy use for member states to be generated from renewable
sources by 2020 in order to reduce CO, emission (Costa, et al., 2012). In response, Spain
currently generates over 25% of their electricity needs from renewable energy sources
(Romero, et al., 2012), while Finland generates 20% of her electricity from biomass energy
alone (Bafios et al., 2011). The United States of America on the other hand is set to replace
75% of its imported oil by renewable energy by 2025 (Hahn-Hé&gerdal, et al., 2006), while
Scotland is considering total (100%) electricity generation from renewable sources by

2020 (Scottish Government, 2012).

Due to the enormous nature of the challenge to replace fossil fuels partly or fully, with
renewable and sustainable energy sources, renewable energy is now being sourced from
various available materials as long as its economic viability can be achieved. A range of
renewable energy sources are currently being considered including, hydropower,
geothermal, solar, biomass, wind and marine energies. This range of renewable energy
sources currently supply about 14% of the total world’s energy demand, but is projected to
reach 30-80% by 2100 (Manzano-Agugliaro et al., 2013). There are, however, peculiar
challenges associated with the application of the respective sources of renewable energy.
The major issues being that many are intermittent and are only suitable for the production

of heat and electricity (Adams, et al., 2011a).

1.4 Biomass energy

1.1.1 Why biomass

Biomass energy is receiving increasing attention due in part, to its availability and ease of

utilisation (Twidell and Weir, 2006; Chang, et al., 2010; Matsui & Koike, 2010). The level



of interest in biomass energy is clearly demonstrated by the huge number of scientific
publications on biomass energy in relation to other sources of renewable energy in the last

30 years (Fig. 1.2) (Manzano-Agugliaro et al., 2013)

1979-2009

Solar

Biomass
56%

Wind
1%

Hydropower
2%
Geothermal

5%

Fig. 1.2. Distribution of scientific publications (1979-2009) per renewable energy
(Manzano-Agugliaro et al., 2013)

According to (Chynoweth et al., 2000) and (Ross, et al., 2008) biomass energy is not only
a ‘greener’ source of energy, but could also mitigate atmospheric CO; levels as a result of
its closed balanced carbon circle. Biomass is important to the renewable energy mix
because it is capable of providing stored means of electricity and heat production as well as
its conversion to energy fuels (Adams, et al., 2011a). As such, biomass remains one of the
most promising renewable energy sources apart from the technical and economic issues,
which need to be overcome for its large-scale exploitation (Bafios et al., (2011). Of the
main renewable energy sources such as hydro, solar and wind power; biomass energy is
the most economical as it requires less capital investment and production cost (Rao et al.,
2010), and due to its widespread distribution in nature, different countries across the world
could exploit it to reduce their dependence on foreign oil import (Jegannathan et al., 2009;

Khalid, et al, 2011).



1.4.1 Marine biomass

Although marine biomass accounts for over 50% of global primary production, little is
used as a renewable energy source compared to terrestrial biomass (Adams, et al., 2011a).
According to Aresta, et al., 2005) and Ross et al., (2008), marine biomass represents the
most readily available resource that could be utilised for energy production on a large scale

with little or no environmental costs.

The term algae (marine biomass) describe a large and diverse assembly of eukaryotic
organisms that contain chlorophyll and can carry out oxygenic photosynthesis (Lee, 1999,
Horn, 2000). Algae are diverse in terms of size, shape, colour and habitats with an
estimated 1-10 million species worldwide (Lee, 1999; Barsanti and Gualteri, 2006).
Broadly, there are two types of marine biomass or algae namely, micro- and macro algae

(commonly called seaweeds).

Microalgae are microscopic unicellular plants found in both fresh and salt-water
environments. They could easily be cultivated for oil production, which can be converted
to energy and other applications. However, the process of harvesting microalgae is difficult
and energy intensive, due to the small particle size (Demirbas, 2010; Demirbas, 2011).
While microalgae are potential sources of bio-oils, seaweeds on the other hand are
potential sources of biofuels (biomethane or biohydrogen) through anaerobic digestion

(Adams, et al., 2011a).

Seaweeds are plant-like organisms, which generally live attached to rocks and other hard
substrata in coastal environments around the world. They are fast growing, and produce
more biomass per acre compared to any terrestrial energy crops due to their more efficient
carbon fixation processes (Hanssen et al., 1987; Ross et al., 2008). They are considered
suitable feedstock for biofuel production because of their abundance and hydrolysable
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sugars content, with no lignin (Nkemka & Murto, 2010; Sung-Soo & Wakisaka, 2009). It
has been estimated that the potential of municipal solid wastes and all other biomass
combined (29.5EJ) for energy production is nothing compared to the potential of marine
biomass alone (>100EJ) (Chynoweth et al., 2000). It is also important to know that
seaweeds cultivation does not require arable lands like other energy crops and therefore
would not in any way affect food production or require the use of limited freshwater
resources (Adams, et al., 2011a; Hughes, Kelly, Black, & Stanley, 2012; Wegeberg &
Felby, 2010). Seaweeds are classified into three groups based on pigmentation. These are

Rhodophyta (red), Cholophyta (green) and Pheophyta (brown) algae (Ross et al., 2008).

1.4.2 Brown algae

Brown algae or Pheophyta are divided into 9 orders, 265 genera and over 1500 species.
Their characteristic brown colour is as a result of large quantity of carotenoid-fucoxanthin
in the chloroplasts (Lee 1999). Alginate is the main structural compound and the most
abundant polysaccharide in brown seaweed. These polymers bind with metals to form gels,
which serve as the structural units of algae (Gomez, et al., 2009; Larsen, et al., 2003; Li, et
al., 2010). The intercellular matrix of the brown algae is dominated by alginate, the cell
wall also contains cellulose, fucoidan and protein (Horn, 2000; Moen, et al., 1997; Rioux,
et al., 2007). Laminarin, with molecular weight of ~ 5000Da is a storage carbohydrate in
Laminaria (Adams, et al., 2011b; Rioux et al., 2007). Fucoidan is another storage
carbohydrate present in brown algae; made up of sulphated fucan, it consists of fucose,
uronic acids, galactose and sulphated fucose. Fucoidan is readily soluble in water and acid
(Moen et al., 1997; Rioux et al., 2007). Mannitol on the other hand is a sugar alcohol,
which corresponds to mannose, a 6-carbon sugar. It is made up 4-25% of dry weight of

Laminaria spp (Adams, et al., 2011a; Horn, 2000). The order Laminariales, are present



around the west coast of Ireland and Scotland in large quantities sufficient for commercial
exploitation (Ross et al., 2008; Adams, et al., 2011b). Kelps which belong to the brown
algae family have the highest potential for large-scale cultivation and bioenergy production

(Wegeberg & Felby, 2010).

1.5 Marine biomass in UK and Scotland

The abundance and wide distribution of seaweeds in the UK coastlines especially, the
western isles of Scotland has rekindled the desire to harness its potential to contribute to
the current renewable energy drive in the country (Adams, et al., 2011; Adams, et al.,
2011a; Schiener et al., 2014). This coupled with the current proliferation of seaweed
farming would make its utilisation for bioenergy production highly desirable especially for
countries with large coastlines (Migliore et al., 2012). Seaweeds’s rapid growth, estimated
to be 3.3-11.3 kg dry weight m? year™, coupled with lack of competition for land with
terrestrial energy crops could make it an ideal energy crop of the future (Horn 2000; Costa
et al., 2012; Ross et al., 2008). In terms of abundance, there is currently an estimated 10
million tonnes of seaweeds on Scottish shores (Adams, et al., 2011b), and coupled with the
huge prospects of cultivation, its potential for large scale utilisation is enormous.
Therefore, exploiting all the various renewable energy mix across Scotland including
energy generation abundant seaweeds could contribute to Scotland’s ambitious quest to
generate 100% of its electricity needs from renewable sources in 2020 (Scottish
Government, 2012). The prospect of large scale seaweeds utilisation is particularly
important for remote coastal areas of the Scottish isles; where there’s a huge potential for
energy generation from readily available marine materials thus, providing a sustainable

energy source locally.



1.6 Methane

Different energy sources can be derived from (marine) biomass including; hydrogen,
ethanol, methanol and methane, using different conversion processes. However, the
selection of the type of product(s) and process to be employed depends on a number of
factors; such as conversion efficiency, profitability, sustainability, product use and
environmental impact of the production process (Chynoweth et al., 2000). Considering the
factors listed above, methane production shows most potential. Technologies for methanol
and hydrogen fuels production and use are not well developed while, ethanol production,
which is currently attracting much attention, is encumbered with extensive feedstock
treatment, high-energy requirement and low process efficiency (Adams, et al., 2011a).
With lower environmental impact, increased use in appliances, industries, and power
generation, coupled with higher process efficiency, methane production from biomass
appears to be a very good option for energy production from biomass (including marine
biomass) (Adams, et al., 2011a; Hughes et al., 2012; Migliore et al., 2012). Unlike fossil
fuels, methane is carbon neutral, does not contribute to acid rain, ozone depletion or global
warming, and as such could potentially play a vital role in attempts to reduce the
environmental impacts of fossil fuel use. Utilisation of marine biomass for energy
(methane) production is one of the key elements in sustainable and secure energy supply
for Europe (Wegeberg and Felby 2010). Therefore, research activities geared towards
making the entire process more sustainable and economically competitive would be a step

in the right direction.



1.7 Anaerobic digestion (AD)

Anaerobic digestion is the process by which certain fermentative microorganisms convert
biodegradable solids to methane and carbon dioxide in the absence of oxygen (Bouallagui
et al., 2004; Bouallagui, et al., 2009; Bouallagui, et al, 2000; Costa et al., 2012; Zeng, et
al., 2010). According to Migliore et al., (2012), anaerobic digestion is one of the most
important biological processes for the conversion of biomass into energy sources. It is
currently the most studied and most utilised process for the conversion of seaweed biomass

into energy (Gurung, et al., 2012; Miura et al., 2014).

Anaerobic digestion is composed of a series of biochemical processes namely; hydrolysis,
acidogeneis, acetogenesis and methanogenesis, carried out by diverse groups of microbes
(Fig. 1.5) resulting in the production of energy rich methane and other valuable materials
(Khalid et al., 2011; Demirel & Scherer, 2008). The first three stages are carried out by
fast growing facultative anaerobes while the final stage (methanogenesis) is achieved by
the activities of slow growing methanogens (Chang et al., 2010). The overall scheme of the

process of anaerobic digestion of biomass is shown in (Fig. 1.5).
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Fig. 1.3. Schematic representation of stages involved anaerobic digestion process Adapted
from (Demirel & Scherer, 2008; Horn, 2000). Stages of the process in italics (left) while
the type of microorganisms involved is in parenthesis (right).

1.7.1 Overview of anaerobic digestion process

1.7.1.1 Hydrolysis

The first stage of anaerobic digestion (hydrolysis) is carried out by a group of bacteria,
which hydrolyse particulate complex polymers such as carbohydrates, and proteins into
their respective monomers. These organisms also consume the resident O, left in the
digester thereby creating anaerobic conditions required for methane production during the

subsequent processes (Chanakya, et al., 2006; Horn, 2000; Khalid et al., 2011; Raposo, et
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al., 2012; Sundberg et al., 2013). At this stage of the process, hydrolytic bacteria secrete
extracellular enzymes such as cellulases, amylases, lipases and proteases for the
degradation of organic polymers producing soluble compounds (Chanakya, et al., 2006;
Chynoweth et al., 2000; Horn, 2000; Jegannathan et al., 2009). Hydrolysis of organic
polymers can be affected by particle size of the substrates and operational temperature

(Raposo, et al., 2012).

1.7.1.2 Acidogenesis

At this stage of the process, products of hydrolysis are fermented to acetic acid, hydrogen
and carbon dioxide as shown in the reactions below (Gray, 2005; Chanakya, et al., 2006;

Horn, 2000; Jegannathan et al., 2009; Khalid et al., 2011).

Other products includes lower weight volatile acids such as propionic and butyric acid and
simple alcohols which are later converted to acetic acid in a process called acetogenesis.
Formation of acetic acid is very important, as the bulk of methane production (up to 70%)
from anaerobic digestion results from acetic acid reduction.

1. Acidogenic fermentation of glucose:

CeH 05 —  » CHjs (CH2)2 COOH + 2CO;, + 2H>» (Eq11)
CeH10g + 2H, —————» 2CHCOOH + 2 H,0 (Eq.1.2)
CeH1206 + 2H,O ———  2CH3COOH + 4H, + 2CO, (Eq.1.3)

2. Acetogenic oxidation reaction:
CH3 (CH,),COOH + 2H,0 — CH3COOH + CO; + 3H, (Eq.1.4)
CH3CH,COOH + 2H,0 — CH3COOH + CO; + 3H, (Eq.1.5)

Chanakya, et al., (2006)
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1.7.1.3 Methanogenesis

The final step in the process leading to methane formation is termed methanogenesis. It is
carried out by two types of methanogens; acetoclastic methanogens belonging mainly to
the order Methanosarcinales (Cho, et al., 2013; Ferry, 2010; Smith & Ingram-Smith, 2007;
Song, et al., 2010; Williams et al., 2013), which produce methane by cleaving acetate into
a methyl and a carbozyl group. The latter is oxidised into CO,, to provide the reducing
potential needed to reduce the methyl group into methane. The other group,
hydrogenotrophic methanogens utilise hydrogen H, as the electron donor and carbon
dioxide CO; as the electron acceptor to produce methane. Some of these methanogens are

also able to use formate; a source of both CO, and H, (Ferry, 2010).

Overview of methane production reactions in acetoclastic (Eq.1.6) and hydrogenotrophic

(Eq. 1.7) methanogenesis.

CH3COO™+H" — CH4 + CO; (Eq.1.6)
CO,+ 4H, — CH, + 2H,0 (Eq.1.7)

(Ferry, 2010)

Apart from these two main routes to methane production, methane can be produced by
methanogens during the reduction of methylated substrates such as methanol,
methylamines and methyl sulphides, a process referred to as methylotrophic
methanogenesis. All methanogens are thought to be highly sensitive to oxygen
concentration in the digester and operate optimally at pH range of 6.5-7.5 (Chanakya, et

al., 2006; Jegannathan et al., 2009; Rincon, et al., 2008).

Since the production of methane depends mostly on acid production, and the acidogenic

step could limit the supply of substrates to methanogens, it has been proposed to be the
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rate-limiting step in AD. However in practice, because methanogens are slow growing and
are very vulnerable to inhibition, the availability of volatile fatty acids is not necessarily
the limiting factor for methane generation, and so the conditions affecting methanogens
may be considered the rate-limiting step of the overall reaction (Gray, 2005; Montero, et

al., 2008; Vergara-Fernandez, et al., 2008).

While in theory, hydrogen should be the preferred route to methane formation as a result of
it being energetically favoured, within AD systems acetate utilisation dominates methane
formation (Morris et al., 2014), and therefore Methanosarcinales are considered to be the
dominating archaea responsible for methane production in AD. Mathanosarcinales are the
only groups of methanogens able to utilise acetate as well as hydrogen and CO, for
methane formation. However, while investigating methanogenic population dynamics in an
upflow AD sludge blanket treating swine wastewater Song, et al., (2010), reported the
dominance of methanogens belonging to the order Methanobacteriales, suggesting
hydrogenotrophic methanogenesis as the main route for methane production in that system,
supporting the idea that the dominance of specific groups of microbes in AD may depend
on a number of factors including substrates and other process parameters (Amani, et al.
2011; Beckmann et al., 2011; Cook, et al., 2010; Dhaked, et al., 2010; Song et al., 2010;

Wilkins, et al., 2015; Zhang et al., 2012)

1.8 Anaerobic digestion of seaweeds

The accumulation of Ulva sp. on the beaches and bays around Japan and many parts of
Europe (Matsui & Koike, 2010), results in stench odour and unsightly scenes as the
seaweeds decompose around the beaches (Nkemka & Murto, 2010; 2012) and eventually
pose a big threat to shellfish production near the shallow waters as well as recreational

activities. Similar scenarios of huge seaweeds cast around the beaches have been reported
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in Sweden (Nkemka and Murto 2012), UK (Adams, et al., 2011a), France and Italy

(Matsui & Koike, 2010).

Furthermore, seaweed is currently being cultivated in Japan primarily to protect fisheries
against ocean surges due to its ability to absorb nutrients from the sea and provide some
remediation effects. Laminaria species of seaweeds have been effectively used in that
project and harvested periodically. This has resulted in the creation of another problem-
which is what to do with the harvested seaweeds (Matsui and Koike, 2010). These
situations have led to the creation a huge stream of unwanted seaweeds, which is thought,

could be used as a source of energy.

Moreover, apart from the use of ‘nuisance’ seaweeds for energy production, they could
also be cultivated and harvested for the sole purpose of energy production, just like other
energy crops. It has been suggested that the potential energy yield from anaerobic digestion
of seaweeds compares favourably with that of terrestrial crops due to its high
biodegradability (Hughes et al., 2012). Wegeberg & Felby, (2010), argued that methane
production from seaweeds by methanogenic archaea is the most suited technology for

utilising seaweeds as a source of renewable energy.

Some studies have looked at the possibility of generating renewable methane from
seaweeds, but have been focused mainly on the amount of methane produced. Adams, et
al., (2011b), in an experiment to determine the effect of time of harvest on methane
production from Laminaria digitata found that the highest amount of methane (254
cm®/gVS added) was produced from July harvest while the lowest amount of methane (197
cm®/gVS added) was produced from the seaweeds harvested in March. Although only
Laminaria digitata was used in that research, the same variation is likely to be observed in

other seaweeds especially brown seaweeds. This knowledge would help in planning
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seaweeds harvest for large scale anaerobic digestion in order to obtain optimum methane
production. Raposo et al., 2011 reported methane production of 260-280 ml/gVS from
Laminaria digitata using a particle size of 0.8mm. Furthermore, during a laboratory test of
washed Laminaria sp and Ulva sp, and co-digesting with milk, using a laboratory test
apparatus and porous ceramic material for fixing bacteria, Matsui and Koike (2010)
reported methane production of 220 mL/g for Laminaria sp and 170 mL/g for Ulva sp.
during a 100 day anaerobic digestion process. Again, a batch anaerobic digestion of
Saccharina latissima, inoculated with bovine slurry, carried out by Vanegas & Bartlett,
(2013), reported methane production of 565 ml/g VS after 109days. This is the highest

methane production rate reported for seaweeds within the currently available literature.

1.9 Factors affecting anaerobic digestion of Seaweeds

For efficient methane production during anaerobic digestion, interactions between the
various microorganisms involved in the process and the substrates must be in equilibrium.
However, several factors affect the process and hamper the attainment of this equilibrium.
In their review articles, Khalid et al., (2011) and Raposo et al., (2012), reported that
methane production during anaerobic digestion of organic solid is a direct function of the
type and composition of substrates, microbial composition, temperature, moisture and
bioreactor designs. Some of the factors that affect anaerobic digestion of seaweeds are

discussed below.

1.9.1 Temperature

Temperature remains one of the most critical parameters that affect anaerobic digestion of
biomass, due mainly to its far-reaching effects on the microbial community structure.

However, opinions are divided on the exact impact of temperature on methane production
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during the process. For instance, Lianhua et al., (2010), carried out a batch assay to
examine the effects of temperature on anaerobic digestion of rice straw and found that
higher methane was produced at mesophilic conditions (35-37°C), compared to
thermophilic conditions (55°C). Reports suggest that at thermophilic range, the rate of
biodegradation occurs more rapidly, but at that temperature the process become very
susceptible to environmental changes (Ferrer, et al., 2010; Lu, et al., 2007 Ortega, et al.,
2008). According to Gray, (2005), the rate of anaerobic digestion and gas production
depends on temperature, with optimum gas production at the higher temperature ranges
(50-55°C). Thermophilic temperatures have also been reported to reduce the retention time
of anaerobic digestion process and enhance pathogen destruction during anaerobic
digestion processes (Rubio-Loza and Noyola, 2010). Although increase in temperature is
said to increase the rate of reaction during the process (Ortega et al., 2008; Ponsa, et al.,
2008), research has shown that thermophilic condition does not enhance methane
production (Ferrer et al., 2010). Unlike the thermophilic anaerobic digestion process,
mesophilic condition is more amenable to commercial production because of better
stability, low cost of heating and its ability to adjust to different environmental changes
(Kim, et al., 2006). Raposo et al., (2012), concluded in their review that anaerobic
digestion is very efficient at mesophilic temperature around 35°C and that any increase in
temperature brings about little or no gain in the process considering the associated cost of

heat supply.

1.9.2 pH

pH remains one of the critical factors affecting methane production during anaerobic
digestion (Chanakya et al., 2006). It is a measure of acidity or alkalinity of the liquid

content of the reactor. Unlike other factors, the pH requirement of the different organisms
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involved in the process varies considerably. For instance, most methanogenic
microorganisms have optimum pH of between 6.8 and 7.8, while the acid-forming bacteria
often require lower pH of between 4.5 and 6.8 (Chanakya et al., 2006; Raposo et al., 2012).
More so, pH is currently used as one of the parameters for determining the progress and
stability of the anaerobic digestion process (Raposo et al., 2012), because when the pH of
the reactor is outside of the optimum range, inhibition of the process could occur. The
Issues relating to pH remain the main driver for the use of a 2-stage anaerobic system due
to differences in optimum pH requirement of the two main phases of the process (acid
production and methane production) (Demirel & Scherer, 2008; Khalid et al., 2011; Mata-

Alvarez, et al., 2000).

1.9.3 Biomass composition

The overall performance of any AD methane production process depends mainly on the
nature and type of biomass being digested (Akunna, et al., 2007), as the composition of the
substrate provide both the raw materials for conversion and the necessary nutritional
materials for the microorganisms involved in the process (Bouallagui et al., (2009).
Therefore, any inhibitory or refractory materials present could affect the levels of activity
of the microorganisms, and as such the quality and quantity of methane produced (Chen, et
al., 2008; Hunik, et al., 1990). For instance, the amount of laminarin in L. digitata reaches
the peak in July and it’s at its lowest in March (Fig. 1.4) (Adams, et al., 2011b), the same
result was reported for methane production. Some of the (peculiar) components of
seaweeds that can also affect anaerobic digestion process include heavy metals,

polyphenols and high salt content.
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Fig. 1.4. Seasonal variation in carbohydrate composition (% dry weight) of Laminaria
digitata (Adams, et al., 2011b).

1.9.4 Retention time

Retention time is the length of time during which the substrate is in contact with the
microorganisms during anaerobic digestion. It is another very important parameter during
the anaerobic digestion process (Ponsa, et al., 2008). The length of retention time affects or
determines methane production. Generally, longer retention times produce higher methane
yields (Rubio-Loza & Noyola, 2010). According to Yang, et al., (2004), a long retention
time is required for the slow growing methanogenic archaea to produce desirable amounts
of gas. However, retention time in turn depends on the operating temperature of the system
because thermophilic processes proceed faster, while mesophilic processes take longer to
complete (Ferrer, et al., 2010). Depending on the feedstock used, mesophilic digestion may
take between 15-30 days while thermophilic digestion would be completed within 14 days
(Kelly & Dworjanyn, 2008). A shorter retention time has also been reported to favour

volatile fatty acids (VFASs) production (Rincén, et al., 2008).
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1.9.5 Salt content

High salt concentration has been reported to inhibit biological processes due to induction
of osmotic stress (Riffat & Krongthamchat, 2006). Kelly & Dworjanyn, (2008), reported
that one of the limiting factors involved in the conversion of seaweeds to methane is the
inhibition of microorganisms by the high concentration of salt in the substrate. So desalting
has been attempted to reduce salt from the feedstock before anaerobic digestion. However,
the process of desalting often lead to loss of degradable materials leading to low methane
production (Horn, 2000; Kelly & Dworjanyn, 2008). The use of freshwater for seaweed

washing will also undermine the sustainability of the process.

1.9.6 Type of inoculums and concentration of substrates

The type of inoculums utilised during anaerobic digestion of biomass goes a long way to
determine the productivity of the process. Different sources could lead to different degrees
of degradation as a result of differences in microbial population (Khalid et al., 2011;
Raposo et al., 2012). Zeng et al., (2010), showed in a batch experiment that maximum
methane production decreases as the inoculum/substrate ratio decreases from 2.0 to 0.5
during anaerobic digestion of algae (Microcystis spp). Therefore, a balance in the
concentration of inoculum in relation to substrate concentration is needed to obtain

optimum methane production.

Inoculum source and type remains one of the critical parts of batch anaerobic digestion
tests. This aspect of digestion process is the most varied of all the parameters involved in
anaerobic batch digestion. According to (Raposo et al., 2012), even if all other
experimental parameters could be harmonised in a batch digester, variability persists
because of the biological nature of the system. It is therefore important to characterize

inoculums prior to use in anaerobic batch digestion because the characteristics of microbes
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to be used as inoculums vary significantly between sources and seasons (Raposo et al.,
2012; Zeng et al., 2010). This characterization can be carried out using two parameters;
Volatile suspended solids (VSS) or volatile solids. However, due to the inaccuracy of the
determination of the volatile suspended solids as a measure of the characteristics of the
inoculum, volatile solids determination is used as the alternative measure of
microorganism content. Nevertheless, this approach too does not distinguish between
microorganisms and other organic matter nor does it differentiate between living or dead

microorganisms (Raposo et al., 2012).

Different sources of inoculums have been reported in the literature such as sewage sludge,
anoxic sediment, animal rumen contents and animal manures, and waste activated sludge,
however, sewage sludge has been the most frequently used partly because of its availability

across the world (Migliore et al., 2012; Raposo et al., 2012; Williams, et al., 2013).

In order to obtain sustainable methane production from seaweeds through anaerobic
digestion, a great deal more work is required to study the activities of microorganisms
involved in the process and the way they respond to the changes that occur in AD reactors.
This knowledge will help to better harness the degradation abilities of the microbial
consortia associated with the process for better and sustainable methane production

especially on a large scale.

1.10 Microorganisms in Anaerobic digestion of organic solids
(including seaweeds)

Anaerobic digestion process is carried out by a mixed population of different groups of
microorganisms and the cooperation among these microorganisms in anaerobic digesters
makes methane production possible (Ali Shah, et al., 2014). These include fermentative,

synthrophic and acetogenic bacteria as well as methanogens belonging to the domain
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archaea (Table 1) (Ali Shah et al., 2014). The bulk of the current study is dedicated to the
studies of methanogenic archaea based on their susceptibility to inhibition (Ali Shah et al.,
2014) and the prospect of methanogenesis being the rate limiting step of the process

(Traversi, et al., 2012; Zhang et al., 2011).

Table 1.1: Microbial cooperation in organic matter degradation (Ali Shah, et al., 2014)

Microorganisms  Electron donor  Electron acceptor Product Reaction type
Fermentative Organic carbon Organic carbon CO, Fermentation
bacteria
Syntrophic Organic carbon Organic carbon H, Acidogenesis
bacteria
Acetogenic Organic CO, CH3COOH  Acetogenesis
bacteria carbon/H,
Methanogenic Organic CO, CH, Methanogenesis
archaea carbon/H,

1.10.1 Archaea

Archaea are groups of microorganisms described as the ‘third domain of life’, composed of
predominantly methane producing organisms which thrive under extreme environmental
conditions (Huang, 2012; Woese & Fox, 1977). Year 2015 marks the 38" anniversary of
the discovery of archaea reported in the proceedings of the national academy of science in
1997. Using rRNA sequence characterisation, living organisms were delineated along 3
aboriginal lines; the typical bacteria called Eubacteria, Eukaryotes for organisms with
cytoplasmic cells and then Archaeabacteria for archaea (and methanogens) which lacked
typical peptidoglycan which is a characteristic of all bacteria (Woese & Fox, 1977). Most
archaea are characterized as extremophiles as they thrive under environmental extreme of
temperature, pH, salinity and oxygen availability and also possess well defined

physiological capabilities (Swan, et al., 2010).
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1.10.2 Methanogens

Methanogens; the methane producing microorganisms belong to the domain archaea
(Huang, 2012). Methanogens produce methane by utilising acetate, or carbon dioxide and
hydrogen, formate, methanol or methylamine for energy (methane) production.
Methanogenic archaea are found in anaerobic environments such as rice fields (Watanabe,
et al., 2004), anaerobic digesters (Jin, et al., 2011; Keyser, et al., 2006; Steinberg & Regan,
2008; Traversi et al., 2012; Zhang et al., 2012; Zhang et al., 2011), freshwater and marine
sediments (Ditchfield et al., 2012) as well as the digestive tracts of different organisms,
including humans and ruminants (Jin, et al., 2011). They are also found in geothermal
environments such as hot springs (Barns, et al.,, 1994), seafloor (Biddle, 2006) and
hydrothermal vents (Breuker, et al., 2011; Nercessian, et al., 2005; Takai & Horikoshi,
1999). In all cases, they act as the major components of the final stages of the degradation
of organic matters in the absence of oxygen. Methane produced by these methanogenic
archaea is a potent greenhouse gas which if properly harnessed would be a rich source of

renewable energy through the process of anaerobic digestion (Banning et al., 2005).

Although they are commonly found in anoxic conditions or environments such as landfills,
paddy fields and ruminant guts, methanogens play important roles in the global carbon
cycle (Liu, et al., 2012). Methanogens are obligate anaerobes classified into five orders in
the archaea domain namely: Methanobacteriales, Methanococcales, Methanomicrobiales,
Methanosarcinales and Methanopyrales (Yu, et al., 2005). Methanogens are known to
possess a narrow range of substrate utilization, and in fact, much more limited are those

substrates required for methane production (Yu et al., 2005).
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1.10.2.10rder Methanosarcinales

Methanosarcinales carry out the terminal step in the degradation of organic matter in
anoxic environments where light and electron acceptors other than CO, are limiting
(Beckmann et al., 2011; Kendall & Boone, 2006; Steinberg & Regan, 2008; Zeleke et al.,
2013). Amongst methanogens, Methanosarcinales have the widest substrate range, with
many of the species generating energy for growth by reducing CO, with H,, others by
dismutating methyl compounds and some by splitting acetate. While some species can only
utilise one of the catabolic path, others can use all the three routes (Kendall & Boone,

2006).

The order Methanosarcinales is made up of two families namely: Methanosarcinaceae
and Methanosaetaceae. One genus from the family Methanosataceae i.e. Methanosaeta
depend solely on acetate utilisation for their energy source leading to methane production

(Kendall & Boone, 2006).

Methanosarcinales can be found in various harsh and difficult anaerobic environments,
however in low salt environment, acetate and H, are the important substrates for
methanogenesis. Although many Methanosarcinales can utilise H, and CO,, they are
however outcompeted by other methanogens. However members of Methanosarcinales are
responsible for all methane production from acetate utilisation (Beckmann et al., 2011,
Juottonen, 2008; Kendall & Boone, 2006; Kim, et al., 2013; Munk, et al., 2010; Nayak, et

al., 2009).

Members of the genus Methanosaeta are found in anaerobic digesters as well as in
sediments. Genus Methanosarcina, which are halotolerant and halophilic are also
commonly, found in anaerobic digesters (example Fig. 1.5) (Ditchfield et al., 2012;
Kendall & Boone, 2006).
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Fig. 1.5. Thin section of aggregates of Methanosarcina barkérﬁ. Courtesy of Henry
Aldrich, Department of Microbiology and Cell Science, University of Florida, Gainesville,
FL (Kendall & Boone, 2006).

1.10.2.2 Order Methanobacteriales

Members of this order are different from all other methanogens in that they have a limited
range of catabolic substrates as well as morphology and lipid metabolism. They are
generally hydrogenotrophic, and use H, to reduce CO, to produce CHy, although some
members can utilise formate, CO and secondary alcohols as electron donors for CO,
reduction (Bauer, et al., 2008; Bonin & Boone, 2006; Cho et al., 2013; John Parkes et al.,
2012; Song et al., 2010; Steinberg & Regan, 2008; Watanabe et al., 2004; Zeleke et al.,
2013). There is however one genus called Methanosphaera which can utilise H; to reduce
methanol to methane. The order Methanobacteriales is divided into two families

Methanobacteriaceae and Methanothermaceae, while the former utilise H,, CO,, formate
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and CO as substrates for methanogenesis, the latter group is only able to utilise H, and CO,

for methane production (Bonin & Boone, 2006).

All genera in this order can grow using hydrogen and CO, but with the exception of
species within the genus, Methanosphaera (of the family Methanobacteriaceae) which
require H, and methanol for growth. This unique characteristic distinguishes
Methanosphaera from all other methanogens. Methanogens belonging to the order
Methanobacteriales occur widely in nature, but rarely exist in any systems that exceed
70°C. The family Methanobacteriaceae is composed of four genera namely:
Methanobacterium, Methanobrevibacter, Methanosphaera and Methanothermobacter

(Bonin & Boone, 2006).

1.10.2.3 Order Methanococcales

Methanococcales utilise CO, as the terminal electron acceptor to reduce H, and sometimes
formate. Members of this order cannot utilise acetate, methanol or ethanol as substrates for
methanogenesis (Banning et al., 2005; Ellis, et al., 2012; Franke-whittle, et al., 2014;
Rastogi et al., 2008; Whitman & Jeanthon, 2006). Although genetically diverse, members
of Methanococcales are phenotypically similar to one another- made up of irregular cocci
of 1-3um. They are commonly and mostly found in the marine environment and require a
level of salinity for optimal growth and development. The optimal growing temperature
varies considerably- from mesophilic to hyperthermophilic temperature ranges. Under
these conditions, Methanococcales are among the fastest growing methanogens ever
known. For instance members of this order have generation time of 2 hours at 37°C and

less than 30 minutes at 85°C (Whitman & Jeanthon, 2006).

Methanococcales is divided into two main families and four genera based largely on the
optimum temperature for growth. There are two hyperthermophilic genera-
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Methanocaldococcus and Methanotorris belonging to the family Methanocaldococcaceae.
The family Methanococcaceae, is made of one mesophilic genus Methanococcus and one

thermophilic genus Methanothermococcus (Whitman & Jeanthon, 2006)

1.10.2.4 Order Methanomicrobiales

Methanogens belonging to this order are morphologically very diverse, but they can be
distinguished from other methanogens by their growth properties and cell wall composition
(Garcia, et al., 2006). All Methanomicrobiales can metabolise H,+CO, as substrates for
methanogenesis, while most can also utilise formate and some alcohols. They are unable to
utilise acetate and methylated carbon-1 compounds such as methanol and methylamines as
substrates (Cho et al., 2013; Siriwongrungson, et al., 2007; Steinberg & Regan, 2008;
Zhang et al., 2012; Zhu, et al., 2011). However, some members require acetate as a source
of carbon. This feature distinguishes them from the order Methanosarcinales (Garcia et al.,

2006).

Methanomicrobiales have been divided into three families and nine genera based on the
phylogenetic analyses of the 16S rRNA genes with 24 species described within this order
so far. Eight of the 24 known species of the order Methanomicrobiales have been isolated
from anaerobic digesters or sewage sludge. In addition, six species belonging to the genera
Methanolacinia, Methanogenium and Methanoculleus have been recovered from marine
sediments (Garcia et al., 2006). Some members of this order also inhabit sub terrestrial
habitats such as oil reservoirs and groundwater (Bergmann & Naturwissenschaften, 2012;
Tabatabaei et al., 2010). Some members of this order are responsible for the large amount
of methane produced in animal rumen. For instance, some species of the genus

Methanobrevibacter, order Methanobacteriales are the predominant methanogens in
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bovine and caprine rumen whereas Methanomicrobiales are predominant in ovine rumen

(Chaudhary, et al, 2012; Garcia et al., 2006; Zhu et al., 2011).

Physiologically, there are two main groups of methanogens namely; hydrogenotrophic and
acetoclastic methanogens (Song et al., 2010; Yu et al., 2005). The two groups of
methanogens are thought to be simultaneously involved in methane production during
anaerobic digestion of biomass. However, a shift from acetoclastic to hydrogenotrophic
methanogenesis has been observed as the operational temperature goes from mesophilic
(30-37°C) to psychrophilic (5-18°C) (Zhang et al., 2012). Yu et al., (2005), reported that
acetoclastic methanogenesis is the main route to methane production during anaerobic
digestion of biomass since acetate accounts for more than 70% of methane formation.
However, Song et al., (2010) suggested that hydrogenotrophic methanogenesis involving
syntrophic oxidation of volatile fatty acids is the major route to methane formation during
anaerobic digestion of swine wastewater in a phenomenon attributed to its high ammonium
concentration. Nonetheless, acetoclastic methanogens are thought to determine the quantity

and quality of methane produced during anaerobic digestion of biomass (Yu et al., 2005).

All acetoclastic methanogens belong to the order Methanosarcinales which, comprise of
two families namely; Methanosarcinaceae and Methanosaetaceae. Methanosarcinaceae
has six genera- one of which is Methanosarcina, a very versatile group. The family
Methanosarcinaceae has a very high affinity for acetate but possesses a low growth rate
while Methanosaetaceae has a lower growth affinity for acetate but possesses higher

growth rates (Yu et al., 2005).
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1.11 Why study methanogens

Methanogenesis has often been identified as the rate limiting step during anaerobic
digestion (Ali Shah et al., 2014; lzumi et al., 2010; Shin, et al., 2008; Traversi et al., 2012;
Velmurugan & Ramanujam, 2011; Wilkins, et al., 2015; Zhang & Fang, 2006), as such,
efficient control and management of this stage has been identified as a key determinant of
success during the process (Yu, et al., 2005). Methanogens are responsible for all methane
production during anaerobic digestion; they are therefore, very important to the overall
success of the process. Furthermore, their unique attributes which include slow growth and
vulnerability to inhibitions necessitates better understanding of their activities (Banning et
al., 2005; Malin & Illmer, 2008; Yu et al., 2005; Zhang & Fang, 2006). A lot is now
known about AD processes leading to methane production, but little is known about the
methanogens responsible for this methane production. A good knowledge of these
organisms, their activities and responses to different environmental changes would not
only help in the planning and design of methane digester projects but would also be useful
in case of system failure and maintenance (Keyser et al., 2006). Digester failures may
occur as a result of excessive organic loading, presence of toxin or sudden changes in
environmental or operational conditions which leads to increased stress on the microbial
community (Raposo et al., 2012). One way to ensure process stability is to closely monitor
the activities of microbial communities involved in the process. As a microbial mediated
process, a healthy and robust methanogenic community is critical to the sustainability of
the AD process. In other words, the quality and quantity of methane produced, is a direct
function of the nature and activity of the methanogenic community (Steinberg & Regan,

2009).
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As such, the activities of methanogens need to be closely examined in order to understand
how they cope with the conditions associated with anaerobic digestion of marine materials
in our attempt to optimise methane production (Banning et al., 2005; Cardinali-Rezende et
al., 2009; Narihiro et al., 2009; Rastogi, et al., 2008; Steinberg & Regan, 2009). This
knowledge would help in the understanding of the unique links between methanogenic
population dynamics, process function and productivity during anaerobic digestion of

unique feedstock such as seaweeds.

1.12 Molecular techniques used in microbial ecology studies of
anaerobic digesters

Various studies have provided microbial composition and structure of different AD
digesters using different molecular techniques. Techniques include denaturing gradient gel
electrophoresis (DGGE) and fluorescent in situ hybridization (FISH) based on the 16S
rRNA gene (Bergmann & Naturwissenschaften, 2012; Briones et al., 2009; Hu et al., 2012;
Hwang etal., 2010; Ma et al., 2013; Nayak et al., 2009; Song et al., 2010; Zhu et al., 2011).
These techniques provide important information on microbial composition and diversity
including interactions between microbial community structure and system performance.
They also allow processing of many samples simultaneously, thereby providing a snapshot

of microbial interaction in environmental samples (Diez, et al., 2001).

Other techniques include quantitative polymerase chain reaction (g-PCR) techniques which
allow a quick detection and quantification of the 16S rRNA or functional genes of
microorganisms in environmental samples (Ma et al., 2013; Yu, et al., 2006). Quantitative
knowledge of various microbial populations enable the understanding of the linkages
between microbial population dynamics and process functions in AD reactors (Hu et al.,

2012; Song et al., 2010; Zhu et al., 2011).
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Nevertheless, since the changes in microbial community structure within AD systems and
other experimental parameters such as volatile fatty acids (VFAS) or methane production
does not occur concurrently in real time, it is somewhat difficult to match community
structure profile with process functions (Malin & Illmer, 2008). This therefore necessitates
the combination of more than one molecular technique to obtain more rounded information
as a basis for monitoring process parameters, (Tabatabaei et al., 2010) as carried out in the

current study.

1.12.1 Ribosomal 16S rRNA gene based studies

The 16S ribosomal RNA is a component of the 30S small subunit of prokaryotic
ribosomes. It is made up of 1542 nucleotides and has 16S DNA as the coding gene which
is used in the construction of phylogenies (Banning et al., 2005; Breuker & Schippers,
2013; Smith & Osborn, 2009; Steinberg & Regan, 2008). 16S rRNA gene is used for
phylogenetic studies because it is highly conserved between different species of bacteria
and archaea. It is present in both bacteria and archaea often as a multi-gene family and the
gene function has not changed over evolutionary times. It also contains hypervariable
regions that can provide species-specific signature sequences useful for bacteria and
archaea identification. As a result, 16S rRNA gene sequencing has become prevalent in
microbiology as a rapid and cheap alternative to phenotypic method of identification

(Bercot, et al., 2011; @vreas, et al., 1997; Skillman, et al., 2006; Yarza et al., 2014).

1.12.2 Functional gene based studies

The use of polymerase chain reaction (PCR) to amplify copies of extracted nucleic acids
from environmental samples has been the key to the development of culture-independent
approaches to microbial ecology. These techniques, which have been in use since the late

90s have revolutionised the studies of microbial diversity and community, structure in
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terms of time and space. The use of PCR amplification combined with functional gene
markers as well as DNA fingerprinting and sequence-based analyses has enabled the
characterization of most of the environmental microorganisms, which are difficult or
impossible to grow in culture. This has led to the discovery of new microbial linkages and
lineages. In effect, targeting functional genes, which encodes specific enzymes involved in
major metabolic pathways, could provide vital insights into microbial functions within an

environment (Ma et al., 2013; Smith & Osborn, 2009; Traversi et al., 2012).

1.12.3 Denaturing Gradient Gel Electrophoresis (DGGE)

Conventional techniques aimed at studying microorganisms based on morphological
features can hardly distinguish organisms to class level (Diez, et al, 2001; Muyzer G, 1999;
Valaskova & Baldrian, 2009). For an in-depth study of microbial ecology, a technique that
allows processing of many samples simultaneously is vital. Fingerprinting techniques such
as DGGE offers the possibility of processing a large number of samples simultaneously in
order to rapidly observe community diversity over different time points and treatments
(Diez, et al., 2001). During DGGE experiments, amplified DNA fragments of a specific
group of organisms can be differentially separated in a gradient gel based on the nature and
arrangements of the sequences. In theory, each DGGE band represents a single operational
taxonomic unit (OTU), a species or a group of very closely related organisms. Therefore,
DGGE is applied to analyse organism’s communities in complex environments such as
anaerobic reactors to obtain species diversity and relatedness (Cho et al., 2013; Demirel &
Scherer, 2008; Hwang, et al., 2010; Keyser et al., 2006; Kim, et al., 2013; Munk, et al.,
2010). The use of DGGE has an added advantage as selected bands can be sequenced to
provide information on phylogenetic affiliation of the microbial community, without the

need for cloning (Araya et al., 2003; Boon et al., 2002; Ercolini, 2004; Fry et al., 2006;
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Garbeva, et al., 2001; Muyzer G, 1999; Nicolaisen & Ramsing, 2002; Throbéck, et al.,
2004). However, sequences used in DGGE are usually short, and often produce less refined

phylogenetic information (Diez, et al., 2001).

1.12.4 Quantitative Polymerase Chain Reaction (q-PCR)

Although studies of microbial composition and community structure of engineered AD
systems are important, quantitative information of microbial population also help in the
estimation of the biokinetics parameters important to process design, operation and
controls (Yu, et al., 2005). A new technique; quantitative PCR has been developed to
detect and quantify microbial concentration in environmental samples (Jgrgensen, et al.,
2013; Smith & Osborn, 2009; Swan, et al., 2010; Takai & Horikoshi, 2000).

Quantitative PCR or real time PCR is a process that monitors the formation of DNA
products in real time. During this process, the target DNA sequence is amplified over a
number of cycles involving denaturation-annealing-extension. But, unlike conventional
PCR where only the final DNA concentration could be determined, the concentration of
amplicons during g-PCR can be monitored throughout the amplification process using
fluorescent reagents which bind to the amplicons as they are produced after successive
cycles. The intensity of fluorescence emitted is a function of the amplicons concentration
(Bergmann & Naturwissenschaften, 2012; Jergensen et al., 2013; Takai & Horikoshi,
2000; Zhang & Fang, 2006).

In g-PCR, the threshold cycle C; is the cycle at which the fluoresence intensity crosses over
the point where amplification enters a logarithmic growth phase (Zhang & Fang, 2006). Or
accroding to (Martinez et al., 2011), it is the point at which the fluorescence reaches the

detection level of the instrument. The C; value is directly proportional to the log value of
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the initial concentration of the target DNA (Martinez et al., 2011; Zhang & Fang, 2006)

(Fig. 1.6).
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Fig. 1.6. Quantification of Microcystis aeruginosa PCC 7820 using g-PCR. (A) Relative

fluorescence intensity of five standard solutions of PCC 7820 throughout amplification
cycles where C; represents the threshold cycle number. (B) The standard curve for q-PCR
measurement of PCC 7820 (Zhang & Fang, 2006)

There are two main detection methods used in g-PCR; the non-specific method, which
detects all double-stranded DNA produced during amplification and the amplicon

sequence-specific (probes) method that distinguishes target sequence from non-specific

amplifications such as primer-dimers. The former is the simpler and the mostly used
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method involving DNA-binding fluorophores such as ethidium bromide, SYBR green,
BEBO, and LCGreen. These fluorophores are DNA minor-groove binders which emit a
strong fluorescent signal when associated with a double stranded DNA and when exposed
to the right wavelength of light (Lloyd, et al., 2010; Martinez et al., 2011; Park et al., 2010;
Smith & Osborn, 2009). Although the use of these fluorophores requires no additional
oligonucleotide or chemical additions, small changes in the template sequences minimally
affect them. However, the formation of primer-dimers, which is associated with the plateau
stage of the process, remains a challenge. To overcome this challenge, a melt-curve
analysis of the amplified DNA can be inculcated into the reaction where a melting peak
profile that represents the specific product can be used to eliminate non-target sequences
and prime-dimers (Martinez et al., 2011).

The second method uses different types of fluorescent probes to detect specific sequences,
which add an additional level of specificity to the amplification process. These double-dye
oligonucleotide probes are made to emit a signal when hybridization to a target DNA
sequence occurs (Jgrgensen et al., 2013; Lloyd et al., 2010; Martinez et al., 2011; Smith &

Osborn, 2009; Takai & Horikoshi, 2000).

1.12.4.1 Requirements for Accuracy of q-PCR assays

Accuracy of the amplification process during g-PCR is of great importance in microbial
ecology studies. In fact, whatever affects the accuracy of the quantification process
hampers the use of data interpretation (Smith & Osborn, 2009; Takai & Horikoshi).
Therefore, optimised and carefully performed g-PCR reaction is required to obtain reliable
quantifications.

The accuracy of g-PCR process can be affected by factors such as; primer design, quality

of template and presence of inhibitors (Bergmann & Naturwissenschaften, 2012; 2000;
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Zhang & Fang, 2006), handling and storage of samples, primers, probes and enzymes
(Martinez et al., 2011). With environmental and digester samples, care must be taken
during DNA extraction to recognise the possible presence of inhibitors and sources of
contamination to improve as much as possible, cleanliness of the extracted DNA (Bustin,

etal., 2013; Kim et al., 2013; Smith & Osborn, 2009).

1.12.4.2Target DNA sequences

The method or approach employed during g-PCR studies depends largely on the target
organism or group of organisms. A target gene specific to the organism of interest and
primer sets to recognise this gene are selected based on the specificity and coverage. The
most commonly used target DNA sequence for microbial quantifications are 16S rRNA
(Edwards, et al., 1989; Garbeva, et al., 2001; Nakatsu & Torsvik, 1996; Schabereiter-
Gurtner, et al., 2003; Watanabe, et al., 2004) and functional genes (Hallam, et al., 2003;
Morris et al., 2014; Zeleke et al., 2013). The 16S rRNA gene sequence contains conserved
and variable regions according to their genetic stability, which should provide means of
detecting and enumerating complex microbial populations. Organisms within a domain
usually share DNA sequences especially in the most conserved regions; as such those
organisms can be targeted using primer/probes specific to those sequences making
identification and classification possible (Bergmann & Naturwissenschaften, 2012; Lloyd
et al., 2010; Smith & Osborn, 2009; Takai & Horikoshi, 1999; Zhang & Fang, 2006).
According to Yarza et al., (2014), the use of 16S rRNA gene sequence analysis enables the
establishment of taxonomic thresholds that are important for the classification of, not only
cultured microorganisms but also for the identification of many uncultured environmental

samples.
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Another approach to microbial quantification is the use of functional genes shared by
organisms with similar physiological functions as the target during molecular studies.
There are currently more than 14,000 DNA sequences known for over 100 functional
genes in microbial ecological studies. These includes those involved in nitrification, carbon
fixation, organic contaminant degradation, methane oxidation and methane production
(Biddle et al., 2006; Breuker et al., 2011; Jargensen et al., 2013; Leininger et al., 2006;
Narihiro et al., 2009; Smith & Osborn, 2009; Swan et al., 2010).

Every g-PCR reaction requires a standard curve for functional or 16S rRNA gene
amplification. This standard is produced from a serial dilution of a known amount of
extracted genome DNA of a pure culture, or plasmid containing the target DNA or PCR
amplified fragment of the sequence of interest (Goffredi, et al., 2008; Jgrgensen et al.,
2013; Smith & Osborn, 2009; Takai & Horikoshi, 2000; Zhang & Fang, 2006). The
precision of the q-PCR process relies largely on the premise that the environmental sample
under investigation shares the same PCR amplification efficiency with the selected
standard solution. Therefore, it is important to assess the efficiency of the standard
solutions and samples under investigation.

To assess the efficiency of the g-PCR processes, the following equation is used:

Nn = No x (1 +1/100%)" (Eq.1.8)
where N, is the number of amplified target at the end of nth cycle of amplification,

No; the initial number of target, and n is the PCR efficiency.

Therefore at 100% efficiency (when slope is -3.32), two DNA segments are produced for
every PCR cycle.

The value of threshold cycle, C; can then be expressed as:

Ci = (logN;- log N, )/log(1 +1/100%) (Eq.1.9)
where N is the number of amplified target after the threshold cycle C:.
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In practice, a reliable standard curve should have a R? value of more than 0.95 and a slope
between —3.0 and —3.9 corresponding to PCR efficiencies of 80—115% (Smith & Osborn,

2009; Traversi, et al., 2012; Zhang & Fang, 2006) .

In g-PCR, there is a direct link between the amount of DNA present in the starting material
and the number of cycles required before detection. The more the DNA copies, the faster
the detection. Depending on the primers, some of the sequences might be easier to detect
and copy than others. This may introduce biases into the amplification result. It is therefore
important to assess the performances of all reagents, because experimental practices and

instruments vary from lab to lab (Baker, 2011).

1.12.5 Cloning and sequencing

Cloning and sequencing of 16S rRNA or functional genes fragments obtained from
anaerobic reactors enables in-depth characterization of active microorganisms, and provide
insights into microbial diversity in nature (Diez, et al., 2001). Unlike DGGE, it enables the
use of large fragment size DNA sequences which provides more refined phylogenetic
information about the organism under investigation (Sanz & Kdchling, 2007). Cloning and
sequencing of both 16S rRNA and functional (mcrA) gene fragments enable potential
elimination of problems associated with non-specific amplification. Therefore helping to
differentiate between general archaea and methanogen communities potentially involved in
the actual methane production (Steinberg & Regan, 2008). This approach has been widely
used to determine the dominant microorganism in various environmental samples. For
instance, Ma et al., (2013), conducted a comparative study between the clone libraries of
16S rRNA and mcrA genes fragments and found some unique differences between the two
clone libraries. The authors concluded that the use of one or the other gene clone libraries

could not have provided complete community structure. Identification of the specific
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dominant group of organism using cloning and sequencing approach could provide insights
into process functions. For instance, in a study by Ditchfield et al., (2012), which examined
the presence of methanogenic archaea in sedimenting particulate materials and faecal
pellets of natural and lab-reared copepods using the 16S rRNA gene sequences. The
authors reported the dominance of methanogens belonging to the genera Methanogenum
and Methanobacterium in the sedimenting particles and inferred that hydrogenotrophic
methanogenesis was the preferred route towards methane production in those samples. In
another study to determine archaea diversity in methane plant supplied with cattle manure
and maize silage operated at mesophilic temperature, using both 16S rRNA and functional
(mcrA) gene clone libraries, Nettmann, et al., (2008), reported the dominance of archaea
belonging to the order Methanomicrobiales (>80%), an indication that hydrogenotrophic
methanogenesis was the main route to methane formation. The authors also found
similarities in the archaea composition within the two clone libraries, but reported some
distinctions when clones were identified to genus level. In the current study, clone libraries
of both 16S rRNA and functional (mcrA) gene fragments are used to understand

methanogenic activities during the stage of active methanogenesis.

1.13 Project justification

Interest in marine biomass exploitation for renewable energy production has been renewed
in the last decade and there is growing evidence to support its economic viability, and
social and environmental benefits (Costa, et al., 2012; Hinks, et al., 2013; Miura et al.,
2014; Nielsen & Heiske, 2011; Nkemka & Murto, 2010; Vanegas & Bartlett, 2013;
Vergara-Fernandez, et al., 2008). A number of published scenarios highlight that large-
scale exploitation of marine biomass could have significant impacts on bioenergy

production, but only in some coastal communities such as the western Isles of Scotland.
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This is because the profitability of the process depends among other factors, on the cost of
inputted feedstock for which the west coast of Scotland has a comparative advantage in
terms of wild harvest or cultivation (Hermannsson & Swales, 2013; Hughes et al., 2012).
Nevertheless, the overall productivity and profitability of the process is dependent on
avoiding system failure while maximizing process efficiency. In order to maintain and
sustain efficient process performance, a control strategy that takes into account the
microbiological nature of the process is imperative. This is the main goal of the current

study.

The microbial community in anaerobic digester of various substrates such as swine waste
(Cook, et al., 2010), waste activated sludge (Yu et al., 2014), house-hold wastes (Cardinali-
Rezende et al., 2009), fodder beet silage (Klocke, et al., 2007), wastewater (McHugh, et
al., 2003; Boon, et al., 2002), maize silage (Bauer, et al., 2008) have been studied using
various molecular techniques. A few other reports exist on the anaerobic digestion of
seaweeds (Matsui & Koike, 2010; Migliore et al., 2012; Miura et al., 2014; Nielsen &
Heiske, 2011; Nkemka & Murto, 2012; Nkemka & Murto, 2010) using different inoculum
sources ranging from anaerobic sludge and mesophilic granules to anoxic sediment.
However, none of the available reports contains a detailed microbial ecology study of

archaea and methanogens involved in the anaerobic digestion of seaweeds.

This is therefore the first time a detailed microbial ecology study of seaweeds anaerobic

digesters (under different inoculations) has been carried out.

In this study, a number of molecular approaches were employed to understand the
microbial community dynamics within seaweeds anaerobic digesters and better understand
the complex interactions between microbial community structure and process functions

within the reactors.
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1.14 Project Aim

The aim of this study is to better understand how methanogens remain viable and active,
and relate our finding to process functions during anaerobic digestion of marine materials.
The research focuses on improving the fundamental understanding of how methanogens
cope with the conditions associated with anaerobic digestion of marine biomass while
optimising methane production. It will also identify the main methanogenic groups
involved in anaerobic digestion process and the effect of changing environmental
conditions on the production of methane. The optimum conditions for methanogens growth
and development for successful methane production during anaerobic digestion process is

also investigated.

1.14.1 Objectives

To achieve our aims the following objectives and questions would be addressed:

e Determine if there are significant differences in process functions between the use
of inoculum from marine environments and digested sludge during anaerobic
digestion of seaweeds.

e Examine microbial population dynamics in relation to process functions during
anaerobic digestion of seaweeds and cellulose.

e Observe microbial community composition and diversity as a function of changing
processes and environmental conditions

e Identify the dominant archaea and methanogenic community involved in the
anaerobic digestion of marine biomass under different inoculation.

e Observe microbial interactions and cooperation in relation to the maintenance and

sustenance of process stability and productivity.
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Determine which of the locally available seaweeds species, Laminaria digitata,
Saccharina latissima, Fucus serattus, produce the most methane per gram of

material

1.14.2 Research questions
Chapter 3 (Test experiment)

Are there differences in methane produced from washed and unwashed Laminaria
digitata

Are there differences in microbial communities between washed and unwashed
Laminaria digitata reactors?

If different, what are the causes?

Chapter 4 (Batch test)

Are there differences in methane production between seaweeds inoculated with
sediment or sludge?

Are there differences in methane production between sediment and sludge
inoculated seaweeds?

How does methane production by the seaweeds compare with that of cellulose
under both inoculations?

Are there differences in methane production between sediment and sludge
inoculated cellulose?

Which is/are the most promising seaweeds in terms of methane production?

Chapter 5 (Q-PCR)

Is there evidence to suggest microbial growth/increase as a result of substrates
availability (between blank and others)?

Are there differences in microorganism numbers between all reactors within the
same inoculation treatment?

Avre there differences in microbe numbers between specific reactors across different
inoculation?

How do microbial numbers change over time between the two inoculations?
How do microbial numbers relate to other process functions and performances?

Chapter 6 (DGGE)

Are there significant differences in microbial composition and community structure
between the inoculums (prior to AD process) and digestates during the process?
Are there differences in microbial community composition and diversity between
sediment and sludge inoculated reactors?
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Is there evidence to suggest microbial variation as a result of substrate
composition?

What are the main drivers/determinants of microbial variation during anaerobic
digestion of seaweeds?

Are there similarities between sediment and sludge inoculated microbial
populations in terms of composition and community structure?

Are there differences between seaweeds and cellulose reactors in terms of
microbial community over time?

Chapter 7 (Cloning and Sequencing)

What are the dominant archaea and methanogens communities in sediment and
sludge seaweed reactors?

Are there differences in dominant archaea (based on 16S rRNA) and methanogens
(based on mcrA gene) communities under sediment and sludge inoculation?

How much do archaea and methanogens communities differ between sediment and
sludge inoculated seaweed reactors?

Are there any correlations between the dominant archaea/methanogens and total
methane production?
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Chapter 2

2 Materials and Method

“What is a scientist after all? It is a curious man looking through a

keyhole, the keyhole of nature, trying to know what's going on”

-Jacques Yves Cousteau
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2.1 Materials

2.1.1 Substrates (Seaweeds)

Seaweeds (Laminaria digitata, Fucus serattus and Sacharrina Latissima) (Fig. 2.1) were
harvested from the beach behind Scottish Association for Marine Science, (SAMS) near
Oban (56°27'09.5"N 5°26'43.2"W) in August, 2012. The seaweeds were taken to the lab
and were frozen overnight before freeze-drying for 2 days. Freeze-dried seaweeds were
manually grinded (to avoid the use of metallic blender which may affect the metal content
of the seaweeds) into powder and sieved <Imm. Dried seaweeds were stored at room
temperature until used. Experimental seaweeds were selected based on 3 considerations 1:
availability on the west coasts of Scotland (Hermannsson & Swales, 2013) 2: carbohydrate
content (Adams, Toop, et al., 2011; Hughes, et al., 2012) 3: feasibility and potential of
large scale cultivation (Schiener, et al., 2014). Cellulose powder (Fluka, Sigma-Aldrich,
Denmark) was used as the standard substrate in the controls according to (Hansen et al.,

2004).
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Fig. 2.1. Experimental seaweeds selected based on their high dry solid content, abundance
on the coasts of Scotland and potential for cultivation (A: Laminaria digitata, B:
Sacharrina Latissima C: Fucus serattus). Seaweeds were harvested fresh at low tide in
August 2012 at the start of the project and used throughout the project. The time of harvest
Is important as it affects the compositions of the seaweeds (Adams, et al., 2011a; Schiener
etal., 2014).

2.1.2 Seed inoculums

The first seed inoculum; anaerobic digested sludge was sourced from the municipal
wastewater treatment plant operated at 37°C in Hatton, near Dundee, UK. The second
inoculum source anoxic sediment, was sourced from below fish farms in Shuna (56°
35°.609 N, 05° 22°.844 W), near Oban. Both inoculums were incubated at 37°C for 24
hours before use. Characteristics of experimental seaweeds and inoculums are listed in

Table 2.1.
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Table 2.1: Characterization of experimental materials prior to anaerobic digestion

Component L. digitata F. serattus S. latissima Anoxic Digested
Sediment  sludge

(g/L) (g/L)

Moisture (wet 73 71 72.5

%)

TS (wet %) 27 29 27.5 97.7 22.9
VS (dry %) 85.41 81.14 87.64 18.56 13.19
Ash (dry %) 14.59 18.86 12.36 79.14 30.8

2.1.3 Buffer solution

Non-growth synthetic buffer medium was prepared for the anaerobic digestion process to
stabilise the pH of the reactor using the following compounds; 2.7g/l KH,PO, (strong
buffer agent), 3.5g/l K;HPO, (strong buffer agent), 5mg/l MgSO,4.7H,0, 0.5 mg/l CaCly,
0.5 mg/l FeCls, 0.5 mg/l KCl3, 0.1 mg/l CoCl, and 0.1 mg/l NiCl, in seawater. The
medium provided the essential nutrients required by the microorganisms (Obata, et al.,
2015). The seaweeds contain sufficient phosphorus and source of nitrogen (protein) to

support the growth of microorganisms during anaerobic digestion (Horn, 2000).

2.1.4 Experimental Procedure

To maintain adequate mass transfer balance during anaerobic digestion batch assay in the
current study, 5 g of substrates (seaweeds and cellulose) in 150 ml of non- growth medium
was placed into reactor bottles and seeded with 150 ml of anoxic sediment or digested
sludge. The mixtures were set up to a working volume of 300 ml in a 575 ml-capacity
reactor bottles leaving a 275 ml headspace for gas measurement (Fig. 2.2). Each reactor

contained ~50 g/L, which is suitable for batch test to avoid excessive acid accumulation.
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Syringe

Pressure lock

Rubber septum

N

Fig. 2.2. Anaerobic digestion batch reactor used in the first part of the current study. Top of
reactor bottles are tightly closed with rubber septum to allow for methane measurement
and other sampling without opening the bottles (Hansen et al., 2004)

After set-up, the pH of the batch was adjusted to 7.5+£0.3. Reactor bottles were sealed with
septum and tightly close with aluminium caps and the headspace flushed with nitrogen
(Fig. 2.3). The blanks (negative controls) containing inoculum and buffer solution were
included to account for any methane produced due to residual substrates (Hansen et al.,
2004). All batch tests were performed in duplicates and incubated at 37 °C for 50 days.
Moisture and ash content of the seaweeds were determined as well as total and volatile
solids, digested sludge and sediment were determined according to standard procedures
(Siles, et al., 2010). Digestate (4 ml) was collected at regular intervals for VFA and
microbial analyses while methane measurements were performed at standard temperature

and pressure.
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Fig. 2.3. Examples of reactor bottles (575ml) used for the batch assay, 300ml working
volume was used leaving a 275ml headspace for gas analysis. Samples for analyses are
taken from the top using syringes after gas measurement and then sealed with silicon
material. Sampling was carried out every day for the first 10 days to monitor pH levels
closely and was corrected when necessary. Gas volume measurements took into account
changes in headspace volume over time.

s W
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)

Fig. 2.4. GC-MS was used for methane concentration analysis while syringe gas-pressure
displacement method was used for the methane volume quantification
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2.2 Analytical Methods

2.2.1 Gas analyses

Headspace methane concentration was analysed with Gas Chromatography (HEWLETT
PACKARD 5890 SERIES 11, USA) equipped with a single flame ionization detector
(FID), using gas tight 100ul syringe. The injector and detector temperatures were 120°C
and 150°C respectively. Helium was used as the gas carrier with a pressure of 200kPa.
Calibration was performed using linear calibration curve based on four different methane
concentrations (0.5-10% 5% in N;). Gas volume analysis using gas build-up methane
was performed as described by Hansen et al., (2004) (Fig 2.4). Methane production
determination was adjusted to standard temperate and pressure (Hansen, et al., 1999;

Costa, et al., 2012).

2.2.2 pH determination

The pH of the samples was raised to 7.5+0.3 at the beginning of the experiment, but as the
process progressed, the pH of the cultures fluctuated and was therefore closely monitored
especially for the first 10 days. The pH was evaluated using pH meter Senslon 3 (HACH).

The pH meter was calibrated before every use.

2.2.3 Total solids and Volatile solids determination

Total solids and moisture content of the seaweeds and seed inoculums was determined
according to the standardised methods by oven-drying at 105 °C. Volatile solids and ash
were subsequently determined by incinerating dried at 550 °C according to standard
procedures, in triplicates (Schiener et al. 2014). Results are expressed as the % dry weight

(Table 2.1).
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2.2.4 Determination of Volatile Fatty Acids (VFAs)concentration

VFAs concentration was determined by esterification method as described by Montgomery
et al., (1962), while calorimetric determination was done using a HACH DR/5000 (HACH
method 8196). The VFAs concentration was measured in mg/l. Digestate samples (4ml)
collected at intervals were centrifuged at 13000rpm for 3 min. The supernatant (0.5 ml)
and 0.5 ml of distilled water (blank) were used for the VFAs analysis as follows; Ethylene
glycol (1.5ml), and 0.2ml 19.2N Sulphuric acid standard solution were added to 0.5ml of
the supernatant, mixed, boiled in water bath at 100°C for 3 minutes and cooled.
Hydroxylamine hydrochloride solution (10%; 0.5 ml) was added and shaken by hand to
mix, after which 2ml of 4.5N Sodium Hydroxide solution was added and mixed. Then, 10
ml of Ferric Chloride Sulphuric acid solution was added and shaken by hand to mix.
Finally, 10ml of distilled water was added to all the samples, mixed and left for 3 min.

VFA concentration was measured with spectrophotometer at 495nm in duplicates.

2.3 Molecular methods for characterization of microorganisms

The failure of culture-based techniques to describe over 99% of microorganisms has led to
the development of culture independent techniques, which have revolutionised microbial
ecology studies (Angel, et al., 2012; Bergmann and Naturwissenschaften 2012;
Fredriksson, et al., 2012; Goffredi et al. 2008; Jgrgensen et al. 2013; Lloyd, et al., 2010;
Martinez et al. 2011; Morris et al. 2014; Park et al. 2010; Smith and Osborn 2009). The
common approach to molecular studies of microbial ecology begins with the extraction of
genomic DNA from environmental samples, and then amplification of specific genes by
PCR. Other downstream approaches included differentiation of amplified amplicons by
molecular fingerprinting or by cloning and identification of the organisms present by DNA

sequencing and phylogenetic analysis (Head, et al., 1997)
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2.3.1 Deoxyribonucleic acid (DNA) extraction

DNA extraction was carried out as described by Yilmaz, et al., (2009) with some
modifications. XS (10ml) buffer was made up using the following reagents: Xanthogenate
powder (0.1g), DEPC (Diethylpyrocarbonate) water (6.6ml), tris- HCI pH 7.4 (1ml), 0.5M
EDTA pH 8.0 (400ul), 7.5M Ammonium acetate (1ml) and 10% SDS (1ml). Samples
(500pl) were placed in eppendorf tubes into which 1ml of the XS buffer was added. The
mixture was mixed and incubated at 70°C for 1 hour and vortexed throughout incubation.
After incubation the samples were placed on ice for 30mins to precipitate the debris and
later centrifuged at 13,000 x g for 15 minutes at 4°C . The supernatant was removed and 1
volume of Phenol: chloroform: isoamyl alcohol (25:24:1; pH 8) added to the supernatant.
The upper aqueous layer was collected and extracted again with phenol: chloroform:
isoamyl alcohol. This step was repeated to provide additional clean up. The mixture was
vortexed briefly before centrifuging for 10 minutes at 13,000 x g, 4°C. The supernatant was
removed, 1 volume of 14% PEG 8000 (Polyethylene glycol) 20nM MgCI2 was added, and
the sample put back on ice for another 10 minutes. Samples were then centrifuged at
13,000 x g, 4°C for 15mins after which PEG was removed and the samples washed with
1 ml 70% ice-cold ethanol. The ethanol was removed and samples left to air dry.
Molecular grade water (100ul) was added to suspend the pellet. Nucleic acids were
quantified spectrophotometrically at 260nm. Aliquots of the extracted DNA were diluted
because dilution limits the effects of inhibitory substances associated with this type of

samples under investigations (Traversi, et al., 2012)
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2.3.2 Polymerase Chain Reaction (PCR)

All PCR runs were carried out using the PTC-200 DNA thermal cycler (MJ Research, Las
Vegas, NV), reaction set-ups were performed on ice, in laminar flow to minimise

contaminations.

2.3.2.1 PCR of 16S rRNA gene fragment of bacteria

PCR was carried out to obtain a small DNA fragment (<200bp) suitable for DGGE using
the bacterial specific primer pair primer 2/3 (5'- ATTACCGCGGCTGCTGG-3' and 5'-
CCTACGGGAGGCAGCAG -3) (Muyzer, et al., 1993). Another set of primers (pD/pF’
5- CAGCAGCCGCGGTAATAC-3' and 5- ACGAGCTGACGACAGCCATG -3) were

used to amplify a larger fragment size (~560bp) as described by Edwards et al., (1989).

2.3.2.2 PCR of 16S rRNA gene fragments of archaea

PCR amplification of general archaea required nested PCR in order to obtain sufficient
product for DGGE analysis. It has been demonstrated that the use of nested PCR can
improve sensitivity and specificity of PCR, particularly when there is a high ratio of non-
target to target organisms (Boon, et al., 2002; Garbeva, et al., 2003; Nakatsu & Torsvik,
1996; @vreas, et al., 1997) such as in these samples. The first round of PCR amplification
was performed to obtain a larger size fragment using archaea specific primer pair PRA46f
(YTAAGCCATGCRAGT) (Dvreas, et al., 1997) and Arch1017r
(GGCCATGCACCWCCTCTC) (Barns, et al., 1994) to produce a 971-bp fragment. The
second round was performed using the broad specificity primer pair 344fgc

(CGCCCGCCGCGCGLCGGCCGGLCECEGGLCEEEGGCACCCGEGGALCGGGEGHGCAG

CAGGCGCGA)/ Parch519r (TTACCGCGGCKGCTG) (Banning et al., 2005) giving a

product internal to the first round of ~190bp. For archaea cloning and sequencing reaction,
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two rounds (using the product of the first round) of PCR was carried out to obtain a
suitable amplicon length of 971-bp using the same primer pair (PRA46/Arch 1017) for

both rounds as described in Table 2.2

2.3.2.3 Polymerase chain reaction (PCR) of mcrA gene fragments from
methanogens

For the purpose of cloning and sequencing of methanogen community in the reactors, the
mcrA gene fragment was amplified in a PCR as described by Steinberg and Regan (2008)
to produce ~500bp amplicon using the primer pair mcrA  mlas
5'- GGTGGTGTMGGDTTCACMCARTA-3' and mcrA-rev
5-CGTTCATBGCGTAGTTVGGRTAGT- 3. For DGGE, the same procedure was used
except that the forward primer mcrA mlas has a 40-bp GC-clamp at the 5' end of the
primer (5'-CGCCCGCCGLGLLCLLGLGLeeaTeeeaLeaeececeeaeeea
GGTGGTGTMGGDTTCACMCARTA- 3) component to prevent completed melting of

the DNA fragment and enhance separation on the gradient gel.

All PCR runs were carried out in a total 25ul volume containing 0.5ul of forward primer,
0.5 pl of reverse primer (10pmoles/ pl), 0.1 pl of MyTaq polymerase (5u/ pl). Other
components of the mix are 5ul of PCR Buffer (comprising 5mM dNTPs, 15mM MgCly,
stabilizers and enhancers), 18.4 ul of molecular grade water (17.4 ul for sediment archaeal
and methanogen amplification) and 0.5 pl of DNA extract (Stock, 1:10, 1:100 dilutions).
Additional 1 ul of 15mM MgCl, was added to the reaction mix to (improve Tag efficiency)
enhance sediment samples’ archaeal and methanogen amplification (Schmidt, et al., 2014).
Negative controls containing 0.5ul of sterile molecular grade water were included in all
cases. Different dilutions were tested in chapter 3 while 1:10, 1:100 dilutions were

subsequently used for archaea (and methanogen) and bacteria respectively. All primers
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were obtained from Integrated DNA Technologies, (Belgium) while other reagents were

obtained from Bioline Reagents Ltd, (London, UK).

The PCR conditions for different groups of organisms and primer pairs are listed in table

2.2.

2.3.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualise the PCR products and check for
efficiency. Loading buffer (2ul), (0.25%w/v bromophenol blue; 40% w/v sucrose in
filtered sterilised water) and 5ul of sample was run on an agarose gel (1% agarose in 1 X
TAE buffer (40nM tis acetate, 2nM EDTA pH 8)). Gels were run at 120V for 30 minutes.
Marker (2000-100 bp) (Easy ladder I Bioline) was run on all the gels to estimate the size of
the PCR products. The gel was then stained in ethidium bromide (0.8 ng/ml) solution for
about 30 minutes and rinsed with sterile water. The gel was visualised and digitized using a

digital imaging system (Alpha Innotech Alphaimager) with UV transillumination.
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Table 2.2: Temperature cycling parameters for PCR amplification of bacterial and archaeal 16S rRNA gene fragments and methanogens’ mcrA gene
fragment with different primer pairs

. Initial . . . Final reference
Primers Target groups denaturation Denaturation Annealing Extension No. of cycles Extension
30secs, 65 C 24 cycles followed by a .
. . " . Muyzer G, 1999
Primer 2/3* Genergl 3min, 95 C 30secs, 95 C  reduce 1 C 1min, 72 C further 15 at annealing 10[n|n, (Muy )
bacteria nd . 72C
every 2" cycle temp. of 53 C
. Muyzer,1993)
I . o - o - ° - ° 1 y ( !
Primer pD/pF’  Conera 3min,95°C  1min,95°C  1min, 55°C 1min, 72°C 30 Omin
bacteria 72C
PRA46/Arch General . . _ . . . _ . 10min, (Dvreads et al.,
10172 archaea 3min, 95 C Imin, 95 C 1min, 40 C Imin,72C 30 79°C 1997)
10min, Amann et al.,
Arch 344gc/ General 3min, 95°C  30sec, 95°C  30sec, 55°C 1min, 72°C 35 72C 1995
Uni522 archaea
5 cycles followed by a 10min (Steinberg &
Mlas/ mcrA-rev. Methanogens  3min, 95C  30sec, 95C  45sec, 48'C 30sec, 72°C  further 30 at annealing . ’ Regan, 2008)
temp of 55°C
5 cycles followed by a . (Steinberg &
Mlasgc/ mcrA- Methanogens . . . . . : 10min, Regan. 2008
oy ¢ (DGGE) 3min, 95C 30sec, 95 C  45sec, 48 C 30sec, 72 C  further 30 at annealing 79°C gan, )

temp of 55°C

*GC rich primer, which amplifies short fragment size as such it, is used for bacteria DGGE. ?this primer pair amplifies a large size fragment and
its used in the first round of the nested PCR for archaea amplification. ° used in second round of nested archaea PCR for DGGE for a smaller

fragment size (178bp), ¢ used in single round of PCR to amplify mcrA gene fragment for methanogen DGGE (~500bp).
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2.4 Denaturing Gradient Gel Electrophoresis (DGGE)

Different groups of microorganisms from the anaerobic reactors from specific time points
(Day 2, 13, 20, 27) were targeted during DGGE experiments namely: bacteria (16S rRNA
gene), archaea (16S rRNA gene) and methanogens (mcrA gene). Experimental procedure
depended on the target groups of organisms. Reproducibility of replicates were checked by
running individual replicates on a DGGE gel, before replicates samples were pooled to

capture all possible groups of microorganisms.

2.4.1 DGGE procedure for all microbial communities

DGGE was performed using an INGENYphorU-2 system (Ingeny, Netherlands). PCR
products and loading buffer (40% [wt/vol] sucrose, 60% [wt/vol] 1 x Tris-acetate-EDTA
[TAE], and bromphenol blue) were mixed in a 1:1 ratio. The mixture of PCR amplicons
and loading buffer were applied directly to 10% (wt/vol) polyacrylamide (37:1 acrylamide:
bisacrylamide) gels with a linear gradient of 40 to 80% denaturant for methanogens
(~500bp) and 30 to 60% denaturant for ~ 200 bp bacterial and archaeal PCR products.
Denaturant (100%) corresponds to 7M urea and 40% [vol/vol] formamide in 1 X TAE).
Electrophoresis was carried out in 1 X TAE buffer (40 mM Tris-acetate [pH 7.4], 20 mM
sodium acetate, 1 mM sodium EDTA) at a constant voltage of 100 V and at 60°C for 19
hours. After electrophoresis, gels were stained for 30 minutes in 1 X SYBR Gold solution
(Sigma, UK) diluted 1/10000 in 1 X TAE and washed with distilled water. The gel was
digitized using a digital imaging system (Alpha Innotech Alphaimager) with UV

transillumination (Beckmann et al., 2011).
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2.4.2 Gel analysis

Gel analysis was carried out with the software GelCompare Il version 6.6 (Applied Maths,
Belgium). Comparison was performed using a similarity coefficient Dice with 0.5%
optimisation band matching tolerance of 0.5%. Uncertain bands were ignored. Cluster
analysis using Unweighted Pair Group Method with Arithmetic Mean (UPGMA) was used
to analyse DGGE gels. The evolutionary history of selected archaea bands was inferred
using the Neighbour-Joining method, Saitou and Nei (1987). The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test (100 replicates) is
shown next to the branches Felsenstein (1985). The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Maximum
Composite Likelihood method, Tamura et al., (2004) and are in the units of the number of
base substitutions per site. The analysis involved five nucleotide sequences. Codon
positions included were 1st+Noncoding. All positions containing gaps and missing data

were eliminated. Evolutionary analysis was conducted in MEGAG, Tamura et al., (2013).

2.5 Quantitative polymerase chain reaction (q-PCR)

In the current study, SYBR Green | approach was used for g-PCR amplification of
bacteria, archaea and methanogens at specific points during the batch digestion process.
Standard bacteria used were pure strains of Colwellia psychrerythraea, a
Gammaproteobacteria generously donated by Dr Green (SAMS, UHI). Clones of
Methanomicrobiales from this study and mcrA gene clones donated by Dr Purdy

(University of Warwick) were used as standard for archaea and methanogens respectively.
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Mass concentration of standard DNA (clone) was converted into copy concentrations using
the following equations:

DNA (copy) = 6.02 x 10*® (copy/mol) x DNA amount (q) (Eq.2.1)
DNA length (bp) x 660 (g/mol/bp)

Where Avogadro's number is 6.02 x 10%* copies/mol and the average molecular weight of

one DNA base pair (bp) is 660 g/mol (J. Kim et al., 2013).

For each g-PCR assay, triplicate five-point standard curve was created using data from the

serial dilution of known amounts of the standards calculated from equation (2.1) above.

2.5.1 Q-PCR amplification of general bacteria in seaweeds anaerobic reactors

Primer pair E806f (5- GGACTACHVGGGTWTCTAAT -3) (Teske & Sgrensen, 2008)
with bacteria coverage rate of 95.1% (Wang & Qian, 2009) and U515r (5
GTGCCAGCMGCCGCGGTAA -3) with coverage rate of 99.0 % (Wang & Qian, 2009)
were chosen for general bacteria g-PCR amplification because of their good coverage
(Klindworth et al., 2013; Wang & Qian, 2009). A dilution of the standard corresponding to
6.04 x10™ gene copies /ml was employed as the positive control. The amplification
protocol began with hot start polymerase activation at 95 °C for 10 min, followed by 40
cycles of 95 °C denaturation for 15 s and annealing at 60 °C for 60 s. A melt curve was
included to discount non-specific amplification by heating the reactions to 95 °C (0.1 °C/s)
and cooled to 55 °C while fluorescence was detected at 0.3 °C interval (Nadkarni, et al.,

2002).

2.5.2 Q-PCR amplification of general archaea in seaweeds anaerobic reactors

Primer pair A344f (5- GGGGYGCASCAGGSG -3) (Teske & Sgrensen, 2008) with
coverage rate of 90.8% (Wang & Qian, 2009) and A915r (5-

GTGCTCCCCCGCCAATTCCT -3) with coverage rate of 97.1% (Wang & Qian, 2009)
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were chosen for all archaea g-PCR amplification because they have good coverage within
the archaea domain (Klindworth et al., 2013; Lloyd et al., 2010). They are the only pair of
the 6 primer pairs tested that amplified archaea samples in a single round of PCR. A
dilution of the standard corresponding to 1.930 x10° was used as the positive control. The
amplification protocol begins with hot start polymerase activation at 94 °C for 4 min,
followed by 40 cycles of 94 °C denaturation for 30 s and annealing at 60 °C for 30 s. 72 °C
for 30 s and 85 °C for 10 s according to Angel et al., (2012). A melt curve was included to
discount non-specific amplification by heating the reactions to 95 °C (0.1 °C/s) and cooled

to 55 °C while fluorescence was detected at 0.3 °C interval.

2.5.3 Q-PCR amplification of methanogens in seaweeds anaerobic reactors

Quantitative PCR was carried out to amplify methanogens in the batch reactors by
targeting mcrA gene which is unique to methanogens (Beckmann et al., 2011; Traversi et
al., 2012). Primer pair mlas (5'- GTGGTGTMGGDTTCACMCARTA-3") and mcrArev
(5'-CGTTCHTBGCGTAGTTVGGRT -3') was used (Steinberg & Regan, 2009; Traversi et
al., 2012). A dilution of the standard corresponding to 2.62 x10° was used as the positive
control. The amplification protocol begins with hot start polymerase activation at 95 °C for
5 min, followed by 40 cycles 95 °C for 30 s, annealing at 55 °C for 45 s, extension at 60 °C
for 2 min and 83 °C for 20 s. The procedure was completed with a final elongation step at
60 °C for 7 min. Melt curve analysis to detect the presence of primer dimers and the
specificity of the primers was performed after the final extension by increasing the

temperature from 55 to 90°C in 0.5 °C increments every 10 s.

All amplifications were carried out in a 20ul reaction containing 2ul of DNA template,
10pl of g-PCR master mix (PrimerDesign, UK) premixed with SYBR Green |, 2.5ul of

forward primer (10pmol/ul, Bioline, UK), 2.0 ul of reverse primer (10pmol/ul, Bioline,
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UK) and 3.5 pl PCR water, according to manufacturer’s instruction. PCR grade water (2

pl) was used as the control along with extraction blanks. All samples were amplified in

triplicates, including the controls and standards. Details of primers used in this study are

listed in Table 2.3.

Melting point, C4 and melt curve for each reaction were calculated automatically by the

instrument LightCycler® 96 Software 1.1 (Roche, Switzerland).

Table 2.3. Primers utilised for g-PCR studies of microbial components of anaerobic

digesters

Oligo target Oligo sequence (5'-3") Reference

name

E806f Bacteria 16S rRNA GGACTACHVGGGTWTCTA  (Teske & Sgrensen,
gene AT 2008)

U515r Bacteria 16S rRNA GTGCCAGCMGCCGCGGTA  (Wang & Qian, 2009)
gene A

A344f Archaea 16S rRNA GGGGYGCASCAGGSG (Teske & Sarensen,
gene 2008)

A915r Archaea 16S rRNA GTGCTCCCCCGCCAATTCC  (Wang & Qian, 2009)
gene T

Mlas  mcrA gene GTGGTGTMGGDTTCACMC  (Steinberg & Regan,

F (methanogen) ARTA 2009)

mcrA- mcrA gene CGTTCHTBGCGTAGTTVGG  (Steinberg & Regan,

rev-  (methanogen) RT 2009)

R

The following primer name suffixes are used: - F — forward primer, - R — reverse primer.
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2.6 Cloning and sequencing

Clone libraries were constructed by ligating the 16S rRNA fragment (archaea) amplified as
described in section 2.3.2.2 and mcrA gene fragment (methanogen) amplified as described
in section 2.3.2.3 into pCR 2.1-TOPO® vector and transformed into One Shot TOP10
chemically competent Escherichia coli using the TOPO TA® cloning kit according to the

manufacturer’s instructions (Invitrogen, CA, USA).

Agar LB plates were prepared using 15 g of agar powder, 10 g of tryptone, 5 g of yeast
extract and 10g of NaCl, made up to 1 litre using sterile water. pH was adjusted to 7.5
using 10% NaOH and autoclaved for 20 min at 121 °C. The mix was cooled to 50 °C
before the addition of 1 ml (50mg/ml) ampicillin. Plates were poured 2/3 full and stored at

4 °C until used.

2.6.1 Ligation

TOPO cloning reaction mix was prepared as in Table 2.4. The reagents were mixed gently,

incubated for 30 minutes at room temperature, and then placed on ice.

Table 2.4: TOPO® cloning reaction

Reagents Quantity (ul)

Salt solution

TOPO vector
PCR product
Water

DI - -

Total

2.6.2 Transformation

Vials of chemically competent cells were thawed on ice, TOPO reaction mix (2ul) (from
table 2.4) added and mixed gently before being incubated on ice for 30 minutes. After
incubation, the cells were subjected to a heat shock at 42°C for 30 seconds and thereafter
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placed on ice for 2 minutes. Pre-warmed SOC medium (250ul) was aseptically added
while the tubes were securely capped and put horizontally in a shaker at 200rpm for 1 hour
at 37°C. Aliquots from each transformation were aseptically plated on to LB /Amp (50

mg/ml) plates and incubated overnight at 37°C.

Randomly selected colonies were re-streaked onto new LB plates overnight at 37°C.
Selected clones were used directly in PCR reactions using vector-specific primers M13F
(5’-TGTAAAACGACGGCCAGT - 3’) and M13R (5’-CAGGAAACAGCTATGACC -3°)
(Invitrogen) as previously described (Cardinali-Rezende et al., 2009; Rastogi, et al., 2008).
PCR product (5 pl) were visualised by agarose gel electrophoresis to check the sequences
are the right sizes as described above (section 2.3.2.4). Clones of the correct size were
purified (QIAquick spin columns, Qiagen, Crawley, UK) and sequenced using the primer
M13F by Source Bioscience (Glasgow, UK). Five (5) ul of each reaction normalised to

1ng/pl per 100bp and primer (3.2pmol/pl) were used for the sequencing reactions.

2.6.3 Phylogenetic analyses of archaea and methanogen sequences

All clone sequences were viewed and manually corrected using FinchTV Version 1.4.0
(Geospiza Inc.). Sequences were aligned using Bioedit Sequence Alignment Editor (Hall,
1999). Nucleotide sequences were determined for each clone type from the clone library
and were compared to the GenBank database using FASTA (Pearson & Lipman, 1988).
BLAST (blastn) searches were conducted with the 16S rRNA (archaea) and mcrA
(methanogens) sequences to determine their relationship to reference sequences in
GenBank® database. Phylogenetic trees were constructed with the Molecular Evolutionary
Genetics Analysis (MEGA) software version 4.0. Confidence in the inferred relationships

was assessed using Bootstrap analysis (100 replicates) (Tamura, et al., 2007).
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2.7 Statistical analysis

Experimental error was determined for replicate assays and expressed in standard
deviation. The significance of differences in results were determined by one-way analysis
of variance (ANOVA). Statistical significant interactions were further analysed using post
hoc test (Tukey) at 95% confidence interval. Differences between species and across
treatments were also determined. All statistical analyses were performed using Minitab

Statistical Software version 17.0.
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3 Chapter 3

“My father taught me that the only way you can make good at anything is to

practice, and then practice some more”

- Pete Rose
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Methane production from washed and unwashed Laminaria
digitata during anaerobic digestion: preliminary comparative
study
This chapter details initial test carried out prior to the main experiment for this project. It
was to help determine the optimum experimental design and appropriate range of
mesurements required. It this chapter, one of the experimental seaweeds was digested in a
batch using activated sludge as the inoculum sources. A test between washed and

unwashed seaweeds was also carried out to assess the impact of washing on methane
production and microbial populations

3.1 Introduction

Among the several processes by which biomass resources could be utilised for energy
production; anaerobic digestion (for methane production) has been reported as the most
efficient and environmentally benign, leading to its widespread applications (Hughes et al.,
2012; Khalid, et al., 2011; Raposo et al., 2012). However, to obtain sustainable methane
production from seaweeds through anaerobic digestion and avoid system failure, it is
essential to study and better understand the activities of microbial community involved in
the process (Sanz & Kdéchling, 2007; Ruiz-filippi & Pullammanappallil, 2014) and the way
they respond to the various changes throughout the anaerobic digestion process (Smith &
Osborn, 2009; Traversi, et al., 2012; Vavilin, et al., 1998; Wilkins, et al., 2015). This
knowledge could help to better harness the degradative abilities of certain microbial
consortia associated with the process, for better and sustainable biomethane production

from seaweeds especially on a large scale (Migliore et al., 2012).

Nevertheless, before embarking on the major experiments for this project, practise and test
experiments were carried out to test process requirements and refine techniques and

methods in order to obtain more optimised procedures towards subsequent experiments.
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Therefore, the aim of the work with the current chapter was to practise some of the
techniques to be used during the project, and to demonstrate batch reactor experimental
set-up for subsequent experiments. The test experiment evaluated biomethane production
during the anaerobic digestion of fresh washed and unwashed Laminaria digitata and its

impact on the activities/distribution of the microbial community involved in the process.

The hypothesis for this chapter is: there is no difference in methane production and

microbial composition of washed and unwashed L. digitata during anaerobic digestion.

88



3.2 Materials and Methods

3.2.1 Materials

Materials for the experiment including bottles, needles and pipes were autoclaved at 121°C
prior to the experiment to prevent any form of contaminations. Sediment for the practice
experiment was collected from Loch Creran: a sea loch on the west coast of Scotland
(56°31'41.5"N 5°20'35.8"W) as described by Ditchfield et al., (2012). Sludge for the test
and practice experiment was obtained from a mesophilic waste water treatment plant in

Dundee.

3.2.2 Substrate

Fresh Laminaria digitata (Fig.3.1) was harvested from the beach behind Scottish
Association for Marine Science, (SAMS) near Oban (56°27'09.5"N 5°26'43.2"W) at low

tide in February 2012. The seaweeds were immediately stored in the freezer until used.

Fig. 3.1. Fresh Laminaria digitata harvested at low tide and used as the experimental
seaweeds for the test experiment
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Some of the seaweeds were rinsed in fresh sterile water for 30 min. However, during
washing the seaweeds absorbed water and became enlarged due to water absorption (Fig.
3.2). Attempts were made to rid the washed seaweed of the absorbed water by squeezing
out the water by hand. Washed and unwashed seaweeds were homogenised separately.
Despite water removal from the washed seaweeds (by manual squeezing), the rinsed L.

digitata appeared softer than the unwashed and may therefore have contained less total

solids.

Fig 3.2. Fresh Laminaria digitata after water absorption

3.3 Experimental Procedure

Homogenised washed and unwashed L. digitata (~2g each) were weighed into 60 ml
reactor bottles. Inoculum (10 ml), (anaerobic digested sludge) was added to the bottles and
made up to 50 ml with sterile water in six replicates. Control samples (one for each set-up)
contained inoculum and sterile water were set up to check gas production due to residual
substrates in the inoculum. The reactors were operated at mesophilic conditions (37°C)
using a constant temperature water bath. The volume of methane was quantified by the
water displacement method described by (Izumi et al., 2010; Velmurugan & Ramanujam,

2011).
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3.4 Analytical techniques

3.4.1 Gas measurement

Methane concentration was analysed using 100 ul gas samples of the headspace and
quantified using a gas chromatograph GC-3900 (Varian, Netherlands) fitted with a flame
ionization detector (FID). Temperature settings were 80°C for the column, 120°C for the
injector and 200 °C for the detector. Daily calibration of the gas chromatograph were
carried out using a 1000 ppm methane standard (Scientific & Technical Gases Ltd) before
methane analysis and the slope of the five-point standard curve was used to calculate
methane concentration in ppm. Calibration curves obtained for all samples had a R? value
> 0.98. The percentage (calculated from ppm values) of methane in the total gas injected

was related to the total volume of methane released to obtain specific methane production.

3.5 Microbial analysis

Prior to the microbial analysis of the test anaerobic digestion experimental samples,
practice microbial analysis was carried out on sediment cores and digested sludge (similar
to the one to be used later). Different methods of DNA extraction were tested to assess the
most suitable method, especially one suitable for optimization. Extracted DNA were
quantified with Spectrophotometer, diluted (1:10, 1:100) and amplified using different
primer sets through polymerase chain reaction (PCR). PCR products were visualised using
agarose gel electrophoresis and then tested with denaturing gradient gel electrophoresis
(DGGE) techniques to enable visualisation of diversity. Reactor samples taken at intervals
(day 3, 6, 8, 10, 13, 15) from the test experiment were analysed based on optimised

techniques.
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3.5.1 Xanthogenate method of DNA extraction from practice and experimental
samples

DNA extraction was carried out as described by Yilmaz, et al., (2009) with some
modifications. XS (10ml) buffer was made up using the following reagents: Xanthogenate
powder (0.1g), DEPC water (6.6ml), tris- HCI pH 7.4 (1ml), 0.5M EDTA pH 8.0 (400ul),
7.5M Ammonium acetate (Iml) and 10% SDS (1ml). Samples (500ul) were placed in
Eppendorf tubes into which 1ml of the XS buffer was added. The mixture was mixed and
incubated at 70°C for 1 hour and vortexed throughout incubation. After incubation, the
samples were placed on ice for 30mins to precipitate the debris and later centrifuged at
13,000 x g for 15 minutes at 4°C. The supernatant was removed and 1 volume of Phenol:
chloroform: isoamyl alcohol (25:24:1; pH 8) was added to the supernatant. The upper
aqueous layer was collected and extracted again with phenol: chloroform: isoamyl alcohol.
This step was repeated to provide additional clean up. The mixture was vortexed briefly
before centrifuging for 10 minutes at 13,000 x g, 4°C. The supernatant was removed and 1
volume of 14% PEG 8000 (Polyethylene glycol) 20nM MgCl, was added and put back on
ice for another 10 minutes. Samples were the centrifuged at 13,000 x g at 4°C for 15mins
after which PEG was removed and samples washed with 1ml 70% ice-cold ethanol. The
ethanol was removed while samples were left to air dry. DEPC (Diethylpyrocarbonate)
water (100ul) was added to suspend the pellet. Nucleic acids were quantified
spectrophotometrically at 260nm. Aliquots of the extracted DNA were diluted 1:10 and
1:100, and kept in the freezer until used.

3.5.2 DNA Extraction from samples using FAST DNA kit for soil (alternative
method)

DNA was extracted based on manufacturer’s instructions. Frozen digestate samples were

thawed and 500ul of each sample was put into Lysing Matrix E tube. Sodium phosphate
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buffer (978ul) and 122l of MT buffer were added and vortexed for 30 seconds each. The
mixture was centrifuged at 14,000 x g for 10minutes. The supernatant was transferred to
clean tubes while 250ul of PPS reagent was added and thoroughly mixed. The mixture was
centrifuged at 14,000 x g for 5 minutes. 1 ml of re-suspended binding matrix suspension
was added to 1ml of the supernatant in clean 2 ml tubes and vortexed to mix and allow the
binding of the DNA to the matrix. Approximately 600 pl of the mixture was transferred to
the spin filters and centrifuged at 14,000 x g for 1 minute. The catch tubes were emptied
and the remaining mixture was added to the spin filter and spun again. The flow through
was again discarded. 500ul of SEWS-M solution was added to the spin filters and
centrifuged at